
1. Introduction 

The overall capability of simulating aircrafi performance both in flight as well as in ground 
operations has improved dramatically in recent years, due to significant advances in computer 
hardware/software, motion-based systems, visual displays, and modeling data fidelity. The 
primary purpose of this AGARDograph to document these advances in regards to aircraft ground 
handling simulation capability, and to provide helpful guidance to simulator engineers on using 
these improvements to best meet their individual requirements. It is a continuation of earlier work 
on this topic, completed 12 years ago, and reported in Reference 1. Before this report was 
prepared, a study was made of current standards of ground roll simulation for both civil and 
military aircraft, in training and research simulators. 

In general, existing simulators are deficient in one or all of the following areas: 

9 The presentation in the model of the forces generated between the wheels 
and the ground are over-simplified, and are invalid for extreme conditions, 
such as large tire slip angles, 

ii) the model does not allow for variation in operating conditions, such as 
runway contamination or tire pressure, specific to each wheel, 

iii) round undulations and roughness, and runway camber are not simulated, 

iv) the standard of documentation, and model validation, is inadequate. 

In this report, a detailed explanation of both the essential requirements and the basic 
assumptions for aircraft modeling is given, together with a description of the various elements 
needed in the model structure. The modeling requirements related to bandwidth, accuracy, 
realism, and validation are discussed. In regards to some of the basic assumptions used in aircraft 
ground handling simulation, combined and/or simplified components, reference axes, wheel and 
brake modeling, and wheel torsional forces are explained. A general description of runway 
surface conditions influencing tire/pavement friction performance is provided, and the approach 
taken in modeling tire/strut (the key interface component between the aircraft and the runway 
pavement) performance is given. 

Several block diagrams are used to describe various components of the aircraft ground 
handling simulation and provide the reader a better understanding of how the overall simulation 
capability is developed. Some existing models are discussed, together with pilot cueing 
requirements to enhance realism of simulation. Several appendices are included to document 
mathematical models used for determining ground lateral forces, tire/runway friction, lateral tire 
force, and ground vertical forces. The paper concludes that the fidelity of simulation capability to 
replicate aircraft ground handling performance has improved significantly to the extent that pilot 
training, air traffic control, problem solving (i.e. landing over-run/veer-off, and aborted take-off 
accidents), and aircraft design evaluations can be conducted using simulation with a high degree of 
confidence and realism. 
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2. Modeling Requirements 

2.1 General 

The last thirty years have seen enormous strides made in computing capability, and it is 
often assumed today that computer size no longer determines the extent to which a model of a 
physical system can be constructed. The wide availability of personal computers with pentium 
processors and memory measured in gigabytes suggest that cost, speed and capacity should not 
impose constraints. Models for flight simulation, however, are subject to two factors which rarely 
apply to other sciences which make extensive use of models. The first constraint is associated 
with the complex coupling existing between the elements which forrn the model - the aircraft, the 
aircraft’s systems, the atmosphere, the airborne environment, and the ground environment (Figure 
2.1). 

It has been essential in the past to simplify these elements, and to minimize the interactions 
between them, because of limitations imposed by computer hardware performance. Even with 
today’s computers, compromises are needed because of the extensive coupling between the 
elements of the physical world. As flight simulation increases its contribution to training and 
research, and as the computing hardware improves, it is desirable to use more realistic models of 
the elements, and to include some of the cross-coupling between them - for example, the 
relationships between time of day, humidity, temperature, radiation, visibility, and the visual 
appearance of objects. The issue of coupling between elements is discussed more fully in 
Reference 2. 

The second constraint lies in the range of frequencies which must be modeled to represent 
the behavior of an aircraft in motion - at the top end, structural vibrations, sensors, actuators - and 
at the lower end, the permissible deviations in the calculation of geographical position implied by 
the requirement to simulate inertial navigation. The word length and repeatability of digital 
computing easily deals with the low frequency end of the bandwidth problem, but the need for real 
time operation denies the usual techniques for solving the mathematical expressions which have 
been developed to try to represent the laws of nature, In non-real time, not only may the computer 
take several hours to determine an accurate picture of events lasting a few seconds, but also, the 
model elements may be calculated separately, in different time frames, and recombined for the 
final solution. 

A further factor intrudes into the requirements for modeling the behavior of an aircraft on 
the ground. The natural environment of an aircraft is in flight, where it is sustained by 
aerodynamic forces, it is subject to external and control excitation, and it is made to perform 
exacting tasks and maneuvers. Efforts to improve models should be directed at the airborne phase 
of operation, rather than at the shorter time period during maneuvers on the ground. The case for 
better models on the ground is stated in Section 1, but it is also true that improvements stemming 
from computing technology have to be shared with the need for better fidelity when simulating the 
in-flight phases. 

Computer modeling has long been used in aircraft design and development, and the extent 
of its use continues to grow. Many of the models are highly special&d, and relate to particular 
components or systems within the aircraft. A model to be used in ff ight simulation is equally 
specialized. The nature of the model is influenced by three inter-related factors: bandwidth, 
accuracy, and realism. The link between accuracy and bandwidth is self-evident - if it can be 
shown that use of the model will not be compromised if frequencies above a cut-off value are 
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omitted, the equations of motion can be simplified. Accuracy is then applied to solving equations 
which describe the aircrafi over the chosen bandwidth. 

The relationship between accuracy and realism is less intuitive. The requirements for 
accuracy and realism in flight simulation are often in conflict. A flight simulator has to create, to a 
greater or lesser extent, the illusion of flight, which must be maintained, even though accuracy 
(such as correct motion cueing) is sacrificed. This topic is developed in Reference 3. 

The modeling requirements relating to bandwidth, accuracy, and realism, are discussed 
below. 

2.2 Bandwidth 

The primary application of a model to represent aircraft handling on the ground is in a 
piloted flight simulator, so that the pilot’s performance and comments may be correlated with 
those observed in the real aircraft. The model must run in real time, and this requirement, more 
than others, determines the form of the model. Even with today’s processing power, imposing an 
unduly high bandwidth requirement on the model may result in a model which introduces time 
delays in the control loops which the pilot closes. 

An aircraft on the ground is subject to excitation over a large range of frequencies. The 
variation of the height of the ground surface includes low frequency undulations, bumps, grooves, 
and textural roughness, and affects the aircrafi’s progress as a fi.mction of speed. The aircrafi has 
structural modes of excitation extending to several hundred Hz, the flight control system has 
components which respond up to 100 Hz, and the landing gear must respond to the till range of 
ground excitation. 

Landing gear design and development makes extensive use of models to optimize the 
performance of all components. Energy must be absorbed by the struts and the brakes, and the 
loads in components must not result in structural or component failures. Models serving this 
purpose require a bandwidth up to at least 50 Hz. Accurate representation of local phenomena 
such as wheel spin-up or oil flow inside an oleo may increase this requirement. From the pilot’s 
point of view, however, such levels of detail are irrelevant. 

In some respects, pilots are sensitive and demanding. Testimony can be seen in the 
specifications imposed on visual, motion, audio, and tactile cueing systems. In other ways, the 
pilot has strictly limited ability. In an aircraft control loop, he is unable to exert stabilizing inputs 
at frequencies higher than 2 Hz, in spite of his high bandwidth sensors, because of inherent lags in 
mental processing and limb manipulation. Consequently, does a model used primarily for real- 
time simulation need to maintain accurate gain and phase relationships above the bandwidth in 
which the pilot can respond? 

The pilot is, of course, aware of, and reacts to, high frequency phenomena such as noise 
and vibration. He also expects certain correlation - for example, if he sees tar strips on the runway, 
he needs to feel the forces transmitted through the suspension system to his seat by wheel contact, 
and to hear the associated noises. This requirement may be met by the use of two modeling 
techniques which have been implicit in real-time modeling for many years. 
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The first technique is the use of “equivalent” models, in which the behavior of a simplified 
model is tuned to reproduce the behavior of a more comprehensive model over a restricted range 
of frequencies (Reference 2). Equivalent models have always been used implicitly in flight 
simulators. As mathematical description and implementation have improved, the opportunity to 
select the most appropriate model for a particular application has followed. In making the 
selection, the frequency range of interest must be defined. The use of an equivalent model allows 
the description of a model component (such as the strut) to be simplified, without sacrificing its 
essential behavior with respect to input and output. In the process, information on some 
parameters is lost. 

In the second technique, the apparent bandwidth of the model is increased by ‘dressing’ 
the model. A subsidiary component is added to the equivalent model to emulate behavior at 
higher frequencies. It is excited by the equivalent model, but its outputs are not fed back, thus 
avoiding model instability due to computing cycle delays. The loss of phase accuracy at these 
frequencies is of no consequence, in view of the pilot’s own bandwidth limitations. Dressing is 
also used to give the appearance to the pilot that a system is more fully represented than it is (for 
example, the failing of a system may be simulated by nothing more than the illumination of a 
warning light) - simply because the pilot has no indications in the cockpit of the internal workings 
of that system. 

2.3 Accuracy 

Accuracy requirements are determined by the application of the model. Each element of 
the model must be examined, and an assessment made of role played by that element in the total 
simulation. It is pointless to calculate in the model accurate values of parameters not used either 
during run-time of the simulator, or in subsequent analysis. Many existing real-time models are 
based on elements from simulations used for other purposes - a strut compression model, an ABS 
model, or a wheel spin-up model, used for the detail design of these components. Invariably, they 
could be simplified and made more tractable for use in a piloted simulator. 

Extensive use is now made of modeling to determine dynamic loading conditions during 
take-off, ground-roll, and landing. The mechanisms by which the loads are generated, and the 
load paths from tire to c.g., are complicated, resulting in models of considerable size. These 
models do not run in real time (l/lOOth of real time is typical). The requirement for accurate 
loads, and the ability to determine cause and effect, dictates the form of the model (Section 7.4 
refers to such a model). In a flight simulator, there is no need to furnish the pilot with information 
about loads, other than the loads which determine the flight path of the aircraft, or which he feels 
at the cockpit, Nor is he aware of the number of wheels which support the aircraft, or the paths 
taken by the loads. 

Although local loads within components are not needed for real-time simulation, ground 
contact loads and aerodynamic loads must be accurate, together with the resulting aircraft 
trajectory and orientation. Conditions at particular stations - the cockpit, and extremities of the 
aircraft which might contact the ground, must be calculated. Unlike the loading models, which 
reproduce events over a brief period of time, accurate position information, correlated with 
geographical position, must be maintained over long periods, for example, from brake release to 
climb-out. 
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The forces generated by the tires are of particular importance. Modeling them accurately is 
not a trivial matter, but their representation determines the validity of the simulation, The contact 
conditions (surface type, contamination) at each wheel location must be calculated individually, 
over large ranges of the parameters involved, so that extreme conditions, such as loss of control in 
a cross-wind on a flooded runway, can be reproduced with confidence. The modeling of lateral 
forces generated by the tire must be accurate over large angles, and over the full speed range, to 
allow the aircraft’s steering behavior during take-off/landing, and when maneuvering in the 
dispersal area to be represented. At very low speeds, the effects of tire scrubbing are important, 
particularly when simulating large aircraft with multi-bogie gear assemblies. 

A further consideration is the extent to which coupling between components of the model 
are included, The classical approach in flight mechanics separates the lateral-directional modes 
from the longitudinal short period and phugoid modes, to simplify analysis, and then introduces 
coupling terms to deal with large perturbations. The aerodynamic data sets are often stored in the 
form of multi-dimensional arrays (hyper-cubes). Parallels may be drawn with the non-linear 
multi-parametric nature of the forces and moments generated by ground contact, and how they 
depend on the dynamic response of the aircraft, and on changing contact conditions. Additionally, 
the pilot is sensitive to other manifestations of coupling. The visual appearance of the ground 
(undulations, water or ice on the runway) will lead him to expect control difficulties when braking 
or steering during ground roll. 

