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Chapter 1 

Introduction  

 
Various categories of flight simulators and flight training devices are used for pilot training. These 

vary from relatively simple Part-Task Trainers (PTTs) that cover one or more aircraft systems, Cockpit 

Procedures Trainers (CPT) for practicing drills and checks, to so-called Full Flight Simulators (FFS). 

The higher levels of Full Flight Simulators have motion platforms capable of moving in all six degrees-

of-freedom (6-DoF). They also have wide-angle high-fidelity collimated visual systems for displaying 

the outside world to the pilots under training. Medium to high-end simulators use a Control Loading 

System to provide realistic forces on the pilot controls. The simulator cabin containing the replica 

cockpit and visual system is mounted on a six-cylinder motion platform that, by moving the platform 

cylinder under computer control, gives the three linear movements and the three rotations that a 

freely moving body can experience. The three rotations are Pitch (nose up and down), Roll (one wing 

up, the other wing down) and Yaw (nose left and right). The three linear movements have a number 

of names depending on the area of engineering involved but in simulation they are called Heave (up 

and down), Sway (sideways left and right) and Surge (longitudinal acceleration and deceleration). 

System trainers are used to teach pilots how to operate various aircraft systems. Once pilots become 

familiar with the aircraft systems, they will transition to cockpit procedures trainers or CPTs. These 

are fixed-base devices (no motion platform) and are exact replicas of the cockpit instruments, 

switches and other controls. They are used to train flight crews in checks and drills and are part of a 

hierarchy of flight training devices (FTD). The higher level FTDs are 'mini simulators'. Some may also 

be equipped with visual systems. However, FTDs do not have motion platforms, though many have 

the fidelity of the Full Flight Simulators. Images of the surrounding environment are projected on 

displays outside of the cockpit for effect. A computer or computers are used to generate the images, 

which can be very accurate, and simulate the movements of the instruments. A full flight simulator 

(FFS) duplicates all aspects of the aircraft and its environment, including motion in all six degrees-of-

freedom. Personnel in the simulator must wear seat belts as they do in the real aircraft. As the 

cylinders' travel in any simulator is limited, the motion system employs what is called 'acceleration 

onset cueing' that simulates initial accelerations well and then backs off the motion below the pilot's 

sensory threshold so that the cylinder limits are not exceeded. 

The work here summarises, the research that has been done within the area of assessing the 

simulation fidelity. This report comprises of the literature survey on the subject, which sets the basis 

of the forthcoming research. Before, going into the fidelity assessment of the simulation device, it is 

necessary to identify the types of simulation and their intended use. Since, the work involves the 

comparison of flight test data with the simulated data, some overview has been provided to 

understand the integration between the flight tests and simulation, according to the defined 

aviation standards such as JAR-STD, JAR-OPS and AGARDograph 300.    
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Chapter 2 

Simulation Environment  

 
 

 

 

Before analysing the fidelity of the simulation device it is necessary to understand the ingredients 

and variations within these devices which make them different from each other. This work is 

concerned with the use of the simulation for research and teaching as well as to support the flight 

dynamics testing of a fixed wing aircraft. The flight dynamics testing is defined to include the 

handling qualities assessment, stability and control tests, digital flight control testing, and flight 

performance testing and associated tasks. For this report, it does not include flight dynamics testing, 

and mainly concerned with the performance testing which in general led to the dynamics testing to 

verify and validate the flight model, from the flight test data. The role of simulation in support of 

flight testing has been evolving almost since the beginning of manned flight. Results obtained from 

running simulations need to be analysed in context of actual test results to properly characterise an 

aircraft’s limitations or vice versa, to characterise the simulation limitations. This chapter looks into 

five major categories of the simulation device in support of flight testing and flight model validation 

specifically.  

2.1 Modelling Definition   
 

This section deals with the rationale for building and using a simulation. The modelling definition is 

provided to put the rest of the chapter into perspective. A simulation is a method for implementing 

a model over time. This model can be a physical, mathematical or otherwise logic representation of 

a system, entity process or phenomenon. A simulation can contain one or many models whose 

execution is controlled by an executive. This controls the sequence of execution of the model, the 

time step or frequency of execution, the data transfer between models, and the output of the data 

to be used in analysis.  

The simulation system can be real-time or non-real time. A term real-time is defined as, a system 

that is capable of reacting to the external events as they happen. This system has an absolute time 

requirements that the system must be met. Real-time systems must be able to handle multiple and 

unrelated inputs but they still must be deterministic. For the flight dynamics application real-time 

refers to Man-In-the-Loop (MIL) or what is called Hardware-In-the-Loop (HWIL) simulations.  
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In general the modelling of aerospace vehicle dynamics is based on the principles of classical 

mechanics, in order to create the 6 DOF model, solution to Newton’s Equations (for Translational 

Motion) and Euler’s Equations (for Attitude Dynamics) is required. Points are mathematical models 

of a physical object whose spatial extension is irrelevant. Frames are unbounded continuous sets of 

points over the Euclidean three-space whose distances are time invariant and which posses a subset 

of at-least three non-collinear points.  

A point designates the location of the particle, but not the particle itself. A frame is created when at 

least three non-collinear points, mutually at rest are combined together. The best known frames are 

frames of reference. Any frame can serve as a frame of reference. A frame can fix a position of a 

rigid body, but it is not a rigid body itself. Only a collection of particles, mutually at rest forms a rigid 

body. Thus it is convenient to say that, pints and frames are the building blocks for modelling 

aerospace vehicles. We need the mathematical notations, to describe these points and frames and 

their interactions in space and time. Co-ordinates however, are required for measurements and 

numerical problem solving. The co-ordinates are arranged in the form of matrices, and mostly the 

simulations are made in the form of matrices. Thus, a complete mathematical model of an 

aerospace system is comprises of the Formulation of vehicle dynamics in invariant tensor form, 

Introduction of co-ordinate system and finally the formulation of problems in matrices for computer 

programming and numerical solutions.   

On the other hand, non real-time simulations (also known as analytical simulations) are defined as 

simulated time that does not operate at the same rate as actual time. These simulations can either 

run faster or slower than the real-time simulators. An example of faster than real-time is analytical 

simulations that are used by the test engineers or designers at initial design stages to conduct trade-

off or parametric analyses.  

2.2 Types of Simulators      
 

Recalling from the preceding section the simulation was defined as a method for implementation of 

a model over time. No matter the type of simulation, the model must be matched with the actual 

model in both timing and fidelity so that the complete set can be correctly executed in a simulation. 

Understanding the level of fidelity of the models used in a simulation is critical to comprehending 

the meaning of the results. The results of a simulation are only as accurate as the lowest fidelity 

model is used. It therefore, does not make sense to use a high fidelity model coupled with a crude 

low fidelity requirement. The issue of simulation validity is an important aspect if the benefits of 

using simulations are to be realised, a complete discussion based on verification and validation 

including additional procedures and practices is presented later in the report. The following sections 

delve into the details and considerations associated with each type of simulation. It however must 

be understood at this point that these guidelines about the simulation types are not absolute; in fact 

they are aimed to provide a general guidance about each specific type, since expectations will 

always exist.  
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2.2.1 Analytical (Non Real-Time) Simulators 
 

Some general definition about these devices has been given in previous sections. As appear from the 

name, the analytical simulators are non real-time simulations that are used to conduct a multitude 

of engineering tasks including design tradeoffs, system performance characterisation, operational 

limitations, test planning and test predictions. These simulators do not operate at the same rate as 

the actual time, however, there is no restriction from making analytical simulations run at the same 

time as the real time. An example of this is having analytical simulation run in the test control room 

synchronised to actual test data being telemetered down from the test aircraft. In general, the 

hallmark for analytical simulators is that they run very high fidelity models, which are developed 

during the aircraft’s design stage.   

From the description above, it is evident that can be best suited for test planning and test 

manoeuvre, such that allowing the engineer to investigate flight test issues early in the development 

phase. It makes little sense to have a high fidelity aerodynamic model matched with only an 

approximation of the flight control system characteristics. But this is where understanding the 

intending use becomes important. The main focus of analytical simulations is the detailed software 

models that can be developed to represent all aspects of the system. Since run time is not a major 

consideration, there do not have to be compromises made in the fidelity of the models. The 

computer resources required are a trade-off between cost and simulation performance. The faster 

the computer, the more the simulation runs can be performed in minimum time, however, faster 

computer means higher expenses. Furthermore, complex models requires have significant storage 

and memory requirements. This is coupled with the need to visualise the results of the simulation 

runs. Complex visualisation tool requires expensive graphical devices such and drive the machine 

cost up. Thus, with these analytical simulations, it becomes a trade-off between cost and 

performance based on the intended use.  

