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Rudder Control Strategies and Force/Feel
System Designs in Transport Aircraft

Ronald A. Hess∗

University of California, Davis, Davis, California 95616

An analytical investigation of rudder control strategies in transport aircraft is undertaken. The study was mo-
tivated by an airline crash in which rudder usage by the pilot might have been a contributing factor. A detailed
mathematical model of the human pilot is employed in a computer simulation to examine the closed-loop na-
ture of rudder control strategies. Emphasis is placed on pilot-induced oscillation tendencies. A task suitable for
pilot-in-the-loop flight-simulator evaluation of rudder control systems is proposed. A comparison of the pedal
force/feel characteristics of three transport aircraft and a military helicopter is provided. The adverse effect that
highly nonlinear pedal force/feel system characteristics can have on pilot/vehicle response predictability is demon-
strated. A linearity index is defined to quantify the linear force/displacement characteristics of any force/feel
system.

Nomenclature
A(−) = gain factors in vehicle transfer functions
ayps = lateral acceleration at pilot’s station, g
C = command input in structural pilot model
E = system error in structural pilot model
Force|breakout = minimum force applied to inceptor that

overcomes breakout, lbf
Force|max = force applied to inceptor that results in

maximum control effector (control surface)
displacement, lbf

KFS = gain in model of inceptor force/feel system
used in structural pilot model

Kfactor = gain factor in structural pilot model to
compensate for gain reduction caused
by inceptor threshold nonlinearity

Kṁ = gain in vestibular feedback loop
in structural pilot model

KPF = gain in proprioceptive feedback loop
in structural pilot model

K p = gain in simplified pilot model
K pφ

= gain in simplified pilot model compensation
for roll-attitude control

Kr = gain value that defines rudder pedal input in
combined use of aileron and rudder in structural
pilot model

M = output in structural pilot model
r = vehicle yaw rate
s = Laplace variable, rad/s
TPF = time constant in first-order denominator

of proprioceptive feedback transfer function
in structural pilot model, s

T(−) = time constant in first-order numerator
and denominator factors in vehicle transfer
functions, s

v = y-body axis component of velocity of aircraft
center of mass, ft/s
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xps = x-body axis coordinate of pilot’s station, ft
Yc = transfer function of vehicle
Ye = Ke, error compensation element

in structural pilot model
YFS = transfer function of force/feel system

in structural pilot model
YNM = transfer function of pilot neuromuscular system

in structural pilot model
YPF = transfer function of pilot proprioceptive system

in structural pilot model
Yp = transfer function of pilot model
Ypφ

= transfer function of pilot model
for roll-attitude control

Yv = mass-normalized lateral-directional stability
derivative in vehicle equations of motion, 1/(s)

Yδr = mass-normalized lateral-directional stability
derivative in vehicle equations of motion (ft/s2)

y = body-fixed vehicle axis, positive in direction of
right (starboard) wing

β = sideslip angle
βc = command sideslip angle
δ = inceptor output in structural pilot model
δa = aileron deflection
δac = input command to aileron actuator
δe = elevator deflection
δF = force applied to inceptor in structural

pilot model
δr = rudder deflection
δrc = input command to rudder actuator
ζFS = damping ratio in transfer function describing

force/feel system, rad/s
ζ(−) = damping ratio quadratic factors in transfer

functions, rad/s
θ = vehicle pitch attitude
σ = rms value of force applied to inceptor in

describing function analysis
τ0 = time delay in structural pilot model, s
φ = vehicle roll attitude
φc = command roll attitude
ωFS = undamped natural frequency in transfer function

describing force/feel system, rad/s
ω(−) = undamped natural frequency in quadratic factors

in transfer functions, rad/s

I. Introduction

R ECENT incidents, such as the crash of American Airlines
Flight 587 in November 2001, have brought transport pilots’

use of rudder control under increased scrutiny.1−3 This is especially
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true in large upsets caused by wake vortex encounters,4 in which the
pilot might employ rudder inputs to augment roll control. With in-
creased air traffic, the introduction of new transport aircraft weighing
in excess of 1,000,000 lb, and the constant pressure for reduced air-
craft separation, it is apparent that wake vortex encounters and pilot
response to these encounters will be of increasing importance to the
air-transport community. This study will consider rudder feedback
strategies that could be used in such encounters and will demon-
strate the effect of pedal force/feel sensitivity on vehicle handling
qualities in large disturbance maneuvers.