2.4 Realism 

A simulation model must be accurate within laid-down tolerances. Verification of the 
model is based both on static measurements, and on dynamic response, open and closed loop. For 
a piloted simulator, control forces and travels are also checked, together with cockpit geometry, 
and the disposition of displays and switches. Additionally, the simulator must satisfy subjective 
assessments by pilots. Within its operating range, the simulator must behave like the aircraft it is 
meant to represent. In flight, the pilot experiences sensations which are difficult to reproduce on 
the ground - visual cues, motion cues, noise, and vibration. The creation of the illusion of flight 
uses similar means of fooling the senses to those used in entertainment and art. 

The representation of motion cues illustrates the conflict between accuracy and realism. 
The travel limits of the motion system necessitate the use of wash-out filters on the drive signals, 
and a trade-off between wash-out time constants and gain. The illusion of motion is strongly 
reinforced by the outside world visual cueing, to establish a state of vection in the pilot’s mind. 
Time delays, or disparities between information sources, due to inadequate modeling, can detract 
from the quality of the simulation. 

The representation of higher frequencies, by dressing the model as described above, is 
important in achieving realism. The high frequency components of the model do not need to be 
accurate with respect to gain and phase, because the pilot cannot exert control at these frequencies, 
but they modify his behavior, and contribute greatly to his acceptance of the simulator as a replica 
of flight. 
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2.5 Validation 

The vital role of simulators, both in pilot training and in research, makes validation an 
important issue in the qualification of simulators (References 4 and 5). Advances have been made 
in the past ten years in formalizing the simulation validation process. For example, Certification 
Authorities have agreed on standard procedures in the acceptance of training simulators. Data 
sources must be documented. With respect to the model, several factors contribute to efficient 
validation. It is convenient to recommend standardization, in notation, units, sign convention, and 
system of axes, but the reality is that standardization has a long way to go, and incentives to 
standardize are lacking, in spite of the efforts of multi-disciplinary committees, and other 
international bodies. 

Further difficulties arise, peculiar to modeling the behavior of an aircraft on the ground. 
Compromises must be reached between aircraft design practice and ground vehicle design 
practice, in which the same Arabic and Creek letters are traditionally used for different parameters. 
The sheer number of parameters requires extensive use of sub- and super-scripts. 

The first step in validation is to confirm the accuracy of input data, by reference either to 
source or to derivation. Static and quasi-static checks are followed by dynamic response 
measurements, using both linear analysis of expected modal parameters, and time histories of 
small and large perturbations, which are then compared to independently derived solutions. The 
process is greatly aided by having the model structured in a form which allows blocks to be 
isolated or simplified during the validation testing. A model structure of this type is discussed in 
Section 6. 

3 Modeling Assumptions 

There is a need to keep the bandwidth of the model low, because of real-time operation, 
and the consequent demands on computer power. There is justification to do so, because of the 
inability of the pilot to apply helpful control inputs at high frequencies. The device of dressing the 
model has been suggested, to give an appearance of higher bandwidth. A second method of 
simplifying the load on the computer, the equivalent model, has also been raised. The application 
of these methods to specific components of the ground roll model will now be discussed. Both 
methods rely on off-line data reduction. It is important that the methods used in the reduction 
process are formalized, and that the resulting simplified models have a high standard of 
documentation. They will then be available for comparison with other source data, such as the 
outputs of non-real-time models. 

3.1 Combined Components 

In designing the layout of huge aircraft, it is usual to use multi-wheel bogies to support it 
on the ground, since a lighter, more compact and more efficient assembly can be achieved. On 
very large aircraft, like the Boeing 747 (Figure 3.1), additional main wheel bogies are used, to 
further distribute the loads. An equivalent gear, with three bogies, each carrying a wheel, is 
sufficient for most piloted aircraft simulators. A mean point of contact of the equivalent wheel 
must be found, and the forces and moments generated by the equivalent tire becomes the sum of 
the number of wheels in the equivalent model. The effect of a faiIure, such as a burst tire, may be 
represented by scaling the forces and moments by the number of wheels combined in the model. 



In a similar manner, a simplified model of the strut and its mechanization is required for 
simulation purposes. The models used by strut manufacturers are highly detailed, and there is no 
need to reproduce the complex porting and oil flows which occur in the actual devices. Nor is the 
pilot aware of the mechanical configuration, which ensures that high loads are transmitted, and 
high energy is absorbed, without structural damage, and no useful purpose is served in attempting 
to model it. A collaboration with the manufacturer in developing a model for real-time use has 
much to recommend it. 

3.2 Reference Axes 

A more universal application of the principle of off-line reduction in model complexity 
relates to the many systems of axes which are needed for a universal model. In such a model, the 
location of all active elements, and specific geometrical positions in the airfkme need to be 
known. To do so, many axis transformations, of acceleration, rate, and position, angular and 
linear, are made. In a real-time model of limited bandwidth, most of this local knowledge is 
supe&uous. For example, the loads generated by the tires are transmitted to the aircraft c.g. by a 
tortuous route, but the aircraft response, and the loads felt by the pilot, depend only on accurate 
knowledge of the forces and moments at the c.g. 

It is feasible, therefore, to reduce the number of transformations needed in the real-time 
model by re-defining model components off-line. Figure 3.2 shows the geometry of a simple 
landing gear. It is characterized by the non-vertical configuration of the gear legs - splay in the y-z 
plane, and rake in the x-z plane. These angles are chosen either to alleviate loads, or to solve 
geometric problems, sometimes related to gear retraction. 

An equivalent model general arrangement drawing of the aircrafi could be constructed, to 
assist in defining the equivalent model components which relate to the reduced axis set. The 
objective in designing the equivalent model is to reduce as far as practical the intermediate axis 
systems between the ground reference axis system (earth axes) and the aircraft reference axes 
(inertial body axes). Wheel hubs are horizontal, wheel planes of rotation are vertical, forces in the 
equivalent struts are vertical (all relative to aircraft reference axes), and the point of application of 
the forces is no longer at the point of attachment of the real gear. The forces, rates, and 
displacements of the equivalent gear no longer have a physical significance. If needed, an inverse 
equivalent model could also be constructed, to calculate off-line the approximate loads seen by the 
real gear, from equivalent model parameters recorded in real-time operation. 

3.3 Combined Strut/Tire Model 

As well as serving other purposes, pneumatic tires insulate the vehicle fkom high frequency 
vibrations. The wheel/tire combination has a high natural frequency, and low damping. During a 
heavy landing, it absorbs little of the energy which must be dissipated to reduce the high sink rate 
to zero. This function is performed by the oleo in the strut, which has a much lower natural 
frequency, and high inherent damping. Also, the damping during compression of the strut is 
higher than during extension. 

The combination of wheel/tire and strut may be compared in simple terms to a double 
spring, with at least an order of magnitude between the natural frequencies of each component. A 
high bandwidth model is needed to reproduce correctly the response to excitation near the natural 
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frequency of the wheeI/tire, but a simple analysis shows that virtually no energy is transmitted to 
the aircraft c.g. Hence an equivalent model of lower bandwidth may be used for real-time 
simulation without compromising accuracy. The model is based on a single spring-mass, with 
stiffness and damping coefficients which take account of the strut and the wheel/tire. The 
derivation of these terms is given in Appendix 1. It is important that the equivalent model takes 
account of the stiffness of the tire; otherwise the static deflection errors become significant. 

3.4 Wheel and Brake Modeling 

Tire contact conditions, and the accurate representation of the resulting forces, is of 
paramount importance in a ground-roll model, and is discussed in Section 4. The need to calculate 
the rotational behavior of the wheels, including spin-up, is questionable. Wheel spin-up, from 
zero to the no slip rolling condition, takes a fraction of a second, and although tire wear and high 
loads occur, it is an event of little significance to the pilot. In real-time, a computer time frame of 
perhaps 1 ms is required. Because the time frame is so short, the forces generated during spin-up 
do not greatly affect the aircraft’s trajectory or deceleration. Intuitively, main wheel spin-up 
causes a nose down pitching moment which could modify the landing control task. An off-line 
calculation can determine the magnitude of the pitching moment, and an open-loop input can be 
introduced at the moment. of touchdown, as part of dressing the model (see Section 7,6)+ 

The wheel braking mechanisms are also an area for compromise in the model. Large 
amounts of energy must be dissipated, high temperatures are generated, and the properties of the 
braking materials change. Rather than model the thermodynamic cycle, the effect of brake fade 
can be represented by dressing the model - reducing the braking friction coefficient as a function 
of operating conditions and the time intervals between braking application. 

Consideration should also be given to the need for representation of the fully developed 
skid. Most aircraft (and many cars) are fitted with ABS, which prevents wheel lock due to 
excessive brake application. Most of the measured data on braking friction are from aircraft fitted 
with ABS, and factors to allow for ABS efficiency are available. Unless one of the purposes of the 
simulation is to develop an ABS system, the advantage of reduced model bandwidth makes it 
attractive to omit the simulation of locked wheel conditions. 

3.5 Wheel Torsion Forces 

The tire on a rolling wheel in contact with the ground produces a drag torte, due to rolling 
braking friction, horizontally, in the plane of rotation. Lateral translation of the wheel produces 
both a side force, horizontally, at right angles to the plane of rotation, and a torsional force, about a 
vertical axis through the center of the wheel (Figure 3.3). The mechanisms producing these forces 
are complex, and accurate modeling is not a trivial task, as will be seen in the next two sections, 
which deal with translational forces. The behavior of the aircraft on the ground is entirely 
dependent on how well these forces are represented. 

The torsional forces result from small offsets of the translational forces due to tire 
distortion. For a non-castoring wheel, they do not alter the trajectory of the aircraft, because they 
are balanced by torsional forces in the strut, and strut attachment to the aircraft. The torsional 
forces associated with a castored wheel are insignificant, leaving only the steering case to 
consider. Steering an aircraft on the ground is a low bandwidth task, compared to steering a car. 



9 

The driver of a car has a more intimate knowledge of the response to control, and is dealing with a 
more dynamic situation. Suspension, steering linkage, and force feedback all contribute to the feel 
of the car, In these circumstances, tire torsional forces cannot be neglected. It is highly unlikely 
that they influence the pilot’s impression of aircraft steering, and if lack of computing capacity (or 
other considerations) make their representation difficult, their omission can probably be justified. 

It is also worth noting that as the load on the wheel decreases, the magnitude of the 
torsional forces generated by the tire due to yaw decrease more rapidly than the translational forces 
(which decrease almost linearly) - Figure 3.4. The wheel tire design load is based on the tilly 
loaded condition. Landing weights are much lighter, and aerodynamic forces reduce wheel loads 
during ground roll. In these circumstances, the case for ignoring tire torsional forces is even 
stronger. 

4. Tire/Runway Surface Interface 

4.1 General 

Extensive research (References 8 - 17) has been performed since the introduction of jet 
transport aircraft in the late 1950’s on the factors influencing tire/runway surface fiction 
capability, to develop the steering and stopping forces required for safe aircrafi ground operations. 
The contact conditions between an aircraft tire and runway surface are critical in determining the 
cornering and retarding forces that act on the aircraft. These forces are the product of the vertical 
load (weight) on the tire, F, , and a coefficient of friction, ~1 . The value of the coefficient of 
friction is dependent upon many factors, including: type, texture and roughness of the runway 
surface; type and amount of pavement contaminant, e.g. snow, ice, water; tire construction, tread 
design and inflation pressure; type and efficiency of Automatic Brake System (ABS); and aircrafi 
ground speed. 