2.2.2 Real-Time Simulations     
 

Experience and medical evidence [AGARDograph 300] show that, when a pilot is flying an aircraft, 

the threshold at which human sensory organ detect a non-continuous effect varies depending on the 

rate of change but typically, when a rapidly changing effect is refreshed below a rate of 20Hz. Thus a 

real time simulation systems consisting of groups of software modules are designed to be iterated 

by the computer at a rate which is selected to suit the simulation task. For the real-time simulators 

factors that must be considered are run time, model complexity, fidelity of the cockpit and motion 

base, degrees of freedom and the visual scene. It is necessary to consider all of these factors based 

on the intended use of the simulation as discussed earlier, and its relation to the execution of the 

flight test program. Within the aerospace industry, these devices especially Man-In-the-Loop (MITL) 

simulations have a broad spectrum of use. They are especially important in aircraft certification as 

well as pilot training tasks.  

In general, MITL simulator, whether supporting design or testing, consist of the three basic 

components; visual, mathematical and tactile component. The latter refers to the pilot’s control of 

the aircraft such as control stick movements, and former refers to the visual information presented 
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to the pilot. This includes cockpit displays and out of window (OTW) scenes. Finally, mathematical 

component refers to the validity of the flight model being used in the simulation, with inclusion of 

aircraft, environmental and visual scenes models. Each of these components has a varying level of 

fidelity depending on the required use of the simulation device. However, there are instances when 

all of these components are used to their maximum fidelity level. This argument is particularly 

relevant with the devices used by the Dutch National Simulation Facility (NSF) at National Aerospace 

Laboratory of the Netherlands (NLR) and Air Combat Environment Tactical Evaluation Facility 

(ACETEF) in United States. Understanding the intended use of Man-in-the-Loop simulators is 

absolutely necessary to insure that the components are at the appropriate level of fidelity and that 

the money spent justifies the expected results.  

Although the application of this type of simulation device is very broad, perhaps one of the most 

important benefits of using manned flight simulators is increase in flight test safety. Data gathered 

from the piloted simulations can be evaluated to determine if any unsafe conditions may occur 

during the normal or test flying. Furthermore, this data lays the foundation of the systematic 

expansion of the aircraft’s flight envelope. The MITL simulator is an ideal tool to insure that the 

aircraft will perform as expected, but optimisation of the control laws cannot solely on a MITL 

simulation. When viewing the simulation results, it is necessary to consider the lack of physical cues 

during close loop manoeuvring. One way to improve this is the improvement is the available visual 

cues, but this may not completely cure the phenomenon. One example can be the landing 

configuration. Simulator tests may be done to determine if the pilot has sufficient control authority 

to overcome the cross-wind or determination of proper angle of attack with aft centre-of-gravity.  

The use of MITL simulator cannot guarantee that there will be no aircraft anomalies, but it does 

reduce the risk associated with flight dynamics envelope expansion. Another common use of MITL 

simulator is for test manoeuvre definition for the edge of the flight envelope tests such as at high 

angle of attacks or high g-loads. However, MITL can also be used to refine the closed-loop test 

manoeuvres such as Handling Qualities tests. However, a proper evaluation of a closed loop tasks, 

requires an excellent out of window (OTW) visual scene. This requires a high fidelity cockpit and 

realistic stick forces with the clearly defined task.  

If the simulator does not have the required fidelity as discussed, than the closed-loop handling 

qualities evaluation in the simulator may have detrimental effects and bias the pilot’s in-flight 

evaluation. Also missing from the evaluation in the simulator are other tactile cues such as motion 

and sound. Thus, the use of man-in-the-loop simulator to obtain the Handling Qualities Ratings 

(HQR) must be used with caution and the full awareness of the limitations associated with a MITL 

simulator.  

Relating the above discussion with the current work, an important use of MITL simulators is to 

actually develop the test profiles to be used during the flight testing. Optimising test manoeuvres 

and profiles is best accomplished with these devices. But before doing this, it is necessary to 

determine if there is a critical order in which test points must be conducted. Once the order of 

testing has been worked out, the simulator can be used to optimise the flight profile.  

The real advantage of using a Man-in-the-Loop (MITL) simulator is the easy ability to replicate the 

tests so the pilot and the testing team can completely evaluate the situation and optimise the 

recovery techniques. Likewise, the earlier type of simulation, the required software and hardware 
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components for MITL are high performance computer systems often employing multiple processors 

with a real-time operating system, a high fidelity cockpit with actual aircraft flight control hardware, 

data analysis and visualisation tools, motion base (if possible) and OTW visual scene. The use of a 

motion base simulator must be considered very carefully. This is discussed in depth later in the 

report. But generally, the motion base is useful when performing manoeuvres that have limited 

accelerations and angular displacements. The key piece of software here is a real-time executive. 

This executive schedules functions, keep track of frame times, allocates processor resources, 

distributes data and execute models within the simulation. This executive software is essentially the 

heat of the simulation. Typically once a simulation facility develops an executive the model and 

other software components are developed to work with it.  

Considering now the visual cues available or OTW visual scenes, they are required for the Pilot-In-

Loop evaluations. Visual scene fidelity varies greatly depending on the task. A detail discussion on 

the visual scene fidelity and the optimum requirements is done later in the report. At a bare 

minimum, a visual scene must have a horizon line and some way of differentiating between sky and 

ground levels. If the pilot is required to practice test manoeuvre setup and execution, landmark 

features are necessary to provide pilot with high level of situational awareness. Furthermore, a 

mismatch between the visual scene and the task being assigned to the pilot and the confidence in 

the simulation data results can be called into question. Ideally, the analyses tools used in the 

simulator would be the same as those used to analyse flight test data. This includes real-time 

simulation monitoring as well as post-processing.    

2.2.3 Hardware-In-the-Loop (HWIL) Simulators  
 

These devices take the MITL simulations one step further. These simulations are also categorised 

under the real-time system, but instead of the computers running digital models of the aircraft, the 

aircraft’s avionics, flight control system and the actual aircraft components are laid out and 

connected to the speedbench. When the hardware components are added to the digital simulation 

they introduce an added element of a time delay. This could potentially have an adverse affects on 

the aircraft flight dynamic performance. The sensors that provide inputs into the flight control 

system, for example, airspeed or altitude must still be modelled. However, the effects of sensor 

errors can be evaluated now that the actual flight control system is in the loop. Ideally, a HWIL 

simulation uses an actual cockpit mock-up including the actual cockpit displays and instruments. This 

is especially critical in order to evaluate the complete closed-loop system effects with the Pilot-In-

the-Loop. One example of the HWIL simulator is NASA’s F-18 High Angle of Attack Research Vehicle 

(HARV). This device makes an extensive use to HWIL simulator for pilot training, flight test planning 

and flight control law validation. Synchronization between the actual hardware and the digital 

models is very important and must be studied in depth when developing the HWIL simulators. The 

computer models must execute in time to supply and receive data from the actual hardware.  

This means that if a digital flight control system is operating at 50 Hz, that is 50 frames per second, 

then the model must also execute at 50Hz or a factor of 50. What is critical is that at the end of the 

major frame (1 second) all of the computer models must have finished executing and the data must 

be available to be transmitted to the flight control system hardware. This truly replicates the real-

time system. Typically, the flight control system in actual aircraft receives the data in analogue form, 
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so the output of the simulation computers must first be converted over to an analogue signal and 

then transmitted across to the hardware. Timing test must be conducted to validate that the timing 

and synchronisation between the flight hardware and the simulation computers accurately 

represents the intended aircraft design and implementation. Because actual aircraft flight hardware 

is used, it is important to focus the simulation tests that can only be accomplished using the actual 

hardware. As far as the accuracy of the HWIL simulator is concerned, even after extensive HWIL 

simulation tests, additional tests are required to be performed on board the aircraft. This not only 

validates the flight control software, but also validates the accuracy of the HWIL simulation. The 

resources required to conduct HWIL simulations are similar to those for the MITL simulations. The 

significant difference is the addition of the actual flight control computer and any other interface or 

avionics equipment required conducting the simulation. Minor non-intrusive modifications of the 

actual flight control system software may be required in order to insure synchronisation between 

the computer simulation and the flight control computer. Another important resource to conduct 

these HWIL simulations is the ability to access and record any memory location within the flight 

control computer. Being able to analyse the multiple aspects of the flight control system is the key 

strength of the HWIL simulation.  

