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ABSTRACT



he dynamic model developed in this thesis simulates the Eight Seats-Wing in Surface Effect (WiSE-8) Craft, an aircraft being designed and constructed by the Institut Teknologi Bandung (ITB) and the Agency for the Assessment and Application of Technology (Badan Pengkajian dan Penerapan Teknologi, BPPT) team. Nonlinear Six Degree of Freedom (6-DOF) equations of motion are used for modeling the actual motion of the vehicle. The 6-DOF model presented in the thesis include detailed model of forces and moments which is acting on the vehicle. This dynamic model is simulated using the MATLAB/SIMULINK environment and then visualized using Virtual Reality to explore the aircraft's behavior during all flight conditions. Determination of aircraft attitude during simulation is carried out using quaternion. Dynamic characteristics of the WiSE-8 craft are then analyzed from the simulation results. This complete 6-DOF nonlinear simulation can be used as the basis for future flight control system design and pilot flight training for the aircraft.



Keywords: Surface Effect Craft, Real Time Simulation, Virtual Reality



ii



ABSTRAK



odel dinamik yang dibangun dalam thesis ini men-simulasikan gerak pesawat Wing in Surface Effect Craft Delapan Kursi (WiSE-8), sebuah pesawat yang sedang didesain dan dibangun dalam sebuah kerjasama riset oleh tim Insitut Teknologi Bandung (ITB) dan Badan Pengkajian dan Penerapan Teknologi (BPPT). Persamaan gerak nonlinear dengan enam derajat kebebasan (Six Degree of Fredom, 6-DOF) digunakan untuk memodelkan gerak nyata dari pesawat tersebut. Persamaan 6-DOF yang disajikan dalam thesis ini mencakup secara rinci pemodelan gaya-gaya dan momen-momen yang bekerja pada pesawat tersebut. Model gerak ini disimulasikan dengan menggunakan perangkat lunak MATLAB/SIMULINK dan kemudian divisualisasikan menggunakan Virtual Reality untuk memahami sifat pesawat selama geraknya. Penentuan sikap pesawat selama simulasi dilakukan dengan menggunakan quaternion. Karakteristik gerak pesawat WiSE-8 kemudian dianalisis dari hasil-hasil simulasi. Model lengkap gerak (6-DOF) ini dapat menjadi dasar untuk desain kendali terbang dan program pelatihan pilot.



Keywords: Pesawat Surface Effect, Simulasi Real Time, Virtual Reality
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CYβ , Clβ , Cnβ



The change in CY , Cl , and Cn due to sideslip angle β
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CYp , Cl p , Cn p



The change in CY , Cl , and Cn due to rolling velocity p



CYr , Clr , Cnr



The change in CY , Cl , and Cn due to yawing velocity r



CYδ , Clδ , Cnδ a



a



CYδ , Clδ , Cnδ r



r



a



r
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The change in CY , Cl , and Cn due to aileron deflection δ a The change in CY , Cl , and Cn due to rudder deflection δ r



Cv



Froude number, velocity coefficient



CLβ



Hydroplaning lift coefficient of surface having dead-rise angle β b



CLO



Hydroplaning lift coefficient of flat plate surface



Cf



Water friction coefficient



Df



Hydrodynamic drag force due to water friction



DH



Hydroplaning drag force



Dw



Displacement of aircraft hull



DCM



Direct Cosine Matrix, a transformation matrix from local horizon frame to body frame



F



Vector of total force acting on the craft with respect to body axes



FAX FAY FAZ



Aerodynamic force component in x , y and z -body axes system respectively



FH X , FHY , FH Z



Hydrodynamic total force component in x , y and z -body axes system respectively



FB



Buoyant Force, Hydrostatic force



FBX , FBY , FBZ



Hydrostatic force component in x , y and z -body axes system Respectively



FGX , FGY , FGZ



Gravity force (weight) component in x , y and z -body axes system respectively



FTX , FTY , FTZ



Propulsion force (thrust) component in x , y and z -body axes system respectively



FX , FY , FZ



Total force component in x , y and z -body axes system
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respectively



g



Acceleration due to gravity



go



Gravity constant at sea level



H



Altitude



HI



Momentum of the vehicle which respect to inertial frame



I



Inertia tensor of the vehicle



I



Rate of change of the inertia tensor, rate of inertia tensor



K



High gain for quaternion integration



lcp



Location of Hydroplaning force center measured from step or aft-bottom



lc



Wetted chine length



lk



Wetted keel length



lm



Mean wetted length



lT



Thrust distance to x -body axis



LH



Hydroplaning lift force



M



Vector of total moment acting on the craft with respect to body axes



M AX , M AY , M AZ Aerodynamic moment component in x , y and z -body axes system respectively



M H X , M HY , M H Z Hydrodynamic total moment component in x , y and z -body axes system respectively



M TX , M TY , M TZ



Propulsion moment component in x , y and z -body axes system respectively



M X , MY , M Z



Total moment component in x , y and z -body axes system respectively



m



Mass of the aircraft



m



Mass flow rate of the aircraft



Pav



Power available



Peng



Power produced by engine
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p ,q ,r



xxi



Angular velocity components along x , y and z -body axes system respectively: roll rate, pitch rate, yaw rate



p , q , r



Angular acceleration components along x , y and z -body axes system respectively



q



Quaternion



q0



Initial quaternion, quaternion at the beginning of simulation



R



Radius of turn maneuver



Re



Reynolds number



RE



Radius of Earth at equator



S



Wing surface area



u ,v,w



Translational velocity component in x , y and z -body axes system respectively



Vb



Translational velocity vector which respect to body axes system



Ve



Translational velocity vector which respect to local horizon axes system



VI



Translational velocity vector which respect to inertial axes system



V



Forward velocity of the craft, airspeed



Vs



Stall speed



Vw



Average water velocity



Vx , Vy , Vz



Translational velocity component in x , y and z -local horizon axes system respectively



xb , yb , zb



x , y and z -axis of body coordinate system



xcg



Center of gravity position in x -body axes measured relative to leading edge of wing



xcp , ycp , zcp



Center point of hydroplaning force in x , y and z -body axes system respectively



Xe



Position vector with respect to local horizon axes system



X e , Ye , Z e



x , y and z -axis of Earth Centered Earth Fixed
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coordinate system respectively



x fb , y fb , z f b



Center point of hydrostatic force in x , y and z -body axes system respectively



xh , yh , zh



x , y and z -axis of local horizon coordinate system



X o , Yo , Z o



x , y and z -axis of Virtual Reality axes system respectively



xw , yw , zw



x , y and z -axis of wind coordinate system



Symbols



α ,α f



Angle of attack



β



Sideslip angle



βb



Dead-rise angle of the craft hull



δa



Aileron deflection



δe



Elevator deflection



δr



Rudder deflection



ε



Error coefficient for quaternion integration



ρ



Air density



ρo



Air density at sea level



ρw



Water density



ωb



Angular velocity vector which respect to body axes system



b ω



Angular acceleration vector which respect to body axes system



ϕ , θ ,ψ



Euler angles



θb



Bottom surface pitch angle



θi



Intersection angle between two vectors



λ



Ratio of mean wetted length to hull span



υ



Water viscosity



ηm



Mechanical transmission efficiency



ηp



Propeller efficiency



CHAPTER 1 INTRODUCTION



eal-time simulation of any dynamic system is made possible today as there are many high speed computers with high accuracies are available. Computer based simulation, also called digital simulation or numerical simulation, is widely used in many applications for safety and economical reason. NASA employs super-computer to simulate the complex dynamics of space flight by which allowing for nondestructive and repeatable testing conditions [43]. Computer and full-motion simulator are also used for pilot training program to provide them real flight experiences particularly for emergency conditions before they ever step to the actual aircraft. The digital simulation is also used for scientific reason, i.e. solving complex mathematical model, which usually do not have analytical solution yet, by numerical methods. The Navier-Stokes equation and Newton-Euler equation of motion are for examples. There are many researches showing the numerical simulation for solving such model [41, 42, 43, 44, 46, 47]. The other advantage of using computer simulation is its capabilities to visualize the numerical results in a graphical representation. The higher level of graphical visualization is called virtual reality (VR). There are many definitions of virtual reality. Here the definitions taken from some references. Wikipedia wrote [66]: virtual reality is an environment that is simulated by a computer. The simulated environment can be similar to the real world, for example, simulations for pilot or combat training, or it can differ significantly from reality, as in VR games. Other encyclopedia wrote [67]: virtual reality or virtual environment (VE) is a computer-generated environment with and within which people can interact. The advantage of VR is that it can immerse people in an environment that would
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normally be unavailable due to cost, safety, or perception restrictions. And from windows Encarta [68]: virtual reality is a system that enables one or more users to move and react in a computer-simulated environment. Various types of devices allow users to sense and manipulate virtual objects much as they would real objects. This natural style of interaction gives participants the feeling of being immersed in the simulated world. Virtual worlds are created by mathematical models and computer programs. As personal computer get faster and cheaper, many university can upgrade their computer facilities to the latest version. This provides possibility to build and run real-time simulation at university level with the same capability as in industry to model and design complex dynamic systems. It is beneficial to educational projects that run on very limited budgets. At Institute of Technology Bandung (ITB), A join research program between ITB and the Agency for the Assessment and Application of Technology (Badan Pengkajian dan Penerapan Teknologi, BPPT) in the designing and constructing an Eight Seats-Wing in Surface Effect (WiSE-8) craft is currently under taking. The program covers all aspect of aircraft developing process including flight dynamics and control design. In this area, flight simulation technology for the aircraft is under development using MATLAB-SIMULINK. This thesis is a part of the flight simulation development process which deals with the modeling the WiSE craft dynamics and its visualization using Virtual Reality.



1.1 Historical Preview of WiSE Craft Technology The Wing-in-Surface-Effect (WiSE) craft, and called also Wing-In-Ground craft (WIG), ekranoplan and Ground Effect Machine (GEM), is an air vehicle which operates at very low-altitude to gain an improved lift-drag ratio. The phenomenon is known as ground effect. This effect appears at about one wing chord distance from the ground. This phenomenon leads to fuel efficiency and finally reducing the flight cost. The ground effect has been known since about nineteen-twenties. It can be shown by some researches in the area [22, 23]. Although it has been known for decades, the usage of the ground effect in practice started in about nineteen-sixties
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when WIG developed seriously. There are two persons who have given very significant contributions; the German engineer named Alexander Lippisch and the Russian engineer named Rostislav Alexeiev. Lippisch is an aeronautical engineer while Alixiev is a ship designer. Their different backgrounds effect on their different solutions. Lippisch was intrigued by the potential to increase the aircraft efficiency by flying close to surface, while Alexiev considered WIG as a hydrofoil boat having wing just above the surface [70]. The development of WIG technology then initiated at other countries since then. USA, Japan, China, Australia, Korea, Taiwan and Indonesia are the countries where the technology being developed. WIG technology still being an interesting research topic. This can be seen from a number of researches have been conducted in the area [51,52,53,54,55,56]. The paragraphs below show the historical and recent progress of WIG technology. The major contents of the following paragraphs were taken from [70] with some modifications.



Germany The story of WIG development in Germany started around 1960. As mentioned before, the WIG development was initiated by Lippisch. At the time he was asked to build a very fast boat for Mr. Collins from Collins Radio Company in the USA. The boat for Collins is named X-112, see Figure 1.1, a WIG craft having reversed delta wing and T-tail.



Figure 1.1: X-112 during very low altitude cruise [70]



The tandem wing WIG was built by Günter Jörg. The first manned craft of this WIG type is the Jörg-II. This craft was built after many tandem wing radio
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controlled models have been successfully developed. The tandem WIG boat excels in simplicity and lower cost and is the most boat-like of all WIG concepts. These facts may explain their initial success with boats up to 25 meters in length built. The development of such WIG is continued to the next series, Joerg III and IV, see Figure 1.2. Unfortunately some technical and business related problems stood in the way of true commercial success.



Figure 1.2: Joerg IV during low-altitude cruise [70]



Russia In the USSR –now Russia– the WIG developments took place at the Central Hydrofoil Design Bureau (CHDB), lead by Alexeiev in about 1960. As the name already suggests this bureau was engaged in hydrofoil ship design. The will to create even faster transportation over water lead Alexeiev to the development of ekranoplans. The military potential for such a craft was soon recognized and Alexeiev received personal support from Kruchev including virtually unlimited financial resources. This very important development in WIG history lead to the Caspian Sea Monster, a 550 ton military ekranoplan, only a few years after this top secret project was initiated. This Caspian Monster is called KM, a Russian abbreviation for the vehicle, see Figure 1.3.



Figure 1.3: KM in high-speed low-altitude cruise [70]
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Figure 1.4: Ekranoplan Orlyonok during cruise at very low altitude [49]



After the experimental craft the Russian ekranoplan program continued and lead to the most successful ekranoplan so far, the 125 ton craft named Orlyonok, see Figure 1.4. The Orlyonok incorporated many features that had been tested separately in earlier designs: it was amphibious; it had a huge turboprop engine for cruise thrust at the top of the fin and two turbofans in the nose for air injection. A few Orlyonoks have been in service with the Russian Navy from 1979 to 1992.



USA In the USA there have not been many projects that went beyond the drawing board. Lockheed and David W. Taylor Naval Ship Research and Development Center (DTNSRDC) have conducted a lot of research work. The DTNSRDC works especially in the area of Power Augmented Ram (PAR). Some years ago a company called Flarecraft copied the Airfisch-3 and scaled it up into L-325 as shown in Figure 1.5. Due to their lack of expertise the Flarecraft L-325 was a technical failure, although the attention from the market and the media was overwhelming.
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Figure 1.5: L-325 during cruise maneuver [70]



Japan The Kawasaki KAG-3 was a WIG boat with water propulsion, see Figure 1.6, but the project was abandoned due to stability problems. The craft was build and tested in about 1963.



Figure 1.6: KAG-3 during planing on the water [70]



China Chinese companies have been very actively developing WIG boats over the past decade. At least three different groups are working on their own WIG boat. Two of them focus on Russian technology with the TY-1, see Figure 1.7, and Swan that technically resemble the Volga-2. The third group has taken the Lippisch approach and added PAR to it, resulting in the XTW-4.
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Figure 1.7: TY-1 during low-altitude cruise [70]



Korea South Korea began developing a WIG vessel with the former Soviet technology in the 1990s. It produced a prototype in the mid-1990s, but had to suspend the development due to lack of demand. However, the Korea Ocean Research and Development Institute (KORDI) has taken up the efforts and successfully developed a four-man test vessel in 2002. It plans to build 50 large, commercial WIG ships by 2010 with some capabilities, i.e. landing and taking off in 1.5-meter wave faces and cruising 5 meters above the surface of the water at 200 km per hour with, and having capacity of 200 passengers [71,72].



Australia Australian company has manufactured FS-8 craft, the successor of Airfisch, see Figure 1.8. As mentioned in the name, the craft can pick up 8 passengers including two flight crews. The FS-8 has been available in the market today.



Figure 1.8: FS-8 during cruise at very low altitude [70]
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1.2 Development of WiSE Craft Technology in Indonesia The development of WiSE craft technology in Indonesia was initiated by the Agency for the Assessment and Application of Technology (Badan Pengkajian dan Penerapan Teknologi, BPPT), Indonesian Aerospace Industry (IAe) and the Department of Aeronautics and Astronautics of Institut Teknologi Bandung. The first WiSE crafts that have been studied were NWIG10B-Wing01 and NWIG10BWing11 [31, 32] under a join research program between the above three parties in 2001. The first manufactured WiSE craft is a two seated vehicle, the WIG 2 seater, which was temporarily suspended due to the restructuring program of Indonesian Aerospace Industry. The vehicle was manufactured by IAe in 2002. Figure 1.9 shows the artist impression of the WIG 2 seater.



Figure 1.9: The WIG 2 seater [37]



In March 2005 BPPT launched a development of WiSE craft for eight seats, the WiSE-8 craft. It has capacity of 8 seats, consisting of 6 passengers and 2 flight crews (pilot and copilot) [11, 12]. The aircraft is designed to have take off and landing distance of less then 500 m and cruising range of 500 km [11, 15]. The vehicle stability during flight is also studied [16, 17, 18]. Aerodynamic
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characteristics of the vehicle are predicted using several computational softwares such as DATCOM and VLM [13, 14]. While the structural design and analysis is also carried out using several software standards such as NASTRAN and CATIA/CADAM [19, 20, 21]. Figure 1.10 shows the artist impression of the WiSE 8 craft.



Figure 1.10: Artist impressions of WiSE-8 craft



As the research program is running, the Radio Control (RC) model was developed and tested to study the behavior of the WiSE craft dynamic. The RC model series that has been built and tested are Unmanned-1 (NA-1), Unmanned-2 (NA-2), and Unmanned-3 (NA-3). NA-1 is RC model of WiSE-8 which has rectangular wing, while NA-2 has unhedral reverse-delta wing, see Figure 1.11. The last RC model, NA-3 is the latest model has been built which has semiunhedral reverse-delta wing. The first two models, NA-1 and NA-2 have been successfully tested.



Figure 1.11: WiSE-8 RC Model NA-2 during Water Taxi at Jatiluhur Lake [10]
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Figure 1.11 through Figure 1.15 show the flight test program of those RC models. Figure 1.11 shows the RC model NA-2 during on-water maneuver. The test result showed that the RC model has good on-water performance. Planing condition of the RC model during takeoff is shown in Figure 1.12.



Figure 1.12: WiSE-8 RC Model NA-2 during Takeoff at Jatiluhur Lake [10]



Figure 1.13 shows the RC model NA-2 while flying just after takeoff. The aircraft model then commanded to fly out of ground effect. This test is conducted to study the dynamic behavior of the aircraft during fly on the air. The aircraft model proven has good stability during fly out of ground effect.



Figure 1.13: WiSE-8 RC Model NA-2 Flying just after Takeoff at Jatiluhur Lake [10]
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Figure 1.14: WiSE-8 RC Model NA-3 planing on the water during take-off at Jatiluhur Lake



Figure 1.15: WiSE-8 RC Model NA-3 flying just after take-off at Jatiluhur Lake



Flight tests program are also conducted for NA-3 RC model as shown in Figure 1.14 and 1.15. This test included on-water performance and flight performance to study the dynamic characteristics of the vehicle. NA-3 RC model has better on-water performance then the previous models, NA-1 and NA-2. This
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is due to better hull design of the RC model. The flight tests program for the RC models mentioned above is held on the periods of March to November 2005 at Jatiluhur Lake, West Java.