4.2 Braking 

Braking is the primary means of stopping the aircraft. When brakes are applied, the tire is 
constrained to rotate slower than the forward speed of the aircraft. The result is referred to as 
braking slip, and is usually expressed as a percentage, with zero percent representing free rolling 
(no braking) and 100 percent indicating locked wheel (full skid). The ABS is designed to 
modulate the brake pressure so that the tire operates approximately between 15 and 20 percent 
slip, which is close to the maximum braking friction. The chart in Figure 4.1 shows that when 
larger tire braking slip values occur, the braking force is reduced. 

These longitudinal braking forces generated between the tire and the runway surface are 
usually classified by the following fiction coefficients: 

pbmax - maximum braking fiction coefficient 
hkid - locked wheel friction coefficient 
ClefI - effective braking friction coefficient as determined by ABS 
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4.3 Cornering 

The other important force generated between the tire and runway surface is side or 
cornering force. Side forces are developed as the plane of a rolling tire is yawed relative to the 
aircraft’s direction of motion, and act perpendicular to the wheel plane. As the yaw angle 
increases, so does the cornering force. Once the peak cornering force is reached, additional 
increase in yaw angle will reduce the cornering force. The side force variation with yaw angle 
shown in Figure 4.2 shows this effect. 

These lateral tire side forces are usually classified by the following friction coefficients: 

Pvmax - maximum lateral friction coefficient during unbraked yawed rolling 
I-Qlim - maximum braking fiction coefficient developed during combined 

braking and cornering 

4.4 Combined Braking and Cornering 

Aircraft tires must often generate both braking and cornering forces simultaneously, such 
as when making crosswind landings. High tire-to-surface loading will help maintain good braking 
and cornering. The degree to which cornering is lost due to combined braking and cornering 
depends on how much tire slip is developed. As the slip increases, the cornering force reduces, 
and at 100 percent slip (locked wheel) the tire cannot generate any sideforce, as indicated in Figure 
4.1. During antiskid controlled braking, the degradation in tire side force depends upon the 
amount of tire slip the antiskid system allows. 

4.5 Simulation Requirements 

A complete simulation of the ground roll must include these variations in longitudinal and 
lateral forces generated between the tire and runway surface. Because of computing limitations, 
some simulators in the past have either had restricted application, or used memory-intensive look- 
up tables, to store data relating to diction coefficients. An alternative method is to use analytical 
functions for on-line computation of friction coefficients. Appendix 2 describes such a model, for 
one type of runway (Type C). Similar models could be formulated for other surfaces. Alternative 
functions, either for better accuracy or ease of implementation, could also be derived. 

5. Struts/Tires 

The struts, wheels and tires attenuate and transfer loads from the ground to the airframe. 
Near instantaneous, high loads can occur, particularly at touch-down, and large amounts of energy 
must be absorbed by the oleos and brakes. The struts and tires transmit the forces which give 
control of steering and braking, and determine the ride quality of the aircrafi on the ground. 
Suspension systems, for both road vehicles and aircraft, have evolved and been progressively 
deveIoped over many years, which has resulted in high performance components of great 
complexity. 

The success of a simulation of the ground roll is critically dependent on how well the struts 
and tires are modered. Highly detailed models, such as those used in non-real-time calculations 



associated with landing gear design, are not appropriated for real-time pilot in the loop simulation, 
because of their computing overhead. Nor is it possible to use linearized approximations of either 
the strut or the tire. Some of the considerations are discussed below. 

5.1 struts 

Most high performance aircraft use a two-stage ok-pneumatic strut on the main gear, to 
meet the diverse requirements of high stiffness and damping at touchdown, and lower stiffness and 
damping when taxiing. A simplified diagram of a two-stage strut is seen on Figure 5.1. 

As the strut compresses, the piston in the main chamber forces oil through the main 
orifices, and the compression increases the gas pressure, for additional stifIhess. Stiffness and 
damping of the strut is controlled by chamber and orifice areas, flapper valves, and metering pins. 
Seal and bearing friction effects may also be significant. 

For flight simulation purposes, the internal state of the strut is of little interest. It 
approximates to a spring, with stiffness and damping which are discontinuous functions of closure, 
and rate of closure. This information, from the manufacturer’s data sheets, allow a strut model to 
be formulated. For small perturbations about a given deflection, the local slope of the 
force/deflection curve gives a stiftiess coefficient for use in linear analysis, for model validation. 
The modal parameters which define the dynamic response of the model at different loading 
conditions are calculated. 

Most real-time simulations combine the tire and strut models into an equivalent spring, as 
discussed in Section 3.3, and Appendix 1. The behavior of the aircraft on the ground may then be 
analyzed, by combining its geometry and mass information with the nose and main gear equivalent 
strut models. Both the static and dynamic behavior must be calculated, since they are observed 
directly by the pilot. The static balance determines the attitude of the aircraft, and the pitch and 
heave modes are seen and felt by the pilot. 

5.2 Tires 

The friction coefficients defined in Section 4 describe the behavior of a pneumatic tire in 
contact with the ground. The vertical, longitudinal, and lateral forces transmitted to the tire by the 
strut cause deformation of the tire which generates reactionary forces, which are a function of the 
tire construction and dimensions, its inflation pressure and tread. The longitudinal and lateral 
forces are also a function of load, speed, surface contamination, tire slip angle, and degree of 
braking (References 17 and 18). The parameters which determine longitudinal forces are given in 
Section 4, and Appendix 2 

The forces due to lateral slip of the tire, and the factors which affect them, also need to be 
understood. If a rolling wheel is subjected to a small lateral force, the tire produces an equal and 
opposite force, and the direction of the wheel changes by an angle v, the slip angle of the tire. If 
the lateral force is increased, a point is reached where the slip angle needed is not proportiona to 
the applied force. Eventually the available friction can no longer balance the applied force (Figure 
5.2) and gross sliding of the wheel occurs. This effect is most pronounced when the wheel is 
lightly loaded, and the runway is wet or slippery. It is important to simulate this non-linear 
behavior, at each wheel, even though it is complex in nature, and subject to many variables, 
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because it directly affects the handling qualities on the ground, and is often the cause of pilot 
control difficulties, 

Many piloted simulators in the past have severely restricted the tire model, to economize 
on computing requirements - for example, by assuming only small tire slip angles, or by 
simplifying the model of runway contamination. More complete models have used multi-function 
look-up tables, for on-line retrieval of tire data, placing large demands on computer memory, and 
making an update into a major task. With the computer improvements now available, analytical 
functions can replace the look-up table method. 

A model using analytical functions is described in Appendix 3. It is valid for large slip 
angles, and allows the parameters which influence tire side force to be varied continuously. The 
model correlates with the published data from the referenced sources. These sources also cover 
the torsional forces generated by the tire (see Section 3.5). A model for torsional forces, similar to 
the direct side force model, and using analytical functions, could be developed, for use in 
simulations in which the torsional forces are significant. For example, they would be needed in a 
model to represent wheel shimmy. 

6. Model Structure 

6.1 Model Elements 

Models of complex systems are constructed from blocks which contain eIements of the 
model. Each bIock represents a component of the model, such as the forces generated by the 
ground, or the position of the wheels, and the outputs of each block are used as inputs by other 
blocks. Careful choice of the elements contained in each block, reduces the links between blocks, 
and eases the construction and validation of the complete model. It is important that elements can 
be isolated and tested independently, as the model is built. It is convenient also if individual 
blocks can be replaced by alternative versions, of differing degrees of complexity, depending on 
the model application, without the need to re-validate the rest of the model. 

An example of such a model structure is included in Reference 1. The five major blocks, 
A, B, C, D, E and F (Figure 6. l), are respectively normal wheel forces, strut dynamics, 
aircraft/runway geometry, friction forces, gear forces/moments, and kinematics. The reference 
also includes expanded diagrams of the blocks, taken directly from the NASA reports which 
describe the whole program (References I9,20,2 1). This large program was conducted in the 
1970’s by McDonneIl Douglas in St. Louis (a simulation of the F4 on the ground) and by Douglas 
Aircraft Company in Los Angeles (a simulation of the DC9 on the ground). It represented a major 
achievement, not only in terms of the standard of modeling achieved, but also in the results 
obtained from pilot assessments, and the recommendations which emerged. For example, the 
importance of including runway roughness and the runway crown was identified. 

Reference 1 includes the equations of motion used for this work, and an Appendix of the 
parameters and notation, converted to metric units. They highlight the magnitude of the modeling 
task. One purpose of this report is to suggest changes to the block structure described in Reference 
3, partly to provide a more instinctive and flexible arrangement, and partly to allow the 
implementation of features proposed earlier in this report. 



6.2 Block Diagram 
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A structural layout which gives good identification of signal flow paths and their 
relationship to the components of the model is seen on Figure 6.2. 

Blocks 1,2, 3 and 4, in the upper part of the layout, operate both in the airborne and in the 
ground-borne phases of the simulation, The equations used to mechanize these blocks will not be 
discussed, because they are well established and well covered in the literature (for example, 
Reference 22). Block 1 accounts for the forces and moments generated on the airframe by its 
progression through the air, by proximity to the ground (aerodynamic ground effect) and by the 
propulsion system, Block 2 contains the simulated flight control system, and the model in Block 3 
accounts for atmospheric influences. Block 4 solves the kinematic equations which calculate the 
many parameters describing the state of the aircraft - rotational and linear accelerations, velocities, 
position and orientation in space, in convenient systems of axes. Some of these parameters are 
used as feed-backs in the flight control system; others are needed to drive simulator hardware, 
such as the visual and motion systems, and the cockpit displays. 

Blocks A, B, C, D and E, in the lower half of the diagram, calculate the forces and 
moments applied to the aircraft by contact with the ground. They differ from Blocks 1,2, 3 and 4 
because they are multiplex - an independent set of blocks is required for the calculation of the 
forces and moments from each wheel (or equivalent wheel). In a simple aircraft model, *three sets 
would be needed, to represent the nose wheel, port wheel and starboard wheel - but any number of 
wheels, in any configuration, can be accommodated in this way. It may also be desirable to 
include in the model other parts of the aircraft (such as a wingtip) which might inadvertently 
contact the ground, or an obstacle on the ground. 

Computer implementation of the model is helped by using this structural layout - the 
equations solved in Blocks A-E are identical for each wheel. Only the data sets change, easing the 
programming and validation task. The layout of Figure 6.2 also allows blocks to be removed or 
replaced, depending on the desired complexity of the model. Blocks could be added - for 
example, to complement Block D, the horizontal forces produced by the tire, could be added a 
block to represent the torsional forces produced by the tire (Section 3.5). Using this structural 
layout, models could be constructed to simulate other problems, such as a road vehicle, or a 
bouncing ball. 

6.2.1 Block A. The Ground Profile 

This block receives the geographic x-y location of the tire, determines the height of the 
ground at that place, and subtracts it from the height of the tire relative to the ground datum, so 
that tire/strut compression occurs when the local height is less than zero. The height of the ground 
must be correlated with the data base used for the visual system, which could including the 
undulations in taxiways and parking areas, as well as buildings. A simpler task, but still omitted 
from most simulations of ground roll, is the representation of runway camber. 

6.2.2 Block B. Vertical Gear Forces 

This block provides the vertical force which the wheel and strut transfer from the ground to 
the aircraft, for use both in calculating the total force on the aircraft, and in calculating the tire 



lateral forces (Block D). The model contained by the block simulates the dynamic behavior of the 
tire and the strut, as deflections are imposed, based on parameters loaded into the model. The 
trade off between the complexity of the tire/strut model and the accuracy required, in terms of 
accuracy and bandwidth, is discussed in Section 3.3 and Appendix 1. Block B also contains the 
transforms between aircraft body axes, strut axes, and earth axes. 

6.2.3. Block C. Wheel Location and Translation 

Information from Block 2, which solves the kinematic equations of the aircraft, is used in 
Block C to calculate the position and velocity in earth axes of the point of contact of the wheel. 
Account is taken of the orientation, rates of rotation, and translational velocities of the aircraft. 
The block contains the gear geometrical data which determines its location relative to the aircraft 
c.g. Vertical velocity and aircraft orientation are fed from Block C to Block B. Forward velocity 
and side velocity of the wheel are calculated in Block C, and are used in Block D to calculate tire 
slip angle and the lateral tire forces. 

