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An assessment is described of the ground handling problems associated with a Navy jet trainer including the
lower-order equivalent systems modeling approach that was used to determine the dominant ground handling
characteristics, that is, oversteer/understeer. It was found that just after touchdown the aircraft may slightly
understeer, but the understeer gradient decreases with speed, becoming oversteer at roughly 80 kn. From roughly
80 to 40 kn, this variation is such that it remains close to the stability boundary. Aerodynamic forces provide a
signi� cant stabilizing effect at higher speeds. Thus, in the 80–40 kn region, where the aircraft operates near the
stability boundary, controllability as measured by yaw rate command bandwidth is the primary manual control
problem, not instability per se.

Nomenclature
a = longitudinaldistance from nose gear tire to c.g.
B = � rst-order denominator coef� cient of yaw rate to

steering command transfer function
b = longitudinaldistance from main gear tire to c.g.
C = zero-order denominator coef� cient of yaw rate to

steering command transfer function
Cn¯

= aerodynamic yaw moment to sideslip angle
nondimensional stability derivative

Fx = tire longitudinal force
Fy = tire side force
Fz = tire normal load
g = gravitational constant
K = stability factor
k = pilot–vehicle system gain
l = vehicle wheel base, a C b
m = vehicle mass
Nr = yaw moment to yaw rate dimensional

stability derivative
Nv = yaw moment to lateral velocity dimensional

stability derivative
N±w = yaw moment to steering command dimensional

control derivative
p = tire in� ation pressure
R = effective tire radius
r = yaw rate
S = tire longitudinal slip ratio
s = Laplace operator
UG = understeer gradient
Uc = vehicle critical speed
U0 = vehicle ground speed
u = wheel hub velocity

Received 20 February 2001; revision received 13 September 2001; ac-
cepted for publication20 September 2001.Copyright c° 2001by the authors.
Published by the American Institute of Aeronautics and Astronautics, Inc.,
with permission. Copies of this paper may be made for personal or in-
ternal use, on condition that the copier pay the $10.00 per-copy fee to
the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA
01923; include the code 0731-5090/02 $10.00 in correspondence with the
CCC.

¤Principal Research Engineer, 13766Hawthorne Boulevard.SeniorMem-
ber AIAA.

†Principal Research Engineer, 13766 Hawthorne Boulevard. Associate
Fellow AIAA.

‡Principal Specialist, 13766 Hawthorne Boulevard. Member AIAA.
§Engineer/Scientist 4, Aerodynamics.

v = lateral velocity
Yr = side force to yaw rate dimensional

stability derivative
Yv = side force to lateral velocity dimensional

stability derivative
Y®1 ; Y®2 = front and rear dimensional tire cornering stiffnesses
Y±w

= side force to steering command dimensional control
derivative

® = tire slip angle
±w = steering command
¹® = normalized tire cornering stiffness
8M = phase margin
Ã = yaw attitude angle
! = frequency or wheel angular velocity
!c = pilot–vehicle system crossover frequency
1=Tlag = pilot describing function lag
1=Tlead = pilot describing function lead
1=Tr = yaw rate numerator inverse time constant
1=T1 = low-frequency real root of the yaw rate to steering

command transfer function for an oversteer vehicle
1=T2 = high-frequencyreal root of the yaw rate to steering

command transfer function for an oversteer vehicle

Introduction

S YSTEMS Technology, Inc. (STI) was contracted to perform an
assessment of the ground handling of a Navy jet trainer. STI

worked closely with The Boeing Company and the U.S. Navy on
a number of tasks that included linear modeling, ground handling
metric and maneuver development, and the evaluation of proposed
� xes to thegroundhandlingde� cienciesas exempli� edby the exam-
ple landing rollout pilot-inducedoscillation (PIO) shown in Fig. 1.
The PIO occurred as the pilot attempted an aggressive centerline
crossing maneuver following a standard � eld landing. The source
of these de� ciencies is identi� ed and discussed later in the paper.