1.3 Previous Works on WiSE Craft There are some works on WiSE craft that have been conducted. Astuti and Dasril studied the aerodynamic characteristic and static stability of NWIG10B-Wing01 and NWIG10B-Wing11 [31, 32]. The design of automatic control for longitudinal and lateral-directional modes has also been conducted. Almaizar worked on the design of longitudinal control of NWIG10B-Wing01 [33], while Oetomo worked on the lateral-directional control of NWIG10B-Wing12-2 [34]. The study continued by Mukhlason [35]. He studied the takeoff performance of WiSE 2 Seats. The latest studies in this subject were the analysis of longitudinal stability of WIG 2 Seater by Sihombing [36] and the design of WIG 2 Seater automatic control for both longitudinal and lateral-directional modes by Sembiring [37]. All the works mentioned above are subject to performance, stability and control of the WiSE craft which are related to the vehicle dynamic. The results of the studies were presented in the form of traditional ways, i.e. tabular and graphical. These kinds of presentation, although good enough for giving information, did not give the real illustration of the aircraft motion which can give better understanding. The better understanding of the motion will lead to better achievement of overall results. So, it is better to visualize the results in more realistic presentation. Virtual reality environment is the answer. Hereby, the development of virtual reality environment for aircraft motion is proposed in this thesis. The result of this thesis will be a bridge between design concept and the implementation.



1.4 Thesis Scope, Objectives and Contributions This thesis focuses on the development of visualization tool of aircraft nonlinear motion using virtual reality. The motion simulation is based on the nonlinear equation of motion which will describe in Chapter 2. WiSE-8 craft will be the primary subject for the simulation. The simulation which will be developed is a
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real time computer program in which the external inputs can be added into the simulation with direct responses. As mentioned in previous subchapter, the result of the thesis will be a bridge between design concept and the implementation, especially for flight control design and flight performance analysis. This means that the control design result can be analyzed in the VR environment before implemented in the real vehicle. This step will give real sense of the implementation since the VR is similar to the real situation. Other examples of aircraft simulation can be found in [39,40,73]. The objectives of the thesis are developing the mathematical model of WiSE motion including water phase (on-water performance) and air phase (flight performance) and making an easy use VR environment for visualizing the aircraft motion. This VR environment is made using VR toolbox of MATLAB Version 7. The toolbox was packed in MATLAB Version 6.5 and higher [65, 77]. Since there are a little references of using the toolbox, we should study it by trying the menus and then identify the results. This took a lot of hours to understand the toolbox. But this is the challenge: understanding the manual autodidact. Having known the manual, the VR environment can be develop easily. The procedure will be explained step by step in the next chapter. This is the primary contribution of the thesis. The other contributions are modeling the WiSE craft hydrodynamic characteristic in two methods: (1) Full hydrostatic with include friction drag and (2) Hydroplaning condition by two-surface planing method. Another important thing in this thesis is application of quaternion for Euler angles determination instead of conventional kinematics relation.



1.5 Thesis Outline This thesis consists of five chapters. The first chapter is this chapter, introduction. It contains the historical preview of WiSE craft development around the world including Indonesia. The development of WiSE technology in Indonesia was given in special subchapter. This chapter also explained the objectives and contributions of the thesis. Chapter two will explain the mathematical background briefly. It is very important since the mathematical model is the core of the simulation which will
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be developed and discussed in the thesis. It covers the six degree of freedom (6DOF) nonlinear equations of motion, transformation of coordinate system, and quaternion. The chapter will also discuss the aerodynamic and hydrodynamic characteristics of the WiSE craft. The aerodynamic characteristic of the vehicle is predicted using DATCOM, while the hydrodynamic is modeled using hydrostatic plus hydrodynamic friction drag. Another interesting approach is Savitsky hydroplaning methods which will be discussed in Appendix B. Implementation of the mathematical model into MATLAB-SIMULINK environment will be explained in Chapter three. The chapter will give explanation of the SIMULINK model and its algorithm. This algorithm includes the aerodynamics and hydrodynamics model of the vehicle. This Chapter will also discuss the VR toolbox which covers basic principle and procedure of using the toolbox. The detail procedure of VR environment developing process will be covered in Appendix E. Chapter four will show the simulation results. Then the results will be discussed in this chapter. The case study for the simulation is subject to WiSE-8 craft as mentioned before. The thesis will be finished by Chapter five. This chapter summarize all the results in short paragraph as conclusion. The conclusion will point up the major results of the research. This will give some ideas and recommendations for future work.



CHAPTER 2 MATHEMATICAL MODEL OF WiSE CRAFT



imulation of WiSE craft motion that will be conducted in this thesis is based on the mathematical model of the vehicle motion. The proper mathematical model is the only requirement for any simulation which represent the real situation. Equations of motion describe the nature of vehicle dynamic in threedimensional space. In the equations, it needs to define the forces and moments acting on the vehicle since it is the factors responsible for the motion. Therefore, the modeling of the forces and moments is a must. The mathematical model of forces and moments include the aerodynamic, hydrodynamic, propulsion system and gravity. These models will be discussed in detail in this chapter. In this chapter, first we briefly overview the coordinate systems that used as the reference frame for the description of WiSE craft motion. Then, a complete nonlinear model of the aircraft motion will be discussed briefly. The complete derivation of the equations of motion will be treated in detail in Appendix A. 2.1



Coordinate systems and transformation



A number of coordinate systems will employed here to be use as a reference for the motion of the aircraft in three-dimensional space, •



Local horizon-coordinate system



•



Body-coordinate system



•



Wind-coordinate system
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Local Horizon coordinate reference system



The local horizon coordinate system is also called the tangent-plane; it is a Cartesian coordinate system. Its origin is located on pre-selected point of interest and its xh , yh , zh axes align with the north, east and down direction respectively as shown in Figure 2.1.



Ze



xh zh



yh



λ Ye



φ Xe



Figure 2.1: Local horizon coordinate system



For simulation purpose, the local horizon local will be used as reference (inertial) frame. It is correct since the WiSE craft is flying in low altitude and range relative to the earth surface. 2.1.2



Body coordinate reference system



The body coordinate system is a special coordinate system which represents the aircraft body. Its origin is attached to the aircraft center of gravity, see Figure 2.2. The positive xb axis lies along the symmetrical axis of the aircraft in the forward direction, its positive yb axis is perpendicular to the symmetrical axis of the aircraft to the right direction, and the positive zb is perpendicular to the oxb yb plane making the right hand orientation.
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xb center of gravity



yb



zb



Figure 2.2: Body-coordinate system



The transformation of body axes to the local horizon frame is carried out using Euler angle orientation procedures. The orientation of the body axes system to the local horizon axes system is expressed by Euler angles as shown in Figure 2.3.



Local Vertical
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ϕ ϕ θ z b
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Figure 2.3: Aircraft attitude with respect to local horizon frame: Euler angles
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The transformation of local horizon coordinate system to body coordinate system can be expressed as [2] ⎡ cos θ cosψ Cbh = ⎢sin ϕ sin θ cosψ − cos ϕ sin ψ ⎢ ⎢⎣ cos ϕ sin θ cosψ + sin ϕ sin ψ



cos θ sin ψ sin ϕ sin θ sin ψ + cos ϕ cosψ cos ϕ sin θ sin ψ − sin ϕ cosψ



− sin θ



⎤ sin ϕ cos θ ⎥ ⎥ cos ϕ cos θ ⎥⎦



(2-1)



The above formula is very useful for determining the orientation of the aircraft with respect to the earth surface. This matrix is an orthogonal class of matrix, meaning that its inverse can be obtained by transposing the matrix above as −1



T



Chb = ⎡⎣Cbh ⎤⎦ = ⎡⎣Cbh ⎤⎦ .



Kinematics Equation Kinematics equation shows the relation of Euler angles and angular velocity



ωb = [ p q r ] . The physical definition of Euler angles can be seen in Figure T



2.3. The kinematics equations are listed as follows [2,7,8]:



ϕ = p + q sin ϕ tan θ + r cos ϕ tan θ θ = q cos ϕ − r sin ϕ sin ϕ cos ϕ ψ =q +r cos θ cos θ



(2-2)



The above equation can be rewritten in the form of matrix as



⎡ ⎧ϕ ⎫ ⎢1 sin ϕ tan θ ⎪ ⎪ ⎢ cos ϕ ⎨θ ⎬ = ⎢ 0 ⎪ψ ⎪ ⎢ sin ϕ ⎩ ⎭ ⎢0 cos θ ⎣



⎤ cos ϕ tan θ ⎥ ⎧ p ⎫ ⎥⎪ ⎪ − sin ϕ ⎥ ⎨ q ⎬ cos ϕ ⎥ ⎪⎩ r ⎪⎭ ⎥ cos θ ⎦



(2-3)
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Equations (2-2) and (2-3) are used to obtained the Euler angles from the angular velocity p , q , and r . But the above equations have disadvantage, i.e. can be singular for θ = ± 90 degrees. It motivates to use another way that can avoid the singularity. This can be done using quaternion which will be discussed in the next section.



Direction Cosine Matrix Intersection angle θ i of any two vectors in three-dimensional (3D) space, denoted by r1 and r2 , can be found by the inner product relationship:



⎡ r1 ir2 ⎤ ⎥ ⎣⎢ r1 r2 ⎦⎥



θi = arccos ⎢



(2-4)



Using above idea, the transformation coordinate from local horizon axes system ( i h , jh , z h ) to body axes system ( i b , jb , z b ) can be cast into the matrix form [48]:



⎡ i h ii b i h i jb i h iz b ⎤ DCM = ⎢⎢ jh ii b jh i jb jh iz b ⎥⎥ ⎢⎣ z h ii b z h i jb z h iz b ⎥⎦ c θ cψ c θ sψ ⎡ ⎢ = ⎢ s ϕ s θ cψ − c ϕ sψ s ϕ s θ sψ + c ϕ cψ ⎢⎣c ϕ s θ cψ + s ϕ sψ c ϕ s θ sψ − s ϕ cψ



− sθ ⎤ s ϕ c θ ⎥⎥ c ϕ c θ ⎥⎦



(2-5)



where symbol s ( ⋅) = sin ( ⋅) and c ( ⋅) = cos ( ⋅) are used for abbreviation. Equation (2-5) is identical to Equation (2-1). Therefore the term DCM will be used together with the transformation matrix Cbh in the simulation. 2.1.3 Wind coordinate system



Wind coordinate system represents the aircraft velocity vector. This frame defines the flight path of the aircraft. The term ‘wind’ used here is relative wind flowing through the aircraft body as the aircraft fly in the air [2].
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Its origin is attached to the center of gravity while its axes define the direction and the orientation of flight path. The positive xw axis coincides to the aircraft velocity vector V . The zw axis lies on the symmetrical plane of the aircraft, perpendicular to the xw axis and positive downward. And the last, positive yw axis is perpendicular to the oxw zw plane obeying the right-hand orientation. These axes definition are shown in Figure 2.4.
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Figure 2.4: Wind-axes system and its relation to Body axes



Wind axes system can be transformed to the body axes system using the following matrix of transformation [2], ⎡cos α cos β C = ⎢⎢sin β ⎢⎣sin α cos β w b



- cos α sin β cos β -sin α sin β



-sin α ⎤ ⎥ 0 ⎥ cos α ⎥⎦



(2-6)



This equation is useful for transforming the aerodynamic lift and drag forces to body axes system. As can be seen in Figure 2.5, the aerodynamic lift vector is
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along the negative zw axis while the aerodynamic drag is along the negative xw axis. Since the equations of motion are derived in body axes system, it needs to express all forces and moments which acting on the aircraft in the body axes. Therefore the aerodynamic lift and drag vectors should be transformed from wind axes to the body axes.
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Figure 2.5: Aerodynamic lift and drag



Using Equation (2-6), Aerodynamic lift and drag can be transformed to body axes system by the following relation ⎧ FA ⎫ ⎡cos α cos β - cos α sin β ⎪ X⎪ ⎢ cos β ⎨ FAY ⎬ = ⎢sin β ⎪ ⎪ ⎢sin α cos β -sin α sin β ⎩ FAZ ⎭ ⎣



Similarly, after dividing Equation (2-7) by can be expressed as



1 2



-sin α ⎤ ⎧− D ⎫ ⎥⎪ 0 ⎪ 0 ⎥⎨ ⎬ cos α ⎥⎦ ⎩⎪ − L ⎭⎪



(2-7)



ρV 2 S , the aerodynamic coefficients
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⎧C X ⎫ ⎡ cos α cos β ⎪ ⎪ ⎢ ⎨ CY ⎬ = ⎢sin β ⎪ C ⎪ ⎢sin α cos β ⎩ Z⎭ ⎣



22 - cos α sin β cos β -sin α sin β



-sin α ⎤ ⎧−CD ⎫ ⎪ ⎥⎪ 0 ⎥⎨ 0 ⎬ cos α ⎦⎥ ⎩⎪ −CL ⎭⎪



(2-8)



Equation (2-8) will be used for transforming aerodynamic lift and drag coefficients to body axes aerodynamic coefficients C X , CY , and CZ . The translational velocity can also be transformed into the body axes system as follows: ⎧ u ⎫ ⎡ cos α cos β - cos α sin β ⎪ ⎪ ⎢ cos β ⎨ v ⎬ = ⎢sin β ⎪ w⎪ ⎢sin α cos β -sin α sin β ⎩ ⎭ ⎣



-sin α ⎤ ⎧V ⎫ ⎧V cos α cos β ⎫ ⎥ ⎪ 0 ⎪ = ⎪ V sin β ⎪ 0 ⎬ ⎥⎨ ⎬ ⎨ ⎪ ⎪ ⎪ cos α ⎦⎥ ⎩ 0 ⎭ ⎩V sin α cos β ⎭⎪



(2-9)



in which the velocity V is defined as V = u 2 + v 2 + w2 . Angle of attack α , and angle of sideslip β can be derived from equation (2-9) as follows:



⎛ w⎞ ⎟ ⎝u⎠ ⎛v⎞ β = arcsin ⎜ ⎟ ⎝V ⎠



α = arctan ⎜



(2-10)



Equation (2-10) will also be used in the simulation for calculating angle of attack and sideslip angle from body axes velocity. 2.2 Quaternions



Quaternions were discovered by Sir William Hamilton in 1843 [60,62]. He used quaternions for extensions of vector algebras to satisfy the properties of division rings (roughly, quotients exist in the same domain as the operands) [62]. It has been widely discussed as interesting topic in algebra and for its amazing applicability in dynamics [61, 63, 64].
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The following paragraphs discuss the application of Quaternions starting with its definition while more detail discussion will be presented in Appendix C. Quaternion is define as q = 1⋅ q0 + i ⋅ q1 + j ⋅ q2 + k ⋅ q3 = [ q0



q1



q2



q3 ]



T



(2-11)



where q0 , q1 , q2 , q3 are reals, 1 is the multiplicative identity element, and i , j , k are symbolic elements having the properties: i 2 = −1 , j2 = −1 , k 2 = −1 ij = k



ji = −k



jk = i ki = j



kj = −i ik = − j



(2-12)



The time-derivative of the quaternion can be expressed as follows [8,48,77]: q = [ψ − Kε ]q



r −q ⎡ 0 ⎢ −r 0 p 1 = ⎢ 2 ⎢ q −p 0 ⎢ ⎣− p −q −r ⎡ q3 − q2 ⎢ q3 1 q = ⎢ 2 2 ⎢ − q1 q0 ⎢ ⎣ − q0 − q1 = Qωb − K ε q



p ⎤ ⎧ q0 ⎫ ⎧ q0 ⎫ ⎪ ⎪ ⎪q ⎪ ⎥ q ⎥ ⎪ q1 ⎪ ⎪ 1⎪ ⎨ ⎬ − Kε ⎨ ⎬ r ⎥ ⎪q2 ⎪ ⎪q2 ⎪ ⎥⎪ ⎪ 0 ⎦ ⎩ q3 ⎭ ⎩⎪ q3 ⎭⎪



q1 ⎤ ⎧ q0 ⎫ ⎧ p⎫ ⎥ ⎪q ⎪ −q0 ⎥ ⎪ ⎪ ⎪ 1⎪ q K ε − ⎨ ⎬ ⎨ ⎬ q3 ⎥ ⎪ ⎪ ⎪q2 ⎪ ⎥ ⎩r ⎭ − q2 ⎦ ⎩⎪ q3 ⎭⎪



(2-13)



where ε = 1 − ( q02 + q12 + q22 + q32 ) is an error coefficient. Obviously, integrating equation (2-13) is much more efficient than (2-3) because it does not involve computationally expensive trigonometric functions. This integration can be evaluated using the following relation:
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q ( t ) = q 0 + ∫ qdt t



(2-14)



t0



where q ( t ) denotes quaternion at time t and q 0 is initial quaternion calculated from initial Euler angles using Eqn. (2-17) The rotational transformation matrix can be directly found with quaternion:



⎡ q02 + q12 − q22 − q32 ⎢ Cbh = DCM = ⎢ 2 ( q1q2 − q0 q3 ) ⎢ 2 ( q1q3 + q0 q2 ) ⎣



2 ( q1q2 + q0 q3 ) q02 + q22 − q12 − q32 2 ( q2 q3 − q0 q1 )



2 ( q1q3 − q0 q2 ) ⎤ ⎥ 2 ( q2 q3 + q0 q1 ) ⎥ q02 + q32 − q12 − q22 ⎥⎦



(2-15)



Euler angles can be determined from the quaternion by comparing Eqn. (2-15) to Eqn. (2-1) which yields ⎡ 2 ( q2 q3 + q0 q1 ) ⎤ 2 2 2 2⎥ ⎣ q0 + q3 − q1 − q2 ⎦ θ = arcsin ⎡⎣ −2 ( q1q3 − q0 q2 ) ⎤⎦



ϕ = arctan ⎢



(2-16)



⎡ 2 ( q1q2 + q0 q3 ) ⎤ 2 2 2 2⎥ ⎣ q0 + q1 − q2 − q3 ⎦



ψ = arctan ⎢



This quaternion can also be expressed in terms of Euler angles as [8]:



ϕ θ ψ ϕ θ ψ⎞ ⎛ q0 = ± ⎜ cos cos cos + sin sin sin ⎟ 2 2 2 2 2 2⎠ ⎝ θ ψ ϕ θ ψ⎞ ⎛ ϕ q1 = ± ⎜ sin cos cos − cos sin sin ⎟ 2 2 2 2 2 2⎠ ⎝ ϕ θ ψ ϕ θ ψ⎞ ⎛ q2 = ± ⎜ cos sin cos + sin cos sin ⎟ 2 2 2 2 2 2⎠ ⎝



(2-17)



ϕ θ ψ ϕ θ ψ⎞ ⎛ q3 = ± ⎜ cos cos sin − sin sin cos ⎟ 2 2 2 2 2 2⎠ ⎝ The above equations will be used in the WiSE craft simulation which will be conducted in this thesis.
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2.3 Aircraft equations of motion The equations of motion are derived based on Newton law. They were first derived by Euler, a great mathematician. It is the reason why the equations of motion are dedicated to Newton and Euler. The solutions of the complete equations of motion provide the characteristics of motion of any solid body in three-dimensional space, three translational and three angular motions. Therefore they called the six degree of freedom (6-DOF) equations of motion. These equations are very general and apply for all rigid bodies, e.g. aircrafts, rockets and satellites. The 6-DOF equations of motion consists a set of nonlinear first ordinary differential equations (ODES). They express the motions of the aircraft in terms of external forces and moments, which can be subdivided in a number of categories. For the case of WiSE craft, the forces and moments are contributed from aerodynamics, hydrodynamics, propulsion system, and gravity. In this section, the equations of motion will be presented along with all relevant force and moment equations and a large number of output equations of which some are needed to calculate these forces and moments.