6.2.4. Block D. Horizontal Tire Forces 

In this block, the braking and lateral forces generated by the tire are calculated from the 
braking and lateral friction coefficients corresponding to the wheel location, and from the vertical 
load, forward velocity, and slip angle of the tire. The forces are also dependent on two pilot 
control inputs - the degree of braking applied to the wheel, and the wheel steering angle. 
Appendix 3 describes a method of deriving the forces suitable for real-time simulation, as an 
alternative to look-up tables. 

6.2.5 Block E. Wheel/Aircraft Transformations 

Three orthogonal forces are transmitted from the ground to the point of attachment of the 
strut. The calculation of these forces can be simplified by the use of an equivalent wheel-strut 
model (see Section 3.2), to reduce the number of axes systems in the load path associated with 
most gear designs. Block E also transforms the forces into forces and moments in aircraft body 
axes, about the c.g. 

6.2.6 Block F. Local conditions at the wheel 

The forces calculated in Block D depend on several friction coefficients. They are a 
function of aircraft speed, runway surface type, surface contamination, and tire pressure. The 
relationships which relate to a type C runway are given in Appendix 2. With this model structure, 
the wheel (or equivalent wheel) forces are calcuIated independently for each wheel, and local 
conditions can be simulated. In consequence, realistic situations, such as wet patches on the 
runway, a wheel leaving the taxiway, or a deflated tire, can be accommodated. 
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6.3 Block Diagram Implementation 

To illustrate the use of the model structure described above, consider the specific case of a 
simulation restricted to the aircraft longitudinal degrees of freedom - forward speed, vertical speed, 
and pitch. Also assume that no aerodynamic forces act on the aircraft, and that a conventional 
wheel layout applies (as in Appendix 4). The relevant block diagram is seen on Figure 6.3. 

Blocks A-E are each duplicated, to calculate the behavior of the mainwheel and the 
nosewheel contributions. Without the lateral degrees of freedom, some of the blocks are 
simplified. Specifically, the Block D elements only receive aircraft ground speed, vertical load on 
the wheel, braking coefficients of friction, and the percentage of applied braking. Block D 
supplies to Block E the decelerating forces generated by the wheels. For flat ground, and for 
uniform runway surface conditions, Blocks A and F are trivial. 

This standard of model could be used to compare a fully comprehensive model of the tire, 
wheel, and strut with the simpler forms of model recommended in Section 3.3. Alternatively, 
methods of representing the ground profile at each wheel could be tested, using a linearized 
tire/strut model, and then compared with more complex gear models. The use of a pilot in these 
comparisons would help to determine his sensitivity to the accuracy and bandwidth of the model. 

7. Existing Models 

Prior to writing this paper, advice was sought from a range of simulation users on the 
quality of their current models. The response was positive and supportive. In general, a need was 
expressed to improve ground roll models, for a variety of reasons. In many cases, the model in use 
has not been changed over a period of years, the background and understanding of the basic model 
has to a large extent been lost, and desirable features are lacking. The documentation available to 
some users is part hand-written, and/or incomplete. Other users, in describing their models, are 
restricted by commercial considerations, but support this review. In some cases, the model in the 
simulator is a direct transfer from a model originally intended for non-real-time use (gear design). 
Some users reported occasional inexplicable behavior of their simulation. One example was that 
of the simulated aircraft rolling over during aggressive lateral maneuvers at high taxi speed. In 
these cases, it is usual to suspect the model - for example, the calcuIation of tire side forces. 

It is instructive to compare some of the better-documented models with the earlier sections 
of this report. The following examples highlight features of existing models. 

7.1 NASA/Boeing 747 Model (References 23,24) 

These references gives a comprehensive description of all aspects of a real-time model of 
the 747. Although it is more than twenty years old, this model is the basis of the model used in 
many commercial aircraft training simulators. It illustrates the central theme of this report: the 
need to compromise between model complexity and computer speed. The model uses an 
equivalent landing gear, combining the wing mounted and body mounted main gears into 
equivalent left and right gears at a mean location, and combining the wheel assemblies of each 
bogie into a single wheel, factored by the number of wheels on the bogie. 
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A combined strut/tire model is used, and the strut forces are calculated from non-linear 
stiffness and damping curves. A flat runway is assumed, and the only runway friction coefficient 
which is a function of contamination is the braking friction coefficient. The determination of 
wheel drag forces is seen on Figure 7.1. 

To reduce the number of axis transformations, small angle approximations are used to 
calculate the body axis forces and moments due to gear compression. Wheel spin-up effects are 
neglected. (In a later Boeing model, spin-up is simulated by assuming that, on first mainwheel 
contact, full wheel braking is applied for 0.2 seconds. In this way, drag and pitching moment 
increments of roughly the right order are generated, without the need for a full representation of 
spin-up). 

7.2 Space Shuttle 

Many Space Shuttle simulation models have been developed to duplicate the Orbiter’s 
flight and ground roll characteristics (Reference 25). The primary requirements of the tire friction 
math models (Reference 26) are to determine forces (normal, longitudinal, and lateral) on the 
landing gear, as well as tire wear behavior. Use is made of Euler transforms between the Orbiter 
body axes frame, the strut tkame, the wheel fmrne, and the ground fmme (the effects of the runway 
crown, surface texture and surface wetness are included). Non-linear curves of strut stiffness and 
damping coefficients are used with strut deflection to calculate forces in the struts. The current 
updated models (References 27,28) include failed tire and vertical tire deflection dynamics, tire 
wear and hydroplaning effects, dry and wet cornering fiction characteristics, braking friction 
performance and the interaction of braking and cornering. The detailed model of tire lateral forces 
and wear, which has been validated in flight tests with a specially modified CV-990 aircraft 
(References 29,30) includes effects of tire slip angle, vertical load and lateral spring rate, together 
with vehicle ground speed and runway surface conditions. An example of the variation in Orbiter 
main gear tire side-force coefficient with yaw angle and load ratio (R) is shown in Figure 7.2. The 
load ratio is the ratio of the actual tire vertical load to the rated tire load, which is 60,900 pounds, 

7.3 McDonnell Douglas Cl 7 

The model described in Reference 3 1 is a comprehensive description of the C 17 during 
ground roll, for use in real-time simulation. In common with other real-time models, the unsprung 
weight of the wheels is ignored, but the tire deflection due to wheel load is calculated, to obtain 
the wheel axle height. Strut air loads and oil loads from look-up tables are used to calculate strut 
rates and deflections, 

Each of the five struts (four main, one nose) are modeled, but the tires on each strut (Figure 
7.3) are lumped, to act at a centroid. The model of braking friction and lateral friction is 
comprehensive, and includes the reduction in maximum friction associated with simultaneous 
braking and cornering. Wheel spin-up is represented. Tire scrub, when maneuvering at low speed, 
is modeled, and measured data is available for model validation purposes (Figure 7.4). 
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7.4 Aircraft Landing Gear Generic Model - Stirling Dynamics Ltd. 

A non-real time model of the ground roll (Reference 32) has been developed by Stirling 
Dynamics of Bristol, UK, and used in the development of the landing gear of the Airbus A320. A 
simplified version, for real-time use, has been developed for the Defence Research Agency at 
Bedford, UK. The full model represents each component of the gear in great detail, and allows 
component models to be validated against specific tests, such as drop tests and dynamometer tests. 
The correct number of gear components (legs, wheels, and tires), with accurate geometry and 
linkages (Figure 7.5). The model allows comprehensive integrated dynamic analysis of a landing 
gear system. 

The model is intended for gear design and trouble shooting. Finite element modeling is 
used for the leg structure, and represents the stiffness, loads, and behavior of joints, stays, and 
torque links. The representation of airframe structural modes may be included later. 

7.5 Flight Simulation Model - University of Brighton, UK 

For several years, the Control and Dynamics Research Unit at the University of Brighton 
has worked on modeling the transition from airborne to ground-borne flight (Reference 33)+ 
Concern is expressed regarding the approximations in current models, leading to inaccuracies and 
unrepresentative behavior. Examples of these inaccuracies are neglecting the unsprung mass, 
combining the tire/strut models, simplifying axis transformations, neglecting strut seal and bearing 
friction, and neglecting longitudinal and lateral tire deformations. The tire model is seen on Figure 
7.6. 

The system root equations are in state vector form, and the model requires an iteration rate 
of 1000 Hz.. It provides a linear solution at each iteration, as eigen values, for validation purposes. 
Reference 27 suggests that the bandwidth of “the pilot feel regime” is up to 12 Hz. 

7.6 Transall C-160 Ground Handling Model (Reference 34) 

As part of the development of the Transall C- 160 training simulator, the Institute for Flight 
Mechanics at DLR, Braunschweig, developed the mathematical model, supported by an extensive 
flight and ground test program, including a new ground handling model. Components of the 
original model were replaced by equivalent models developed at DLR, which reduced the 
complexity of the model, with insignificant loss of simulator fidelity. For example, the unsprung 
mass was assumed to be zero. The reference makes several good points: 

0 aircraft tests showed that, for nominal symmetric braking, there was 5% variation 
between the associated port and starboard drag forces, with a consequent influence 
on the pilot’s lateral steering task. 

ii) a necessary and adequate model of wheel spin-up is provided by applying a drag 
impulse for 0.2 seconds at wheel touchdown. A good match between simulator and 
aircraft was then achieved, in terms of deceleration, pitch attitude, and oleo 
compression (Figure 7.7). 



iii) a need was established to calculate tire side force as a function of wheel load, 
speed, and runway contamination. 

iv) to simulate the capability of the C-160 to use reverse thrust to taxi backwards, the 
equations of motion had to be modified. 

The report concludes that to allow full model validation, a clearly arranged structure of the 
model is essential. The main criterion in determining the complexity of the model is pilot 
awareness, and the use of equivalent models is recommended. 

7.7 CAE Ground Model 

In the past decade, CAE, Montreal, Canada, have put a major effort (over 10,000 man- 
hours) into developing a new model of aircraft ground handling for use in real-time simulation. It 
eliminates many of the simplifications of previous models, which were imposed by lack of 
computing capacity, Features of the model are: 

9 struts and tires are not combined into an equivalent single spring, but are 
represented individually. To do so requires a computer iteration rate of 900 Hz., 

ii) wheel spin-up, tire skid ratio, and locked wheel skid, are modeled, allowing full 
modeling of the ABS (with the consequential need for high computer iteration rate), 

iii) the force on each individual tire is calculated, rather than using an equivalent all 
the wheels on a bogey. In the case of the Boeing 747, 18 tires are simulated, 

iv) the simulation of runway contamination includes dry, wet, flooded, with or without 
rubber residue, dry and wet snow, slush, frozen and melting ice. The depth of 
contamination can be varied, and can be in patches, 

4 tire failure simulation includes all contributory factors - wheel lock, excessive 
taxiing, hard landing, ambient temperature, and brake temperature, 

vi) detailed modeling of runway roughness. 

CAE report favorable comments from the pilots on the additional realism that this model 
provides, including more realistic bounce due to runway roughness, and better directional control 
on the runway. 

These examples of ground models show marked differences in approach. The application 
largely dictates the complexity of the model, and the features which are incorporated. Many of the 
ideas for model improvements which have been presented earlier in this report are vindicated - for 
example, the need to give more attention to the modeling of runway surface conditions, of the 
forces generated by the tires, and of runway contours. They also highlight the question of the 
model bandwidth needed for pilot in the loop, real-time simulation. Earlier in this report, it is 
argued that phase and gain relationships need only be preserved up to 5 Hz.; higher frequencies 
can be super-imposed by dressing the model. Clearly, the Brighton and CAE models do not 
accept this technique. A better understanding of the benefits of high bandwidth in real-time 
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models is needed. The features of the high bandwidth models which result in improved subjective 
acceptance of the simulation need to be isolated, through time histories of response to various 
forms of excitation, and by trials with successive simplifications of the model. 