This paper presents results and interpretations from the analyti-
cal effort that was undertaken to uncover the dominant directional
characteristics of the aircraft. Three mathematical models of the
aircraft in rollout were used in a highly coordinated manner in this
study: 1) the Boeing modular six-degree-of-freedom (MODSDF)
simulation, 2) the two-degree-of-freedom bicycle model, and 3)
the STI three-degree-of-freedom lower-order equivalent system
(LOES) ground vehicle model. The Boeing MODSDF simulation
has long been used for ground handling analysis and is closely re-
lated to and coordinatedwith the model used in the Boeing simula-
tor. The two-degree-of-freedomyaw–sideslip bicycle model is the
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Fig. 1 Example � ight-test ground handling PIO: high-speed landing rollout centerline crossing task.

simplest commonly used model for automobiles.With some impor-
tant conceptual re� nements, this model has been very important in
understanding aircraft dynamics. The STI LOES model has been
used primarily in the system identi� cation process. It is similar to
the bicycle model but adds some details, such as the roll degree of
freedom that improves parameter estimation.

LOES Approach
Background

The best understanding of the critical oversteer/understeer char-
acteristic is obtained not from the most complex simulation model,
but rather from the simplest analyticalmodel. Thus, in this project,
particular emphasis was placed on the use of LOES models as a
complement to high-level, detailed simulations.LOES models pro-
vide unique physical insight and help separate the key dynamics
from second-order effects. The STI philosophy of reduced-order
modeling is to seek the simplest model that captures the dominant
dynamics. This is distinct from the usual emphasis on making non-

linear simulationas detailedas possibleto avoid missing something.
LOES models and detailed nonlinear simulation, that is, MODSDF,
were used together for mutual validation based on available � ight-
test data.

The simplest, and in many ways the most important,LOES model
is the bicycle model.1;2 This two-degree of freedom (yaw–sideslip)
model assumes the axle track widths are zero so that the tires on
each axle are lumped together. Despite the simplicityof this model,
it has proven widely useful in the analysis of automobile dynamics.
The bicyclemodelprovidesan indicationof how adequatelythe yaw
attitudedynamics of the vehicle can be de� ned without considering
the second-order effects of lateral load transfer and roll dynamics.
In general, the yaw–sideslip dynamics are the dominant character-
istics in ground vehicle handling. Based on its signi� cant utility for
automobile handling assessment, this simple model was expected
to be quite useful for aircraft as well. In any case, it was felt that
the basic yaw–sideslip dynamics should be thoroughly understood
before considering other issues and degrees of freedom.
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The bicycle model allows the simplest formulation of the yaw
response to steered (front/nose) wheel transfer function, which is
central to understandingthe ground handling qualities. This in turn
providesthebasis forde� ning the oversteer/understeergradient(and
the closely related stability factor) in terms of the key physical pa-
rameters. The important insight from this approximate analysis is
that the oversteer/understeergradient is essentiallya functionof the
differencebetween the front and rear tire cornering stiffnesses.To a
� rst approximation, increasing the front (nose wheel) tire cornering
stiffness with respect to the rear (main gear) makes the vehicle less
understeer or more oversteer. Cornering stiffness, the derivative of
tire lateralforcewith respect to slip angle, thus,becomes theprimary
designvariablefor achievinga desiredundersteercharacteristic,that
is, unless the dynamics are modi� ed with an active control system.1

This in turn makes the determinationof tire corneringstiffnessusing
tire test data an item of great importance.

Cornering stiffness as used here is a function of four primary tire
variables: 1) lateral slip angle, 2) longitudinal slip (which is sig-
ni� cantly in� uenced by braking), 3) normal load, and 4) in� ation
pressure. Tire camber is also an in� uence, but more so for bicycles
and motorcycles than for aircraft. Further, in� ation pressure is gen-
erally approximately constant during a given operational scenario.
The effect of lateral slip angle is exploited to steer the vehicle. The
in� uence of longitudinal slip (braking) and tire normal load tend
to change the oversteer/understeer gradient toward oversteer from
the nominal (design) value in braking. Because only the main gear
wheels of the aircraft have brakes, longitudinal slip always tends to
reduce directional stability. The in� uence of normal load is more
complexandcan increaseor decreasedirectionalstability.This com-
plexityarises from 1) the nonlinearityof the basic tire characteristic,
2) the in� uence of aerodynamics(especiallyfor aircraft) on the nor-
mal load, and 3) load transfer in braking and maneuvering.