2.2.4 Iron Bird Simulators         
 

This is the third type of the simulation system, the iron bird simulators are consists up of all the 

components that make up an aircraft except the skin. The intent of an iron bird simulator is to verify 

and validate that all of the mechanical and electrical components will function together as an 

integrated system. Often a high fidelity HWIL manned simulators is connected to the iron bird. The 

iron bird tool is a valuable tool for the aircraft design team, however, it has limited or no use in flight 

dynamics testing or research and teaching. Also, using Iron Bird for research application would be 

very expensive. In terms of flight dynamics testing, the iron bird simulator is the tool used to test for 

limit cycle oscillations (LCO). LCOs results when the gains from the flight control system are too high 

and thus driving the control surfaces at their maximum rate limit.  

The last type of flight simulation is in-flight simulation, installed on testing aircraft. Like the iron bird, 

this is expensive but the payoffs can be great. The more information about this type, its use and 

resources required are discussed in detail in [RTO AGARDograph 300].  

2.3 FAA and EASA Certification 
 

National Aviation Authorities (NAA) for civil aircraft such as the U.S. Federal Aviation Administration 

(FAA) and the European Aviation Safety Agency (EASA), certify each category of simulators and test 

individual simulators within the approved categories. U.S. commercial pilots can only log required 

training time in simulators that are certified by the FAA and European pilots in simulators approved 

by EASA. In order for a simulator to be officially certified, it must be able to demonstrate that its 

performance matches that of the airplane that is being simulated to the fidelity required by the 

category of Flight Training Device (FTD) or Full Flight Simulator (FFS) to which it is designed and 

approved by the regulatory body. The testing requirements are detailed in test guides referred to as 
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an Approval Test Guide (ATG) or Qualification Test Guide (QTG). Simulators are classified as Level 1-7 

Flight Training Devices (FTD) or Level A-D full-flight simulators. A detailed requirements and training 

standards can be accessed from JAR-FSTD A and JAR-STD 1A and 2A. However, it is stressed at this 

point that all these standards are defined with respect to pilot training instead of research and 

teaching, and must only be used as a reference purpose.  

The highest, most capable device is the Level D Full Flight Simulator. This can be used for so-called 

Zero Flight Time (ZFT) conversions of already-experienced pilots from one type of aircraft to a type 

with similar characteristics. In ZFT conversions, no aircraft time is needed and the pilot first flies the 

aircraft, under close supervision by a Training Captain, on a revenue sortie. 

2.4 Cooper-Harper Rating Scale  
 

The document details the experimental use of pilot rating with a special attention devoted to 

clarifying the differences between mission and task , considering the pilot assessment criteria and 

defining the simulation situation. The wide spread application of the pilot rating scales in the 

evaluation of aircraft handling qualities has confirmed their basic utility. It is necessary to 

understand, that handling qualities are more than just a control and stability characteristics. Other 

factors that influence the handling qualities include the cockpit interface, aircraft environment, pilot 

stress level. Thus in most tests, handling qualities are really being evaluated in the aggregate. The 

HQ assessment scale can be used as a part of subjective assessment of the simulator's fidelity. The 

importance of pilot evaluation and pilot/vehicle assessment is fundamental when assessing the 

fidelity of the flying device. Pilot evaluation still remains the only method of assessing the 

interactions between pilot-vehicle performance and the total workload in determining the suitability 

of aircraft for the mission. It is however, the former which is most important in subjective 

assessment.  

 

Figure 2. 1: Elements of Control loop that influence HQ [Cooper & Harper, 1969] 
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In Figure 2.1, the primary elements of the pilot control loop are arranged to illustrate their 

relationship to the operation of pilot-vehicle combination. In addition to the control and stability 

characteristics the figure illustrates the factors such as cockpit interface and aircraft environment, 

influencing the pilot control loops. The document [Cooper & Harper, 1968] suggests, that the 

relationship between the real simulations must be explicitly stated for both the engineer and the 

evaluation pilot. This is to ensure that each clearly understands the limitations with respect to what 

is provided in the task, cockpit interface and stability & control characteristics.  

The significance of cockpit interface and aircraft environment issues has already been highlighted. 

The rating requirements require both of these to be satisfied, at least to an extent necessary to 

identify any factors that influence the handling qualities. This is to say that the individual cockpit 

features such as control system characteristics and instrument displays, may however, often include 

the specific variables to be studied. Moreover, the extent to which aircraft environmental factors are 

included in the simulation must be described. The document proposes a confidence factor, and 

suggests that a care must be taken to insure that the confidence factor does not inhibit or otherwise 

confuse the actual pilot duties assigned. As reference information, a confidence factor could help a 

pilot to focus his comments on the adequacy of the simulation device being used to conduct the 

tests. A simple classification is proposed by the authors of the document [Cooper & Harper, 1969]. 

This is summarised in Figure 2.2.  

 

Figure 2. 2: Classification of Pilot confidence factor [Cooper & Harper, 1969] 

 

These classifications are arranged in three different classes, A, B and C. an attempt should be made 

to place all evaluations in Class A. the briefing guide has been assembled in Appendix B of the 

Cooper-Harper Rating Scale Document, to outline a format to insure that all pertinent 

documentation is covered for each evaluation programme. Some key statements addressed in 

Appendix B [Cooper & Harper, 1969] are summarised as follows 
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 What is pilot/vehicle combination requires to accomplish the task 

 Definition of the mission scope and use of pilot initiated or self initiated tasks, definition 
of disturbance or short-term manoeuvres  

 Rating information (Figure 2.3), aircraft states and changes applied to state of 
configuration change 

 Cockpit interface, with detail of primary and secondly controls, and external vision. 
Latter is of particular importance if mission is required to perform under Visual Flight 
Rules (VFR) 

 Confidence factor, recommendation on validity, effectiveness etc  
 

 

Figure 2. 3: Handling Qualities Rating (HQR) Scale [Cooper & Harper, 1969] 

 

Although the Cooper-Harper Rating Scale can help us to perform the subjective assessment of the 

simulator's fidelity, there are however some limitations. These limitations are due to the individual 

ratings, biased results based on experience of flying or handling aircraft. Thus a more appropriate 

approach would be to measure the fidelity using objective means, such as comparing the simulation 

results with the flight tests, use of automated testing and so on. These issues are addresses later in 

this report, as well as detailing the literatures used these means to assess the fidelity.  
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Chapter 3 

Simulation Requirements in 

Academic Environment  

 

  
Other than the gaming or pilot training the role of flight simulation can be extended to academic and 

research environment. Aerodynamics, Flight Performance, Flight Dynamics and Control and Design 

are core undergraduate and graduate programme component. Due to the rapid growth in simulation 

industry, it has became an integral tool to design, development, procurement, validation and 

operational phases of life cycle of aircraft and its subsystems, thus students need exposure to 

modern flight simulation tools available and their application. However, limited academic resources 

require leveraging research funds to support this effort. Flight simulations vary considerably with 

regard to complexity, and range from fairly simple devices such as Flight Training Device (FTD), to a 

highly complex Full Flight Simulators (FFS). Today’s commercially available software such as 

Microsoft Flight Simulator X, Flight Gear, X-Plane and On Top by Aviation Supplies and Academics 

(ASA). These simulator packages offer the opportunity to develop an affordable desktop based 

simulators or Flight Training Device with integrated actual aircraft hardware.  

An effective flight simulator for a teaching and research environment must be of a reasonable cost, 

user friendly interface, moderate learning curve, ability to operate broad range of vehicle 

applications (such as Fixed wing as well as Rotorcraft or UAVs), it must have quantitative output, 

open source platform to allow user to extend the simulation role and of most importantly it should 

have a reasonable fidelity. Considering the research requirements, the essential feature of the 

investigation is to introduce the pilot into a closed loop situation, so that the account is taken of his 

capabilities and limitations as well as exploring aircraft characteristics. The expectation is that within 

the bounds of the experimental conditions, his behaviour in the simulator matches his behaviour in 

the real flight situation. It must be remembered that greater the scope of the simulator, the more 

extensive the aerodynamic data and flight control system models are required. In order to replicate 

flight tests in a simulation, it is necessary that the simulation has all the flight control systems 

working as they do in real aircraft and aircraft model must have a reasonable accuracy. In general 

the scope of the simulation will determine the amount of computer hardware that is necessary to 

host the simulation and accuracy. The issue of hardware and software integration and accuracy is 

discussed later in the section. Along with the physical layout and characteristics of the cockpit, the 

level of fidelity should match the cockpit. For example, developing a recovery procedure for an 

engine stall requires a complete set of engine switches in the cockpit.  
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However, if the software only models simple engine thrust using a lookup table, then there is a 

crucial mismatch between the cockpit and the model. An often overlooked component in developing 

a simulator cockpit is the force-feel system. The aircraft’s cockpit controls, such as control columns 

must be tuned to have a certain level of sensitivity or stick resistance. Typically, flight control system 

status information is presented on the cockpit’s displays. If the flight control tests are to be 

conducted in the simulator, the pilot or the engineer must be able to access the flight control 

information from the displays. This requires an extensive software development both in the displays 

and in the flight control system models being used.  