8. Pilot cueing 

The emphasis in this report is on the mathematical model needed to describe the ground 
roll, particularly with respect to the forces generated by wheel contact with the ground. In 
Reference 1, attention is given to conditions prior to wheel contact, and the difficulties associated 
with simulating the flare maneuver. The critical parameters for the visual display are identified as 
wide field of view (to allow accurate orientation in roll and pitch to be achieved), and high 
resolution (to assist in the judgment of height and distance). The deterioration in performance, in 
terms of sink rate on touch-down due to display latency, is quantified. Modern display systems 
can address each of these areas, and help to achieve a closer representation of the landing flare 
maneuver, particularly when linked to motion and aural cues. 

At touchdown, pilots are quickly aware of ground contact, and change their control 
strategy. Simulators must also give the appropriate cues, through the motion and noise systems. 
On some aircraft, pilots claim that changes in noise are useful during the flare. Immediately after 
touchdown, as well as any audio cues, such as wheel rumble, the pilot is likely to be aware of 
structural mode excitation, due to runway surface undulations or tar strips (which may also give a 
speed cue). He also senses the deceleration provided by braking and other means, and relates them 
to runway surface conditions and available stopping distance. 

During ground roll and taxiing, the outside world visual display requirements still call for a 
wide field of view, both downwards and in azimuth, and good resolution, so that ground traffic, 
signs, markings, indicators and personnel can be detected. The textural quality of the runway 
surface is important, since it allows the pilot to differentiate between heading change and drift, 
during ground roll. The visual system must reflect the weather conditions and the appearance of 
the runway in precipitation, including patchiness, and must be consistent with the degree of 
contamination selected in the mathematical model. 

Similarly, the data base of the visual system should include the contours of the airfield and 
taxiways, runway slope and camber. As stated earlier, many current flight simulators only 
represent flat ground. Slopes on runways and taxiways add to the pilot’s workload when 
maneuvering on the ground, and contribute to the engine handling and braking techniques required 
for safe operation. Modern simulators can be given the capability to represent stressful situations, 
such as high weight operation during an aborted take-off, or following brake failure on landing, on 
a flooded runway with maximum crosswind, and an unhelpful slope. 

Pilot workload during take-off and landing roll is high, the energy state of the aircraft is 
changing rapidly, and the level of noise and vibration is higher than in other flight phases. 
Successfil simulation therefore calls for a high degree of realism, to ensure that pilots behave in 
the same manner as they do in flight. The requirement for realism is discussed in Section 2.4. The 
cues needed for realism are spread over a large range of frequencies, using a combination of the 
audio, motion, vibration, feel, and visual systems. Noise and vibrations contribute to 
‘atmospheric’ cueing, and help the pilot to recognize the aircraft. Aircraft differ greatly with 
respect to ride quality on the ground. It is obvious that small aircraft give the pilot a bumpier ride 
over undulating ground than large aircraft. A second factor is the tire/suspension system design - 



high tire pressures result in a harsher ride for the pilot. There will also be a difference in ride if the 
pilot is near a structural node, or close to the nose-wheel attachment point. 

Visual and motion cues also help the pilot to recognize the type of aircraft he is flying - its 
physical size, and where he is, relative to the c.g., the wig-tips and the ground. Some of the 
physical sensations are entirely due to his location in the airframe. The pilots of most modern jet 
aircraft are high above, and well forward of, the c.g.. In older fighters - piston-engine tail-sitters - 
the pilot is aft of the c.g. (with severely restricted forward view of the ground). There are 
considerable differences between flying such aircraft and their successors, based solely on pilot 
location. Spitfire pilots speak of ‘folltiwing the engine around’, or ‘being strapped to the tail’; jet 
fighter pilots in comparison ‘have a machine strapped on their back’. There is even a difference in 
feel between flying tandem two-seat trainers from the front or the back seat. 

It is vital, therefore, that in simulating an aircraft in ground roll, the reference point for the 
inputs to the visual and motion systems (accelerations, rates, and displacements) is the pilot’s eye 
point, and not at the c.g.. A common criticism by pilots of ground handling in simulators is that 
the steering is not as precise as the aircraft. If the mathematical model is not at fauIt, then the 
visual or motion cueing should be examined. If the pilot is located ahead of the c.g., in response to 
a steering command, significantly higher lateral acceleration and lateral displacement occur at the 
cockpit than at the c.g. (see Appendix 4, Section A 4.3). These feedbacks provide the pilot with 
lead information, and assist the closed loop control task. 

The simulation of handling qualities and ride qualities on the ground have been largely 
neglected by researchers. Effort in both areas would be of benefit to most users of flight 
simulators. One such study could be an investigation of the influence of pilot location on steering 
on the ground, both at high speed on the runway, and at low speed, in tight maneuvers. The 
contribution of motion cues, including suitable drive laws, could be part of the study. 

9. Conclusions 

9.1 Prior to this report, discussions with users of flight simulation showed that many existing 
simulators are criticized by pilots for the way they represent the aircraft on the ground. The 
ground roll models are, in some cases, out-dated, and badly documented. It is timely, therefore, to 
review the requirements for the simulation of this phase of flight, and to examine methods of 
impIementation. 

9.2 Hardware and software improvements in the last decade can be used to enhance the 
capabiIity of flight simulators in ground roll. Increased computer capacity can be used to improve 
the modering of ground contact conditions, and the forces generated between the wheels and the 
runway surface. The effects of ground undulations, slopes, and runway camber can be 
represented, and coordinated with visual cues from the image generator, 

9.3 The report highlights the differences in requirements for non-real-time simulation, intended 
for component design purposes, and real-time pilot-in-the-loop simulation, for pilot training and 
handling qualities research. One difference is the lower model bandwidth which can be used in 
the latter case. Although the pilot is receptive over a large bandwidth (including audio 
frequencies), his ability and opportunity for closed loop control is not higher than 2 or 3 Hz. 
Above this frequency, it should be possible to use model modifications, such as equivalent 
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models, and dressing the model, which do not detract from the realism of the simulation, but 
which ease the computing task. The choice of bandwidth is still an open issue. 

9.4 Depending on the application of the simulation, trade-offs can be made between the 
complexity of the model, and accuracy. It is suggested that little is lost by combining components 
into a single model, such as representing a multi-wheel bogie as a single point of contact, or by 
combining the dynamic response of the strut and tire. It is also economical to reduce the number 
of real-time axis transformations, by prior reduction of the complex load paths. 

9.5 A good representation of wheel braking forces and wheel side forces, in the frequency band 
of the pilot’s control inputs, is essential. The need for high bandwidth may be reduced by 
avoiding a fill simulation of wheel spin-up, and if ADS is assumed, The Appendices contain 
methods of representing braking and side force friction coefficients by analytical functions, valid 
over a large range of operating conditions. 

9.6 A key element in simulating the ground roll is the structure of the model. The model 
layout should allow the interaction between model components (the airf?ame, the struts, the tires 
and the ground) to be readily understood. It must be possible to replace components by simpler or 
more complex models, to permit static and dynamic testing, and validation. Respect must be 
given to the oft-heard cry for standardization, in the choice of notation and methods. Differences 
in this regard are common between existing ground roll models, but users seem to be open to 
change. 

9.7 To meet past pilot criticisms, more attention must be given to the provision of the essential 
cues used in this phase of flight. It is important that visual and motion cues are referenced to the 
pilot’s position, and not the c.g., to allow: 

0 unambiguous detection by the pilot of aircraft heading and track (to determine 
wheel slip), by good visual cueing, and 

ii) motion cueing of accelerations at the cockpit (pilots are very aware of location 
relative to the c.g.). 

It is also important to provide atmospheric cueing - the noises and vibrations, often intense, 
which characterize different phases of operations on the ground. 

9.8 Topics for research which emerge from this report are as follows: 

9 build a new generic model of the ground roll phase of flight, of general availability, 
based on either the structure described in this report, or an existing structure 
incorporating the features recommended in this report. Requirements for the model 
include good documentation, and a level of standardization to allow an exchange of 
components between users. 

ii) develop testing and validation methods for the model (and other models) based 
both on analysis (static balance calculations and time histories of dynamic 
response, with and without aerodynamic terms), and on measurements from 
aircraft. A progressive build-up in degrees of freedom is recommended. 
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10, 

I. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

iii) investigate new methods of component modeling. Models could include additional 
types of runway and taxiing surface, different levels of strut complexity, and a 
model of undulating ground to provide in real-time the height at all ground contact 
points for a moving aircraft. 

iv) practical experiments to isolate the motion and visual cues which contribute to a) 
pilot control tasks in ground-borne operation, and b) the realism of the simulator. 
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Units 

Tire footprint area fP 
aircraft inertia in pitch kg m* 
aircraft inertia in yaw kg rn’ 
Rated tire load lbs 
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Fx 

FY 

FZ 

N 
V 
X km 
Y %m 
Z n.m 

ii 
d 
4, 
4 

P; 
h 
i 

j 
kb 
kn 
k, 
k 
k 
m 
ms 
m, 
P 
ps 
Pr 
r 
S 

V 

vnl 
v?l 
V”’ 
W 

Retarding force on tire due to braking, in plane of 
wheel rotation 
Cornering force on a yawed tire, perpendicular to plane 
of wheel rotation 
Vertical load on tire 
Tire cornering power 
aircraft forward speed 
nosewheel, mainwheel longitudinal load 
nosewheel, mainwheel lateral load (body axes) 
nosewheel, mainwheel vertical load 
distance of c.g. to nosewheel 
distance of c.g. to mainwheel 
Undeflected tire diameter 
linearized damping coefficient, mainwheel strut 
linearized damping coefficient, nosewheel strut 
strut/tire sprung mass damping coefficient 
strut/tire un-sprung mass damping coefficient 
subsidiary function to calculate pM 
subsidiary function to calculate hIy. 
subsidiary function to calculate plva 
proportion of braking applied 
linearized stiffness coefficient, mainwheel strut 
linearized stiffness coefficient, nosewheel strut 
strut/tire sprung mass stiffness coefficient 
strut/tire un-sprung mass stiffhess coefficient 
mass of aircraft 
sprung mass of aircraft 
unsprung mass of aircraft 
tire pressure 
tire footprint pressure 
rated tire pressure 
aircraft yaw rate (body axes) 
braking slip ratio 
lateral velocity at c. g. (body axes) 
lateral velocity at mainwheel (body axes) 
lateral velocity at nosewheel (body axes) 
lateral velocity at nosewheel (nosewheel axes) 
undeflected tire width 
subsidiary function to calculate cornering power 
vertical displacement of c.g. 
vertical displacement of mainwheel axle 
vertical displacement of nosewheel axle 
nosewheel steering angle 
slip angle at c.g. = v/V 
slip angle at nosewheel 
slip angle at mainwheel 
lateral friction coefficient of nosewheel 
lateral friction coefficient of mainwheel 