Translational Motion Applying the second law of Newton, the net forces acting on the airplane can be found by adding up the force acting on the all parts of the airplane as follows [2,7,8,77]:



∑ ΔF = where



∑ ΔF = [ F



X



d ( mVI )



FY



dt



⎛ dV ⎞ = m ⎜ b + ωb × Vb ⎟ + mVb ⎝ dt ⎠



(2-18)



FZ ] is total force vector along xb , yb and zb axes T



respectively, Vb = [u v w] is velocity vector coordinated at the body axes T



frame and ωb = [ p q r ] denotes angular velocity vector of the aircraft with T
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respect to the inertial space coordinated at the body axes system. Upon decomposition, the resulting three scalar force equations become: FX = m ( u + qw − rv ) + mu FY = m ( v + ru − pw ) + mv



(2-19)



FZ = m ( w + pv − qu ) + mw



The above equation then used for calculating the translational acceleration that can be expressed in the following equation: FX − mu − qw + rv m F − mv v= Y − ru + pw m F − mw w= Z − pv + qu m u=



The term ⎡⎣ ax



ay



( ∑ ΔF − mV ) b



az ⎤⎦



T



=



(2-20)



m is defined as translational acceleration ab =



⎡⎣( FX − mu ) m



( FY − mv )



m



( FZ − mw)



T



m ⎤⎦ .



Forces



occurred in (2-19) and (2-20) are caused by the aerodynamics, hydrodynamics, propulsion system and Earth’s gravity. Hence it can be written as follows: FX = FAX + FH X + FTX + FGX FY = FAY + FHY + FTY + FGY



(2-21)



FZ = FAZ + FH Z + FTZ + FGZ



where FAX denotes aerodynamic force acting along xb axis, FH X is hydrodynamic force acting along xb axis, FTX denotes the propulsion force acting along xb axis FGX denotes gravity force acting along xb axis, and so on.
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Angular Motion



Angular motion of the aircraft is also derived based on the second law of Newton. The net moment acting on the airplane can be found by adding up the moments acting on the all parts of the airplane as [2,7,77]:



dH I = Iωb + ωb × ( Iωb ) + Iωb dt



∑ ΔM = where



∑ ΔM = [ M



X



MY



(2-22)



M Z ] is total moment vector along xb , yb and zb T



axes respectively, ω denotes the angular velocity of the aircraft as mentioned before and I denotes the inertia tensor of the aircraft defined as



⎡ I xx ⎢ I = ⎢ − J xy ⎢ − J xz ⎣



− J yx I yy − J yz



− J zx ⎤ ⎥ − J zy ⎥ I zz ⎥⎦



(2-23)



The angular acceleration can be evaluated using Equation (2-22) as ωb = I −1 ( ∑ ΔM − ωb × ( Iωb ) − Iωb )



(2-24)



Here, I −1 is the inverse of the inertia tensor as shown in Equation (2-24). This inverse has a relatively simple form [8]:



⎡ k11 1⎢ I = ⎢ k12 Δ ⎢⎣ k13 −1



where



k21 k22 k23



k31 ⎤ k32 ⎥⎥ k33 ⎥⎦



(2-25)
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k11 = ( I yy I zz − J yz2 ) Δ k22 = ( I zz I xx − J xz2 ) Δ k33 = ( I xx I yy − J xy2 ) Δ



28 k12 = k21 = ( J yz J xz + J xy I zz ) Δ



k13 = k31 = ( J xy J yz + J xz I yy ) Δ



(2-26)



k23 = k32 = ( J xy J xz + J yz I xx ) Δ



and Δ = I xx I yy I zz − 2 J xy J yz J xz − I xx J yz2 − I yy J xz2 − I zz J xy2



(2-27)



For conventional aircraft, such as WiSE craft, which is symmetrical to oxb zb plane, the cross inertial products are very small and can be assumed to be zero ( J xy = 0 and J yz = 0 ). Under this condition, Eqn. (2-27) can be simplified as



Δ = I xx I yy I zz − I yy J xz2



(2-28)



By assuming the inertia tensor is constant which implies I = 0, Eqn. (2-24) can be decomposed as: 2 M X I zz + M Z J xz J xz ( I xx − I yy + I zz ) pq ⎡⎣ I zz ( I zz − I yy ) + J xz ⎤⎦ qr + − p= Δ Δ Δ 2 2 ( I − I ) pr − J xz ( p − r ) M q = Y + zz xx I yy I yy I yy



(2-29)



2 M X J xz + M Z I xx ⎣⎡ I xx ( I xx − I yy ) + J xz ⎦⎤ pq J xz ( I xx − I yy + I zz ) qr + − r= Δ Δ Δ



The moments ( M X , M Y and M Y ) can also be expressed in terms of aerodynamic, hydrodynamic and propulsion moments as those for the forces, M X = M AX + M H X + M TX M Y = M AY + M HY + M TY M Z = M AZ + M H Z + M TZ



(2-30)
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where M AX denotes aerodynamic moment which respect to xb axis, M H X is hydrodynamic moment which respect to xb axis, FTX denotes the propulsion moment which respect to xb axis, and so on. 2.4 Force and Moment due to Earth’s Gravity



The gravity force vector can be decomposed along the body axes system as [2,7,8]: FGX = − mg sin θ FGY = mg sin ϕ cos θ



(2-31)



FGZ = mg cos ϕ cos θ



or can be written as ⎧ FG ⎫ ⎧ 0 ⎫ ⎧ 0 ⎫ ⎪ X⎪ ⎪ ⎪ ⎪ ⎪ h ⎨ FGY ⎬ = Cb ⎨ 0 ⎬ = DCM ⎨ 0 ⎬ ⎪ ⎪ ⎪mg ⎪ ⎪mg ⎪ ⎩ ⎭ ⎩ ⎭ ⎩ FGZ ⎭



(2-32)



The gravity force produces zero moment because it is acting on the center of gravity. Equation (2-32) is the gravity force equation which will be used in the simulation. 2.5 Aerodynamic Forces and Moments



Aerodynamic forces and moments are function of some parameters. They can be written as: FAX = C X (α , β , H , M , δ a , δ e , δ r , u , v, w, p, q, r ) 12 ρV 2 S FAY = CY (α , β , H , M , δ a , δ e , δ r , u , v, w, p, q, r ) 12 ρV 2 S FAZ = CZ (α , β , H , M , δ a , δ e , δ r , u , v, w, p, q, r ) 12 ρV 2 S M AX = Cl (α , β , H , M , δ a , δ e , δ r , u , v, w, p, q, r ) 12 ρV 2 Sb M AY = Cm (α , β , H , M , δ a , δ e , δ r , u , v, w, p, q, r ) 12 ρV 2 Sc M AZ = Cn (α , β , H , M , δ a , δ e , δ r , u , v, w, p, q, r ) 12 ρV 2 Sb



(2-33)
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Equation (2-33) shows that the aerodynamic forces and moments are very complicated. Due to the limitation of methods and tools available for determining the aerodynamic coefficients as function of parameters shown in Eqn. (2-33), the simpler aerodynamic model will be used for the simulation, see Eqns. (2-34) and (2-35). These equations are adopted from aircraft control model. In aircraft control studies which the interest is laying in the aircraft’s response to a (small) deviation from a steady rectilinear symmetrical flight, the aerodynamic forces and moments can be separated into two uncoupled groups of symmetric and asymmetric equations. This approach is also applied for WiSE craft since the craft flying almost at a steady symmetrical mode.



Symmetric equations:



( = (C = (C



) ρV S δ ) ρV S δ ) ρV Sc



FAX = C X (α , H ) + C X q q 2cV + C X δ δ e FAZ M AY



e



Z



(α , H ) + CZ q 2cV + CZ



m



(α , H ) + Cm q 2cV + Cm



q



δe



δe



q



2



1 2



1 2



2



e



1 2



2



e



(2-34)



The aerodynamic coefficients C X and CZ which occurred in Eqn. (2-34) were calculated from aerodynamic lift and drag using Equation (2-8). Aerodynamic lift and drag coefficients of the aircraft were predicted using Digital DATCOM as function of angle of attack ( α ) and altitude ( H ).



Asymmetric equations:



( = (C = (C



)



1 2



1 2



ρV 2 Sb



FAY = CYo + CYβ β + CYp p 2bV + CYr r 2bV + CYδ δ a + CYδ δ r M AX M AZ



a



r



)



lo



+ Clβ β + Cl p p 2bV + Clr r 2bV + Clδ δ a + Clδ δ r



no



+ Cnβ β + Cn p p 2bV + Cnr r 2bV + Cnδ δ a + Cnδ δ r



a



r



a



r



)



1 2



ρV 2 S (2-35)



ρV 2 Sb



Aerodynamic coefficient CY which occurred in Equation (2-35) was also calculated from aerodynamic lift and drag using Equation (2-8). For sideslip angle



β = 0, the aerodynamic CY , Cl and Cn are assumed to be zero. o



o



o
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Stability and control derivatives occurred in equation (2-34) and (2-35) will be calculated using DATCOM [16,17,18] and Smetana method [9]. These parameters will be listed in Appendix C. 2.6 Hydrodynamic Forces and Moments



The hydrodynamic model of WiSE craft will be treated only at transitional mode, i.e while the velocity coefficient Cv < 3. During the transitional mode, the speed of vehicle is still low. Therefore we will consider in this mode, the major force acting on the vehicle is buoyancy force. The buoyant force can be expressed in the following relation [6,74], FB = ρ w gDw



(2-36)



where ρ w is water density, g is acceleration due to gravity, and Dw is immersed volume or also called displacement. The presence of the buoyancy force FB is a consequence of gravity, because an identifiable volume of fluid has weight. The buoyant force always acts in the opposite direction to OZ h (upward) in order to support the weight of displaced fluid. It follows that FB acts through the centre of gravity of the displaced fluid and consequently for a fluid of constant density it must act through the geometric centre (or ‘centroid’) of the volume Dw , see Figure 2.6.



Df



Figure 2.6: Hydrostatic and Frictional drag Force
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Since the equations of motion derived in body axes system, the buoyancy force needs to be transformed into body axes system as ⎧ FBX ⎫ ⎧ 0 ⎫ ⎧ 0 ⎫ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ h ⎨ FBY ⎬ = Cb ⎨ 0 ⎬ = DCM ⎨ 0 ⎬ ⎪ ⎪ ⎪− F ⎪ ⎪− F ⎪ ⎩ B⎭ ⎩ B⎭ ⎩ FBZ ⎭



(2-37)



We define the center of displacement Dw is ( x fb , y fb , z fb ) in body axes. The moment produced by the force then can be determined using the following relation, ⎧ M BX ⎫ ⎧ x fb ⎫ ⎧ FBX ⎫ ⎧ y fb FBZ − z fb FBY ⎫ ⎪⎪ ⎪ ⎪ ⎪⎪ ⎪⎪ ⎪ ⎪ ⎪⎪ ⎨ M BY ⎬ = ⎨ y fb ⎬ × ⎨ FBY ⎬ = ⎨ z fb FBX − x fb FBZ ⎬ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ M BZ ⎭ ⎪⎩ z fb ⎪⎭ ⎩ FBZ ⎭ ⎪⎩ x fb FBY − y fb FBX ⎪⎭



(2-38)



Although the speed is low, the frictional drag due to water flow relative to the aircraft hull will also be examined in this mode. The frictional drag will be calculated using Equation (B-9). This frictional force is assumed to be parallel to longitudinal axis and acting on the center of the displacement Dw , see again Figure 2.6. For longitudinal motion ( ϕ = 0 and ψ = 0), the hydrostatic force and moment as shown in Equation (2-37) and (2-38) can be simplified as: ⎧ FBX ⎫ ⎧ F sin θ − D ⎫ f ⎪ ⎪ ⎪ B ⎪ F 0 = ⎨ BY ⎬ ⎨ ⎬ ⎪ ⎪ ⎪ − F cos θ ⎪ B ⎭ ⎩ FBZ ⎭ ⎩



and



(2-39)
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⎧ M BX ⎫ ⎧ ⎫ 0 ⎪ ⎪ ⎪ ⎪ ⎨ M BY ⎬ == ⎨ z fb FBX − x fb FBZ ⎬ ⎪ ⎪ ⎪ ⎪ 0 ⎩ ⎭ ⎩ M BZ ⎭



(2-40)



Note that the frictional drag D f has been added such that appeared in Eqn. (2-39). In the simulation, the hydrostatic force and immersed volume were calculated using MAXSURF software based on the method has already discussed in this section. Another approach for hydrodynamic modeling will be treated in Appendix B. 2.7 Propulsion Forces and Moments



In the simulation, the propulsion system characteristics are needed. The propulsion system characteristics that will be used in the WiSE-8 craft is presented in Table 2.1 [15, 76]. Table 2.1: The Propulsion System Characteristic of WiSE-8 Craft [15, 76] Engine Type



Textron Lycoming, turbocharged piston



Power max (HP)



350



Propeller Diameter (cm)



220



Blade number



4



The available power that will be used in the simulation is Pavmax = 300 HP rather than Pavmax = 350 HP to accommodate power losses due to mechanical transmission system [15]. This assumption can be express in mathematical relation by multiplying the engine power by mechanical transmission efficiency



ηm = 0.86. Table 2.2 shows the fuel consumption rate of the engine at various engine setting.
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Table 2.2: Fuel Consumption Rate [15,76] Fuel consumption rate, m



P Pmax



Engine Power HP



kW



0.75



262.5



196



22



83.279



0.0185



-



0.65



227.5



169



17



64.352



0.0143



-



0.60



210.0



156



15



56.781



0.0126 Most Efficient



Gallon/hour Liter/hour



Note



Kg/s



Data in Table 2.2 then used for interpolating the characteristic of power available ( Pav ) at maximum power setting. The fuel consumption rate at maximum power is interpolated using linear interpolation method [1]. The result is presented in Table 2.3. The difference between Table 2.2 and 2.3 are the value in second column. Table 2.2 shows engine power produced by the engine ( Peng ) but Table 2.3 shows the power available which has relation Pav = η m Peng .



Table 2.3: Power available and Fuel Consumption Rate Power Available



Fuel consumption rate, m



Pavmax



HP



kW



Liter/hour



Kg/s



1.00



300



224



127.627



0.0284



Interpolated



0.75



225



168



83.279



0.0185



-



0.65



195



145



64.352



0.0143



-



0.60



180



134



56.781



0.0126



Most Efficient



P



Note



Thrust produced by the propulsion system will be calculated using two methods; the first method is using ESDU approximation method [75] and the second method is velocity proportional method [3,4,5]. For actual determination of the thrust, the identification process should be conducted. The method for propeller identification can be referred in [45]. ESDU Thrust Approximation Method



ESDU method is used for predicting thrust produced by propeller as function of forward velocity at given power available and propeller rotation speed.
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Approximate thrust of WiSE is calculated at constant propeller rotation speed of 2500 RPM. The results are presented in Table 2.4 and Figure 2.7. Table 2.4: Approximated Thrust at various Powers available using



ESDU Method V (m/s)



Thrust (N)



Pav = 180 HP



Pav = 195 HP



Pav = 225 HP



Pav = 300 HP



0.00



5204



5378



6005



8073



10.29



4580



4733



5224



6943



20.58



3955



4087



4504



5894



30.86



3383



3496



3843



4844



41.15



2810



2904



3183



4037



51.44



2290



2366



2582



3229



61.73



1874



1936



2102



2584



Approximated Thrust of WiSE 8 Propulsion System using ESDU Method 9000 8000



Pav = 300 HP



7000



Pav = 225 HP
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50



60



70



V (m/s)



Figure 2.7: Approximated Thrust using ESDU 83001 Method



The thrust model as function of forward velocity as shown in Table 2.4 and Figure 2.7 then stored in thrust data matrix that will be loaded into the simulation.
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Velocity Proportional Method



This method is simpler then ESDU method which can be defined as follows [3,4,5]: ⎧ ⎪⎪η p T =⎨ ⎪η ⎪⎩ p



Pav ≡ Ts = constant; Vs



for V < Vs



Pav ≡ Td V



for V ≥ Vs



(2-41)



where η p is propeller efficiency which typically can be taken as η p = 0.8, Vs denotes stall speed of WiSE craft which has value of Vs = 20.58 m/s [15]. It can be seen in Equation (2-41) that for forward velocity less than stall speed, thrust produced by propulsion system is assumed to be constant and defined as static thrust, Ts . While for forward speed greater than or equals to stall speed, thrust



produced by propulsion system is proportional to forward speed and defined as dynamic thrust, Td . Using equation (2-41) the trust produced by propulsion



system can be calculated and the results are presented in Table 2.5 and Figure 2.8. Table 2.5: Approximated Thrust at various Powers available using Velocity



Proportional Method, Vs = 20.58 m/s V (m/s)



Thrust (N)



Pav = 180 HP Pav = 195 HP Pav = 225 HP Pav = 300 HP



0.00



5214



5648



6517



8690



10.29



5214



5648



6517



8690



20.58



5214



5648



6517



8690



30.86



3476



3766



4345



5793



41.15



2607



2824



3259



4345



51.44



2086



2259



2607



3476



61.73



1738



1883



2172



2897



Note



Ts



Td
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Approximated Thrust of WiSE 8 Propulsion System using Velocity Proportional Method 10000
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Figure 2.8: Approximated Thrust using Velocity proportional Method



The thrust produced by the propulsion systems is assumed to be parallel to longitudinal axis xb and located at distance lT from the longitudinal axis as shown in Figure 2.9. Therefore, moments produced by thrust can be determined using the following relation, ⎧ M TX ⎫ ⎧ 0 ⎫ ⎪ ⎪ ⎪ ⎪ ⎨ M TY ⎬ = ⎨−T ⋅ lT ⎬ ⎪ ⎪ ⎪ 0 ⎪ ⎭ ⎩ M TZ ⎭ ⎩



(2-42)
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T lT



Figure 2.9: Thrust vector acting on the WiSE-8 craft



2.8 Atmosphere Model



The atmosphere parameter that will be used in the simulation is the International Standard Atmosphere (ISA) condition at sea level. This approach is chosen because the WiSE craft is flying at a very low altitude, i.e. 0 < H < 6 meters for cruise. The ISA characteristics at sea level [4,5] are: air temperature ( To = 288.15 K), air pressure ( po = 101325 N/m2), air density ( ρ o = 1.225 kg/m3), and sound speed ( vso = 341 m/s). 2.9 Gravity model



In this thesis, the acceleration due to gravity will assumed to be constant and taken at sea level ( g = go = 9.80665 m/s2). This assumption is made because the WiSE craft is flying at very low altitude as already discussed in the previous section. 2.10 Concluding Remarks



Mathematical models of WiSE craft motion have been discussed in detail in this chapter. The discussion started with coordinate system which used for describe the aircraft motion in three-dimensional space. Quaternions was introduced and discussed in order to conduct coordinate transformation. The equations of motion also discussed briefly in the chapter.
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The mathematical models included all forces and moments which acting on the aircraft, i.e. aerodynamic, hydrodynamic, propulsion, and gravity. The aerodynamic characteristic was calculated using DIGITAL DATCOM at various altitude and angle of attack. The hydrodynamic force and moment are modeled using Hydrostatic approach. An approximated thrust also discussed that is calculated using ESDU and velocity proportional methods. These mathematical models will be implemented in the SIMULINK environment in Chapter 3.