3.1 Flight Testing and Data Analysis   
 

In order to replicate the flight test in simulator, it is necessary to ensure that the models are defined 

to that level of detail and that the intermediate parameters are output for displays and analysis. As 

discussed earlier, the analysis will be of real-time and post-simulation analysis type. Therefore, at 

this stage it is necessary to decide whether the data will be viewed during the simulation session or 

required conduct post simulation analysis. The AGARDograph Research and Technology Organisation 

(RTO) Volume 19, discusses this issue in detail and defines the guideline for the simulation in support 

of Flight Testing. However, the experience has shown that for MITL simulations, the real-time display 

set up should correspond closely to the displays being used to monitor the actual test mission. The 

analysis done on the data during the simulation often does not require complex data processing 

routines. Once again MITL or HWIL simulations are usually conducted to verify that it is safe to fly or 

that the control system is working properly.  

The quality of data must be not be neglected. In non real-time simulations, the input is usually 

perfect. However, that is not the case in actual flight test data. The difference in input can 

significantly change the aircraft’s response. Therefore, when doing the analysis or the comparison, 

this issue must be factored out. 

3.2 Off-Shelf Simulators      
 

Today’s commercially available flight simulation software packages offer the opportunity to develop 

affordable desktop or Flight Training Devices (FTD) based simulators. Some of these packages 

include Microsoft Flight Simulator-X, Flight Gear, ASA On Top or X-Plane. Considering the 

requirements defined in preceding section, the X-Plane was identified to meet all the requirements. 

The software is not only a flight simulator but it also includes specialised number of modules. This 

includes Airfoil-Maker, which is used to develop airfoil and Plane-Maker, used to design and modify 

the aircraft. Furthermore, it includes the World-Maker which is used to create and modify scenery 

and Weather-Briefer, used download up-to-date weather briefing prior to flight suiting the desired 

weather conditions. Further details about these modules and simulator capabilities can be accessed 

from the manufacturer’s manual and in the followings section.   
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Chapter 4 

Literature Review  

 
 

 

This chapter summarises some the work that is relevant to the current subject. A frequent discussion 

point is the need in a Research Simulator to duplicate the flying environment. The value of this work 

lies not only in helping to set simulator standards for other research work; it also helps to define 

training simulator standards. Unfortunately, experimental work of this type places considerable 

demands on the simulator in which it is conducted, to identify the effect of degradation in cueing, 

the equipment must have as a starting point a very high standard of fidelity. The goal of this unit is 

to generalise and integrate the findings within the subject.  

Typically a Full Flight Simulator (FFS) accurately represents a specific aircraft type by faithfully 

recreating the flight deck using actual aircraft avionic systems and instrumentation. The FFS model 

(from courtesy of CAE) is shown in Figure 4.1(a). In FFS the aerodynamic characteristics of the 

specific aircraft type are mathematically modelled and used to drive the avionics, motion and visual 

systems. In this way a simulator may create a training or research environment that is highly 

convincing in its representation of reality. From the work presented in preceding units, it is evident 

that the flight simulators vary considerably with regard to complexity, and range from fairly simple 

devices such as the one shown in Figure 4.1(b), to highly complex FFS incorporating motion and 

intending to replicate real aircraft. 

 

Figure 4. 1: (a) CAE Full Flight Simulator Training device, (b) Airbus Flight Training Device (FTD) 
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The degree to which the simulator replicates the intended aircraft is regulated and monitored by the 

relevant aviation authority (FAA in USA and CAA in UK for example) and approved across 4 levels 

from A and B which will have rudimentary visuals (with absence of motion) and to C and D which 

have a visual with highly specific visual parameters and full motion. The specific requirements for 

each class of simulation have been discussed in preceding chapter. A research has been undertaken 

by Canadian Aviation Electronics (CAE) and University of Sussex (UK), which explored the research 

challenges and user assessments of fidelity. A paper ‘Flight Simulation: Research Challenges and 

User Assessments of Fidelity’, was published [Robinson and Perey 2004].  

The aim of this paper was to provide an overview of the technical challenges that face the simulation 

field as technology requirements change and evolve. The work focus exclusively upon commercial 

Flight and Flight Systems simulation, including the results of the experimental study acquiring the 

user assessments of fidelity, involving ‘Expert Users’ from variety of international airlines and those 

who have many hundreds of hours of experience of both real and operational environment, as well 

as the simulated equivalent.  

When considering the avionics fit within a specific aircraft type, it is necessary to make a distinction 

between a high fidelity full flight simulator and other lower fidelity devices. If it is not requirement to 

simulate an aircraft type exactly then there is clearly no need to use actual avionic devices. Instead 

these systems can be recreated digitally using the computer displays. The great strength of such 

devices lies in their portability, which clearly stems from lack of actual avionics. A significant 

challenge for the development of these systems however lies in the nature of recreation of the 

avionics display which in itself stems from the portability. On the other hand, the high fidelity avionic 

display system should replicates the actual aircraft flight deck and must utilise the actual aircraft 

avionics. This however, reduced the portability of the device with the result that they are nearly 

always fixed in the location. Indeed these devices are so convincing that a level D certified device 

may even be used for type conversion. Since these devices are using actual avionic systems, it must 

be remembered that data inputs required must be synthesised and routed. This is a complex task 

which requires that the sensor device upon which each instrument relies is modelled, the data 

correctly formatted and sent to the device. Since the sensor data is dependent upon external 

factors, these external elements must also be accurately reproduced. Clearly within a real 

environment the data is displayed from such devices is simply dependent upon sensor information. 

The application of actual avionic systems in simulation is shown in Figure 4.2.  

 

Figure 4. 2: Simulated Boeing 737 Flight Deck with level D visual (Courtesy of Boeing and Itvoir) 
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4.1 Using X-Plane as a Research Tool  
 

This section explores some of the advanced features of X-Plane simulation, and their use as a 

research and training tool. The aim is to provide an overview, about the simulation devices currently 

active as a teaching and research tool.  

Considering the role of simulation in research and teaching, number of universities has developed 

flight simulation facilities to teach undergraduate or postgraduates’ flight mechanics and/or systems 

principles. The University of Illinois at Urbana Champaign Aerospace Engineering Department 

[Piputsitee 2008], created a flight simulation lab to teach undergraduates aircraft flight mechanics 

and control systems. Researchers at Pennsylvania State University (USA) developed a low cost 

rotorcraft simulation facility constructed entirely from commercially available hardware [Piputsitee 

2008]. A graphical cluster was constructed by linking several PC components to provide multiple 

interactive displays. Graphics are generated by free open source Flight-Gear code.  Furthermore, the 

University of Dakota flight operations department produces AeroCast [Piputsitee 2008; AeroCast 

2008]. The simulator uses X-Plane software to demonstrate particular manoeuvres and the forces 

generated on the aircraft. An example of the application of X-Plane at US Space and Rocket Centre’s 

Aviation Challenge (USSRC) is shown in Figure 4.3.  

 

Figure 4. 3: X-Plane based IOS station at USSRC Aviation Challenge 

The USSRC uses a modified version of X-Plane, which was upgraded to include the specified 

Instructor Operating System (IOS). The new IOS development required the use of X-Plane open 

source plug-in feature in combination with Visual Basic, DLL and C++. The X-Plane enhanced 

capability is being used by Aviation Challenge to inspire the current generation of students to pursue 

future careers in science and engineering.   

In 2005 the UAH Rotorcraft Systems Engineering and Simulation Centre (RSESC) was awarded a 

contract for compiling and evaluating technologies related to the terminated Comanche helicopter 

program. This led to the establishment of the UAH Aerospace Simulation & Systems Engineering 

team (ASSET) laboratory [Piputsitee 2008]. The ASSET lab comprises of six X-Plane software 

equipped desktop computers, with multi-functional control joysticks and foot pedals. The aim of the 

ASSET laboratory is to teach basics of aerodynamics and flight dynamics as well as providing student 

flight training. This is shown in Figure 4.4.  
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Figure 4. 4: Desktop Simulator in UAH ASSET Lab (courtesy to RSESC Centre) 

A portable simulator was developed that is one seat version of Comanche cockpit by UAH [Piputsitee 

2008], in Collaborative Operation of Vehicles Engineering (COVE) lab. The primary purpose of the 

COVE lab is to simulate collaborative operations between helicopters and UAVs. The lab comprises 

of a tandem Comanche cockpit station, two helicopter stations, two UAVs stations and the Instructor 

Operating System (IOS) (shown in Figure 4.5). The two helicopter stations are equipped with 

Flightlink helicopter flight controllers including cyclic stick, collective stick, pilot seat and anti-torque 

pedals. Among three computers, one drive the cockpit view, while the other two run the instrument 

panel screens. A third computer allows the two stations to be linked to simulate two seat helicopter 

configurations.     