N 

N 

N 
Nlrad 
knots 

N 
N 
N 
m 
m 
ins 

kN/m/s 
kN/mls 
kN/m/s 
kN/m/s 

kN/m 
kN/m 
kN/m 
kN/m 
kg 
kg 
kg 
psi 
psi 
psi 
radls 

m/S 

m/s 

m/S 

m/S 

ins 

m 
m 
m 
rad 
rad 
rad 
rad 
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d~L,,r’Q initial slope of ~1~” v h, curve 
d~xddL initial slope of plm v A, curve 

vertical dkflection of the tire 
subsidiary fbnction to calculate cornering force 
tire yaw angle, between plane of wheel rotation and direction 
of motion 
coefficient of friction 

ins 

rad 

maximum braking coefficient of friction 
braking effectiveness coefficient (dependent on automatic 
braking) 
fiction coefficient of locked wheel (fuIly developed skid) 
lateral friction coefficient 
maximum attainable lateral friction coefficient in braked yawed 
rolling 
maximum attainable lateral friction coefficient in unbraked 
yawed rolling 
lateral friction coefficient for small angles of yaw 
lateral friction coefficient for large yaw angles 
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Figure 7.1 
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Model elements for flight simulation 
Boeing 747 main gear (port) 
Rake and splay 
Rolling tire with braking and slip 
Lateral force and aligning torque v slip angle 
Variation in tire friction coefficient with slip ratio 
Tire side-force friction coefficient variation with yaw angle, speed, and 
rated load 
Main gear two-stage strut - schematic diagram 
Tire side-force variation with yaw angle, speed, and rated load 
Model structure of reference I 
Structural model for ground roll simulation 
Structural model - longitudinal, without aerodynamic terms 
Wheel drag forces - Boeing /Nasa model 
Variation of Orbiter main gear tire side-force friction coefficient with 
yaw angle and load ratio (from ref. 26) 
C- 17 main gear layout (starboard) 
C- I7 turn radii at very low speed 
Typical main landing gear (reference 32) 
Tire model (reference 33) 
Influence of wheel spin-up (a) no impulse, (b) with impulse 
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Figure 2.1 Model elements for flight simulation Y 



28 

Figure 3.1 Boeing 747 main gear (port) 

Figure 3.2 Rake and splay 
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Figure 3.3 Rolling tire with braking and slip 
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taleral Force vs. Slip Angle 
25.0x9.0-13 Formula 1 Front Tire 
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Figure 3.4 LateraI force and aligning torque v slip angle 
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Figure 5.1 Main gear two-stage strut - schematic diagram 
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Figure 6.3 Structural model - longitudinal, without aerodynamic terms 
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Figure 7.3 C-17 main gear layout (starboard) 
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Appendix Al 

A Linearized Model of Ground Vertical Forces. 

~4.1.1 Strut Dynamics 

A simple schematic of one landing gear element is seen on figure AI. 1. The 
moving parts, the ‘unsprung’ mass, comprise the tire, wheel, axle, and piston assembly of 
the oleo. The pneumatic tire may be considered for the purpose of this model as a stiff 
spring with low damping. The non-moving parts, the ‘sprung mass’, comprise the body 
of the oleo, the strut leg, retraction mechanism, and the rest of the aircraft. The oleo and 
the tire are subjected to similar loads; the oteo has lower stiffness and higher damping 
than the tire, to allow the energy levels associated with touch-down to be absorbed in a 
progressive manner, without undue accelerations on the airframe. 

Figure A.l.l 

Typical values (fighter main leg) 

Sprung Mass Unsprung Mass 

Mass (kg) 5,000 150 

Damping (kN/m/s) 50 2 

Stiffness &N/m) 250 2500 

Figure A. 1.2 

Figure Al.2 shows a mathematical representation of the leg as a double spring. 
The sprung mass is nt, and the unsprung mass is no. Damping and stiffness coefficients 
are d., d,, k, k. and displacements relative to a fixed ground datum are xs and x,, 
respectively. A general treatment of spring/mass systems is given in reference 6. 

Kinematic equations of the double spring 
. . 

rrlx* = +m& + d, (i. - x,) + k, (x. - x3 
. . . . 

l-&&l = +m,g + d, (xl - x,) + k, (x, - XJ - d, xu - k, (x, - ~0) 

Steady state, on ground, 

m,g = -b,(x,-Xd 



Hence, sprung compression WW, (x, - hJ = - m& 

unsprung compression (tire), x, = - (m, + m&k 

For the typical aircraft values given above, 

strut compression = 20 cm. tire compression = 2 cm 

Dvnamic resuonse The state vector matrix is derived from 

&s+&+bs -d&-k&=0 

- 4k h+ m,i + C&+4k + %+kh = 0 

x, 

s2+dJm,s+k& 

- h/m, s - k$mU 

The characteristic equation is 

= 0 

A11 the coefficients are positive, and the equation can be factorizccl into two 
damped oscillatory modes, one oscillatory made and two real roots or four real roots. 

For a double spring representation of an aircraft kg, in which the tire stiffness k, is an 
order greater than the strut stiffness b, the follow factors are a close approximation. 

They identify two modes of oscillation. 

~s’+d,/m,s+kJmJ [~~+(ds+du)/mus+(k,+ku)/muI = 0 

The fiit mode represents the strut stiffness and damping, and the second mode 
represents the reaction of the unsprung mass against the total stiffness and damping of 
the landing gear. Both modes are well damped; their frequency separation makes them 
virtually uncoupled. 

For the values given above, 

natural frequency, (radkc) 
relative damping ratio 

sprung ma= 
7,l (1.1 hz) 

0.70 

unsprung mass 
135 (22 hz) 
1.67 (overcritical damping) 
(s + 28O)(s + 66) 



In contrast, consider the wheel and tire alone, as a single spring. Assuming a combined 
mass of 50 kg (l/3 the unsprung load), with the same stiffness and damping (since they 
are produced by the pneumatic tire), the natural frequency is approximately 50 hz, and 
the relative damping ratio is 0.12. Subjective confirmation of the low damping can be 
seen in the dynamic behavior of a single wheel, after hitting a bump when rolling down 
the road. 

The above analysis illustrates how effective a double spring arrangement is in 
absorbing energy over a wide range of frequencies. There is a wide frequency separation 
between modes. It is greater for aircrafl than for cars (typically for cars, the ratio of 
unsprung mass to sprung mass is 1: IO, unsprung natural frequency to sprung natural 
frequency is 10 : 1 ; and the sprung frequency is around 1 hz). For aircraft, the wide 
separation and high damping justifies the omission of the tire mode in the equivalent 
model of the gear, for use in reaLtime simulation. 

In constructing an equivalent model, manufacturers’ data on the strut is needed, 
together with advice on mathematical representation. Strut force v deflection is non- 
linear, becoming stiffer at high deflections, to soften the ride at normal loadings, and 
avoid travel limits at high loads. The damping is also non-linear. In particular, the 
damping coeffWent varies with direction of piston movement. The essential behavior 
associated with these non-linearities can be incorporated into a quasi-linear model 
without difficulty, and without transgressing the principles of model simplification 
described above. It is also worthwhile to adjust the static deflection of the equivaIent 
strut, to match the acti height of the aircraft c.g. 

Not all aircraft have a landing gear design of the type used earlier as a numerical 
example. Many old aircraft had large wheels with low pressure tires, and springy struts 
with less effective damping. Combined with a tail-sitter configuration and rough field 
operation, their dynamic behavior could lead to eventful landings. There has been littfe 
formal study of these interesting cases. 

For most real-time applications, the St&tire can be modeled by second order 
differential equation with steady, non-linear damping and stiffness coefficients. Each 
strut of the gear requires an individual model, the inputs of which are the displacement 
and rate of displacement of the strut, and gives the vertical force applied to the aircraft 
and to the ground. 

For example, the nosewheel force, F,,, is given by F,, = D. z. + IL z,, where D, 
and K,, are the non-linear damping and stiffness coefficients of the equivalent nose gear, 
and z, is the vertical displacement of the equivalent strut. Nosewheel displacement in a 
full model is a function of many variables, including the geometry of the aircraft, its 
orientation and position in space, and the height of the ground below the nosewheel. 
Simpler subsets can be defined by constraining the degrees of freedom of the aircraft, to 



help in model validation. Assuming small perturWions, these models can be linearized 
to allow the dynamic behaviur to be checked. 

A.1.2 Aircraft Dynamic Response -Pitch/have 

As an exampIe of this procedure, the bounce/pitch modes of an aircraf’t during 
ground roll fFigure A. 1.3) may be derived from the vertical displacement and pitch 
degrees of freedom. 

Figure A. I .3 Bounce4pitch modes 

The equations of motion, neglecting aerodynamic forces, and assuming small 
perturbations, are . 

Vertical equation 
. . 

m.z = m.g + F’, + F’, 

Pitch equation 

where tim, F’, = Fz,,, F, for F,,, F, < 0 
= 0 for F,, F, > 0 

Assumethat F,,F,< 0,and hpr = + = O,then 



m.; + (4, + d,,,).; -t (k,, + b).z + (a& + b&)6 + (a$ + b&,$3 = m.g 
. 

(a& + b&)z + (a.& + b.k) z + 6 + (3.4 + b*.d,&e + (a’.k, + b2.k&.8 = 0 

These equations not only define the two modes of vibration, they also define the 
oseil1ation centers in pitch and bounce, which indicate the likely ride comfort. They are 
equalfy applicable to ground vehicIes, for which ride comfort is a key consideration. 
(Reference 7). Spring stiffness, damping, and c.g location are all chosen with ride 
quality in mind. For aircraft on the ground, it is not so important, and the c.g. position is 
dictated by the need to rotate and de-rotate the aircraft during transition from grouud- 
borne to airborne flight. 

If a.k, = - bk,.,, , the pitch center is Iocated at the c.g., which is approximately 
true for most aircraft. Additionally, if a.4 = -b.& , which implies similar damping 
ratios in each strut, the pitch and bounce modes are uncoupled, and the characteristic 
equation may be written 

[s2 + (d,, + d&/m s + (k, + kJm].[s* + (a’.& + b*.c$,J/B s + (a’&, + b2.kJB] = 0 

for a typical fighter, 

which gives 

m = 11,000 kg. B = 50,000 kg,m2 

i == ~i0~./mf9 t== YicZN.,m/s 
& = 5OkN/m k, = 500 kN/m 

(s2 + 11.0 s + 5O)(s + 3.5 s + 17.6) = 0 for the bounce and pitch modes. 

The bounce mode has an undamped natural frequency of 7.1 rad/sec., and a 
reIative damping ratio of 0.70. 

The pitch mode has an undamped natural frequency of 4.2 rad/see., and a relative 
damping ratio of 0.41. This mode appears to the pilot as the nodding of the nose in 
response to brake application, and as attitude changes from other sources of pitch 
excitation during ground roll. 

In this appendix, it has only been possible to present the simplest form of analysis 
to support the validation of the complete model of the aircraft on the ground. In practice, 
a library of cases needs to be avaiIable, introducing more degrees of freedom, and non- 
Iinearities. 



Appendix 2 

A Model of TireAtuawsy F&ti~n 

A.21 Introduction. 

The diction generated by contact between an aircraft tire and a runway surface 
varies with contact conditions, including contamination, tire pressure, speed, and wheel 
braking. In this Appendix, published data of lateral fiction coefficients is identified, and 
analytical functions are defined, of sufficient accuracy and simplicity to use in the real- 
time simulation of an aircraft during the ground-r011 phase of flight. The functions 
provide an alternative method to the look-up tables often used in current simulators. 

G2.2 Discussion 

The deceferation of an aircraft when braking depends on many factors. They 
include tie type of runway surface and its irregularities, comamination of the surface by 
water, ice, or snow, the type of tire and its inflation pressure, the speed of the aircraft, the 
loading on the wheels, and the efficiency of the brakes. 

Tests over the last forty years provide information to quantify the effects of these 
parameters. They cover different types of runway surfaces and tires over a wide speed 
range. Most of the published data refate to dry or wet surface conditions; data relating to 
other levels of contamination are less complete, and exhibit more scatter. The models to 
be described are derived from these data., converted to a form which facilitates 
implementation on a digital computer for use in real-time simulation of aircraft 
performance under piloted control. 