Section II provides a brief review of rudder control strategies
that can be employed by the pilot. Section III discusses models of
the human pilot that can be employed in analyzing pilot/vehicle
responses in which rudder control plays a part. These models are
then exercised in computer simulations of a pair of tasks that could
be representative of those employed in large disturbance maneuvers.
Section IV provides a comparison of some existing pedal force/feel
systems with an emphasis upon the effects of sensitivity. Sections V
and VI provide a closing discussion and conclusions, respectively.

II. Rudder Control Strategies for Manual Control
Rudder designs are typically driven by the following general re-

quirements: 1) maintaining zero sideslip in turning flight, that is,
overcoming adverse yaw; 2) maintaining or minimizing sideslip in
asymmetric power conditions, for example, power loss in multi-
engine aircraft; 3) maintaining constant sideslip in crosswind land-
ings; and 4) spin recovery. None of these requirements are directed
toward use of the rudder in closed-loop tracking control, an activity
that will be of central importance in the research to be described.

A. Rudder Feedback Strategies
Reference 5 presents a thorough treatment of various feedback

strategies (or surveys) using the rudder as part of an automatic feed-
back systems, for example, stability augmentation systems. Two
strategies of particular interest to this study are 1) feedback of
sideslip to rudder, β → δr , and 2) roll attitude to rudder, φ → δr ,
particularly in combination with aileron to rudder, φ → δr , δa .
Reference 6 provides an analytical and experimental study of lateral-
directional manual control. That study involved feedback of roll at-
titude to aileron, φ → δa , and yaw rate to rudder, r → δr . Some of
the results of Refs. 5 and 6 will be revisited in what follows.

The pertinent vehicle transfer functions appropriate for the strate-
gies just outlined can be given in symbolic fashion5 as sideslip to
rudder

β

δr
(s) = Aβ

(
1
/

Tβ1

)(
1
/

Tβ2

)(
1
/

Tβ3

)

(1/Ts)(1/Tr )[ςd , ωd ]
(1)

and roll attitude to rudder

φ

δr
(s) = Aφ

(
1
/

Tφ1

)(
1
/

Tφ2

)

(1/Ts)(1/Tr )[ςd , ωd ]
(2)

The zero at s = −1/Tφ2 in the numerator of Eq. (2) can be nonmin-
imum phase and possess a relatively small time constant, that is,
on the same order as the roll subsidence mode. The roll attitude to
aileron transfer function

φ

δa
(s) = Aφ1 [ςφ, ωφ]

(1/Ts)(1/Tr )(ςd , ωd)
(3)

Finally, one can consider the possibility that the pilot can employ
both aileron and rudder in control of roll attitude. This strategy will
be defined here as a combined control strategy. This might occur in a
large roll upset where aileron control alone might appear to provide
insufficient roll control power. In this case, one can consider

φ(s) = (φ/δa)(s) · δa(s) + (φ/δr )(s) · δr (s)|δr = Kr · δa

φ(s) = (φ/δa)(s) · δa(s) + (φ/δr ) · Kr · δa(s)

(φ/δa)(s) = (φ/δa)(s) + (φ/δr ) · Kr (4)

Fig. 1 Bode diagram of (β/δr) (s) without and with yaw damper.

Fig. 2 Bode diagrams of (φ/δr) (s) without and with yaw damper.

In Eqs. (4) it is assumed that rudder inputs proportional to aileron
inputs are commanded with the relation between the two inputs
given by δr = Kr · δa .

Figures 1 and 2 show the Bode diagrams of the transfer functions
in Eqs. (1) and (2) for a generic transport aircraft. This aircraft is the
DC-8 vehicle with stability derivatives defined for flight condition
“8002” in Ref. 5, corresponding to an airspeed of 468.2 ft/s and an
altitude of 15,000 ft. Also shown are the diagrams that result when
washed-out yaw rate is fed back to the rudder as a yaw-damper
system. The yaw-damper transfer function is given here by

δr

r
(s) = 1.14(0)

(0.5)
rad/(rad/s) (5)

with the gain being chosen as one that increases the damping of the
dutch-roll mode form 0.11 to 0.4. The Bode diagrams of Figs. 1 and 2
clearly show the increase in dutch-roll mode damping provided by
the yaw damper. Nonminimum phase characteristics are present in
Fig. 2, where a 270-deg phase shift from low to high frequencies is
evident while the magnitude plot changes from −20 to −40 dB/dec.
This right-half plane zero is located at s = −2.56.