 

 

Figure 4. 5: Simulation configuration in COVE Lab and Portable Helicopter simulation 

The IOS station at COVE links all simulators together on one network and commands aircraft location 

on the world map, aircraft type and fuel. The IOS operator is the primary commander of 

collaborative operations simulations. A research station is also connected to the various stations to 

record the flight data and video via network hub. The ASSET and COVE labs are significant 

enhancements to the academic and research capabilities at UAH (UA-Huntsville). They provide 

students access to real-world high fidelity flight simulation tools.  

The idea of the above facilities is to show the potential of X-Plane simulator in research and training 

application. The role however, can be expanded with the application of motion or more 

sophisticated flight controls and visual systems.  
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As a part of research by UA-Huntsville Flight Simulation Development, the research demonstrated a 

number of academic and research applications using X-Plane. The capabilities and specifications of 

X-Plane suitable in teaching and research environment have been briefly discussed in preceding 

section. One of the innovative features of X-Plane is the ability to visualise the aerodynamic forces 

and moments in real-time flight. This specific feature along with the investigation of helicopter flight 

loads and control interfaces were the key research areas of UAH Flight simulation Development 

program [Piputsitee 2008; Landrum & Meyer 2007]. 

Another novel feature of X-Plane is its ability to record the flight data, including the pilot’s control 

stick movements, aircraft attitudes as well as aircraft control surface deflections. The X-Plane offers 

a possibility to create a data files, saved in root simulation directory and active throughout the 

simulation session. The UAH research made extensive use of this facility to analyse the results 

obtained from the helicopter flight load tests as well as handling qualities assessment of the aircraft. 

These results show the value of using the flight simulators to analyse the controllers and pilot 

behaviours. However, there are always limitations. The author found a significant difference 

between the sensitivity of the simulation controls, compared to the actual aircraft flight controls. In 

addition, a significant limitation of simulation is due to the display monitor [Piputsitee 2008].  

In X-Plane, the minimum parameters required to run the flight data recorder simulator are aircraft 

latitude, longitude, altitude, and velocity. These can be obtained from global pointing system (GPS) 

data on-board the aircraft. If a gyroscope is present roll, pitch, and yaw rates of the vehicle can be 

obtained. The flight data recorder or FDR file can include other parameters such as location (i.e., 

longitude, latitude, and altitude), control deflection (i.e., rudder, elevator, ailerons) ratio, roll, pitch, 

and yaw (heading) rate, speed, vertical velocity, mach number, angle of attack, side slip angle, 

turning angle, high lift device (i.e., flap, slat) ratio, speed break ratio, landing gear indication, radio 

(NAV1 frequency, NAV2 frequency, etc.), auto pilot parameters (speed hold, heading hold, altitude 

hold, etc.), and engine parameters (N1%, N2%, EGT, etc.).         

 

There are two types of flight data input that can be replayed in X-Plane as an FDR input file. The first 

if the Direct Flight Data, which is obtained from GPS and the second, is Indirect Flight Data. The latter 

can be converted to flight data by integrating the pitch, roll and yaw rates and the X, Y, Z 

accelerations to produce the pitch and roll angle, heading and velocity respectively. The comparison 

between both types of data has been discussed extensively in [Piputsitee 2008].  

 

[Piputsitee 2008; Laminar 2008] also discusses the development of an inexpensive flight simulation 

capability based on X-Plane simulation software and how this enhanced capability can be used in 

research and academic studies.   

 

 

 

 

 

 

 

 

 



 20 

4.2 Simulation Model Fidelity  
 

4.2.1 Motion Base  
 

While everything that is installed within a real aircraft can of course is replicated within a simulator, 

it is the speed of development and implementation of such devices that may present the most 

significant challenge for the flight simulation field [Bennett 2003]. When it comes to assessing the 

fidelity of simulation device, emphasis has always been placed on the motion requirements and 

accuracy of the visual system.  

Although the motion base can be Hydraulic or Electric, within the realm of level C and D Full Flight 

Simulators, hydraulic motion bases are used almost exclusively. This is due to the equipment weight 

and most importantly the fidelity of the movement required. The importance of the motion base, 

whether to use Hydraulic or Electrical, has been discussed extensively in [Robinson & Perey 2004] 

and [Kelly 2003]. While there are several different techniques by which the simulator itself may be 

mounted on the motion base, by far most common within a civilian aviation simulation is to support 

a flight deck on six individual hydraulic jacks as shown in Figure 4.1(a). By varying the pressure to 

each jack individually the simulator can be made to move through six degree of freedom to provide 

a sensation of pitch, roll, yaw, acceleration and deceleration as well as turbulence. The simulators 

main host computer relays data relating to the aircrafts attitude to the motion control host 

computer, which then controls the individual jacks to provide the sensation of authentic movement. 

A vital research area is to examine the exact amount of time that is allowable between moving the 

motion base, and reflecting the change in attitude within a visual scene (latency) [Guo et al. 2003]. 

One of the interesting factors in the latter research is the sensitivity of human motor system. This 

was considered in the study conducted by [Robinson & Perey 2004], and revealed that if the 

detected movement is out of sync across the senses, it can result in motion sickness. Typically within 

a full flight simulator this latency is tuned to within 100 to 120 milliseconds (ms). Recent research at 

NASA Ames Research Centre [Ellis et al. 1999], investigating psychophysical thresholds to latency has 

identified perceptual thresholds to be around 17ms or even less under certain conditions [Adelstein 

et al. 2003].  

The alternative of Hydraulic system is to use Electrical driven system.  Within the area of simulation 

this perhaps is the most significant challenge. The problem with electric motion bases so far has 

proved to be twofold, weight and motion authenticity [Robinson & Perey 2004]. Electric motion 

bases may use either linear motors, direct driven screw jacks or a gas spring created by replacing the 

hydraulic oil with compressed gas to create the hydrostatic pressure required to move the platform 

[Denne 2003]. The second problem facing the use of electric motion systems is that of motion 

fidelity. Robinson & Perey 2004, discusses that the nature of hydraulics provides a system that is 

ideally suited for the accurate creation of simulated motion, however, recreating this within an 

electric base is challenging. Although the G-loads are very minor, in civil aviation, but their 

application within a simulation is a great challenge. The Vertical Motion Simulator (VMS) at NASA 

Ames Research Centre in California is the only one simulator which is operational and comprises of 

G-Loads capability. This discussed in depth in [NASA Ames 2003] and [Robinson & Perey 2004].  
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4.2.2 Visual System Fidelity  
 

The visual system can be broken into two distinct and equally important parts, each one dependent 

upon the demands and abilities of the other. First is the Image Generation (IG), which generated the 

image from its database and is dependent on the aircraft position, attitude and the specified 

environmental conditions. Second, is the Display System, and is responsible for reproducing this data 

in a visible form. A level C or D flight simulations places some specific demands upon the display 

device with the results that only cathode ray tube (CRT) devices are suitable [Robinson & Perey 

2004]. 

A research conducted by CAE and Sussex University [Robinson & Perey 2004], highlights the 

significant improvements in computing technology and the application of the visual systems. Early IG 

devices were only capable of calculating the relative position of light points for displaying runways 

for example, which resulted in the limitation of only being able to run Night Time scenarios within 

the simulators. The study discusses the advent in computer technology, since the inception of these 

early systems, and has been capable of depicting terrain, air traffic, ground, and building. With the 

advent of increased CPU speed, memory, bandwidth and the development of texture memory 

however, the flat shading was replaced with texture mapped surfaces that not only appear to have 

substance but also the appearance of a realistic surfaces. Modern IG’s are capable of calculating and 

rendering many tens of thousands of polygons per channel in real time, and with the development 

of increased texture handling subsystems within dedicated Graphics Processing Units (GPUs) can 

render some truly impressive images. Some examples are shown in Figure 4.6.  

The displayed image typically has a horizontal field of view of 180 to 220 degrees in commercial 

flight simulators and up to 360 degrees in other systems such as Air Traffic Control. These images are 

displayed by tiling segments of typically 60 degrees together. Each 60 degree segment being 

rendered by an individual IG channel, and data shared across channels by a high bandwidth 

backplane. With polygon counts now up to between 80,000 and 160,000 peak per channel, it is 

arguable that the demand for greater polygon counts is reducing [Robinson & Perey 2004]. 