The retarding force produced by the tire on a braked wheel, FX , is the product of 
the vertical load on the tire Fz , and a coefficient of friction p , which varies with 
runway surface type, surface contamination, aircraft speed, and tire pressure. Two 
friction coefftcients influence braking performance. They are the maximum braking 
coefficient pbnux , which is available just before slipping of the rolling wheel occurs, and 
the tire skid coefficient, pdti , the friction coefficient of the locked wheel (fully 
developed skid). In a fully developed skid, the available retarding force is greatly 
reduced, and brakes should be operated to avoid this condition. Manual operation in 
critical conditions requires skill; consequently, most aircraft are fitted with an ABS 
(automatic braking system), to prevent skidding. An ABS reduces the maximum 
available deceleration by about 10% on dry and wet runways, and by about 20% on 
flooded, icy, and snow-covered runways. A third braking coefficient, the braking 
effectiveness coefficient, ~~8 , is used to take account of AEIS efficiency. These braking 
coefficients are used to calcuIate the forces tangentially on the tyre, in the plane of 
wheel rotation. 
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Side-force is generated when the plane of a rolling wheel is yawed relative to its 
direction of motion by an angle y. To calculate the side-force, two additional friction 
coeficients are needed - the maximum lateral friction coefficient, pvl,, and the 
limiting lateral friction coef&ient, /+, . p,- is the maximum attainable lateral 
friction coefficient in unbraked yawed rolling, and flvlb is the maximum attainable 
lateral friction coeficient during braked yawed rolbng. The model must include the 
effect of braking, because it can reduce considerably the maximum side-force generated 
by a yawed wheel. 

The data presented relate to a Type C runway surface (wire-brushed concrete). 
Similar algorithms could be constructed for other surfaces, using the reference material. 
UK ESDU Data Sheets are used for the cases of a dry surface and a wet surface, since 
they present a cohesive picture. Data on other types of surface contamination are less 
complete, and extrapolation has to be applied to specific test results. Many of these tests 
were made in the US, as part of the research activities at NASA Langley. 

A.2.3 Identities for Dry and Wet Runways 

The identities are based on the tables and graphs in UK ESDU Sheets, References 
8 and 9. These references use many sources. Reference 8 gives the relationships of 
pLbmnx v speed and tire pressure, pti / gb- Y speed, and p,v pbrrz for an adaptive 
braking system. Reference 9 gives the relationships between pblrl and pylllrr for dry 
and wet runways, and between pyalr and J+,~ . (this formula produces the traction 
envelope required by physical considerations - the total friction is shared between side- 
force generation and longitudinal deceleration). 

Dry Runway Surface 

‘bmax= 0.912(1 - 0.001 Ip) - 0.00079 J”‘& 

where p is the tire pressure in psi 

P 
g#ktiW? 

= -0.03 + 0.94 Fbmax 

for V < 106 knots 

for v > 106 knots 
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where lq, is the proportion of braking being applied 

Figure A.2.1 Effect of tire pressure on max braking coefficient 

Figure A.2.2 ,‘$ max’ PM , and bid -dryrunwaY 

Wet Runway Sudace 

pbmax= (0.91 - O.OOlpj(l - 0.0052V~) 

= 0.265(0.91 - o.oorp) 

wherep = tire pressure in psi. 

cr eflecdve 
= - 0.03 + 0.94 jlbmax 

for v < 140 knots 

for V > 140 knots 

where p = tire pressure in psi, 

where kb is the proportion of braking being applied. 

Figure A.2.3 pbrnax, peg , and pSud - wet mway 
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A.2.4 Identities for Flooded, Icy, and Snow-covered Runways 

Refxences 10 to 15 have been used to construct the identities given below. The 
primary data source of the documents is the full scale testing carried out over many years 
at NASA Langley Much of the testing has been directed to measure aircraft deceleration, 
from which par may be derived The nature of the testing is prone to scatter (for 
example, runway contamination can vary along the runway as a test is underway), and 
inconsistencies are seen between reference material. Consequently, interpretation and 
extrapolation has been necessary in this report. A level of ABS efficiency, based on 
ESDU recommendations, has been assumed to deduce expressions for pLrll from the 
pLs data. Also, the chosen identities ensure that plw is at all times less than p, (a 
physical necessity). 

The magnitudes of alI the friction coefficients relating to severe contamination 
are much Iower than those relating to dry or wet runways, so that scatter in the data has 
less significance. When the runway is severely contaminated, the influences of the type 
of runway surface and tire pressure are small, and can be neglected for this type of 
model. 

Flooded Runway Surface 

pbmax = 0.2125 - 0.0021Ykrs 

= 0.0425 

2 

for V < 80 knots 

for V > 80 knots 

for V < 50 knots 

for V > 50 knots 

where kb is the proportion of braking being applied. 



Icy Runway Surface 

for v < 100 knots 

for v > 100 knots 

for v < 50 knots 

for v > so blots 

where k~, is the proportion of braking being applied. 

Snow Covered Runway Surface 

ILbmrr 
= 0.185 

(+ 0.001 I$*, independent of brakes, to represent 6 ins of snow) 
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‘skid = /tb &0.8 - 0.004 

= 0.6P~mar 

where kb is the proportion of braking being applied. 

Figure A.2.6 j~~*~x, pfl , and fiskid - snow-covered runway 

A.23 Conclusion 

Mathematical expressions have been derived from published sources to define the 
coefficients of friction between the runway surface and an aircraft wheel. They are 
intended for use in flight simulation, as an alternative to look-up tables. It must be 
remembered that for the severe surface-contamination cases, measured friction 
coefficients are scarce, and gross extrapolation of data has been necessary. No account 
has been taken of the scatter associated with the measurements, but the magnitude of 
friction coefficients for flooded, icy, and snow packed runways is small, and so scatter is 
not of great significance. 

The expressions apply to a Type C runway (brushed concrete). Similar 
expressions are needed to represent other surfaces, and could be easily derived from the 
referenced material, A definition of friction coefficients for all operating conditions is 
needed not only for braking perfomance prediction, but also to assess directional stability 
and control on the ground. 
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Figure A.1.2 Strut/wheel Equivalent Model 

Figure A.1.3 Bounce/pitch modes 
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Appendix 3 

A Model of Laterat Tire Forces 

A.3.1. Iutroductiaa 

The model is designed for use in dynamic analysis and real-time simdation. It 
represents the contact conditions between tire and ground, as speed, yaw angle of the tire, 
and load on the tire vary. It takes account of variation in ground surface conditions 
(contamination), and is valid over a large range of speeds and tire yaw angles. An 
adaptive braking system (ABS) is assumed (to avoid the complications of modeiing 
wheel slip when braking). Tire pressure may also be varied. 

The model uses mathematical expressions for on-line computation, and is an 
alternative to earlier methods, which require the storage of large amounts of data in look- 
up tables containing discrete values, which are then retrieved and interpotated. 

A.32 Rated load and Cornering Power 

Associated with the tire is the recommended maximum, or rated pressure, pr 
(psi), and the 
rated tire load, FR (ibs). FR may be calculated from the rated pressure, diameter, and 
width, as follows 

FR = 0.57p, W-J= (Reference 17) 

Except for transients, the vertical force on the tire due to the ground, F,, is less 
than FR. 

The CornerinP Power of the tire, N, is defined as 

for small values of ry , the tire yaw angle. 

A.3.3 Cornering Power as a function of tire pressure and vertical farce on the tire. 

(all formulae from Reference 17, and valid at or near the tire operating conditions} 

Tire footprint area Ag = 23 6&d (static} (g for gross) 
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Vertical force from the ground, F, = pg As (no carcass stifiess) (pg = footprint 
pressLlw) 

P# E* p, tire inflation pressure 

F, = 23 &p&k? 

At the rated conditions of the tire, Fz = 057~~4% 

AA4 Cornering Power N, gls a function of vertical load, tire dimensions, and tire 
pressure 

For most purposes (i.e. Ioads and tire pressures below the ratings of the tire), 

N=313wZ(p+0.44p,)(1-3.17x)x 

At the rated pressure, 

N = 45*ldp,(l- 3.17x)x 

For loads well below the rated load, 

N = 45.1w2p,x = 

This relationship may be used to calculate 

per radian) 

- a parameter required for quasi-linear analysis of ground roll stability, and which is used 
to calculate the lateral friction coefficient at large yaw angles. 

At the rated load of the tire, x = 0.20, approximately, and 



A.33 Cornering Force, as a function of cornering power, vertical load, and tire 
yaw angte. 

The cornering force, Fy , is the lateral force perpendicular to the plane of the 
wheel, generated by a rolling wheel yawed by an angle y relative to the direction of 
motion. 

Fy = FtpQ, where p 
Q 

is the lateral friction coeffkient, and is a function of w. 

The cornering force is affected by many factors. To avoid an over-complex 
model, the effects of a non-vertical wheel, of self-aligning torque, and of pneumatic 
castor, are neglected in the following cornering force model. In general, these effects 
have littIe influence on the perfomzmce and dynamic stability of modern aircraft during 
ground roll, although their omission means that a high bandwidth problem such as nose- 
wheel shimmy cannot be represented by this model. 

F 
From reference 15, Y 

PQmaxFz 
for 141~15 

where p NQ 
Qmax 

is a constant, defined below, and # = 
‘Q z max 

(the modulus in the condition on # is needed to aHow w to be +ve or -ve) 

This empirical relationship is valid for vertical deflections of the tire up to its 
rated value, and for angle of yaw sufficient to generate its maximum cornering force. 
(say, less than 20 degrees). 

The reIationship between p 
w max 

wheei, p bmax ’ is given in reference 7. 

lcQ max = pb max 

and 

and the maximum braking coefficient of the 

Approximately, 

for dry runways, 

= O.w&ax 
12 _ 

f0~14PbmaxJ for wet runways. 
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In the absence of other data, the expression for wet runways is an intuitive choice 
for the relationship between ph.= and Pa,,, for flooded, icy, and snow covered 
runways. Measured values of cr,,,, in these conditions are very low, and show large 
scatter, so that the consequences of this extrapolation are not serious. 

AA6 Lateral Friction Coeficient as a function of cornering power, vertical bad, 
maximum lateral friction cucfkient, and tire yaw angle 

= +lax 
The lateral friction coefficient v tire yaw angle for a typical transport aircraft tire 

is seen on figure A-3.1 

A.3.7 Effect of Braking. 

The braking performance of an aircraft equipped with ABS is calculated by 
introducing the concept of a braking coeficient which allows for the efficiency of the 
AEIS, the effective braking coefficient, pd. As brakes are applied to a wheel, the 
maximum lateral friction coeficient of the wheel is reduced. The eflect is included in the 
model by replacing /.rhu in the above analysis by CL,, , the limiting fiction coefficient 
during braked yawed rolling (see reference 8). Expressions for kVb as a function of 
P vm*r * &, , and proportion of braking are given in Appendix 2. 

A.3.8 Lateral Friction Coeffkient at small yaw angles (sya) 

is given by P syQ = pyf lim + -0.148@3j for l$l < 1.5 

= pqarI for f#l > 1.5 



Both of the above expressions, for Cornering Force and Lateral Friction 
Coeffkient, are valid for small to moderate angles of yaw (say, less than 200). At large 
angles of yaw, they give a constant value of prmra . It is necessary to modify pVmax at 
Iarge yaw angles. The following analysis is based on the empirical method described in 
reference 9. The method can be modified to include the effect of braking, by replacing 
PwasxbY cc*bu’ 

The tire yaw angle beyond which the lateral friction coefficient decreases, 

is required. A good approximation is given by 

l’lj4im 

It is the value of ly at the intersection of the pV v ly curve with a line from the 
origin at half the initial slope of the curve (see figure A.3.2). 