CHAPTER 3 IMPLEMENTATION OF THE MATHEMATICAL MODEL INTO SIMULINK AND VIRTUAL REALITY ENVIRONMENT



athematical model of WiSE craft has been discussed in detail in Chapter 2. The model described the general 6-DOF motion of the craft which represents the motion in space. The mathematical model covers the external forces and moments acting on the craft i.e. aerodynamic, hydrodynamic, propulsion, and gravity. The present chapter explains the procedures and techniques for implementing the mathematical model into SIMULINK environment, which includes Virtual Reality and Dials and Gauges Toolboxes. Dials and Gauges toolbox provides avionic (cockpit) instrumentation display. This instrumentation display will also be used in the simulation. Simulation results will be presented and discussed in Chapter 4. 3.1



SIMULINK model structure of WiSE motion



As already mentioned in Chapter 2, the dynamics of WiSE craft can be written as a set of nonlinear state equations. The equations consists of twelve state equations: three equations for the velocities along the body axes, three equations for the rotational velocities along the body axes, three equations which define the attitude relative to local horizon axes, and the last three equations define the position of the aircraft relative to local horizon axes.
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It can be seen from the equations of motion that the time-derivatives of the state variables are nonlinear functions of the states and of external forces and moments acting upon the aircraft, see Equations (2-18) to (2-30). Aerodynamic, hydrodynamic, propulsion, and gravity give most important contributions to the total forces and moments. These forces and moments can be modeled separately and implemented as a separate SIMULINK blocks. The complete SIMULINK model of WiSE craft is presented in Figure 3.1. It consists of ten subsystems. The subsystems are (1) 6-DOF Equations of Motion, (2) Forces & Moments, (3) Atmosphere & Gravity, (4) Control Surface, (5) Data Bus Selector, (6) VR transform, (7) VR Sink, (8) Avionic Signal Conditioning, (9) Avionic instruments and (10) Power Setting.



(3) (8) (5)



(9)
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(6) (1)
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Figure 3.1: The Simulink model of WiSE Craft Motion Combined with VR and Avionics Instruments



Each of subsystems in the SIMULINK model as shown in Figure 3.1 will be described in detail in the following section.



Implementation of the Mathematical Model into SIMULINK and VIRTUAL REALITY Environment



3.1.1



42



6-DOF Equations of Motion Subsystem



The 6-DOF equations of motion block has already available in aerospace blockset. This blockset are available in SIMULINK version 5.0 and higher. In this thesis SIMULINK version 6.0 is used for simulation. As shown in Figure 3.2, the aerospace blockset contains some sub-blockset groups: Actuators, Aerodynamics, Animation, Environment, Equations of Motion, Flight Parameters, GNC (Guidance and Control), Mass properties, Propulsion, and Utilities.



Figure 3.2: Simulink library browser: Aerospace Blockset



The sub-blockset Equations of Motion contains two sub-groups: 3-DOF equations of motion and 6-DOF equations of motion. The 6-DOF equations of
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motion using quaternion for coordinate transformation have been chosen in this simulation for its advantages: the quaternion is computationally efficient and free of singularity. As discussed in Chapter 2, the integration of Euler angles using kinematics equation can lead to singularity when θ ≅ 90 or θ ≅ 270 degrees, see Equation (2-3). This disadvantage makes this model having less flexibility then that of using quaternion, for example it cannot be applied for simulating rocket motion which the attitude can be equal to 90 degrees. The 6-DOF equations of motion subsystem represent the mathematical model of the aircraft motion which has been discussed in Chapter 2, see again Equations (2-18) to (2-30). The subsystem is shown in Figure 3.3.
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Figure 3.3: The 6-DOF Equations of Motion Subsystem The inputs for this subsystem are the total forces ( F = [ FX moments ( M = [ M X
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This subsystem contains some blocks which can be considered as subsystem. The important blocks that will be explained are calculate omega_dot and calculate DCM & Euler angles. The first block is shown by Figure 3.4 and the second block shown in Figure 3.5. The calculate omega_dot calculates the angular acceleration as expressed in Equation (2-24). Inputs for calculate



omega_dot subsystem are angular rate ωb , tensor of inertia and its rates ( I and I ), and total moments ( M ). The outputs are angular acceleration p , q , and r .
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Figure 3.5: The DCM and Euler angles subsystem, its input is ωb = [ p q r ]
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while the outputs are DCM and Euler angles: ϕ , θ , and ψ .
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The DCM and Euler angles block contains algorithm for calculating DCM and Euler angles from angular velocity as expressed in Equations (2-13)



and (2-14), see again Figure 3.5. The input for this block is angular rate and the outputs are DCM and Euler angles. This block consists of several blocks: qdot,



Euler angles to Quaternions, Quaternions to Direction Cosine Matrix, and Quaternions to Euler angles. The time-derivative of quaternion ( q ) is computed from angular rates and the quaternion at the time. The algorithm is modeled in SIMULINK by qdot block. The block is shown by Figure 3.6. In this block, the input is renamed as u[1] = p , u[2] = q , u[3] = r , u[4] = q0 , u[5] = q1 , u[6] = q2 , u[7] = q3 , u[8] = K ε , see Equation (2-13).
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Figure 3.6: The qdot subsystem The initial condition of the integration is initial quaternion q 0 which is computed from the initial Euler angles using Equation (2-17). The algorithm for Euler angles transformation to quaternion is modeled by Euler angles to



quaternions block, see Figure 3.7. Equation (2-17) is used for this transformation. It can be seen in Figure 3.7 that the input is also renamed as u[1] = sin = sin



θ 2



, u[3] = sin



ψ 2



, u[4] = cos



ϕ 2



, u[5] = cos



θ 2



, and u[6] = cos



ψ 2



.



ϕ 2



, u[2]



Implementation of the Mathematical Model into SIMULINK and VIRTUAL REALITY Environment



46



u(1)*u(2)*u(3)+u(4)*u(5)*u(6) e0 sin(u) -u(2)*u(3)*u(4)+u(1)*u(5)*u(6) 1 Euler Roll Pitch Yaw



1/2 1/2



e1



1



u(1)*u(5)*u(3)+u(2)*u(4)*u(6)



Quat



cos(u) e2 u(3)*u(4)*u(5)-u(1)*u(2)*u(6)



SinCos



e3



Figure 3.7: The Euler angles to Quaternions subsystem The output of qdot subsystem, q then integrated which yields the quaternion at the time using Equation (2-14). This quaternion then transforming to DCM and Euler angles and also send back to the qdot block to compute the derivative. The algorithm of quaternion transformation to DCM is expressed by Eqn. (2-15). This equation modeled in SIMULINK by Quaternions to Direction Cosine Matrix block as shown in Figure 3.8.
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Figure 3.8: The Quaternions to Direction Cosine Matrix subsystem
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In the Quaternions to Direction Cosine Matrix block, the input is renamed as u[1] = q0 , u[2] = q1 , u[3] = q2 , and u[4] = q3 . These elements are converted into the form of 3x3 DCM matrix. Figure 3.9 shows the algorithm of quaternion transformation to Euler angles. The algorithm is base on Equation (2-16). It can be seen from the figure that the quaternion should be normalized first before the calculation. This step is needed to make the quaternion as a unit quaternion. The input for Quaternion to Euler



angles block is also renamed as in the Quaternions to Direction Cosine Matrix, i.e. u[1] = q0 , u[2] = q1 , u[3] = q2 , and u[4] = q3 .
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Figure 3.9: The Quaternions to Euler angles subsystem 3.1.2 Forces and Moments Subsystem The force & moment subsystem consists of five subsystem blocks, (a)



Aerodynamics, (b) Hydrodynamics, (c) Propulsion, (d) Gravity and (e) Incidence, Sideslip & Airspeed.



The inputs for this subsystem are zh which will be



converted into altitude H , translational velocity Vb , DCM , Euler angles ( ϕ , θ ,ψ ), angular velocity ωb , air density ρ , acceleration due to gravity g , and control surfaces deflection ( δ e , δ a , δ r ). The outputs of the subsystem are total forces ( F = [ FX
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FZ ] ) and total moments ( M = [ M X T



MY



M Z ] ) which T



acting on the WiSE craft. The forces and moments subsystem is presented in Figure 3.10.
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Figure 3.10: The Forces & Moments Subsystem (a)



Aerodynamics Block



The aerodynamics block contains the data of aerodynamic coefficients and the algorithm for calculating the aerodynamics forces and moments using Equation (2-34) and (2-35). The inputs are altitude H , angle of attack α , sideslip angle β , forward velocity (airspeed) V , angular velocity ωb , air density ρ , and control surfaces deflection: δ e , δ a , and δ r . The block consists of two major blocks:



aerodynamic coefficients and aerodynamic forces and moments as shown in Figure 3.11. The aerodynamic coefficients block is shown in Figure 3.12. The block consists of two subsystems, longitudinal and lateral-directional aerodynamic coefficients. The longitudinal block computes the longitudinal aerodynamic force coefficients C X , CZ , and pitching moment coefficient Cm . The inputs for longitudinal block are altitude H , angle of attack α , pitch rate q , and elevator
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deflection δ e . The lateral-directional block compute the lateral-directional aerodynamic force coefficient CY , rolling moment coefficient Cl , and yawing moment coefficient Cn . The inputs for this block are sideslip angle β , roll rate p , yaw rate r , aileron deflection δ a , and rudder deflection δ r .
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Figure 3.11: The aerodynamic coefficients and aerodynamic forces and



moments subsystems
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Figure 3.12: The aerodynamic coefficients subsystem
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Figure 3.13 shows the content of the longitudinal block which computes aerodynamic lift and drag coefficients CL and CD , and aerodynamic pitching moment coefficient Cm as function of α , H , q , and δ e . This block is a SIMULINK model of Equation (2-34). The aerodynamic coefficients were computed using DATCOM at several angle of attack and altitude and stored as tabular data. In the simulation, this data is loaded using two-dimensional (2D) look up table at each α and H . The data will be either interpolated or extrapolated for each α and H . Interpolation and extrapolation method can be referred to [1].
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Figure 3.13: The longitudinal block, input: α , β , H , q , and δ e , output: C X , CZ , Cm , and CY



Algorithm for calculating the lateral-directional aerodynamic coefficients



CY , Cl , Cn as function of β , p , r , δ a and δ r is Equation (2-35). This algorithm is modeled in SIMULINK model as shown in Figure 3.14. This algorithm is the content of lateral-directional block.
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Figure 3.14: The lateral-directional block, input: β , p , r , δ a and δ r , output: CY , Cl , Cn



After calculating the aerodynamic coefficients, the calculation of aerodynamic force and moment can be carried out. Figure 3.15 shows the content of aerodynamic forces and moments subsystem which calculates aerodynamic force and moment using Equation (2-34) and (2-35).
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Figure 3.15: The content of aerodynamic forces and moments subsystem, input: C X , CZ , Cm , CY , Cl , Cn , output: aerodynamic forces and moments
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Hydrodynamics Block



The hydrodynamics block contains the data of the hydrodynamic coefficients and the algorithm for calculating the hydrodynamic forces and moments. The inputs of the subsystem are altitude H , forward velocity V , acceleration due to gravity g and pitch attitude angle θ . The block consists of two major blocks: Hydrostatic and Hydroplaning as shown in Figure 3.16. H [m]
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Figure 3.16: The hydrostatic and hydroplaning subsystem



The detailed Hydrostatic block is shown in Figure 3.17. This block is a SIMULINK model of Equation (2-36) through (2-40). The input for this block is altitude H and



pitch angle θ , and the outputs are hydrostatic forces and
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Figure 3.17: The hydrostatic subsystem
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It can be seen from Figure 3.17 that the hydrostatic data x fb , z fb , and buoyant forces are stored in two dimensional (2D) matrix data as function of altitude and pitch angle. As already mentioned in Chapter 2, these data were computed using MAXSURF software. The data can be loaded into simulation at particular values of altitude and pitch angle. Figure 3.18 shows the hydroplaning block which consists of two basic subsystems: (1) hydroplaning for first surface and (2) hydroplaning for second surface. The hydroplaning block calculates the hydrodynamic force and moment during planing condition as expressed in Equation (B-1) to (B-16). The inputs for



hydroplaning block are altitude H , pitch angle θ , forward velocity V and velocity coefficient Cv . The outputs of this block are hydroplaning forces and moments.
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Figure 3.18: The hydroplaning subsystem



It can be seen in Figure 3.18 that each planing surface subsystem is consists of two blocks: Df and lambda and Hydroplaning Force and Moment. Each of the block will be explained in detail in the following section.
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The Df and Lambda block as shown in Figure 3.19 computes the hydrodynamic drag due to water friction D f and wetted length ratio λ using Equation (B-4). It can be seen in this figure that the inputs are altitude H , forward velocity V and pitch angle θ , and the outputs are friction drag D f and wetted length ratio λ .
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Figure 3.19: The Df and Lambda block, input: H , V and θ , output: D f and λ



Figure 3.20 shows the hydroplaning force and moment subsystem which computes the hydroplaning lift LH and drag DH and the hydroplaning center ( xcp , ycp , zcp ). These lift and drag force then transformed into force and moment with respect to body axes. The inputs for this subsystem are friction drag D f , wetted length ratio λ , velocity coefficient Cv , pitch angle θ and forward velocity V . The outputs are hydroplaning forces and moments with respect to body axes.
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Figure 3.20: The hydroplaning force and moment subsystem
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Propulsions Block



The propulsion block as shown in Figure 3.21 is a SIMULINK model of WiSE propulsion system. This block loads the thrust data that have been determined using ESDU method or velocity proportional method, see Chapter 2. The thrust data is stored in 2D matrix data as functions of forward speed V and power setting. In this case propeller efficiency η p is assumed constant. The thrust data is used for calculating moment using Equation (2-42).
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Figure 3.21: The propulsion subsystem, input: V and power setting, output: propulsion forces and moments
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Gravity Block



The gravity block is a SIMULINK model of Equation (2-31) and (2-32), see Figure 3.22. Acceleration due to gravity g is assumed constant ( g = 9.80665 m/s2) and taken from the Atmosphere & Gravity subsytem. 2 1
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Figure 3.22: The gravity subsystem, input: g and DCM , output: gravity forces and moments
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Incidence, Sideslip and Airspeed Block



The Incidence, Sideslip and Airspeed block is a SIMULINK model of Eqn. (2-10), see Figure 3.23. The input for this subsystem is translational velocity Vb , and the outputs are angle of attack α , angle of sideslip β and forward velocity (airspeed) V. em



atan2



1



Incidence



Vb



asin Sideslip sqrt Airspeed



1 Alpha 2 Beta 3 V



Figure 3.23: The Incidence, Sideslip and Airspeed subsystem 3.1.3



Atmosphere & Gravity Subsystem



This subsystem presents the algorithm for calculating atmosphere parameters (troposphere) based on International Standard Atmosphere (ISA). The input for this subsystem is altitude H and the outputs are air density ρ , the speed of sound



vs , air temperature Ta , static air pressure Pa and the acceleration due to gravity g . Figure 3.24 shows the content of atmosphere & gravity subsystem. Figure 3.25 shows the content of gravity subsystem. It can be seen in Figures 3.24 that the algorithm was not use in the simulation. This algorithm is made for the further development and another application.
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Figure 3.24: The atmosphere & gravity subsystem
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Figure 3.25: The gravity subsystem 3.1.4



Control Surface Subsystem



The control surface subsystem presents the deflection of control surface such as elevator ( δ e ), aileron ( δ a ) and rudder ( δ r ). The deflection will generate additional aerodynamic forces and moments which acting on the WiSE craft. In this simulation, the control surface deflection will be given in a scheduled time. The model of this subsystem is made using signal builder block, see Figure 3.26.
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Figure 3.26: The control surface subsystem, de: elevator deflection, da: aileron deflection, dr: rudder deflection



3.1.5



Data Bus Selector Subsystem



This subsystem manages the signal bus that will be sent to the Forces & Moments block. The signal route management is needed to hold the unwanted signal. This action leads to better orderly program structure and easier debugging process. It can be seen in Figure 3.27 that the inputs for this subsystem are Motion Bus and ISA Bus. The outputs are vertical position zh , translational velocity Vb , DCM , angular velocity ωb , attitude angles ( ϕ , θ ,ψ ), air density ρ and acceleration due to gravity g .
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Figure 3.27: The Data Bus Selector subsystem 3.1.6



VR Transform Subsystem



This subsystem transforms local horizon axes system to the VR axes system. The VR axes system will be explained in the next subchapter 3.2, the so-called VRML coordinate system. The block contains the algorithm for transforming local horizon axes to VR axes and calculation of viewpoint angle, see Figure 3.28. The input for this block is motion bus, and the outputs are position of the vehicle in VR axes systems, roll angle, pitch angle, yaw angle and observer viewpoint angles: Angle A (for first observer), Angle B (second observer) and Angle C (third observer).
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Figure 3.28: The VR Transform subsystem
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VR Sink



The VR Sink subsystem block presents the VR environment of the WiSE craft that will be used in the simulation. This block connects the VR environment to SIMULINK block which enable visualization. The inputs for this block are position of the vehicle in the VR axes systems, roll angle, pitch angle, yaw angle and viewpoint angles. The output of the block is VR graphic animation such as shown in Figure 3.29.