Figure 3 shows the Bode diagrams for the system of the last of
Eqs. (4) for Kr = 0, 0.25 0.5, and 0.75. The yaw damper of Eq. (5)
is included in each of these systems as are two actuator models for
aileron and rudder. These actuator models are given by

δr

δrc

= δa

δac

= 202

[0.707, 20]
rad/rad (6)

Employing aileron and rudder deflection limits to be described,
Kr = 0.75 will produce maximum simultaneous rudder and aileron
deflections in this example.



HESS 1253

Fig. 3 Bode diagrams of φ/δa||δr = Kr · δa (s) with yaw damper for Kr = 0,
0.25, 0.5, and 0.75, including aileron and rudder actuator models.

Fig. 4 Bode diagram of (ayps /δa) (s)||δr = 0.75δa .

For frequencies less than 1 rad/s, the Bode diagrams of Fig. 3
show that an increase in roll control power can be obtained with
such combined use of rudder and aileron. In the case of Kr = 0.75,
the increase is approximately a factor of 1.7. In addition, the mag-
nitude and phase curves in this low-frequency range show the K/s-
like characteristics long associated with desirable handling qualities
(180 deg should be subtracted from the phase curves to account for
the sign definitions of positive rudder and aileron). The same cannot
be said for larger values of Kr , however, in which phase lags beyond
−90 deg appear at frequencies well below the break frequency of a
first-order lag appearing approximately 1 rad/s.

B. Handling Qualities Implications of Combined Control
If manual control of roll attitude through combined use of aileron

and rudder is attempted, the resulting lateral acceleration at the pi-
lot’s station aps is also pertinent to a discussion of handling qualities.
The lateral acceleration to aileron transfer function can be approxi-
mated as5

(
ayps

/
δa

)
(s) ≈ Yv(v/δa)(s)|δr = Kr δa

+ Yδr · Kr + xps(ṙ/δa)(s)|δr = Kr δa (7)

Figure 4 shows the Bode diagram of the transfer function of Eq. (7)
for the example vehicle. Here the yaw damper and rudder actu-
ator are included, and Kr = 0.75. Figure 4 indicates that if a si-
nusoidal aileron input of δa(t) = 20 sin(2t) deg with an associated
δr (t) = (15) sin(2t) deg is applied, the resulting amplitude of the

sinusoidal lateral acceleration at the pilot’s station will be approxi-
mately 9.2 ft/s2 or 0.29 g.

III. Pilot Models for Computer Simulation
A. Introduction

Fundamental manual control theory states that the pilot will pro-
vide whatever compensation is necessary to yield an open-loop pi-
lot/vehicle transfer function that resembles K/s in the region of
the open-loop crossover frequency.7 This representation has been
referred to as the crossover model of the human pilot and can be
represented as

YpYc ≈ ωce−τes
/

s (8)

Also in Eq. (8), ωc represents the crossover frequency, and τe rep-
resents an effective delay. The latter encompasses transport de-
lays in the human central nervous system, delays that approximate
the higher-frequency human neuromotor dynamics, and higher-
frequency vehicle dynamics that might be omitted from Yc. In what
follows, two different tasks and feedback strategies will be exam-
ined. First, combined use of aileron and rudder will be examined
(including no rudder usage). This strategy might be employed by the
pilot in attempting rapid roll-attitude recovery from an upset such as
an encounter with a trailing vortex from a lead aircraft. Second, the
use of aileron to control roll attitude and rudder to control sideslip
will be treated. This strategy might be employed by the pilot in at-
tempting to maintain a desired heading in a crosswind with wings
level.