Not surprisingly, the various aerodynamic effects provide the
most signi� cant differences in ground handling dynamics between
automobiles and aircraft. To exploit the large body of theoretical
analysis and empirical data for automobile handling, a clear under-
standing of the fundamental differences, as well as the similarities,
between the dynamicsof automobilesand thoseof aircraftas well as
the design considerationsthat create the differences is required. As
notedearlier, aerodynamicsis a relevant issue in this connectionand
in� uences the vehicle dynamics in two ways: 1) indirectly through
its in� uence on tire normal force and 2) directly through the in� u-
ence on the aerodynamicdirectionalstability largely determinedby
the vertical stabilizer. The indirect effect is in� uenced not only by
the lift, but also by the drag and pitching moment and their varia-
tion with speed, that is, dynamic pressure. The direct effects can be
approximatedas aerodynamic stability and control derivativeswith
respect to yaw and sideslip. Both the direct and indirect aerody-
namic in� uences decreasewith dynamic pressure as aircraft ground
speeddiminishes.However, the speedvariationof the indirecteffect
is more complex.

The effects of aerodynamics on automobiles and aircraft differ
largely from the simple fact that aircraft are speci� cally designed
to generate signi� cant aerodynamic forces. Further, aircraft touch-
down speeds are high compared to typical automobile speeds, and
these speeds change rapidly over a large range in the ground roll.
In many applications of the bicycle model to automobiles, it is rea-
sonable and routine to neglect aerodynamic effects. Therefore, tire
normal loads and, thus, the oversteer/understeergradient are invari-
ant with speed. As will be seen, the assumption of constant stabil-
ity factor is not reasonable for aircraft in ground roll. Thus, strictly
speaking,a linearizedmodel of the aircraftsuch as the bicyclemodel
should be treated as a system with time-varying coef� cients. Such
analysis is, however, complex and probablybest accomplishedwith
nonlinear simulation, in this case MODSDF. Again, the purpose of
the LOES bicycle model is to achieve insight through simplifying
approximations.Therefore, a useful approximationis to decompose
the problem into two parts. First, compute the variation of stability
factor with ground speed, which is a problem of static equilibrium,
not dynamics. Then, at any given speed, the dynamics can be as-
sessed to a � rst approximationby applying the stability factor to the
bicycle model.

Two-Degree-of-Freedom Model
The two-degree of freedom bicycle model provides an indication

of how adequately the yaw attitude dynamics of the vehicle can be
de� ned without considering the second-ordereffects of lateral load
transfer and roll dynamics. In general, the yaw–sideslip dynamics
are the dominant effects in ground vehicle handling. Thus, the ba-
sic yaw–sideslipdynamics should be thoroughlyunderstoodbefore
considering other degrees of freedom.

The bicyclemodel statespaceequationsofmotion in the s-domain
as reviewed in Ref. 1 areµ

s ¡ Yv U0 ¡ Yr

¡Nv s ¡ Nr
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r
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Y±w

N±w
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The bicycle model stability and control derivatives are de� ned as
follows:
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Examination of the bicycle model indicates that these equations
of motion contain seven independent parameters: vehicle speed,
vehicle total mass, radius of gyration about the body z axis, front
and rear longitudinal distances between the tire axles and the c.g.,
and front and rear (dimensional) tire cornering stiffnesses.Of these
sevenparameters,all are independentof speedexcept,of course,U0.
This would not be strictly true if the steadyaerodynamicforceswere
includedbecausethe tirenormal loadswould changeas the lift, drag,
and pitching moment decrease during rollout. The six remaining
parametersare somewhatdependentonoperationalconditionsto the
extent that weight varies slightly among landings with the amount
of fuel remaining. This affects mass and radius of gyration directly
and tire-cornering stiffness indirectly through the in� uence on tire
normal force.Small changesin a andb would occurdue to variations
in c.g. location,but thewheelbase,l D a C b, is a geometricconstant.