Figure 3.29: An example of graphic animation of Virtual Reality Window, viewed form cockpit



3.1.8



Avionic Signal Conditioning



The avionic signal conditioning subsystem provides data that is needed by avionic instruments. The inputs for this block are translational velocity Vb , angular velocity ωb , Euler angles ( ϕ , θ ,ψ ), altitude H and vertical velocity Vz . The outputs of the subsystem are airspeed in knots, roll and flight path angles, sideslip angle and yaw rate, heading, altitude in meter, and vertical velocity (rate of climb) in feet per minute. Figure 3.30 shows the content of avionic signal conditioning subsystem.
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Figure 3.30: The avionic signal conditioning subsystem 3.1.9



Avionic Instruments Subsystem



The avionic instruments subsystem contains the interactive graphical instruments which modeled the cockpit display. The example of this subsystem is shown in Figure 3.31.



Figure 3.31: The avionic instruments subsystem 3.1.10 Power Setting Subsystem This subsystem gives power setting (in percent) input to propulsion system, see Figure 3.32. The output of this subsystem will be used for determining the thrust produced by the propulsion system, T and mass rate, m .
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Figure 3.32: The power setting subsystem 3.2 Virtual Reality Toolbox Virtual reality (VR) toolbox as mentioned in Chapter 1 is a tool for visualizing the dynamics motion of a body in 3D space with adequate fidelity. In this thesis, the toolbox will be elaborated and used for visualize the WiSE craft motion. The information source that will be used as references are MATLAB help [77] and VRealm Builder help documentation [78]. Before elaborating the VR tools into detail, it is better to understanding the basic concept of the VR environment. The most important of the VR is the its language which known as Virtual Reality Modeling Language (VRML), and also known as Virtual Reality Modeling Markup Language. The VRML is an ISO standard language that is open source, text-based, and uses a Web-oriented format. One can use VRML to define a virtual world that can be displayed in a Web browser and connect to a Simulink model. The Virtual Reality Toolbox uses many of the advanced features defined in the current VRML97 specification. The term VRML, in this chapter, always refers to VRML as defined in the VRML97 standard ISO/IEC 14772-1:1997. This format includes description of threedimensional scenes, sound, internal actions, and Web anchors [77]. VRML Coordinate System uses the right-handed Cartesian coordinate system. It can be describe as follows: held thumb, index finger, and middle finger of the right hand so that they form three right angles, then the thumb symbolizes
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the x-axis, the index finger the y-axis (pointing up), and the middle finger the zaxis.
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XO ZO



Figure 3.33: The VRML (VR) coordinate axes definition



The VRML coordinate system is different from the MATLAB and Aerospace Blockset coordinate systems. VRML uses the world coordinate system in which the y-axis points upward and the z-axis places objects nearer or farther from the front of the screen, see Figure 3.33. It is important to realize this fact in situations involving the interaction of these different coordinate systems. Rotation angles -- In VRML, rotation angles are defined using the righthanded rule. It can be explained as follows: hold the right hand while the thumb points in the direction of the axis toward its positive end. The four remaining fingers point in a counterclockwise direction. This counterclockwise direction is the positive rotation angle of an object moving around that axis. Child objects -- In the hierarchical structure of a VRML file, the position and orientation of child objects are specified relative to the parent object. The parent object has its local coordinate space defined by its own position and orientation. Moving the parent object also moves the child objects relative to the parent object.



Implementation of the Mathematical Model into SIMULINK and VIRTUAL REALITY Environment



64



Measurement units -- All lengths and distances are measured in meters, and all angles are measured in radians. The most important principle of VR visualization is that the translational



and rotational motion can be visualized by inputting position and attitude angles at recent values. These position and attitude must be respected to VR axes system. Therefore it needs to transform the body axes or local horizon axes system which is used in the simulation into VR axes system. The transformation matrix from local horizon axes system to VR axes system is found to be



h VR



C



⎡1 0 0 ⎤ = ⎢⎢0 0 −1⎥⎥ ⎢⎣0 1 0 ⎥⎦



(3-1)



Figure 3.34 shows the SIMULINK library browser of Virtual Reality toolbox. It can be seen in this figure that the toolbox contains six blocks: Joystick input, Magellan space mouse, VR placeholder, VR signal expander, VR sink and VR Source.
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Figure 3.34: Simulink library browser: Virtual Reality Toolbox



In this thesis, the block wich will be used is the VR sink. This block will be discussed in detail in the following paragraphs. Figure 3.35 shows an example of the VR sink of WiSE simulation which viewed from outside observer located at righ-behind of the aircraft. The parameters of the VR sink are shown in Figure 3.36.
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Figure 3.35: Example of the VR window, viewed from right-behind



Figure 3.36: VR parameter window



These parameters as shown in Figure 3.36 are very important for visualization process; therefore it will be discussed in detail in Appendix E.
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Figure 3.37 shows the V Realm Builder software which used for VR editing. This software will also be discussed.



Figure 3.37: V-Realm program window 3.2.1 Procedures of using or adding the VR Toolbox into SIMULINK The following paragraph will explain the step by step procedures for using or adding the VR Toolbox into SIMULINK. More detail explanation will be carried out in Appendix E.



(1)



Placing the VR sink into SIMULINK windows



To add a VR environment to the SIMULINK model it is need to add a VR Sink block, see Figure 3.38. This block contains the VR model file which will be loaded into the simulation. The file that can only be loaded into VR environment is a VRML file which has extension WRL (*.wrl).
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Figure 3.38: Adding VR Sink in SIMULINK window (2)



Editing the VR sink block



The VR sink need to be edited by double clicking the block. Figure 3.39 shows the dialog window which appeared after the action. This dialog window describes the VRML source file that will be loaded. If there is any VRML file available, it can be loaded directly. If there is no VRML file, then it should be created by clicking the new button. This action leads to entering the V-Realm builder software.
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Figure 3.39: VR sink parameters window 3.2.2 Drawing VR Model in AutoCAD The VR object can be drawn directly in V-Realm builder or using CAD software such as AutoCAD and CATIA. The second option, draw using CAD software is more advantage because it has much more and better drawing tools then the VRealm builder. In this thesis, AutoCAD is used for drawing the VR object. Figures 3.40 trough 3.43 show the examples of the AutoCAD model of VR objects. These objects are drawing as full scale three dimensional (3D) objects. The term full scale means that the dimension is in meter with drawing scale 1:1. It is important since the VR units are in meter.
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Figure 3.41: Example of drawing Markers in AutoCAD
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Figure 3.43: Example of Export menu inAutoCAD
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The AutoCAD file then should be exported to 3D Studio file which can be opened using V-Realm Builder as already discussed before. These exporting procedures can be seen in Figure 3.43 and 3.44. First choose the export menu in File tab as shown in Figure 3.43. The dialog window as shown in Figure 3.44 will appear after the export menu has chosen. Then choose 3D Studio as type of exporting file. Type the file name as desired. In this example the file name is



wise_edited03.



Figure 3.44: Exporting AutoCAD image (*.dwg) to 3D Studio file (*.3ds) 3.2.3 Importing 3D Studio File into V-Realm Builder After entering the V-Realm Builder, it needs to open or creates new VR objects. VR objects can be created using V-Realm Builder, however compare to others CAD software such as AutoCAD or CATIA, this software has some limitations. File types that can be opened using V-Realm Builder are VRML files (*.wrl), Gzip (*.wrl.gz, *.wrz), RAW objects (*.raw), Truespace objects (*.cob), Wavefront objects (*.obj), and 3D Studio (*.3ds), see Figure 3.45. As an example,
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for specific use like in this thesis, give more convenience. This file types can be created using the famous AutoCAD software. Figure 3.46 gives an example of the WiSE craft object after opening action. The object is created using AutoCAD which then exported to 3D Studio file type. The procedures of exporting AutoCAD file to 3D Studio has already discussed in the previous section, see section 3.2.2.



Figure 3.45: V-Realm Builder window



Implementation of the Mathematical Model into SIMULINK and VIRTUAL REALITY Environment



74



Figure 3.46: Loading aircraft object into V-Realm 3.2.4 Working with V-Realm Builder The next step is working with V-Realm Builder to edit the VR environment which will be used in the simulation. An example of this step is inserting a background into VR environment to make it looks better, see Figure 3.47. Inserting background can be done easily by clicking the insert background button. Other examples are adding observers and new objects in the VR environment which will be explained in Appendix E.
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Figure 3.47: Adding background in V-Realm



3.3 Dials and Gauges Toolbox Dials and gauges toolbox is a SIMULINK toolbox which provide interactive graphical instrument. The toolbox can be easily added to SIMULINK model for visualization purpose. For aerospace purpose, the toolbox provides some instruments as shown by Figure 3.48 and Figure 3.49. It can be seen in Figure 3.48 that the toolbox twelve aircraft instrument display; (1) ADF, (2) Air Speed, (3) Altimeter, (4) Artificial Horizon, (5) Climb rate, (6) Compass, (7) Course Indicator, (8) Heading Indicator, (9) Horizontal Situation, (10) OBI, (11) RMI, and (12) Turn Coordinator.
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Figure 3.49: Aircraft Instrument Display Blockset



For simulation purpose in the thesis, only some of the instrument display blocks will be used. The blocks are (1) Air Speed, (2) Artificial Horizon, (3) Horizontal Situation, (4) Turn Coordinator, and (5) Climb rate. The instrument display used for the simulation has already shown in Figure 3.31.



3.4 Concluding remarks The procedures for implementing the mathematical model of the WiSE craft in SIMULINK environment have been discussed in this Chapter. The discussion covered the procedures of using Virtual Reality and Dials & Gauges Toolboxes for visualization purposes.
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The result of this Chapter is the complete SIMULINK model which will be used for simulation of the WiSE craft. In principle, this model can also be applied for other vehicle with minor changes, i.e. by changing the forces and moments characteristic such as aerodynamic, hydrodynamic, and propulsion system, and inertia characteristic (mass and mass of inertia) of the vehicle. Simulation of WiSE craft motion will be conducted in Chapter 4. The simulation will cover all flight modes: take off, cruise, turn, climb, and land. The simulation results will be presented and discussed in the Chapter.



CHAPTER 4 SIMULATION RESULTS AND DISCUSSIONS



s already mentioned in Chapter 3, this chapter will present and discuss the simulation results of WiSE-8 craft. The simulation will be carried out in all flight phases: takeoff, cruise, turn, and land. In general, the configuration of WiSE-8 craft used in the simulation is: mass of the craft m0 = 3200 kg and center of gravity xcg = 17 % c . The other parameters also used in the simulation listed in Appendix C. All simulation results will be presented in the form of flight path time history and VR visualization mode as well as graphical plot and avionic (cockpit) instrument display.



4.1



Take off maneuver



The takeoff maneuver of WiSE-8 craft is simulated at power setting 100 % or Pav = 300 HP. The elevator deflections were set at δ e = -12 degree given at time t = 25 s. The following table shows flight condition parameters which is used in the simulation.



Table 4.1: Flight condition parameters used in the WiSE-8 take off simulation Parameter



Value



Unit



H0



0



m



V0



0



m/s



δe



-12



deg



Power setting



100



%
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Time history results of the take off maneuver simulation



The following figures display the time history of flight parameters such as forward velocity V , altitude H , distance, pitch attitude angle θ , angle of attack



α , angle of sideslip β , Aerodynamic force and moment, and hydrodynamic force and moment. As already mentioned before, the take off simulation is carried out by applying elevator deflection δ e = -12 degrees at t = 25 second, see Figure 4.1. This deflection will produce positive pitch-moment M AY which increase the pitch angle θ .
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Figure 4.1: Time history of WiSE-8 craft control surface deflection during take off maneuver



Figure 4.2 shows the time history of forward velocity of WiSE-8 craft. The related velocity coefficient Cv is also given in this figure. The flight path history of the craft is shown in Figure 4.3. In the discussion of the take off maneuver of WiSE-8 craft, the terms “lift-off” and “take-off distance” will be used. Lift-off is defined such as the WiSE-8 craft is reached an altitude of 0.72 m above water surface. The take off distance of WiSE-8 craft is defined as the distance where the craft is reached and altitude of 1 m above water surface.
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It can be seen in Figure 4.2 that WiSE-8 craft is reached an altitude of 0.72 m at time t = 26 s and reached an altitude of 1 m at time t = 27 s. The time history of WiSE-8 craft distance is also shown in Figure 4.2. It can be conclude from this figure that the take off distance of WiSE-8 craft is approximately sTO ≈ 500 m. Velocity Velocity (m/s)
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Figure 4.2: Time history of WiSE-8 craft velocity during take off maneuver
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Figure 4.3: Time history of of WiSE-8 craft trajectory during take off maneuver
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Figure 4.4 shows the time history of angle of attack α and flight path γ . It can be seen in the figure that the angle of attack is oscillating at the beginning of the maneuver until t = 13 s then being stable until t = 25 s. At time t = 25 s, the angle of attack is increase due to elevator deflection. This deflection is also increase the pitch attitude θ as shown in Figure 4.5.



Angle of Attack α (deg)



5



0



-5



0



5



10



15



20



25



30



25



30



Time (s) Flight Path Angle



γ (deg)



5



0



-5



0



5



10



15



20



Time (s)



Figure 4.4: Time history of WiSE-8 craft angle of attack and flight path angle during take off maneuver
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Figure 4.5: Time history of WiSE-8 craft pitch angle during take off maneuver
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Figure 4.6 and 4.7 show the time history of aerodynamic force and moments acting on the WiSE-8 craft. It can be shown in these figures that the aerodynamic force along x and z body axes are changed due to elevator deflection. FX Aero FX (N)
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Figure 4.6: Time history of Aerodynamic force history during take off maneuver
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Figure 4.7: Time history of Aerodynamic moment history during take off maneuver
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Figure 4.8 and 4.9 show the time history of hydrodynamic force and moments acting on the WiSE-8 craft during take off maneuver. It can be shown in these figures that the hydrostatic force along x and z body axes are changed due to elevator deflection. FX Hydrostatic
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Figure 4.8: Time history of hydrodynamic force history during take off maneuver
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Figure 4.9: Time history of hydrodynamic moment of WiSE-8 craft during take off maneuver



Simulation Results and Discussions



85



The total external forces along x body axis acting on the WiSE-8 craft can be drawn in one figure as shown in Figure 4.10. It can be seen from Figure 4.10 that the total thrust force is lower than aerodynamic plus hydrodynamic force. This is cause that the WiSE-8 craft cannot take off. Therefore elevator deflection is needed to give additional aerodynamic force to conduct take off maneuver.
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Figure 4.10: The total external force along x body axis acting on WiSE-8 during take off maneuver



4.1.2



Virtual reality visualization of take off maneuver



The following figures show the VR visualization of WiSE-8 craft simulation during take off maneuver. Figure 4.11 to 4.14 show the initial position of the craft just before the takeoff start viewed from different observer location.
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Figure 4.11: Simulation of WiSE-8 craft in take off position, before ‘brake’ is released, viewed from cockpit



Figure 4.12: Simulation of WiSE-8 craft in take off position, before ‘brake’ is released, viewed from behind-observer



Figure 4.13: Simulation of WiSE-8 craft in take off position, before ‘brake’ is released, viewed from right-observer
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Figure 4.14: Simulation of WiSE-8 craft in take off position, before ‘brake’ is released, viewed by right-front observer



Figure 4.15 to 4.17 show the VR visualization of WiSE-8 craft during liftoff and flight condition after the lift-off. It can be seen in Figure 4.19 that the take off distance is approximately sTO = 500 m as mentioned before.



Figure 4.15: WiSE-8 craft is flying just after lift-off, taken at t = 27.05 s, viewed from right-observer
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Figure 4.16: WiSE-8 craft is flying just after lift-off, taken at t = 27.05 s, viewed from left-front observer



Figure 4.17: WiSE-8 craft flying in the air, taken at t = 31 s, viewed from left-front observer



Figure 4.18 shows the avionic (cockpit) display of WiSE-8 craft during the take off maneuver, taken at time t = 31 s. It can be seen from the figure that the velocity is V = 50 knots ≈ 25 m/s which is agreed with the velocity given in Figure 4.2. Cockpit display also shows the altitude is 5.46 m which is also agreed with the altitude shown in Figure 4.2.
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Figure 4.18: Avionic instrument of WiSE-8 craft during take off maneuver, taken at t = 31 s



4.2



Cruise maneuver



The cruise maneuver of WiSE craft was simulated at several forward speed and altitude. The following figures show some of the results where the initial forward velocity is Vo = 40, altitude H 0 = 1.7 m and power setting 30%. These flight condition parameters are presented in Table 4.2 for convenience.



Table 4.2: Flight condition parameters used in WiSE-8 craft cruise simulation



4.2.1



Parameter



Value



Unit



H0



1.7



m



V0



40



m/s



α (trim)



-1.41



deg



θ (trim)



-1.41



deg



δ e (trim)



+ 0.7 (see Figure 4.26)



deg



Power setting



40



%



Time history results of WiSE-8 cruise maneuver simulation



The time history results of WiSE-8 cruise maneuver is shown in Figure 4.19 to 4.23. In Figure 4.19 it can be seen that the velocity is relatively constant at 40 m/s. Figure 4.20 shows the time history of WiSE-8 altitude and distance during cruise maneuver. This figure shows that the altitude is constant at 1.7 m and the distance in linearly increasing.
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Figure 4.19: Time history of velocity of WiSE-8 craft during cruise maneuver
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Figure 4.20: Time history of altitude and distance of WiSE-8 craft during cruise maneuver
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Figure 4.21 shows the time history of angle of attack and flight path angle. It can be seen in this figure that the angle of attack and flight path angle is constant at α (trim) = -1.41 deg and γ (trim) = 0 deg. Time history of attitude angle is shown in Figure 4.22.
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Figure 4.21: Time history of angle of attack and sideslip angle of WiSE-8 craft during cruise maneuver
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Figure 4.22: Time history of WiSE-8 pitch angle during cruise maneuver
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During this cruise maneuver as already mentioned, the elevator deflection is set at constant value of +0.7 deg as shown in Figure 4.23. This condition is defined as trim elevator deflection.
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Figure 4.23: Control surfaces deflection of WiSE-8 craft during cruise maneuver



4.2.2



Virtual reality visualization of cruise maneuver simulation



Figure 4.24 shows the VR visualization at t = 5.30 s which viewed from rightfront observer location while Figure 4.25 shows the VR visualization at t = 10.95 s which is viewed from right observer. Figure 4.26 shows the VR visualization at



t = 11.00 s which is viewed from cockpit (pilot observer).