B. Pilot Model for Single-Axis Tracking
To create a realistic computer simulation of the pilot/vehicle sys-

tem, a more complete pilot model than that implied by Eq. (8) is
obviously needed. This will be accomplished by using the struc-
tural model of the human pilot.7 Figure 5 shows the structural pi-
lot/vehicle model appropriate for single-axis tracking of roll attitude,
here with aileron inputs, alone. Thus, in Fig. 5, C ≡ φc, M ≡ φ, and
δ ≡ δw , the displacement of the wheel (output of the wheel force/feel
system). Referring to Fig. 5, the following pilot model elements can
be given:

1. Visual Gain Ye = Ke

The value of this gain is application dependent and is selected to
yield a desired open-loop crossover frequency.8

2. Time Delay τ0

This delay is selected as 0.2 s and models human delay sources
exclusive of those associated with neuromuscular system operation.

3. Neuromuscular System Dynamics
These dynamics are modeled as

YNM = 102

s2 + 2(0.707)10s + 102
(9)

and represent the actuation dynamics of the particular limb effecting
control, for example, arm in wheel motion and leg in pedal motion.

Fig. 5 Structural model of the human pilot.
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4. Proprioceptive System Dynamics
In the particular tasks to be discussed, these dynamics are modeled

as

YPF = KPF

(s + 1/TPF)
(10)

This form is appropriate for the transfer functions whose Bode dia-
grams are shown in Fig. 3 because the pole in proprioceptive feed-
back dynamics will create a zero in the pilot transfer function located
as s = −1/TPF.

5. Vestibular System Dynamics
For simplicity, no continuous vestibular feedback will be consid-

ered in the model, that is, Kṁ = 0.

6. Force/Feel System Dynamics
The dynamics of the force/feel system(s) will be of the form

YFS(s) = KFS · ω2
FS

s2 + 2ςFSωFSs + ω2
FS

displacement/lbf (11)

C. Modeling Effects of Control Sensitivity
Control sensitivity, or its reciprocal, force gradient, is one of the

more important force/feel system parameters as concerns handling
qualities and particularly pilot-induced oscillation (PIO) suscepti-
bility. Unfortunately, the manner in which the gain KPF is chosen
in the structural model removes all control sensitivity effects.8 An
approximate means of estimating the effects of control sensitivity
can, however, be proposed. This approach is based upon the ratio
of maximum force to breakout force in the force/feel system, where
“maximum force” refers to the force associated with maximum con-
trol surface deflection.

Figure 6 shows the structural model for a particular application
(here roll attitude to aileron control). An approximation to the con-
trol force inputs can be obtained, as follows. The gain value imme-
diately following the “neuromuscular system dynamics” block in
Fig. 6 (gain 1) is defined as

Kforce = inceptor force for max effector deflection

max effector deflection
(12)

(In what follows, “inceptor” refers to the cockpit controller, e.g.,
wheel or pedal.) A nonlinear threshold element follows gain 1 in
Fig. 6 and represents the breakout characteristics of the inceptor.
Because of this gain element, the inceptor breakout limits can be
directly expressed in terms of a breakout force. The gain follow-
ing the threshold element (gain 2) is the reciprocal of the gain in
Eq. (12). The inceptor displacement is calculated from the output
of the force/feel system dynamics through a simple unit conversion
defined as

Kdisplacement = max inceptor displacement

max effector deflection
(13)

Fig. 6 Structural pilot model for roll attitude to aileron control.

In terms of a Gaussian input describing function,9 the threshold
element in the force/feel system is equivalent to a gain reduction in
the forward path of the loop closed around the pilot’s neuromuscular
system and the inceptor force/feel system. This reduced gain can be
approximated as

K threshold ≈ 1 − Force|breakout

Force|max
= Force|max − Force|breakout

Force|max
(14)

[In Eq. (14), it is assumed that
√

(2σ) for the Gaussian input to the
nonlinearity is equal to Force|max.] To model the pilot’s attempt to
compensate for the gain reduction as a result of the nonlinearity, the
gains Ke and KPF are multiplied by a factor equal to the reciprocal
of K threshold in the computer simulation. This multiplying factor,
referred to as Kfactor, is thus defined as follows:

Kfactor = Force|max

Force|max − Force|breakout
(15)