Anisotropic texture filtering and layered fog are already included in the most modern systems, and 

these greatly improve the realism of adverse weather conditions. By looking at the research being 

conducted globally into the human visual and cognitive systems, it is challenging to create an image 

generation system of high perceptual simulation fidelity by examining the relative importance of 

rendering aspects such as specular highlights and diffuse inter-reflection as well as simulation 

cognitive models of spatial perception and tailoring the abilities of the IG to match. This is one of the 

important areas of further research [Mania & Robinson 2002; McNamara 2001; Mania 2001].   

A level C or D display explicitly requires high intensity light points that accurately reproduce the 

appearance of real world lights such as runway or navigation lights. To achieve this, the background 

image is displayed in a conventional raster scan (typically 60Hz for day and 40Hz for night). This 

raster scanning is interlaced, which means that all of the odd numbered lines are drawn, followed by 

the even. The high resolution graphics employed in X-Plane simulator is shown in Figure 4.6(b).  
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(a) 

 

(b) 

Figure 4. 6: (a) Trees Rendering (OpenGL Application), (b) Enhanced Scenery Add-On (X-Plane Simulator) 
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4.2.3 User Assessment Fidelity Results  
 

Considering the qualitative assessment of fidelity study carried out by CAE and the University of 

Essex [Robinson & Perey 2004], a number of flight crew who are familiar with operational aircraft as 

well as the simulated equivalent were asked to participate in an investigation about fidelity 

perception in a simulator, as expert users. The survey conducted, was mainly concentrating on flight 

deck fidelity, accuracy of the motion and visual scene image quality. The tests were two different 

simulations, one certified at level d and other at level C with regards to the visual systems. The 

airbus A320 (certified at Level D) employs a CAE Maxvue plus IG coupled with a 180 degree display, 

while the other 757/767 uses a MacDonnell Douglas (1991) certified at Level C uses a Vital 7 IG 

coupled to an offset 220 degree display. The latter was criticized for poor texture, weather and 

ambient lighting effects. The Maxvue system has since been superseded by the Tropos system which 

has greatly enhanced polygon limits and texture handling abilities which resolves many of the 

limitations of the existing system within the A320. The main complaint for both systems was stated 

being ‘visible blend zones’ causing the appearance of vertical pillars within the visual scene. This is 

caused by the nature of the display and highlights the limitation of current CRT technology. The 

blend zone is the region within the image where one 60 degree segment ends and is matched with 

the next. The research concluded that it is vital that new, simulation specific technology that is not 

employed within operational aircraft such as IG’s, Visual display devices and motion bases are 

developed to provide perceptual fidelity enhancement for future generations of the flight 

simulators. Perceptual fidelity is not necessarily the same as physical simulation. Identifying ways to 

induce reality rather than simulating the physics of reality is the greatest but also most fascinating 

research challenge of all.    

4.3 Close Loop Assessment of Simulator Fidelity 
 

Hess et al 1991, provides an alternative and relatively new approach in order to analyse the fidelity 

of a simulation device. This suggests that, the problem of simulation fidelity can be approached by 

measuring PILOT technique and performance in the simulator and then comparing these attributes 

to those measured in the flight test. The question might arise at this juncture as to why 

PILOT/VECHILE analysis is required in simulator fidelity study. Would not a simple comparison of the 

nominal and simulated aircrafts, including simulator limitations, be sufficient as well?    

This problem with this approach is that the difference between nominal (actual) and simulated 

aircraft model will always exist, even in simulated tasks where no fidelity problems are apparent. A 

good example of this is the area of simulator motion cueing. Obviously in these cases, large 

differences exist between nominal and simulated aircraft dynamics, and these differences occur at 

frequencies near the cross over frequency of the associated primary control loop. It is not the 

differences themselves, but their effect on piloting technique and pilot/vehicle performance that 

determines fidelity in such cases. Thus, it is desired to predict such differences that motivate this 

approach.   
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Extensive amount of literature has been published on the subject. Maarten & Mulder 2004, discuss 

that the simulator fidelity should address the changes of the pilot’s perceptual array (perception) 

when going from aircraft to simulator, as well as the effect of these changes on the pilot’s control 

behaviour. The authors of this paper, claim that simulator fidelity is not only determined by the 

technical capabilities of the simulator but also buy our understanding of the human physical and 

psychological capabilities, and, that it is not the technical differences between nominal and 

simulated vehicle which should be focused on, but their effect on the pilot’s perceptual array 

especially the resulting effect on the pilot’s control behaviour and pilot/vehicle performance. The 

literature on this subject can be divided in two groups.  

A cybernetic approach has been used to investigate the effect of motion filter setting changes and 

display type on simulator fidelity [Steurs et al. 2004]. This literature compares the pilot control 

behaviour, pilot remnant, open loop behaviour and subjective evaluations in a real aircraft with that 

in a high fidelity motion base simulator. The research uses the results from the flight test which was 

carried out in Cessna Citation II laboratory aircraft, to tune and validate the simulator model. The 

flight test results were also used as a base-line condition to which the results from the simulator 

tests are compared. Results shows [Steurs et al. 2004], only a slight difference in pilot control 

behaviour and open loop behaviour between aircraft and the simulator, between different motion 

filter settings in the simulator and between two display types used. A more significant effect was 

found on the pilot injected noise level and consequently on the open loop performance.  

Pilot’s perception and control of aircraft motion have been studied by Hosman *Hosman 1996+ and 

Van der Vaart [Vaart 1992]. From a literature survey it appeared that experiments in which pilot 

behaviour and performance are extracted from aircraft flight test data and simulator test data are 

rarely done [Kuehnel 1962]. Difference were found in the shape of the human pilot describing 

function in flight and in fixed based simulator. In the aircraft the pilot’s frequency response looked 

the same as a lead network and in the simulator it looked like a lag-lead network. 

From the study conducted by Hess & Malsbury [Hess et al 1991], revealed that an analysis of a 

simulated vehicle and task could indicate no potential fidelity problems (based on the proposed 

close loop assessment), but the simulation itself could be found to be unacceptable. This can be due 

to the problem arising from the sources outside the primary control loop (i.e. the simulation of 

lateral/directional flight task may provide adequate visual cues for roll attitude control, but not have 

sufficient field of view or texture for lateral flight path control), or analyst may not have properly 

quantified a simulator limitation in the primary control loop. The research summarised by Ferguson 

[Ferguson & Clement 1984; Ferguson et al. 1985] offers an excellent source of experimental results 

for the exercise discussed so far and of methodology proposed [Hess et al 1991]. 

The approach adapted by Steurs [Steurs et al. 2004], based on tuning the model using the flight test 

results can be proved efficient as this provides the means to validate the simulator model more 

effectively. Here the aircraft model which was used in a simulator was a non-linear model of Cessna 

Citation I, and was implemented in SIMULINK. After flight tests, the gathered flight test data was 

used to fine tune this SIMULINK model to match the identified pitch dynamics of Cessna Citation II.      
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The hypothesis that forms the central theme of this area is that many major simulator fidelity 

problems stem from simulator limitations that adversely affect the pilot’s primary control loop. 

Major fidelity problems refer to those that would manifested in significant differences in HANDLING 

QUALITIES ratings or task performance between simulation and flight test. The methodology can be 

summarised as follows [Hess & Malsbury 1991; White & Padfield 2004].  

 Mathematical model of flight vehicle are obtained (in Simulation and Real Time) 

 Particular vehicle and task to be selected 

 A control strategy for the particular vehicle and task being simulated must be developed. 

The team control strategy means a feedback topology indicating which sensory variables are 

being used by the pilot, and their dynamic relationship to the control variable(s) available to 

the pilot 

 Structural model of a Human Pilot – that is to be used to predict pilot dynamics for the 

primary control loop(s) for the nominal and simulated vehicle. It must be noted here, that 

the model parameter selection involves the motion feedback gain, motion cue gains, control 

sensitivity, cross-over frequency with phase and gain margin and use of Handling Qualities 

prediction scheme as part of fidelity assessment methodology 

 Studying (if any) Visual Time Delays that might occur in simulation and determining the 

cross over frequencies again with motion loop closed 

Simulation fidelity for the primary control loop is reflected in the similarity of the predicated 

pilot/vehicle dynamics for the nominal and simulated vehicles [Hess & Malsbury 1991; Steurs et al 

2004]. In terms of the pilot model, piloting technique is reflected in the form of the pilot transfer 

functions. Similar or even identical piloting techniques may still not guarantee fidelity if the resulting 

pilot/vehicle performance between simulator and flight are dissimilar. Thus the similarity of the 

primary closed loop functions is required to guaranteeing comparable performance between 

nominal and simulated vehicles.       