Stability Factor and Understeer Gradient
The static and dynamic stability of automobiles is routinely ex-

pressed in terms of either stability factor K (seconds squared per
squared foot) or understeer gradient UG (degrees per gravity con-
stant), which are readily developed from the bicycle model. These
two parameters are de� ned as follows and are closely related and
routinely used interchangeably:

K D
m

¡
bY®2 ¡ aY®1

¢

2.a C b/2Y®2 Y®1

; UG D 57:3g.a C b/K (2)

These parameters arise from the steady-state yaw rate to steering
command gain Gr

±w
.0/ (per second) as follows:

Gr
±w

.0/ D U0

¯
.a C b/

¡
1 C KU 2

0

¢
(3)

As shown in Fig. 2, when K D 0, the vehicle is said to have neu-
tral steer, and the yaw rate gain increases in proportion to speed. In
contrast, when K > 0, the vehicle has understeer, and the yaw rate
gain tends to be more constantwith speed.Through long experience
with automobilehandling,it hasbeen found that the understeerchar-
acteristic is most appropriate for most passenger cars and ordinary
drivers. Finally, when K < 0, the vehicle has oversteer. Above the
critical speed Uc , the vehicle becomes directionallyunstable:

Uc D 1
¯p

¡K (4)

The oversteercharacteristicisgenerallyconsideredan inappropri-
ate handling characteristic for ordinary drivers (or student pilots),
although racing cars often are setup to be oversteer for increased
agility.

For automobile handling qualities assessments, K and UG can
sometimes be usefully considered invariantwith speed. Aircraft, on
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Fig. 2 Oversteer/understeer as a function of speed.

Fig. 3 Categorization of aircraft characteristic roots in the B¡ C pa-
rameter plane.

the other hand, produce signi� cant variation in stability factor with
speed. As already noted, the solution can be usefully approximated
by decomposing the problem into two parts: 1) a static equilibrium
problem,in whichstabilityfactor is calculatedas a functionof speed,
and 2) a constant coef� cient linear dynamics problem, for example,
the simple bicycle model.

Yaw Rate to Steering Command Transfer Function
The most fundamental dynamic characteristicrelevant to ground

handling is the yaw rate to steering command transfer function,
which is central to understandingmanual yaw attitude control.This
transfer function is

r

±w

.s/ D Gr
±w

.s/ D
N±w

¡
s ¡ Yv C NvY±w

¯
N±w

¢
£
s2 ¡ .Yv C Nr /s C .U0 ¡ Yr /Nv C Yv Nr

¤

D
N±w .s C 1=Tr /

[s2 C Bs C C]
(5)

The stability of the vehicle is revealed in the eigenvalues of the
characteristic polynomial that vary with the coef� cients B and C
that in turn are set by tire andaerodynamiccharacteristics.The B¡C
parameter plane can be divided into three regions according to the
character of the eigenvalues, as shown in Fig. 3. Figure 3 features
three curves that display the variation of B and C with speed for
oversteering, neutral, and understeering aircraft models. Note that
the understeering and oversteering models in this example differ
only by the sign of the stability factor K . As indicated in Fig. 3,
understeering vehicles tend to have two stable complex conjugate
poles such that the dynamics are stable, but possibly lightly damped
at high speeds. Neutral steer vehicles tend to have two stable real
roots, 1=T1 and 1=T2. Oversteering vehicles have two real roots
as well, one of which, 1=T1, becomes unstable above the critical
speed Uc .

Variation of Yaw Rate to Steering Command Response
with Speed for a Fixed Stability Factor

The yaw rate to steering command transfer function can be most
usefully interpreted from a frequency response or Bode plot. Ex-
amples are shown at three speeds in Fig. 4: below, at, and above
the critical speed for an aircraft with a constant oversteer stabil-
ity factor (K D ¡0:000107 s2/ft2 approximates to the Navy trainer
at about 55 kn). The low-speed characteristic (35.5 kn) shows a
yaw rate command characteristic in which the frequency response
is � at up to the dominant pole 1=T1 . The bandwidth of the yaw rate
command characteristic is effectively set by the width of this � at
shelf. Bandwidth is a primary handling qualities parameter,3 and
it determines how rapidly the pilot will see an essentially constant
yaw rate response to a step pedal command. That is, the rise time
of the yaw rate command response is inversely proportional to the
bandwidth.