In Eqs. (14) and (15), Force|max corresponds to inceptor force cor-
responding to maximum effector deflection in Eq. (12). Thus, if
in Eq. (15), Force|max = 25 lbf and Force|breakout = 5 lbf, Kfactor =
25/20 = 1.25, and the gains Ke and KPF are multiplied by 1.25. Be-
cause the pilot/vehicle transfer function in any modeling application
will have finite stability margins, Kfactor can induce closed-loop in-
stability if the Force|breakout is of the same order of magnitude as
Force|max. If no breakout force is in evidence, however, the pro-
cedure just described will not accommodate the effects of control
sensitivity. The changes in open-loop pilot/vehicle dynamics that
accompany the increases in Ke and KPF just described are qual-
itatively similar to those that have been measured in experiment.
For example, Ref. 10 demonstrates that increased neuromuscular
“tension” results in significant decrements in the effective neuro-
muscular time constant (2ζ/ωn) defined in terms of the damping
ratio and undamped natural frequency of the closed-loop neuro-
muscular system. Qualitatively similar results occur with increases
in Ke and KPF in the structural pilot model. This is demonstrated in
Fig. 7, where the Bode diagrams show a decrement in 2ζ/ωn when
Ke and KPF are increased (here by a factor of 1.3).

D. Pilot Model for Combined Aileron and Rudder Inputs
For combined use of aileron and rudder, a more complex model

than that of Fig. 5 must be employed. The hypothesized model is
shown in Fig. 8. Here, the block labeled “structural model for φ-
loop” is essentially the model of Fig. 5. It is hypothesized that the
command to the pedals is obtained from the input signal to the
neuromuscular system for the pilot’s arm. The specific parameters
for the various elements in Fig. 8 can now be given.

1. Proprioceptive Dynamics
Referring to Fig. 3, one sees that the pilot would be required to

generate first-order lead with a reciprocal time constant on the order
1/s (the approximate location of the dutch-roll poles with the yaw
damper in place). Thus, in its simplest form, the pilot equalization
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Fig. 7 Qualitative comparison of effect of increased gain in neuromuscular feedback loop of structural model with results from experiment.

Fig. 8 Pilot/vehicle system for coordinated use of aileron and rudder.

would be

Ypφ
≈ K pφ

(s + 1) (16)

Thus, in Eq. (10), 1/TPF = 1/s. The parameter KPF is chosen as the
value that yields a minimum damping ratio of 0.15 for any poles
of the transfer function resulting when only the proprioceptive loop
of Fig. 5 is closed.8 The form of Eq. (16) would be invariant with
Kr values, because, with the exception of an increase in gain, the
form of the various vehicle transfer functions in Fig. 3 varies only
in phase lag. This fact does not bode well for closed-loop system
stability at larger values of Kr .

2. Neuromuscular Dynamics
YNM will be as given in Eq. (9) for both arm and legs.

3. Force/Feel System Dynamics
YFS for the wheel and pedals will be given by

YFS|wheel = 15 × 102

s2 + 2(0.3)10s + 102
wheel deflection/lbf (17)

YFS|pedal = 65 × 202

s2 + 2(0.3)20s + 202
pedal deflection/lbf (18)

For the wheel, full deflection corresponds to 80-deg wheel rotation
and 20-deg aileron deflection. For the pedal, full deflection corre-
sponds to 1.5-in. pedal deflection and 15-deg rudder deflection. The
ratio of maximum rudder deflection to maximum aileron deflection
was employed in Sec. II in the selection of the maximum value of
Kr . The Kmax for the aileron is 15 lbf and 65 lbf for the pedals. The
breakout forces for the wheel and pedal are as follows: wheel, 2 lbf;
pedal, 13 lbf.

Fig. 9 Bode diagram of open-loop pilot/vehicle transfer function with
Kr = 0.

4. Delay

The “delay” in Fig. 8 is identical to that in the pilot model of
Fig. 5, 0.2 s.

5. Actuator Dynamics and Limits
The dynamics of the actuators for both rudder and aileron

have been given in Eq. (6). The amplitude and rate limits of
these actuators are as follows: aileron—amplitude limit = ±20 deg,
rate limit = ±45 deg/s; rudder—amplitude limit = ±15 deg, rate
limit = ±60 deg/s. Figure 9 shows the resulting Bode diagram for
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Fig. 10 Pilot/vehicle system for roll attitude to aileron and sideslip to rudder.