4.4 Automated Testing and Computer Aided Assessment  
 

Automated testing is the use of software to control the execution of tests and a comparison of 

actual outcomes to the predicted ones. Literature based on automated testing, subjects the 

subjective and qualitative measurements of to assess the simulator fidelity. Subjective 

measurements are carried out using the subjective scales or assessing the degree of realism felt by 

the user. This can be achieved using the Cooper Harper Rating (CH) scales. Although this provides a 

reasonable estimation of fidelity but subjective measurements can prove inconsistent because of 

the individual opinions and biases of the pilots giving ratings.  

 A lot of problems continue to exist on how to measure the simulation fidelity and about how much 

fidelity is required to guarantee a certain level of transfer of training. The research conducted by 

Wang and Colleagues [Wang et al. 2009], address the objective assessment to measure the 

simulation fidelity, which can be achieved by direct comparison to the flight test data in the 

simulator. Although a lengthy and expensive process, it can provide a fairly reasonable results and 

validation of the flight model.  
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Wang [Wang et al. 2009] developed an Automated Test System (ATS) to automatically test the 

simulator fidelity. The design process extends first two phases of the research conducted by the 

author [Wang et al. 2009]. The ATS has an almost completely non-intrusive interface on the 

Instructor Operating System (IOS). This gives an access to all instrumentation systems of the 

simulator such as motion, visual and flight model. Wide ranges of tool have developed to support 

the simulator fidelity evaluation of a fixed wing aircraft [Thomas & Brawn, 2004]. The ATS system 

provides an alternative approach to assess the simulation fidelity, to avoid the lengthy and 

expensive process of flight testing. The system provides automate and repeatable means of 

performing the flight test manoeuvres.  The Automated Test System incorporates a ‘Delay Test’ 

routine to account the time delays. These delays are defined between pilot input and vehicle 

response, which are not present in the simulator’s real world counterpart. The FAA Airplane Flight 

Training Device Qualification [FAA, AC 1995] requires the test mode to permit normal computation 

time to be consumed and shall not alter the flow information through the hardware/software 

system. A detail model of the ATS system with definitions of the functional files can be accessed 

from the literature [Wang et al. 2009]. The paper recommends the expansion of the test scope to 

include the visual fidelity test to support the flight test manual requirements.  

The importance of the Visual Cue model has been addressed in several literatures, particularly by 

Hess [Hess & Siwakosit, 2001; Zeyada & Hess 2003]. A simple model of visual cue quality is 

introduced by Hess [Hess & Siwakosit, 2001] that is based on a classical concept of human operator 

visual remnant. The complete assessment procedure includes proprioceptive, vestibular and visual 

cue modelling. Both materials employed the computer aided assessment of measure the simulation 

fidelity. Although the tests were carried for the rotorcraft, the technique employed gives a 

reasonable importance of the visual cue and evolution of analytical technique to address the issue of 

fidelity. [Zeyada & Hess 2003] describes the evolution of analytical technique that employs a 

pilot/vehicle analysis of the actual aircraft and the simulated version. The assessment tool is 

developed in MATLAB and Simulink to support the analysis and to demonstrate this tool assessing 

the fidelity of low altitude manoeuvring task of a highly coupled vehicle. The study [Hess & 

Siwakosit, 2001; Zeyada & Hess 2003] concludes that a computer aided technique can be employed 

to analyse the effects of the flight simulator upon flight simulator fidelity. Although much of the 

pilot/vehicle analyses is automated, significant effort is still involved in creating the complete 

simulation of the pilot/vehicle system.  

In the fidelity assessment procedure to be demonstrated, a pilot/vehicle structure was created for 

the nominal flight vehicle. This includes the pilot model in both primary and outer loops. The 

resulting model was than frozen and various limitations were introduced. The behaviour of the pilot 

model tuned to nominal vehicle, but controlling the simulated vehicle is used to assess the impact of 

the limitations upon simulator fidelity.  The computer aided assessment tool designed [Hess & 

Siwakosit, 2001] by the authors, automates the selection of the majority of the structural pilot 

model parameters, creates the inverse dynamic system and calculates the required cross over 

frequencies for the estimation of the task dependant handling qualities. Moreover, this toll 

calculates the devised fidelity matrix by author, when pilot/vehicle system is simulated in Simulink 

and provides a prediction of the task dependant handling qualities of the nominal vehicle.  
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A case study of NASA’s Simulation software developed at Dryden Flight Research Centre holds a 

significant importance here. The flight research environment at NASA Dryden Flight Research Centre 

relies extensively on simulation to support [Norlin, 1995] in development, Verification & Validation 

(V&V) of aircraft and flight safety analysis. Simulation software was developed to meet these 

requirements. The structure of the software is designed to be flexible enough for the use in batch 

mode, real time Man in the Loop (MITL) and Hardware in the Loop (HWIL) simulations. The goal was 

to provide the high fidelity simulation software to meet the research team requirements. The 

detailed architecture of the simulation model and the definition of the designed routines is 

accessible form [Norlin 1995]. The simulation designed was primarily based on the Fortran 77 and C 

languages. Latter is used for the graphics and distributed system functions. The authors suggest 

*Norlin 1995+, that the research requirements are best met by enhancing the software’s capability 

and flexibility. In order to understand the philosophy of computer aided fidelity measurement, it is 

necessary to understand the basic ingredients of the simulation software. 

The simulation developed at Dryden comprises of two parts; first is the Background Executive, and 

second is the Real Time Loop. It is the former which hold the main simulation program. It is 

responsible to produce a display, initialise simulation database and command line interface for 

modelling and control. On the other hand, in real time loop one or more programs are running 

parallel. This parallelisation used to meet the frame time requirements. The real time loop runs at 

the required frame rate, while the background executive runs at a slower rate. The simulation is 

written such both programmes communicate with each other using a common sheared block 

written in FORTRAN. The research [Norlin 1995] shows that this sharing provides an extremely 

flexible simulation environment.  

As discussed earlier, the background executive is responsible for initialisation, display and control of 

the simulation. It features command line interface and data file synchronisation during run time and 

provides an easy access to all variables. Once all the initialisation is performed, the real time 

program activates. Because all pertinent data is included in the shared common region and is 

accessible from the command line interface, the simulation becomes a powerful tool for the user. 

The mathematics and physics of the flight model are performed in real time loop, which includes the 

routines to perform the integration for the equations of motion (EQM) as well as performing 

aerodynamic or other appropriate model calculations. For MITL and HWIL simulators, the main real 

time task is interrupt driven at the highest allowable system priority. Any additional real time 

programs can be synchronised with memory flags or run at their own required frame rate. Several 

capabilities were developed for the NASA Dryden simulation software to enhance its ability to 

support the flight research. These capabilities are implemented in each simulation, based on project 

requirements. Since V&V involves a lot of repetition, most of the Dryden based simulators include an 

automated testing capability. This feature allows a repeatable test to be performed without 

requiring a pilot or engineer. Script files are generated to perform multiple tests in succession and to 

record the data.         

 One of the noticeable features of the simulator discussed above is its flexibility and improved 

capability, compared to the conventional off shelf simulators. This is primarily due to the availability 

of command line interface and ability of the simulator to read the script files. Scripts are the files 

that contain multiple simulation commands.  
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It will be interesting to employ this feature to the current research and integrate with the X-Plane 

interface. Simple routines similar to above can be written and compiled within the X-Plane’s IOS. 

These routines may include the initialisation files, look-up tables and other common scripts which 

allow user to upload multiple scenarios within the current simulation session. The Object Oriented 

power of C can be used to formulate these codes, and compiled under the UNIX based operating 

system, which also hosts the Instructor Operating System for the X-Plane software. The power of 

Command line interface on UNIX and C will result in enhanced simulator’s capabilities as well as 

flexibility. Moreover, since the simulator will be used for flight testing and performance study, 

following the approach adapted by [Wang et al. 2009], an automated system incorporating the flight 

test manoeuvres can be developed. However, it must be ensured that these manoeuvres must meet 

the flight tests requirements. This ensures the accuracy in the results as well as enhanced fidelity of 

the simulation device being used in conjunction with the flight tests. These requirements and issues 

are addressed in subsequent chapter.  
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Chapter 5 

Simulation in Support of Flight 

Testing 
 

 

 

 

 

This section summarises the standards defined for the flight test analysis as well as discussing the 

integration of flight test data in simulator. Since, the research requires the comparison of flight test 

data with the simulated data, it is necessary to know the nature of data and post processing that the 

required at initial stages. This section with reference to Jar-OPS and RTO AGARDograph 300 [Volume 

19] sets the basis of the Flight Test Techniques and validation of flight test data using X-Plane 

simulator. The purpose of AGARDograph 300 is to provide an introduction to simulation and how it 

can be used to support flight testing of fixed wing aircraft. This AGARDograph has been written from 

the perspective of trying to provide a flight test engineer the basic information in how to effectively 

use simulation to support the flight testing and what must be considered when developing a 

simulation that is to be used for the flight test support. It is the latter part, which is the prime 

importance of this research.     