Figure A.3.2 Approximation for p,,,b v w 

b - p&id = f(h).( pyrmax - b,ldd) (Reference 8) 

Figure A.3.3 (from Reference 9) shows the relationship which defines f(h) 

Figure A.3.3 Relationship to define qh) 

Next define 
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Converting from degrees to radians, and allowing for positive and negative values 
of y , witi the following conditions, to allow values of w up to 1800. (a condition on the 
sign of Fy will also be needed, for yaw angles greater than 900) 

I=0 for 

. Ivl-R 
’ = l.S7-I# 

for 

ia+* for 
1.57 - h 

i=O for 3.14 - h 5 Iyj 

O<lryf<h 

h++L57 

157<14<3.14-h 

Figure A.3.4 Subsidiary function i v \y 

Define j , an approximation for 

j is used to define the lateraf friction coefficient at Iarge yaw angles (Iyaf, 

j = 1 - 1.93 i for i < 0.3 

= 0.58 - 0.575 i for i >0,3 

Figure A.3.5 Subsidiary function j v i 

A.3.9 Lateral Friction Coeffhient at large yaw angles 

% = P,, +m,,h - P,) for ~ytllrl’~skid 

= fly/b for +lim < bkid 



FinalIy, the lateral friction coefficient, p,, is given by 

The lateral force on the tire, Fy, is then calculated from the simple relationship 

Fr = F, k for y > 0 

The expressions above allow F, and pul to be calculated for all realistic values of 
tire dimensions, tire pressure, aircraft speed, wheel load, and level of braking, and for 
different Ieveis of runway surfke contamination. Figure A.3.6 shows the effect of speed, 
surface condition, and wheel braking on p+, v w for a EkKing 747-200 main wheel tire, 

Figure A.3.6 Lateral friction coefkient v tire yaw angle 

A.3.10 Conclusion 

The mechanism by which forces are generated on a tire is a complex one. This 
report has identified the major factors which influence the side-forces on an aircraft tire, 
in contact with a runway. From the pubIished data, mathematical expressions have been 
derived which can be implemented on a computer, to allow the side-force to be 
computed continuously, as a function of these factors. They include the type of runway, 
the contamination on the runway, the type and size of tire, its inff ation pressure, the 
speed of the aircraft, and the load on the wheel. 
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Speed: 100 kts 
Runway: Type C 
Surface: dry 
Wheel load, F, : 140K.N 
Tyre: 49 x 17 in. 
Tyre pressure: 145 psi 

Figure A.3.1 Lateral friction coeiTicient 

!Y 2 3 

v tire yaw angle 

Figure A.32 Approximation for pvlr, v r 
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hid 

Ix- p8kid 

0.4 

Figure A.3.3 Retationship to define f&i 
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Figure A.3.4 Subsidiary function i v V 
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Figure A.3.5 Subsidiary function j v i 
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0.759 0.688 0.725 0.688 
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e f 
Wet Wet 

100 loo 
Off Oil 
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0.255 0.131 
0.148 0.148 
0.315 0.315 

Tyre size: 49 x 17 
Tyre pressure: 145 psi. 
Wheel load: 140 KN 

Figure A.3.6 Lateral friction coefiicient v tire yaw angle 
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Appendix 4 

A Linewized Model of Ground Lateral Forces. 

A.41 Introduction 

The stability, dynamic response, and trajectory of an aircraft rolling on the ground 
at low speed is determined by the lateral forces generated by contact between the tires 
and the ground. Section 5 describes the complex relationships which govern these 
forces. They are functions of many variables. Figure A.3.1 is typical of the variation of 
lateral friction coefficient p, with tire slip angle h. In normal operating conditions, the 
angular excursions are small, and the friction coeffkient varies linearly with slip angle. 
In dry conditions, the tires can generate high lateral forces, and the possibility exists of 
the aircraft overturning in roII during ground maneuvers, particularly if the speed is high, 
the wheel track is narrow, and aerodynamic forces are being generated. It is normally 
sufficient to use a static balance calculation to caIcuIate the maximum permissibIe wheel 
steering angle 

For the foIlowing analysis, it is convenient to neglect aerodynamic forces (at low 
speed they are insignificant), and to assume constant speed, and small perturbations. 
Although the case with three degrees of freedom (sideways displacement, yaw, and roll) 
is tractable, gear designs for most aircraft ensure that roll angles on the ground are small, 
so that a two degree of freedom analysis is adequate. It provides an insight into how the 
stabihty and control of the aircraft during ground roll varies with speed, gear layout 
and ground contact conditions. The modal parameters associated with the dynamic 
response, and the steady state relationships due to control, can he used to vahdate the 
modef, and to predict handhng qualities on the ground. 

Consider the case of an aircraft with a tricycle gear, with two fixed mainwheels, 
and a third wheel which can either be steered, or can castor. For the purpose of this 
analysis, a castoring wheel cannot generate side forces. The two degree of freedom case 
may be considered as a bicycle layout, in which the loads on the port and starboard main 
wheels are combined into single main wheel loads. The configuration is seen on figure 
A.4.1 (note that by choosing the values of a and b, either a nosewheel or tailwheel 
configuration can be represented). 

The lateral friction derivative, dpA/d;l, is the local slope of the p;1 v a curve at 
a given value of tire slip angle I+ 

For small perturbations, & = dh ldi. 5 
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If the load on the wheel is F, , the cornering power of the tire; N = F,.(dp&ik), and the 
lateral force, or cornering force, generated by the tire is 

Figure A.4.1 Lateral forces due to ground contact 

Static balance of verticaI loads gives 

&l= - mg. b/(a - b) L = mg. a /(a - b) 

Define 
k,, = Z,, .(db /dk,J = - Ma - WI a mg ~&J&) 

and km = z, 4&m&~) = [&(a - b)].mg (dwd&J 

The lateral forces on the wheels, Y, and Y,,, , are given by 

Y, =- W,J&)2,& = -kkx 

ym = - G-&,rd&,&, &,a = -k&m 

A.4.2 Dynamic Stability 

Lateral velocities at nosewheel and mainwheels. 

Y,I = v + a.r vm = v + b.r 

V, = v,‘cosS - Vsin6 

V, = v,‘sinS + Vcos6 

L = v,lV = (v + b.c)/V 

&I = VJV = ((v + a.r)cas S - Vsia 6}/((v + a&sin S + Vcos 63 

for small 8, and v,, << V 

& = (v + a.r - V.S)/V 
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Hence 

Y, = -&(v+a.r)/V + b6 

Y, = -k&v+b.r)/V 

Sideforce Equation 
. 

IbLV = - m.V.r + Y, + Y, 

Yaw Equation 

Cd; = Y,a + Y,.b 

m.v = - m.V,r - k(v + r,r)/V - k&v + b&/V + Lb 

c.; = - l&(v + a&A N - k,Jv + b.r).b /v + k,,+a.S 

; -I- [(k, + kJ/m.V] .v + IV + &a + k,,,.b)/m.Vj.r = k&m 

; + [&,,.a + ~.b)/cvl.v + [@,,.a* + ~.bz)KV].r = a.k,&C 

The characteristic equation is 

s* -t [(k, + kJ/m.V + (a*k, + b*b)/C.V$s 

+ [(a - b)2.k,,Jt,,Jm.C.V2 - (a&, + b.k,,,)/C 1 = 0 

It is a quadratic which yields the modal parameters (either two real roots, or real and 
imaginary parts) which describe the stability of the aircraft in the ground roll. The 
effects of speed, gear geometry, weight distribution, wheel size, and tire type may all be 
studied. The s coefficient is always positive, but the associated damping decreases with 
speed. The signs of a and b depend on configuration (e.g. nosewheel or tailwheel), but 
are opposite (the c-g. must always lie between the front and rear wheels). Most 
configurations have two stable real roots when the wheels do not castor, but in some 
circumstances, such as braking at high speed, with a nosewheel tyre chosen for good 
steering (high d~,&iA), either an oscillatory mode or an instability can occur. 
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A.4.3 Similar Tires 

When the tires are operating at their rated pressures, and beIow their rated loads, 
the value of the lateral fiction partial derivative dpx/dh (to be written forthwith as ~JJ 
for convenience) is the same for all wheeIs, for most aircraft. Under static loading 
conditions, and with no aerodynamic forces, 

and the characteristic equation can be re-formulated as 

s2 + p&l - a.b.mfC).gIV - ~2.a.b.m.g2/C.V2 = 0 

which has factors (s + p&V) and (s - p,+.b.m.gKV) 

Both roots are positive for all configurations and speeds (either a or b is negative). The 
first root depends on speed and tire behavior, but is independent of aircraft size and 
configuration. The second root depends on speed, tire behavior, and configuration, but is 
not strongly influenced by aircraft size. The roots define times to double amplitude in 
response to a step disturbance. 

large transport aircraft 
small fighter aircraft 
saloon car 

m (kg. 10” ) C (kg.m2.10” ) a (m) -b @I 
300 70,000 24 3 

11 50 3 0.4 
1.3 1.8 I 1.6 

The stability of these vehicles, with non-castoring wheels, and assuming pi = 7.0 in each 
case, is plotted on Figure A.4.2. As might be expected, the aircraft take much longer 
than the car to reach a steady state afkr a disturbance, due both to size and the 
disposition of the c-g. relative to the wheels. 

Figure A.4.2 Ground roll stability v speed - fixed nosewheel 

Transfer functions 

Side velocity to steer angle 
bgp ;u abmg 

V --(s+Fpu+ (a - @ 
abwv pd 
(a - b)C -= 



Yaw rate to steer angle 
abmg 

(a-b)CP’” 
abmg (s+- cy Pd 

The denominator is the yaw rate root plotted above. At speeds above 50 knots, 
the time to reach a steady rate of yaw is long (tla > 1 .O seconds), compared to motor 
vehicles. Aircraft are not required to maneuver at these speeds. 

Initial lateral acceleration at the nose-wheel due to step S 

b uy = ----gp, +a.; wnd 
(a 4 

b a’rn -- = (a~b)g.Pu(l+c) 

For most aircraft, m.a’ > C. Hence, the initial lakal acceleration at the nosewheel is at 
least double that at the c-g.. The pilot position is oflen in the region of the nosewheel, 
and the accelerations he senses are also increased relative to those at the cg., and will 
most likely inff uence his impressions of the steering task. 

Steadv state reswnse to sten S 

Steady turn rate r, /S = V/(a-b) 

Radius of turn R = (a-b)/6 

(this is the welLknown expression relating turn radius to wheel-base and steer angle) 

Tire slip angle at c.g., 

Tire slip angle at nosewheel and mainwheel, 



A.4.4 Castoring Wheel (nose-wheel or tailwheel) 

A castored wheel ideally cannot generate a cornering force. In practice, ideal 
castoring is undesirable, since a slope, or runway camber would induce a down-slope 
turn (breakout friction avoids such inconveniences). For this analysis, ideal castoring is 
assumed, so that k, = 0 , and the characteristic equation becomes 

s* + [(l/m + b*/C).b/Vj s - b.k, /C = 0 

which may be written as 

The stiffness term is independent of speed, and the damping term reduces with speed. 
A nosewheel configuration is stable (b is negative), and a tailwheel configuration is 
unstable (b is positive). 

The natural frequency and relative damping ratio of the characteristic equation for the 
vehicles on figure A.4.2, assuming a castoring nosewheel/fiont wheel are seen on figure 
A.4.3. Vehicle size, mass distribution, and c.g. location all influence the natural 
frequency. At 50 knots, the times to half amplitude for the large transport aircraft, the 
small fighter, and the car are respectively 10,4, and 0.8 seconds. 

Figure A.4.3 Ground roll stability v speed - castoring nosewheel 

Steering of an aircraft on the ground is influenced by the above parameters. The 
reduction in damping with speed adversely affects the steering task. However, with 
increasing speed, aerodynamic terms play an increasing part, enhancing stability and 
providing yaw control through the rudder. 



Figure A.4.1 Lateral forces due to ground contact 
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Figure A.4.2 Ground roll stability v speed - fixed nosewheel 
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Figure A.4.3 Ground roll stability v speed - castoring nosewheel 