Simulation Results and Discussions



93



Figure 4.24: WiSE-8 craft cruising at altitude 1.7 meter and Vo = 40 m/s, taken at t = 5.30 s



Figure 4.25: WiSE-8 craft cruising at altitude 1.7 meter and Vo = 40 m/s, taken at t = 10.95 s



Figure 4.26: Cruising at altitude 1.7 meter and Vo = 40 m/s, taken at t = 11.00 s, viewed from cockpit (pilot observer)
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Figure 4.27 shows the power setting input which built using an interactive graphical slider object. The object is already available in Dials & Gauges Toolbox. Power setting output can be set using the slider by shifting the red line with mouse. Figure 4.27 shows the visual cockpit instrumentation of aircraft which also available in Dials & Gauges Toolbox. The figure shows the aircraft parameters at t = 31 s. It can be seen in Figure 4.28 that the airspeed is V = 78 knots ≈ 40 m/s and altitude H = 1.7 m. These values are agreed with airspeed and altitude values given in Figure 4.19 and 4.20.



Figure 4.27: The power setting block during cruise maneuver, power setting is 30%



Figure 4.28: The cockpit instrument display taken at t = 31 s
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Turn maneuver



Simulation of the WiSE craft turn maneuver is carried out using parameters listed in Table 4.3. The simulation results will also be presented in the form of time history graph and VR visualization as well as the previous sections.



Table 4.3: Flight condition parameters used in the WiSE-8 turn simulation
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Time history results of turn maneuver simulation



It can be seen in Figure 4.29 that the altitude is oscillated during the maneuver and monotonically increased. The figure also shows the trajectory of the aircraft in local horizon plane. From Figure 4.29 it can be measured the radius of turning, i.e. approximately R ≈ 600 m. Motion Path in Vertical Local Plane
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Figure 4.29: The WiSE-8 craft flight path during turn maneuver



Figure 4.30 shows the time history of angle of attack and sideslip angle during the turning maneuver. It can bee seen in this figure that the angle of attack is changed during the motion and also the sideslip angle.
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Figure 4.30: Time history of angle of attack and angle of sideslip during turn maneuver



Figure 4.31 shows the attitude (Euler angles) of the WiSE-8 craft. It can be seen in figure that the pitch angle was oscillated but the roll angle and yaw angle changed monotonically.



φ (deg)



Roll Angle 50 0 -50



0



5



10



15



20



25



30



35



25



30



35



25



30



35



θ (deg)



Time (s) Pitch Angle 10 0 -10



0



5



10



15



20



Time (s) Yaw Angle ψ (deg)



100 0 -100



0



5



10



15



20



Time (s)



Figure 4.31: Time history of WiSE-8 attitude angles during turn maneuver



Figure 4.32 shows the control surfaces deflection that commanded during turn maneuver. These deflections are responsible for the maneuver. It can be seen
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in this figure that the elevator deflection is set to be zero; aileron is commanded to deflect ± 2 deg, while rudder is deflected at constant angle of -1 degree.



δ e (deg)



Elevator Deflection 1 0 -1



0



5



10



15



20



25



30



35



25



30



35



25



30



35



δ a (deg)



Time (s) Aileron Deflection 2 0 -2



0



5



10



15



20



δ r (deg)



Time (s) Rudder Deflection 0 -0.5 -1



0



5



10



15



20



Time (s)



Figure 4.32: Control surfaces deflection during turn maneuver



4.3.2



Virtual reality visualization of turn maneuver simulation



During turn maneuver, the WiSE craft bank angles should less then certain values as discussed in [15]. To achieve this requirement, the control surfaces should be deflected at the same moment. The following figures show the VR visualization of WiSE craft turning maneuver. Figure 4.33 through 4.40 show the turning maneuver sequence. The first condition as shown in Figure 4.33 and Figure 4.34 is the motion taken at t = 6.10 s, viewed form different location of observer. Figure 4.35 shows the cockpit instrument is taken at the same time, t = 6.10 s. The second condition is shown in Figure 4.36 and Figure 4.37 is taken at t = 10.45 s. The cockpit instrument display at t = 10.45 s is shown in Figure 4.38. While the last condition is shown in Figure 4.39 and 4.40 which is taken at t = 15.85 s. The related cockpit instrument display is shown in Figure 4.41.
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Figure 4.33: Turning at altitude 2 m and Vo = 40 m/s, taken at t = 6.10 s, viewed from front-observer



Figure 4.34: Turning at altitude 2 m and Vo = 40 m/s, taken at t = 6.10 s, viewed from cockpit



Figure 4.35: Cockpit instrument display during turn maneuver, taken at t = 6.10 s
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Figure 4.36: Turning at altitude 2 meter and Vo = 40 m/s, taken at t = 10.45 s, viewed from right-observer



Figure 4.37: Turning at altitude 2 meter and Vo = 40 m/s, taken at t = 10.45 s, viewed from cockpit



Figure 4.38: Cockpit instrument display during turn, taken at t = 10.45 s
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Figure 4.39: Turning at altitude 2 meter and Vo = 40 m/s, taken at t = 15.85 s, viewed from front-observer



Figure 4.40: Turning at altitude 2 meter and Vo = 40 m/s, taken at t = 15.85 s, viewed from cockpit



Figure 4.41: Cockpit instrument display during turn maneuver, taken at t = 15.80 s
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Landing maneuver



Land maneuver is carried out using parameters as listed in Table 4.4. As has been discussed in the previous section, the hydrodynamic model for landing maneuver is hydrostatic model. The results of this maneuver simulation are presented in the following figures, see Figure to Figure.



Table 4.4: Flight condition parameters used in the WiSE-8 landing simulation
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Time history results of landing maneuver simulation



The following figures, see Figures 4.42 to 4.47, show the time history of WiSE-8 craft during landing maneuver. Figure 4.42 shows the flight path trajectory of WiSE-8 craft during landing maneuver. Motion Path in Vertical Local Plane 2
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Figure 4.42: WiSE-8 flight path trajectory during landing maneuver



Figure 4.43 shows the time history of altitude of WiSE-8 craft during landing maneuver. The time history of forward velocity and related velocity coefficient is shown in Figure 4.44. It can be seen from Figure 4.44 that the velocity of the WiSE craft is decreasing due to hydrodynamic friction drag.
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Altitude History 2
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Figure 4.43: Time history of WiSE-8 altitude during landing maneuver
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Figure 4.44: Time history of WiSE-8 velocity during landing maneuver



Figure 4.45 shows the time history of WiSE-8 pitch angle during landing maneuver. This figure shows that the pitch angle is oscillated due to hydrostatic force and moment as shown in Figure 4.46 and 4.47.
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Figure 4.45: Time history of WiSE-8 pitch angle during landing maneuver F Hydrostatic
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Figure 4.46: Time history of hydrostatic forces during landing maneuver
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Figure 4.47: Time history of hydrostatic moments during landing maneuver



4.4.2



Virtual reality visualization of landing maneuver simulation



Figure 4.48 shows the initial condition of the landing maneuver which is viewed from the right observer. The landing maneuver is simulated by setting the power to idle position (power setting = 0) which generates zero thrust. This makes the WiSE-8 craft slowing down due to aerodynamic drag and then moving down until touch the water surface. Figure 4.49 shows the WiSE craft when touch the water surface. It occurred at t = 1.95 s.



Figure 4.48: The WiSE-8 craft in landing position, H 0 = 2 m, V0 = 30 m/s
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Figure 4.49: The WiSE-8 craft landing on the water, H = 0 m



Figure 4.50 shows the related cockpit display of WiSE craft during the landing maneuver taken at t = 19.5 s. This cockpit instrument shows that the forward velocity is 20 knots or equivalent to 10.3 m/s which is agreed with forward velocity given in Figure 4.44.



Figure 4.50: The WiSE-8 cockpit instrument, taken at t = 19.5 s



4.5



Concluding remarks



The simulation results of the WiSE-8 craft have been presented and discussed in this chapter. The simulation results presented in this chapter covered all flight phase: from take off to landing phase. It can be concluded from the simulation results that VR visualization has advantage for visualizing WiSE-8 craft motion. The VR environment which has been built can also be used for visualizing other vehicles with a little effort, i.e. change the vehicle model. Therefore it can
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be said that the VR environment is an easy use tools. According to the thesis objectives that have been mentioned in Chapter 1, the results of the thesis are accomplished. The overall conclusions and recommendations related to the subject described in this thesis will be presented in Chapter 5.



CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS n this thesis, mathematical modeling, simulation, Virtual Reality and Dials and Gauges toolbox have been discussed. Simulation of WiSE-8 craft motion has been also carried out. The simulation results are presented in the form of graphical time history plot and VR visualization as well as cockpit instrument display. Based on the study that has been carried out in this thesis, the following conclusions will be drawn. Some recommendation for the future work will also be given.



5.1 Conclusions Flight simulation of WiSE-8 craft in all flight phases has been done in this thesis. The results have been presented in Chapter 4, i.e. take off, cruise, turn and landing. From this simulation the take off distance sTO = 500 m of the WiSE-8 craft can be obtained. Another parameter can also be obtained is radius of turning



R = 600 m. Virtual Reality has advantage then traditional graphical or table presentation for visualization of dynamic system. This thesis results show that using VR can give ‘real-sense’ of dynamic characteristic of the WiSE craft. The utilization of cockpit instrument display gives additional benefit, i.e. giving information of flight parameters: airspeed, altitude, attitude, heading angle and rate of climb. For hydrodynamic modeling, full hydrostatic (plus the hydrodynamic friction drag) method can be used for simulating the dynamic of WiSE craft during on-water motion.
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5.2 Recommendations Virtual reality environment has been developed in this thesis utilized some of features available in the VR toolbox. The features that have not been used yet for the simulation may have other advantages. Therefore it is necessary to elaborate the features for further study. The aerodynamic characteristic of the WiSE-8 craft used in the simulation are primary based on DATCOM which may differ from the actual aerodynamic characteristic of the craft. Therefore it needs to verify the simulation result using aerodynamic data obtained either from Computational Fluid Dynamic (CFD) or wind tunnel tests. The hydrostatic method used in the simulation needs to be validated by using other methods such as CFD or hydrodynamic towing tests, especially for hydroplaning condition.
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Appendix A



DERIVATION OF THE SIX DEGREE OF FREEDOM EQUATIONS OF MOTION



his appendix describes the derivation of the aircraft’s equations of motion in three-dimensional (3D) space. The six degree of freedom (6-DOF) equations of motion is the general and complete equations of motion which describe the dynamics of any rigid body in 3D space. The detail derivation of the equations can be found similarly in [2,7,8,38]. A.1 Equations of Translational motion Translational motion of any rigid body in 3D space can derived form the net forces acting on the body. Applying the second law of Newton, the translational motion can be derived as follows:



∑ ΔF = where subscript



( )I



d ( mVI ) dt



(A-1)



indicates the time rate of change of the vector with respect to



inertial frame. By assuming earth is an inertial reference, the time derivative with respect to the inertial frame can be expressed in earth frame. It is necessary to obtain an expression for the time rate of change of the velocity vector with respect to the earth. This leads to the following expression d ( mVI ) dt



=



d ( mVe ) dt



⎛ dV ⎞ = m ⎜ b + ωb × Vb ⎟ + m Vb ⎝ dt ⎠



(A-2)
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Where ω b = [ p q r ] is the total angular velocity of the aircraft. Substituting T



(A.2) into (A.1) yields,



⎛ dVb ⎞ + ωb × Vb ⎟ + m Vb dt ⎠



∑ ΔF = m ⎜⎝ The net force



∑ ΔF



(A-3)



can be written in terms of its components as follows:



⎧ FX ⎫ ⎪ ⎪ ∑ ΔF = FX ib + FY jb + FZ k b = ⎨ FY ⎬ ⎪F ⎪ ⎩ Z⎭



(A-4)



Decomposing equation (A.4) yields three scalar force equations as:  FX = m ( u + qw − rv ) + mu  FY = m ( v + ru − pw ) + mv



(A-5)



 FZ = m ( w + pv − qu ) + mw



 = [u v w ]T can be The time derivative of velocity in body axes V b derived from equation (A.5) as,



 FX − mu − qw + rv m  F − mv v = Y − ru + pw m  F − mw w = Z − pv + qu m u =



It can be seen in equation (A.6) that the terms



( )



(A-6)



m were occurred. These terms



are defined as translational acceleration with respect to body axes system ab = ⎡⎣ ax



ay



T



az ⎤⎦ . These acceleration are expressed as:
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 ) m⎫ ⎧ ax ⎫ ⎧( FX − mu ⎪ ⎪ ⎪ ⎪  ) m⎬ ⎨a y ⎬ = ⎨ ( FY − mv ⎪ a ⎪ ⎪( F − mw ⎪ ⎩ z ⎭ ⎩ Z  ) m⎭
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(A-7)



A.2 Equations of Rotational motion To obtain the equations of angular motion, it is necessary to derive the net moment acting on the body. The moment equation is derived in similar way as for force equation, resulting in,



∑ ΔM =



dH I dt



(A-8)



Where H I is the moment of momentum, define as:



H = ∫ r × ( ωb × r ) dm



(A-9)



Expanding equation (A.8), it yields



(



) + j ∫ ⎡⎣ − xyp + ( x



H = i b ∫ ⎡⎣ y 2 + z 2 p − xyq − xzr ⎤⎦ dm b



2



)



+ z 2 q − yzr ⎤⎦ dm



(



)



+k b ∫ ⎡⎣ − xzp − yzq + x 2 + y 2 r ⎤⎦ dm



(



)



= i b ∫ y 2 + z 2 dm ⋅ p − ∫ xy dm ⋅ q − ∫ xz dm ⋅ r



(



)



− jb ∫ xy dm ⋅ p + ∫ x 2 + z 2 dm ⋅ q − ∫ yz dm ⋅ r



(



)



−k b ∫ xz dm ⋅ p − ∫ yz dm ⋅ q + ∫ x 2 + y 2 dm ⋅ r



Defining terms occurred in equation (A.8) as:



(A-10)
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I xx = ∫ y 2 + z 2 dm I yy I zz



2



2



2



2



J xy = ∫ xy dm = J yx



(A-11)



J xz = ∫ xz dm = J zx J yz = ∫ yz dm = J zy



Equation (A.10) can be expressed as:



⎡ I xx ⎢ H = ⎢ − J xy ⎢ − J xz ⎣



− J yx I yy − J yz



− J zx ⎤ ⎧ p ⎫ ⎥⎪ ⎪ − J zy ⎥ ⎨ q ⎬ I zz ⎥⎦ ⎩⎪ r ⎭⎪



(A-12)



By defining new parameter, tensor of inertia I , as:



⎡ I xx ⎢ I = ⎢ − J xy ⎢ − J xz ⎣



− J yx I yy − J yz



− J zx ⎤ ⎥ − J zy ⎥ I zz ⎥⎦



(A-13)



The moment of momentum can be written as:



H = Iωb



(A-14)



Using this relation, the equation of rotational motion can be derived as:



∑ ΔM =



d ( Iωb ) dt



  b + ωb × ( Iωb ) + Iω = Iω b



(A-15)



A.3 Summary The derivation of 6-DOF equations of motion is based on Newton’s law. It has been discussed in detail in this appendix. These equations are valid for any rigid
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body moving in 3D space. Therefore it can be used for modeling any vehicle dynamic such as aircraft, rocket, and ship. Since these equations are the general ones, it can be use as a basis for simulation and control design. The 6-DOF equations of motion derived above is the basis of the simulation in this thesis as discussed in Chapter 2.



Appendix B



SAVITSKY HYDROPLANING METHOD: TWO PLANING SURFACES METHOD



ydroplaning condition of WiSE-8 craft has also been determined in the thesis using Savitsky approach, but due to the limitation of the method i.e. it is only valid for positive bottom-pitch angle ( θb > 0), it cannot be implemented successfully in the simulation. Although the problem was occurred, this method is very practical for calculating hydroplaning characteristics of the WiSE craft. Therefore, the method will be discussed in this appendix.



B.1 Motivations Determination of hydrodynamic of WiSE craft is very important since it is the dominant external force and moment acting on the vehicle, during on-water motion that is while take-off and after landing maneuver. During on-water motion, the motion of a WiSE can be divided into two stages, see [49,50]: (1)



Transitional mode, when the Froude number Cv = V / gDw1/ 3 , where V is the vehicle speed and Dw is the displacement of the vehicle, and



(2)



Planing mode with aerodynamic unloading, when Cv > 3. The value which Cv = 3 is then called critical Froude number. During takeoff and land, determination of the displacement is very



complicated because it is change rapidly. It leads to difficulty in determining the Froude number ( Cv = V / gDw1/ 3 ). So, another approach will be used by using Cv = V / gbb as reference Froude number in which the beam bb is used as the
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characteristic length. Then the critical Froude number is defined as Cv = 3. It follows from Ref. [24,25], which stated that the planing condition happen when Cv > 3 and pure planing occur at Cv > 3.6. The complicated stepped form of the fuselage bottom of WiSE craft, see Figure B.1, cause difficulties in determining its hydrodynamic characteristics [50]. These difficulties will be growth up during the take-off and land because the attitude, displacement and its wetted bottom change rapidly.



bb



βb



Figure B.1: WiSE craft nomenclature



Since the hydrodynamic characteristics of the stepped bottom depend essentially on the step geometry and its arrangement, there are not any universal experimental data applicable in design. Practically, the laborious hydrodynamic tests in high speed towing tanks should be carried out for each WiSE project separately, but this is both time consuming and costly [50]. That is why we need proper mathematical modeling for hydrodynamic determination. For this purpose, we will explain here the simple mathematical model based on Savitsky method. Mukhlason [35], used this hydroplaning method to simulate WIG 2 Seater take off maneuver. He modeled the vehicle by single planing surface and treated the simulation at constant pitch attitude angle. This method has disadvantage since the attitude of the vehicle can be easily oscillating in real motion. Therefore, in
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this thesis the method will be modified and extended such that can be use to determine the hydrodynamic characteristics of WiSE at various attitude angles. The hydroplaning will be carried out using double-planing surface method, i.e. by assuming the stepped bottom (hull) as double planing surfaces, vee planing surface and flat planing surface. This two planing surfaces method will be explain in the following paragraphs. We will consider the hydrodynamic characteristics of the WiSE craft in two stages, transitional mode (or pre-planing) and planing mode. It is important to noted that the hydroplaning model of the WiSE craft is an 3-DOF equations ( ϕ = 0 and ψ = 0), which means that the forces and moments is acting on the longitudinal plane of the aircraft ( oxb zb plane).