5.1 JAR-OPS Summary  
 

The JAR-OPS 1 standards were used to study the Operational Performance Requirements for the 

Fixed Wing Aircraft. The following summary is based on the second Amendment 1 July 2000. Subpart 

F, G, H and I were used for Performance Requirements and Subpart F was used for Communication 

and Navigational Equipment Requirements. The points summarized here must be used in for general 

guidance and reference only for the Commercial fixed wings, in order to develop the idea of the 

nature of flight testing required for Jetstream Flight.  

5.1.1 Subpart G – Performance Class A 
 

Takeoff mass shall not exceed the maximum take-off mass for the pressure altitude and the ambient 

temperature at the aerodrome at which the take-off is to be made. The standards require the 

following measurements to be made when determining the maximum permitted take-off mass:  
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 Accelerate Stop Distance – it must not exceed the maximum limit 

 The take-off distance/run must not exceed the maximum TO distance/run available, with a 

clearway distance not exceeding half of the TO run available  

 Compliance with this paragraph must be shown using a single value of V1 for the rejected 

and continued take-off  

 In compliance to above consider (in simulator calculations) the aerodrome condition, 

pressure altitude, ambient temperature and runway conditions as well as wind conditions 

JAR-OPS (1.495), it is necessary to ensure the take-off obstacle clearance. The document requires 

the net take-off flight path clears all obstacles by a vertical distance of at least 35 feet or by a 

horizontal distance of at least 90m plus 0.125D (where D is the horizontal distance the aircraft has 

travelled or the end of the take-off distance if the turn is scheduled before the end of takeoff 

distance available. Moreover, in compliance to the above paragraph: 

 The track changes must not be allowed up to the point at which the net take-off flight path 

has been achieved a height equal to the half of the wingspan but no less than 50ft above 

the elevation of the end of the take-off run available.  

 Adequate allowance must be made for the effect of bank angle on operating speeds and the 

flight path including the distance increments resulting from increased operating speeds.  

 Bank angle no more than 20° between 200ft and 400ft, and no more than 30° above 400ft 

Appendix 1 JAR-OPS 1.495(c)(3) – for the use of increased bank angles requiring special approval 

following criteria must be met: 

 Refer to Flight Manual – for the data allowing the construction of the flight path considering 

the increased bank angles and speeds 

 Visual Guidance must be available for navigational accuracy and weather minima must be 

specified  

Refer to the glide slope angle as defined in the Flight Manual, as well as the limitations under normal 

or abnormal approach procedures. JAR-OPS 1.51 (a)(3), requires glide-slope angle to be 4.5° or more 

with the screen heights of less than 50 feet but no less than 35 feet. A suitable glide-path reference 

system comprising at least a visual glide-path indicting system must be available at each aerodrome 

at which approach procedures are to be conducted. Consideration must be given to the following: 

 Type of glide-path reference and runway guidance such as visual aids, MLS, 3D-NAV, ILS, LLZ 

and VOR-NDB 

 The minimum visual reference to be required at Decision Height (DH) and MDA 

 For the purpose of JAR-OPS 1.51, the distance used for the calculation of permitted landing 

mass may consist of the useable length of the declared safe area plus the declared landing 

distance available.    

AGARDograph 300 document will be used in conjunction with the flight testing and simulation use. 

Some of the material for the document has been cited earlier. As discussed earlier, care must be 

taken when using simulation with flight test data and replication of flight test on simulator. when 

doing the flight tests it is necessary to meet all the requirements defined in JAR and AGARDograph 

300 documents.   
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Chapter 6 

X-Plane as Research Tool  
This chapter reviews the potential and uses of X-Plane as research and teaching tool. Several 

literatures have been presented earlier, where the simulator was used as a part of teaching and 

research as well as highlighting its capabilities to meet the requirements defined in Chapter 3. 

Today, X-Plane is still written and developed on the Macintosh [Laminar Research 2008], and ported 

to Windows and Linux machines to allow cross-platform sales and distribution. Engineers at Velocity, 

NASA, and Carter-Copter [CCTD 2006] have all used X-Plane to do design, evaluation, and simulated 

flight testing. Additionally, massive, well known companies all over the globe use X-Plane for one 

purpose or another from flight training to aircraft design. The National Test pilot school uses X-Plane 

to train pilots in non-conventional aircraft and flight-control systems. Scaled Composites used X-

Plane for the visuals for their Space-Ship One simulator, the first private manned vehicle to reach 

space. From the authors of the simulator, X-Plane is believed to be worlds most comprehensive and 

powerful flight simulator [Laminar Research 2004]. X-Plane is not just a game, but an engineering 

tool that can be used to predict the flying qualities of fixed and rotary wing aircraft.  This incredible 

accuracy makes it a great tool for predicting aircraft performance and handling. The aim of this 

research is to develop a fixed base flight training device (FTD) based on X-Plane for a BAe Jetstream 

41 Aircraft. X-Plane has also received certification from the FAA for use in logging hours towards 

flight experience and ratings.  This experience can provide credit towards a private pilot's license, 

recurrence training, hours towards instrument training, and even hours towards an Airline Transport 

Certificate. However, this requires the licensed software version and hardware.  

Currently university is using Version 9.0 and I have also owned the same version. The X-Plane allows 

us to record the data when flying as well as offer video recording. The data can be processed in 

MATLAB or any other graphical interface. However, there are some gaps when using the X-Plane; 

this includes the axis convention, units for the inputs i.e. units for the stick inputs as well as 

simulation processing time. The flying manual for the Jetstream 41 aircraft has been obtained, which 

will be used throughout the project. Moreover, I need to validate the flight model obtained from X-

Plane with the actual model data (from flight test) and how accurate the model is graphically as well 

as dynamically.  

The developed of S-Function in MATLAB provides a great tool to make X-Plane communicate with 

the MATLAB/Simulink. This however, is more ideal when comparing the flight model designed in X-

Plane with Simulink model. The advantage of using Simulink is, it allows us to define the model 

states and dynamics more conveniently compared to X-Plane which requires only the values for 

derivatives, restricting is to explore the aircraft time histories and dynamic response to pilot inputs.   

The SIMULINK model for Jetstream 31 was developed in [Coughlan 2005]. The document is a thesis 

conducted in Cranfield University, which develops a complete flight model for the J31 aircraft. It can 

offer a handy tool to explore the model design in Simulink which can be applied to J-41 aircraft and 

with the aid of S-Function; it will be integrated into X-Plane.  
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Conclusion  
 

This document compiles all the relevant researches done on the subject. Although some are more 

relevant to the present research and some however, may be employed at the later stages of the 

project. The literature explored was divided into groups. Such as visual model requirement and 

fidelity, motion and flight dynamics model. It was seen that there is no exact answer of how to 

measure the fidelity and how much fidelity is reasonable. Though, it was seen that latter depends on 

the mission requirements and what the simulator is being used for. Both subjective and objective 

fidelity assessments were analysed, as well as using the automated techniques to measure the 

fidelity. It was seen that objective or analytical techniques gives more reasonable estimate, than 

subjective techniques such as using the pilot rating scales. 

Moreover, it was stressed throughout the current document as well as some of the previous 

researches that, to measure the fidelity of the simulation device just validating the flight model is 

not enough. A study must be performed to explore the pilot-vehicle response, visual cues available 

to the pilot and motion. Extensive amount of literature were studied which address all of these 

categories. It was seen that automated or analytical techniques are also more appropriate when 

flight test data is limited.  

From the literature review, it was revealed that the problem of flight simulator fidelity can be 

approached by measuring piloting technique and the performance in the simulator and then 

comparing these attributes to those measured in the flight test. At the initial stages, the flight model 

available in X-Plane will be validates in terms of structure, aerodynamic and dynamic characteristics. 

This validation will be based purely on analytical techniques defined earlier in the report with the 

help of Simulink and MATLAB. Moreover, analytical models for Visual and Motion requirements will 

be made, which will be integrated into Human and Vehicle model to achieve a full authority 

simulation response study. This is a part of a control strategy development for a particular task and 

particular vehicle. The term control strategy here means a feedback topology indicating which 

sensory variables are being used by the pilot and their dynamic relationship to the control variables 

available to the pilot. Finally, the work will explores the sources outside the primary control loop, 

which may contribute towards the potential fidelity problems.  
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