Even though the stability factor is the same in this example, the
yaw rate response is distinctly different near the critical speed Uc .
Here the dominant pole 1=T1 has moved to very low frequency,and
consequently,the yaw rate commandbandwidthhas practicallyvan-
ished. This is a very adverse situation for the manual control of yaw
attitude because a step pedal command produces yaw acceleration
rather than a constant yaw rate. This accelerationlikecharacteristic
can lead to pilot–vehicle instability, that is, PIOs, when the pilot
attempts closed-loop manual control of yaw attitude either in ma-
neuvers or in the presence of gusts.

Well above the critical speed, the bandwidth increases, but the
1=T1 pole is now unstable as evidenced by the phase curve ap-
proaching¡180 deg at low frequency.Experiencedpilots (and race
car drivers) can exploit the controllabilityaffordedby adequateyaw
rate bandwidth to stabilize the vehicle manually, but this may be
dif� cult for a student pilot (or an average driver).

The variation of stability factor with speed is signi� cant for air-
craft. This complicates the determinationof stability factor, but the
interpretationfor a given K remainsthe same.That is, the locationof
the 1=T1 pole, through its direct in� uence on stability and the yaw
rate command bandwidth, is the critical consideration in the dy-
namics. Furthermore, the dynamics follow from the simple bicycle
model once the stabilityfactorhasbeendeterminedfrom static equi-
librium and knowledge of the tire normal force characteristics.

Tire Force Model
Data from tire tests conducted at the NASA Langley Research

Center (LaRC)AircraftLandingDynamicsFacility and the Veridian
Tire Research Facility were used to identify the important parame-
ters that characterizetire performance.The tire side and longitudinal
forces are functionsof four variables: slip angle ®, longitudinalslip
ratio S, normal load Fz , and in� ation pressure p.

The derivativeof tire side force with respect to slip angle de� nes
the very important tire cornering stiffness Y® , as shown in Fig. 5.
In general, the cornering stiffnessof automobile tires when normal-
ized by normal load ¹® decreases as normal load increases.4 This
behavioris also evident in the main gear tire data presented in Fig. 5.
Longitudinal slip S occurs in braking, when the product of wheel
angular velocity ! and the effective loaded tire radius R is less than
the hub velocityu (Fig. 5). As exempli� ed by the main gear tire data,
longitudinal slip reduces the cornering stiffness in braking, which
thus reduces the stability factor (oversteer increment).

Aerodynamic Effects
As earlier stated, one of the most signi� cant distinctionsbetween

the groundhandlingdynamicsof aircraftand automobilesis that the
in� uence of vehicle aerodynamics is, as might be expected, much
more signi� cant for aircraft. Aerodynamic in� uences arise from
two distinct effects. The direct aerodynamic effect of the lateral–
directionalforces includes the aerodynamic stability derivativeCn¯

that is dominated by the stabilizing effect of the vertical stabilizer.
The second indirect aerodynamic effect arises from the in� uence
of the longitudinalaerodynamicforces and moments (lift, drag, and
pitchingmoment)on the tirenormal loadsand, thus,on thecornering
stiffnesses.
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Fig. 4 Yaw rate frequency response to steering command at three speeds (K = ¡ 0:000107 s2 /ft2 ).

Fig. 5 Main gear tire characteristics.
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Variation of Yaw Attitude Dynamics with Speed
Once the aircraft model was re� ned and validated against test

data, it was possible to estimate the variation of understeer gradient
(or equivalently stability factor) with speed during rollout. This is
shown in Fig. 6 with the direct (lateral– directional) and indirect
(longitudinal) aerodynamic in� uences distinguished. One may see
that the aircraft is understeer immediately after touchdown but that
the UG decreaseswith speedbecomingoversteerbelowabout80 kn.