B.2 Mathematical model of two planing surfaces method The WiSE hull in front of step differs from the after step. The front step hull has vee (prismatic) bottom surface while the the aft-step hull has flat one. The hydrodynamic characteristic of the surfaces are different, so it can be consider as two planing surface, see Figure B.2 and Figure B.3. The first surface is the front hull which will be considered as vee-planing surface while the second surface is the back hull which considered as flat-planing surface.



Figure B.2: Definitions of wetted length



The mathematical model of hydrodynamic force of planing surface has been derived in [26,27]. A number of researches have also conducted in this area [24,
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25,28,29,30,57,58,59,69]. In this thesis, the mathematical model as derived in [26,27] will be used for its simplicity and its good agreement with wide range of tank-tests.



Figure B.3: Hydrodynamic planing force and moment: two planing surface method



The hydrodynamic force of planing surface can be divided into two forms, lift and drag which acting on the center of pressure. The hydrodynamic lift is defined to be acts in the vertical direction, and the hydrodynamic drag is defined to be acts in the horizontal direction as shown in Figure B.3.



Hydrodynamic lift of vee-planing surface is expressed as LH = 12 ρ wbb2V 2CLβ



(B-1)



where ρ w is water density as mentioned before ( ρ w = 1000 kg/m3), bb is beam length, V is vehicle speed, and CLβ is the hydrodynamic lift coefficient of veeplaning surface having dead rise angle β b , that can be calculate using the following empirical formula [26, 27]
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The term CLO in Equation (2.41) is the lift coefficient of flat-planing surface that expressed as [26, 27]: ⎛ 0.0095λ 2 ⎞ CLO = θ b1.1 ⎜ 0.012 λ + ⎟ Cv2 ⎝ ⎠



(B-3)



where θb = θ + θbO is the bottom surface trim-angle (in degree), see again Figure B.2. Here, θbO denotes the bottom surface angle at θ = 0, which has value of θbO = 4 degrees for the first surface and θbO = -2.4 degrees for the second surface.



Cv = V / gbb is the well-known Froude number in which the beam bb is used as the characteristic length, and λ is the ratio between mean wetted length lm and body beam which defined as



λ=



lm bb



From Eqn. (B-3) the hydroplaning lift coefficient



(B-4)



CLO



θb1.1



function of λ and Cv . The result is presented in Figure B.4.



an be calculated as
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Hydrodynamic Lift Coefficient 0.40 λ=6
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Figure B.4: Hydrodynamic lift coefficient CL* =



10



CLO



θb1.1



as function of Cv and λ



Equation (B-3) is not completely empirical but actually has physical significance, since as discussed in Refs. [26, 27], the first term of the equation represents the dynamics component of the planing load, while the second term corresponds to the buoyant component of the load. The mean wetted length lm as shown in Figure B.2 is defined as,



lm =



lk + lc 2



(B-5)



where lk is wetted keel length and lc is wetted chine length, both measured from step or stern post, see again Figure B.2. The difference between wetted keel and chine length is defined by the following empirical formula [27]:



lk − lc =



bb tan βb π tan θb



Combining Eqns. (B-5) and (B-6) yields



(B-6)
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(B-7)



Wetted keel length lk measured graphically at various altitude and pitch angle θ for both surface. The mean wetted length and the wetted ratio λ then can be determined. The wetted ratio λ as function of altitude and pitch angle was presented in Table B.1. Table B.1: Wetted ratio λ at various altitude and pitch angle



H (m)



λ (Surface 1) θ =0



λ (Surface 2)



θ = 4 deg θ = 8 deg



θ =0



θ = 4 deg θ = 8 deg



-0.10



2.9446



2.9234



2.5129



0.0000



2.1305



2.1305



0.00



2.8741



2.7840



2.3645



0.0000



2.1305



2.1305



0.20



2.7215



2.4434



1.8887



0.0000



0.0000



2.1305



0.40



2.3899



1.8961



1.3008



0.0000



0.0000



1.3374



0.60



0.0000



0.0000



0.0000



0.0000



0.0000



0.0000



0.65



0.0000



0.0000



0.0000



0.0000



0.0000



0.0000



The hydrodynamics drag of vee-planing surface is expressed by the following formula [27]



DH =



D f + LH sin θb



cos θb



(B-8)



while D f is the friction drag, defined by



λbb2 Df = ρ V Cf cos βb 1 2



2 w w



(B-9)
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Here, Vw denotes the average fluid velocity along the bottom, and C f is friction coefficient of water. The relation between V , Vw and trim angle θb , has been defined by Sottorf as shown in Table B.2 [27]. Using the data in Table B.2, the following formula can be derived:



Vw = −0.0002θb3 + 0.0021θb2 − 0.01θb + 1 V



(B-10)



Table B.2: Average water velocity [27]



θb (deg)



V Vw



0



1.00



2



0.99



4



0.98



6



0.96



8



0.93



10



0.87



12



0.76



The center of pressure defined in body axes as ( xcp , ycp , zcp ) which is relative to center of gravity. It is defined to be lies on the keel line, see again Figure B.2. The location of the center of pressure measured from stepped bottom can be determined using the following empirical formula, derived by Savitsky in [27], ⎛ ⎞ ⎜ ⎟ 1 lcp = ⎜ 0.75 − ⎟ λ bb 2 Cv ⎜ 3.06 3/ 2 + 2.42 ⎟⎟ ⎜ λ ⎝ ⎠



(B-11)
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it follows that xcp = lcp − lcg , while ycp set to be zero (because ϕ = 0 and ψ = 0) and zcp is determined manually using the WiSE craft technical drawing figure, see appendix D. The friction coefficient C f calculated using Schoenherr equation [29],



log ( ReC f ) =



0.242 Cf



(B-12)



where Re is Reynold number, defined by



Re =



V λ bb



υ



(B-13)



here, υ denotes water viscosity ( υ = 9.9313x10-7 m2/s). The hydrodynamic lift and drag are then transformed to the body axes system as ⎧ FH X ⎫ ⎧− DH ⎫ ⎧− DH ⎫ ⎪ ⎪ ⎪ ⎪ ⎪ h ⎪ ⎨ FHY ⎬ = Cb ⎨ 0 ⎬ = DCM ⎨ 0 ⎬ ⎪ ⎪ ⎪ −L ⎪ ⎪ −L ⎪ ⎩ H⎭ ⎩ H⎭ ⎩ FH Z ⎭



(B-14)



Equation (B-14) can be simplified since ϕ = 0 and ψ = 0 as:



⎧ FH X ⎫ ⎧ L sin θ − D cos θ ⎫ H ⎪ ⎪ ⎪ H ⎪ 0 ⎨ FHY ⎬ = ⎨ ⎬ ⎪ ⎪ ⎪− L cos θ − D sin θ ⎪ H ⎭ ⎩ FH Z ⎭ ⎩ H



(B-15)



Finally, the hydrodynamic moment produced by the hydrodynamic force can be derived as follow
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⎧ M H X ⎫ ⎧ x ⎫ ⎧− D ⎫ ⎧ − y L ⎫ ⎧ 0 ⎫ cp H ⎪ ⎪ ⎪ cp ⎪ ⎪ H ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ M HY ⎬ = ⎨ ycp ⎬ × ⎨ 0 ⎬ = ⎨ xcp LH − zcp DH ⎬ = ⎨ xcp LH − zcp DH ⎬ ⎪ ⎪ ⎪ z ⎪ ⎪ −L ⎪ ⎪ − y D ⎪ ⎪ ⎪ 0 cp H ⎭ ⎭ ⎩ ⎩ M H Z ⎭ ⎩ cp ⎭ ⎩ H ⎭ ⎩



(B-16)



Hydroplaning moments M H X and M H Z equals to zero because ycp = 0 as stated before.



B.3 Simulation results using two planing surfaces method



As already mentioned in the beginning of this appendix, Savitsky hydroplaning model has some limitation, i.e. it can only be used for positive bottom-pitch angle,



θ b > 0. Therefore it is not suitable for simulation where the pitch-attitude is oscillating from positive to negative. This limitation causes instability in the simulation when θ b becomes negative. The following results show the problem which occurred when the method is implemented in the simulation. Figure B.5 shows the time history of velocity V and velocity coefficient Cv of the WiSE craft during take-off maneuver using Savitsky hydroplaning model. This can be seen from the figure at time t = 7.2 s that the value of V and Cv rapidly increase to infinity that makes the simulation suddenly stop. Velocity Velocity (m/s)
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Figure B.5: Time history of WiSE-8 craft velocity during take-off maneuver:



Savitsky hydroplaning method
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Figure B.6 shows that the pitch attitude angle of WiSE craft is oscillating to negative values during take off. This is the primary source of the instability. It can be seen in Figure B.7 that the hydroplaning force FH X and FH Z tends to increase rapidly to a value greater than 20000 N which does not make any sense. The instability also occurs in hydroplaning moment as shown in Figure B.8. Pitch Angle 60 50 40 30
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Figure B.6: Time history of WiSE-8 craft pitch angle during take-off maneuver:
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Figure B.7: Time history of WiSE-8 craft hydroplaning force during take-off



maneuver: Savitsky hydroplaning method
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Figure B.8: Time history of WiSE Craft hydroplaning moment during



take-off maneuver: Savitsky hydroplaning method



B.4 Summary



For hydrodynamic modeling, Savitsky hydroplaning method is not suitable for simulating WiSE craft dynamic during on-water motion because the pitch attitude angle of WiSE craft was oscillated from positive to negative which cause the bottom-pitch angle was also oscillated from positive to negative, while the method only valid for positive bottom-pitch angle, θ b > 0. This method can be implemented in the simulation by setting pitch attitude angle of the craft at constant value.
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QUATERNION



uaternions were discovered by Sir William Hamilton in 1843 [60]. He used quaternions for extensions of vector algebras to satisfy the properties of division rings (roughly, quotients exist in the same domain as the operands) [62]. It has been widely discussed as interesting topic in algebra and for its amazing applicability in dynamics [61, 63, 64]. Quaternions can also be considered to be an extension of classical algebra into the hyper complex number domain D , satisfying a property that



p ⋅ q = p⋅q 2



2



2



( p, q ) ∈ D



for



[62]. This domain consists of symbolic



expressions of n terms with real coefficients where n may be 1 (real numbers), 2 (complex numbers), 4 (quaternions), 8 (Cayley numbers), but no other possible values (proved by Hurwitz in 1898). Thus, quaternions also share many properties with complex numbers. Since the quaternions is relatively new in the aerospace application, it is better to study the topic deeper to give good understanding of them. The following paragraph will discuss the topic in comprehensive approach. The major content of the paragraph was adopted from [62].



B.1



Definition of Quaternions



Quaternions are defined as sums of four terms of the form Q = 1⋅ q0 + i ⋅ q1 + j ⋅ q2 + k ⋅ q3



(C-1)



where q0 , q1 , q2 , q3 are reals, 1 is the multiplicative identity element, and i , j ,



k are symbolic elements having the properties:
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134 i 2 = −1, j2 = −1, k 2 = −1 ij = k ji = −k jk = i kj = −i ki = j ik = − j



(C-2)



Customarily, the extension of an algebra should attempt to preserve the properties of the operators defined in the original algebra. Generalizing from the classical algebra of real and complex numbers to quaternions motivates the following operator rules.



B.2 Properties of Quaternions B.2.1 General Properties Quaternions have some properties, which in general can be divided into addition, multiplication, division, conjugates, and unit quaternion. Each property will be discussed in detail in the following paragraph.



Addition of quaternions The addition rule for quaternions is component-wise addition:



P + Q = ( p0 + ip1 + jp2 + kp3 ) + ( q0 + iq1 + jq2 + kq3 ) = ( p0 + q0 ) + i ( p1 + q1 ) + j ( p2 + q2 ) + k ( p3 + q3 )



(C-3)



This rule preserves the associativity and commutativity properties of addition, and provides a consistent behavior for the subset of quaternions corresponding to real numbers, i.e., Pr + Qr = ( p + i ⋅ 0 + j ⋅ 0 + k ⋅ 0 ) + ( q + i ⋅ 0 + j ⋅ 0 + k ⋅ 0 ) = p+q



(C-4)



Multiplication of quaternions The multiplication rule for quaternions is the same as for polynomials, extended by the multiplicative properties of the elements i , j , k given above. Written out for close inspection, we have:
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PQ = ( p0 + ip1 + jp2 + kp3 )( q0 + iq1 + jq2 + kq3 ) = ( p0 q0 + p1q1 + p2 q2 + p3 q3 ) + i ( p0 q1 + p1q0 + p2 q3 + p3 q2 )



(C-5)



+ j ( p0 q2 + p2 q0 + p3 q1 + p1q3 ) + k ( p0 q3 + p3 q0 + p1q2 + p2 q1 ) A term-wise inspection reveals that commutativity is not preserved. Associativity and distributivity over addition are preserved And as desired for the subset of reals, Pr Qr = pq .



Division of quaternions Since multiplication is not commutative, let derive both a left quotient QL−1 and a right quotient QR−1 by defining the symbolic expression P / Q to be solutions of the following two identities,



QL−1Q = P ,



QQR−1 = P



(C-6)



Multiplying both sides of these identities respectively on the left and right by 2



Q / Q yields, QL−1 =



QP Q



2



,



QR−1 =



PQ Q



(C-7)



2



Thus in general two distinct quotients will occur, however in the special case where P = 1 , it follows by definition the multiplicative inverse of a quaternion, QL−1 = QR−1 =



Q Q



(C-8)



2



Conjugates of quaternions Consistent with complex numbers, the conjugate operation on a given quaternion



Q may define to be, Q = q0 + iq1 + jq2 + kq3 = q0 − iq1 − jq2 − kq3



(



)



( )



(C-9)



As with complex numbers, note that both Q + Q and QQ are real. Moreover, if the absolute value or norm of Q define to be,
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136 Q = q02 + q12 + q22 + q32



(C-10)



then apparently QQ = QQ = Q . The conjugate operation is distributive over 2



addition, that is, P + Q = Q + P . With respect to multiplication however, PQ = QP .



Unit quaternions The subspace U of unit quaternions which satisfy the condition U = 1 have some important properties. A trivially apparent one is, U −1 = U



(C-11)



A less obvious, but very useful one is, U = U r sin φ + U v cos φ = sin φ + U v cos φ



(C-12)



where U r = (1, 0, 0, 0 ) is a real unit quaternion, U v = ( 0, iu1 , ju2 , ku3 ) is a vector unit quaternion parallel to the vector part of U ; and φ is a real number. The proof is straight-forward: U = UU = (U r cos φ + U v sin φ )(U r cos φ + U v sin φ ) 2



(



)



= U rU r cos 2 φ + U r U v + U v U r sin φ cos φ + U vU v sin 2 φ



(C-13)



= cos 2 φ + sin 2 φ = 1 At this time, let's interpret φ as simply quantifying the ratio of the real part to the magnitude of the vector part of a quaternion. Its geometrical representation as specifying an angle of rotation will be presented later.



B.2.2 Vector properties The quaternion Q = q0 + iq1 + jq2 + kq3 can be interpreted as having a real part q0 , and a vector part iq1 + jq2 + kq3 , where the elements {i, j, k} are given an added geometric interpretation as unit vectors along the x, y, z axes, respectively. Accordingly, the subspace Qr = ( q0 + 0i + 0 j + 0k ) of real quaternions may be regarded as being equivalent to the real numbers, Qr = q . Similarly, the subspace
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Qv = ( 0 + iq1 + jq2 + kq3 ) of vector quaternions may be regarded as being



equivalent to the ordinary vectors, Qv = q = ( iqx + jq y + kqz ) .



Products of real quaternions



The product of real quaternions is real, and the operation is commutative: Pr Qr = pq = qp = Qr Pr



(C-14)



Moreover, the operation is associative:



( Pr Qr ) Sr = ( pq ) s = p ( qs ) = Pr ( Qr Sr )



(C-15)



Product of a real quaternion with a vector quaternion



The product of a real and a vector quaternion is a vector, and the operation is commutative: Pr Qv = ( 0 + pq1i + pq2 j + pq3k ) = ( 0 + q1 pi + q2 pj + q3 pk ) = Qv Pr



(C-16)



Products of vector quaternions



The product of two vector quaternions has the remarkable property, Pv Qv = − ( p1q1 + p2 q2 + p3 q3 ) + ( p2 q3 − p3 q2 ) i + ( p3q1 − p1q3 ) j + ( p1q2 − p2 q1 ) k



(C-17)



= − p ⋅q + p×q where the “ ⋅ ” and “× ” operators are respectively the “dot” and “cross” products of classical vector algebra. This is clearly a general quaternion except in two special cases: if Pv & Qv the product is a real quaternion equal to −p ⋅ q and if Pv ⊥ Qv the product is a vector quaternion equal to p × q .



Parallel and perpendicular quaternions Two quaternions P and Q said to be parallel ( P & Q ) if their vector parts



(



)



(



)



Pve = P − P / 2 and Qve = Q − Q / 2 are parallel; i.e., if



(S − S ) = 0 ,



where



S = PveQve . Similarly, they said to be perpendicular ( P ⊥ Q ) if Pve and Qve are



(



)



perpendicular; i.e. if S + S = 0 .



Appendix C: Quaternion



138



Product of a unit quaternion and a perpendicular vector quaternion Properties of this curiously specialized case are useful in understanding how quaternions can be used to rotate vectors in 3D-space. Let Sv be a vector quaternion, U be a unit quaternion, and Sv ⊥ U . Then it can be write as, T = USv = ( cos φ + sin φU v ) Sv = cos φ Sv + sin φU v Sv



(C-18)



where U v & U . The first term is a vector Tv(1) & Sv . Since Sv ⊥ U v , the second term must also be a vector Tv( 2) ; moreover Tv( 2) & Sv and Tv( 2) ⊥ U & U v . Since the product T is a sum of vectors it must also be a vector, i.e., T = Tv . Both Tv(1) and Tv( 2) lie in a plane perpendicular to U . Thus Tv = Tv(1) + Tv( 2) can be geometrically



interpreted as a rotation of Sv by an angle φ in this plane, i.e., about an axis parallel to U . Now consider the product, Rv = TvU −1 = Tv U = cos φTv + sin φTv U v = cos φTv − sin φTvU v



(C-19)



The vector identity TvU v = −U vTv can be used to rewrite this as, Rv = TvU −1 = cos φTv + sin φU vTv



(C-20)



which is another rotation of angle φ about U . The rotation φ is in the same sense for these two products, so the operation Rv = USvU −1



(C-21)



performs a rotation of Sv about U by an angle 2 φ .



General rotations in 3D-space



In the previous section it has been shown how the operation USvU −1 rotated a perpendicular vector Sv about a unit quaternion U . Now let's consider how this operation behaves with an arbitrary vector Vv . It can be decomposed as Vv = Wv + Sv where Wv & U and Sv ⊥ U . Then, UVvU −1 = U (Wv + Sv ) U −1 = UWvU −1 + USvU −1 = UWvU −1 + Rv



(C-22)
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where Rv is Sv rotated about U by an angle 2 φ . To evaluate the first term, note that since Wv & U the vector can be wrote as Wv = zU v , where z is a real number and unit vector U v & U . Thus, UWvU −1 = UzU vU −1 = zUU vU −1 = zU vUU −1 = zU v = Wv



(C-23)



Finally then, it yields: UVvU −1 = Wv + Rv



(C-24)



Geometrically, it can be interpreted as a rotation of Vv about U by an angle of 2 φ as shown in Figure C.1.



Figure C.1: An arbitrary vector Vv is rotated by unit quaternion U



about a unit vector U v & U , through angle 2 φ [62]



This operation performs the same rotation on all vectors including the unit vectors of a coordinate system. Therefore, it can be used to rigidly transform the coordinates of any reference frame into a new frame of different orientation. This is a very useful property.



Composition of successive rotations



Let Q1 and Q2 be two unit quaternions representing arbitrary rotations in 3Dspace as described in the previous section. Applying them in succession to a vector Vv , −1 Q2 ( Q1Vv Q1−1 ) Q2−1 = ( Q2Q1 ) Vv ( Q1−1Q2−1 ) = ( Q2Q1 ) Vv ( Q2Q1 ) = QV i v Qi −1



(C-25)
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where the unit quaternion Qi = Q2Q1 is the successive composition of two rotations. This property generalizes to the composition of any number of rotations. In this reverse order composition, each successive rotation is relative to the initial reference frame as is illustrated in Figure C.2.



Figure C.2: 90 deg rotations of a reference frame about



the initial x; y; z axes, respectively [62] Composing a rotation in the forward order, Qc = Q1Q2 " , has the effect of performing each successive rotation relative to its current reference frame, illustrated in Figure C.3.



Figure C.3: 90 deg rotations of a reference frame about



its current x; y; z axes, respectively [62]



Appendix D



WiSE-8 CRAFT DATA his appendix contains aerodynamic and physical data used in the simulation. Table D.1 trough D.3 show the aerodynamic lift, drag and pitching moment coefficients as function of angle of attack and altitude. Aerodynamic stability derivatives are shown in Table D.4.



Table D.1: Aerodynamic Lift Coefficients of WiSE-8 Craft [15]



αf (deg) -2 0 2 4 6 8 10 12 14 16



CL H=0 0.972 1.3 1.529 1.703 1.815 1.871 1.87 1.812 1.696 1.524



H=1m 0.549 0.864 1.139 1.364 1.546 1.699 1.818 1.906 1.962 1.986



H=2m 0.364 0.619 0.872 1.11 1.317 1.495 1.648 1.778 1.881 1.96



H=3m 0.288 0.51 0.733 0.955 1.166 1.353 1.519 1.663 1.787 1.89



Free Air 0.288 0.51 0.733 0.955 1.166 1.353 1.519 1.663 1.787 1.89



Table D.2: Aerodynamic Drag Coefficients of WiSE-8 Craft [15]



αf (deg) -2 0 2 4 6 8 10 12 14 16



CD H=0 0.017 0.024 0.035 0.05 0.068 0.091 0.113 0.137 0.161 0.185



H=1m 0.019 0.028 0.042 0.061 0.084 0.112 0.14 0.169 0.198 0.225



H=2m 0.02 0.031 0.047 0.069 0.096 0.128 0.161 0.196 0.23 0.262



H=3m 0.021 0.033 0.05 0.074 0.104 0.139 0.175 0.213 0.25 0.286



Free Air 0.021 0.033 0.05 0.074 0.104 0.139 0.175 0.213 0.25 0.286
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Table D.3: Aerodynamic Pitching Moment Coefficients of WiSE-8 Craft αf Cm (deg) H=0 H=1m H = 2 m H = 3 m Free Air 0.0026 0.0236 0.0335 0.0387 0.0387 -2 -0.043 -0.0141 -0.0005 0.0067 0.0067 0 -0.0955 -0.0587 -0.0414 -0.0322 -0.0322 2 -0.1582 -0.1124 -0.0913 -0.0801 -0.0801 4 -0.2327 -0.1775 -0.1521 -0.1387 -0.1387 6 -0.3171 -0.2515 -0.2217 -0.206 -0.206 8 -0.392 -0.3148 -0.2802 -0.2623 -0.2623 10 -0.4674 -0.3781 -0.3381 -0.3175 -0.3175 12 -0.5544 -0.4522 -0.4067 -0.3832 -0.3832 14 -0.66 -0.5443 -0.493 -0.4664 -0.4664 16 Table D.4: Aerodynamics Stability and Control Derivatives No Parameters Values Units Notes c 1 0 1/(rad/s) assumption C X q 2V 2



CZ q



c 2V



0



1/(rad/s)



assumption



3



Cmq



c 2V



-0.42786



1/(rad/s)



DATCOM



4



CYp



b 2V



-0.0069923



1/(rad/s)



DATCOM



5



Cl p



b 2V



-0.0404



1/(rad/s)



DATCOM



6



Cn p



b 2V



0



1/(rad/s)



DATCOM



7



CYr



b 2V



0



1/(rad/s)



DATCOM



8



Clr



b 2V



0.017092



1/(rad/s)



DATCOM



9



Cnr



b 2V



-0.0093231



1/(rad/s)



DATCOM



10



CYβ



-0.2292



1/rad



DATCOM



11



Clβ



-0.023



1/rad



DATCOM



12



Cnβ



-0.022



1/rad



DATCOM



13



C Xδ



0



1/deg



Smetana



-0.0034101



1/deg



Smetana



-0.021141



1/deg



Smetana



0.0026178



1/deg



Smetana



3.5836e-006



1/deg



Smetana



-0.00069808



1/deg



Smetana



0



1/deg



Smetana



0.0011885



1/deg



Smetana



-0.00020942



1/deg



Smetana



14 15 16 17 18 19 20 21



C Zδ



e



e



Cmδ



e



CYδ



r



Clδ



r



Cnδ CYδ Clδ



r



a



a



Cnδ



a
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Figure D.1 show the Three View Technical Drawing of WiSE-8 craft taken from Ref. [11]. Physical parameters of the WiSE-8 craft is shown in Table D.5.



Figure D.1: Three View Drawing of WiSE-8 craft [11]
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Table D.5: Physical Parameters of WiSE-8 Craft No 1 2 3 4 5



Parameters S c b m I xx



Values 64 6.35 11.3 3200 9242



Units m2 m m kg kg.m2



6



I yy



31513



kg.m2



7



I zz



37088



kg.m2



8



J xy



-8



kg.m2



9



J xz



2638



kg.m2



10



J yz I



3



kg.m2



0



kg.m2/s



Iyy I



0



kg.m2/s



0



kg.m2/s



0



kg.m2/s



15



J xy J



0



kg.m2/s



16



J yz



0



kg.m2/s



11 12 13 14



xx



zz



xz



Appendix E



VIRTUAL REALITY TOOLBOX: A



USER GUIDE



irtual Reality toolbox is already available in MATLAB 6.0 and the higher versions. However, the examples and user guide for the toolbox are available only for simple cases. Therefore, those who want to use the toolbox in advance should study the toolbox in deep themselves. The author has studied the toolbox for hours before using the toolbox for simulating the WiSE-8 craft. MATLAB 7.0 has been used for the simulation. The author suggests the reader to utilize the computer set with minimum specifications of: processor 1 GHz, RAM 256 MB, and Video Memory 32 MB. The following paragraphs will discuss the detail procedures of using the toolbox particularly for WiSE-8 craft simulation. The motivation of writing this user guide is to provide comprehensive information to the readers that will give them the skill on using the VR toolbox.



E.1 Defining the problem Our problem is to visualize the motions of WiSE-8 craft in the VR world. The motions defined here are three translational and three rotational motions of the craft. The requirements for this visualization are: the position w.r.t. x , y and z axes of VR frame (see Section 3.2) and the attitude angles ( ϕ , θ and ψ ).



E.2 Create virtual world To create a virtual world, the author chose the following steps to achieve the best result: •



Drawing the 3D WiSE craft and 3D virtual environment in AutoCAD and then export them into 3D Studio file type. It is important to note that the smaller the
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files size the faster the visualization (simulation) process. The author suggests that to obtain a faster visualization, the files size should not be more than 10 MB. •



Importing the 3D Studio file into V-Realm Builder and then editing the file.



•



Saving the virtual world which has been edited using “File\Save As” command. This file will be saved automatically in VRML type (*.wrl). The VRML file is the only file that can be used for VR visualization. Note: Do not use “Save” command because the file will be saved in original file type (*.3ds) but different format. Figure E.1 shows the 3D model of WiSE-8 craft. The 3D model should be



drawn in the actual scale and standard dimension (meter) because the VR dimension is in meter. Other important things are: (1) setting the attitude of WiSE craft such that the xb -axis is coincide with x -axis of UCS world system, yb -axis is coincide with z -axis of UCS world system and zb -axis is coincide with negative y -axis of UCS world system. It is important since the UCS world will be defined as the VR frame by V-Realm Builder, (2) setting the origin of UCS coincide with the aircraft center of gravity.



Figure E.1: The 3D AutoCAD model of WiSE-8 craft
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The name for the 3D model of WiSE-8 craft the author gives is wise8craft (.dwg). The author preserves the file name for 3D studio file. Figure E.2 show the 3D model of virtual lake and hill. The file name of the model is 3D_lake (.dwg). This name is also preserved for the 3D studio file.



Figure E.2: The 3D AutoCAD model of lake and hill



E.3 Working in V-Realm Builder The V-Realm Builder can be executed using one of the following ways: (1)



Run the vrbuild2.exe (



) directly. This executable file can be



accessed in folder: MATLAB7\toolbox\vr\vrealm\program. The V-Realm window will then appear as shown in Figure E.3. (2)



Open Simulink Library Browser. Then create new model. The new model window will appear. Drag the VR Sink block available in the Virtual Reality Toolbox into the new model window. Double click the block. The parameters window will then appear. Click the new button. This last action will run the vrbuild2.exe. Figure E.3 shows the V-Realm window that will be appeared just after the execution.



Appendix E: Virtual Reality Toolbox: a User Guide



148



Figure E.3: The V-Realm Builder window



After running the V-Realm Builder, the next step is opening the 3D Studio files that have already been created, and then editing the files. The procedures are as follows: (1)



Click the open button, or choose the menu: File\Open, or push the keyboard buttons: Ctrl + O.



(2)



The open dialog window will then appear. Choose the file type of 3D Studio and file name: wise8craft.3ds.



(3)



The 3D model of WiSE-8 craft will then appear as shown in Figure E.4. Rename ‘Group’ to ‘Wise’ by double clicking the word ‘Group’ and then typing the new name ‘Wise’.



(4)



Add a background by clicking the ‘Add Background’ button (



). Figure



E.4 shows the result. (5)



Saving the project using “File\Save As…” command. Name the project as “wise8craftVR.wrl”.
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Figure E.4: The 3D studio model of WiSE-8 craft after imported into the V-Realm Builder



Figure E.5: The 3D studio model of WiSE-8 craft after a background is added
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Add four ‘Transform’ for ‘Wise’ by clicking the ‘Transform’ button (



).



First ‘Transform’ will be used for translation visualization and the last three ‘Transform’ will be used for rotation visualization. The ‘Transform’ should be added such that the second ‘Transform’ is the child of the first ‘Transform’ and so on, see Figure E.6. (7)



Rename



each



‘Transform’



by



‘Wise_Translation’,



‘Wise_Roll’,



‘Wise_Pitch’, and ‘Wise_Yaw’ as shown in Figure E.7. Note that this action, renaming the transform, is very important because without renaming these parameters will not be identified by SIMULINK.



Figure E.6: Adding four ‘Transform’



(8)



Move the ‘Wise’ to the child of the fourth ‘Transform’, see again Figure E.7. This action can be carried out by the following step: (1) cutting the ‘Wise’, (2) activate the ‘children’ by pointing the cursor to ‘children’ of the fourth ‘Transform’ or ‘Wise_Yaw’ and then click once, and (3) click the paste button.



Appendix E: Virtual Reality Toolbox: a User Guide



151



Figure E.7: Renaming the four ‘Transform’ and moving the ‘Wise’



(9)



Add observer (viewer). An observer can be added into VR world by clicking the Viewpoint button (



). It is better to add a ‘Transfrom’ first then add an



observer as child, see Figure E.8.



Figure E.8: Adding a dynamic observer
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This action can make the observer become a dynamic observer, in which the observer can be moving and rotating as the aircraft. The observer has six parameters, see again Figure E.8. In this example, only three parameters will be discussed. The parameters are: orientation, position, and description. The orientation parameter defines the orientation of the observer, see Figure E.9.



Figure E.9: Edit rotation (orientation) of the observer



Input for the orientation is X axis, Y axis, Z axis, and Rotation (degree). The X, Y and Z axis define the vector of rotation axes in VR axes system, while the Rotation defines the rotation angle in degree. The position parameter defines the position of the observer. Inputs for the position are X, Y and Z position with respect to VR axes system.



Figure E.10: Edit position of the observer
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The third parameter is description. This parameter defines the observer name, see Figure E.11. Note that the default position is [0,0,0] and the default orientation is along negative Z axis or can be written in vector notation as [0,0,1,0].



Figure E.11: Edit description of the observer



In this example, we will show how to make an observer that will flying with the WiSE craft, located at [20,0,7] meter from the craft and the orientation is 73 degrees, see Figure E.12.



X 73o



Z



[20,0,7]



Figure E.12: An example of an observer To make this observer, set the location as [20,0,7] and orientation as [0,1,0,73]. Then name this observer as “Front Right Observer”. The result is shown in Figure E.13. Note that the ‘Transform’ and ‘Viewpoint’ have been renamed as “RightFront_Observer”.
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Figure E.13: An example of an observer, Right Front Observer Using the same procedures, we made other observers and add the lake and hill model. The result is shown in Figure E.14.



Figure E.14: Final results of the Virtual World
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E.4 Plugging the VR world into SIMULINK model After creating the virtual world (wise8craftVR.wrl), the next step is plugging the world into SIMULINK environment. The following steps show the procedure. (1)



Open Simulink Library Browser. Then create new model. The new model window will appear. Drag the VR Sink block available in the Virtual Reality Toolbox into the new model window, see Figure E.15.



Figure E.15: A new SIMULINK model with VR Sink



(2)



Double click the block. The parameters window will then appear, see Figure E.16. Then click the Browse button. Select the VR file we already made, “wise8craftVR.wrl”. The window will show the VRML tree, see Figure E.17.



Figure E.16: Parameter window of VR Sink
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Figure E.17: Parameter window of VR Sink after loading “wise8craftVR.wrl”



(3)



Click the OK button. Then we will back to Simulink window as shown in Figure E.15. Double click the VR Sink block, then VR window as shown in Figure E.18 will appear.



Figure E.18: The VR visualization window of WiSE-8 craft
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Click the Block Parameter button (
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). This action will show the parameter



window as already shown in Figure E.17. In the VRML tree, click the



translation parameter for Wise_Translation, then click the rotation for Wise_Roll, Wise_Pitch, and Wise_Yaw, see Figure E.19. Click also the translation parameter for the Right_Observer, RightFront_Observer, Front_Observer, LeftFront_Oberver, Left_Observer, LeftBehind_Oberver, Behind_Observer, and RightBehind_Observer. Choose rotation parameter for



StaticRight_A_Observer,



StaticRight_B_Observer,



StaticRight_C_Observer. Finally click OK button.



Figure E.19: The VR parameter after VRML Tree editing



and
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Back to Simulink model window. The VR Sink will show the VR parameter as shown in Figure E.20. Save this Simulink model as Tes_VR_World. Now the VR Sink is ready to be connected to Simulink model of WiSE-8 motion simulation. As already discussed in the beginning of Appendix E, the motion parameters needed for visualization are position and attitude angle.



Figure E.20: The VR Sink after VR parameter editing



(6)



Before connecting the VR Sink to Simulink model, it is very important to note that (1) the translation input of VR Sink is in the form of vector containing three elements [X,Y,Z], in which each element defines the recent position in meter w.r.t. VR frame, and (2) the rotation input for VR Sink is in the form of vector containing four elements [Xr,Yr,Zr,φ], where Xr, Yr, and Zr define the vector of rotation w.r.t. VR frame and φ defines the rotation angle in radian. Please note that the unit for rotation input is radian, it is differs from orientation angle input (degree). Since the outputs of
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WiSE-8 simulation are in local horizon frame, we need to transform the output into VR frame. The transformation matrix from local horizon to VR frame is already shown in Equation (3-1). For convenience, the equation will be rewritten here.



h VR



C



⎡1 0 0 ⎤ = ⎢⎢0 0 −1⎥⎥ ⎢⎣0 1 0 ⎥⎦



(E-1)



Equation (E-1) is implemented in the VR Transform subsystem as shown in Figure E.21. This figure is similar with Figure 3.28. The different between Figure E.21 and Figure 3.28 is the transformation method. Although the methods are different, they give the same result.



LH to VR matrix [3x3]



Matrix Multiply







1 (0 1 0)



X Y Z [m]



1



5



200



Motion Bus



Xo [m]







(1 0 0)



atan2



Angle A [rad]



25 Zo [m]



2 (0 1 0)



roll angle [rad]



6



600 Xo [m]1



(0 0 1) 3



atan2



Angle B [rad]



25 Zo [m]1



pitch angle [rad] (0 1 0) [0 -1 0]



7



1100 4 yaw angle [rad]



Xo [m]2



atan2



Angle C [rad]



25 Zo [m]2



Figure E.21: The VR Transform subsystem



E.5 Summary The procedures of creating VR world have been discussed in detail in this appendix. The VR world then connected to WiSE-8 craft simulation model to visualize the craft motion as already discussed in Chapter 3. The author hopes that the procedures discussed above give the readers a new knowledge and a guide for using the Virtual Reality toolbox.
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