Fig. 6 Understeer gradient as a function of speed.

Fig. 7 Manual control of yaw attitude.

UG reaches a minimum value of ¡5.3 deg/g as the speed goes
to zero. A very important insight about the yaw attitude control
characteristic is seen by comparing the complete UG curve to the
critical speed stability boundary (hatched curve). It may be seen
that, in the important speed range from about 80 kn down to about
40 kn, the aircraft rapidly approaches the stability boundary. Thus,
the yaw rate command response has the adverse characteristics of
the middle response of Fig. 4. This implies very adverse handling
qualities,not becauseof instabilityper se, but because the dominant
1=T1 pole remains at low frequency,keeping the yaw rate command
bandwidth low. In other words, the problem is low controllability
rather than instability.Below about 40 kn the aircraft moves beyond
the stability boundary, and the handling problems dissipate as the
steering dynamics dissolve into simple kinematics.

The role of aerodynamics, both the direct and indirect effects, is
revealedto be helpful in that positive(understeer) incrementsin UG
are produced that increase with speed. At around 80 kn, the direct
and indirect effects are comparable, but the direct effect dominates
at higher speeds. This suggests that modulating the indirect effect
in the critical ground roll speed regime, through tuning of the pitch
trim if feasible, might be helpful in improving yaw attitude control.

Manual Control of Yaw Attitude
Given the yaw rate response to nose wheel steering characteris-

tic of the Navy trainer, the pilot’s yaw attitude control task can be
examined with a simple applicationof the crossover model of man-
ual control.5 As shown in Fig. 7, the manual control loop consists
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of a yaw attitude angle Ã feedback to a pilot capable of generat-
ing lead (1=Tlead/ and lag (1=Tlag/ compensation. In this analysis,
yaw attitude is the integral of yaw rate. Thus, the � at shelf within
the bandwidth of the yaw rate to steering command frequency re-
sponsecorrespondsto a k=s-like regionin theyawattitudefrequency
response, where k is the pilot–vehicle system gain. This is an ideal
characteristicfor theyaw attitudeloopclosureprovidingthek=s-like
region extends to suf� ciently high frequency, that is, the yaw rate
command bandwidth is high enough. The bandwidth is considered
high enoughwhen the pilot can close the loop with acceptablephase
margin at a crossover frequency !c that is suf� ciently high to en-
sure good regulation of yaw attitude. The low-yaw-rate bandwidth
case (dashed lines representingan oversteeraircraft near the critical
speed) implies that the pilotwill not be able to achieve the necessary
closed-loop bandwidth for good regulationor command following.
Furthermore, the pilot’s attempt to close the loop is likely to lead to
instability (negative phase margin) and a category I PIO as de� ned
in Ref. 6. Pilots are capable of compensating for low bandwidth,
up to a point, by effectively placing their lead (1=Tlead/ on top of
the dominant aircraft pole (1=T1/. Near the critical speed, the lead
time required of the pilot (Tlead/ would be unattainable. This is the
situation corresponding to the 80– 40 kn region of Fig. 6.

Conclusions
The understeer gradient UG (or equivalently the stability factor

K ) of the Navy trainervaries signi� cantly with speedduring rollout.
Just after touchdownthe aircraft may be slightlyundersteer,but UG
decreases with speed becoming oversteer at roughly 80 kn. From
roughly 80 to 40 kn, the UG variation is such that it remains close
to the stability (critical speed) boundary. Thus, the yaw rate com-
mand bandwidth remains minimal in this speed range. This adverse
handling characteristic is the primary manual control problem, not
instability per se. Below 40 kn the yaw rate command character-
istic becomes increasingly stable even as it becomes increasingly
oversteer, and, thus, stability and control ceases to be a problem.

In lieu of a tire redesign, the ground handling de� ciencies can be
alleviated with a simple yaw rate to nose wheel steering feedback
system.The gain of the yaw rate feedbackcan be used to set the yaw
attitude bandwidth as desired within the limitations of the system
hardware.
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