Fig. 11 Bode diagrams of open-loop pilot/vehicle transfer functions
for roll and sideslip loops.

the open-loop pilot/vehicle transfer function with Kr = 0 and with
Kfactor set to unity. The diagram is very similar in form to measured
pilot/vehicle transfer functions in single-axis tracking tasks.10

E. Pilot Model for Control of Roll Attitude with Aileron and Sideslip
with Rudder

The hypothesized model for control of roll attitude with aileron
and sideslip with rudder is shown in Fig. 10. Here, separate struc-
tural pilot models are employed in each loop. Based on the φ/δa

and β/δr transfer functions for this flight condition, the pilot would
again be required to generate first-order lead in each loop, with a re-
ciprocal time constant on the order 1/s for each. Because two loops
are assumed to be closed by the pilot, an iterative procedure is em-
ployed to determine the forms of the pilot models for each loop. As
in the study with combined aileron and rudder, the general form of
YPF for both loops is as given in Eq. (10). First, the rudder loop is
left open, and appropriate structural model pilot dynamics are se-
lected for the aileron loop. After selection of the aileron-loop pilot
model, this control loop is closed, and appropriate structural model
pilot dynamics are selected for the sideslip loop. The procedure
is repeated until no significant changes in the pilot models occur.
Figure 11 shows the Bode diagrams of the open-loop pilot/vehicle
transfer functions for each loop, with the remaining loop closed.
This form of the pilot/vehicle system could be employed in model-
ing coordinated turns, but here attention will be focused on a task
involving wings-level sideslip captures.

F. Piloting Tasks for Computer Simulation
1. Task 1: Large Roll-Attitude Change

The command roll attitude will be a filtered step command in
which the pilot uses aileron alone with no pedal inputs. Next, the

Fig. 12 Computer simulation of pilot/vehicle system with aileron input
alone (Kr = 0) and with coordinated aileron and rudder inputs (Kr = 0.25,
0.50, and 0.75).

same roll-attitude command will be used, but this time the pi-
lot model will be employing combined aileron and pedal inputs.
In this second scenario, various Kr values will be chosen with
the largest representing the ratio of maximum displacements of
aileron and rudder, that is, Kr = 0.75. The crossover frequency
for the roll-attitude loop with no rudder inputs will be chosen
as 1.5 rad/s. The gain Ye = Ke selected for Kr = 0 will remain
unchanged for the remaining Kr values. Kfactor for the aileron
loop is, from Eq. (15), Kfactor = 15/13 = 1.15. For the rudder loop,
Kfactor = 65/52 = 1.25. Figure 12 shows the simulation results.
When the maximum Kr = 0.75 is employed, the closed-loop pi-
lot/vehicle system is nearly unstable, with an oscillatory frequency
of 1.5 rad/s.

The results indicate that the dutch-roll mode has been excited with
the manual loop closures examined here. With Kr = 0 and 0.25, the
closed-loop system responds well. The aileron and rudder inputs for
each Kr = 0 are shown in Fig. 13. Note the amplitude limiting of
the rudder. The residual rudder motion with Kr = 0 is attributable to
the action of the yaw damper. Significant aileron rate limiting also
occurs in this task. Figure 14 compares aileron and rudder inputs
and rates for Kr = 0.5. Amplitude limiting of the aileron is again
in evidence. As with Kr = 0, significant aileron rate limiting again
occurs in this task. Figure 15 compares the lateral acceleration at
the pilot’s station for the two Kr values. Note that for Kr = 0.5, the
lateral acceleration can reach 0.3 g.

Figure 16 shows the lateral acceleration at the pilot’s station
that occurs for Kr = 0.35 with nominal and high rudder sensitivity,
here defined as K |force = 32 lbf and K |breakout = 22 lbf. This yields
Kfactor = 32/10 = 3.2 for the rudder channel. The increased rudder
sensitivity has significantly increased the maximum values of aps.
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Fig. 13 Aileron and rudder inputs for tracking of Fig. 12 for Kr = 0.

Fig. 14 Aileron and rudder inputs for tracking of Fig. 12 for Kr = 0.5.

Fig. 15 Lateral acceleration at the pilot’s station for tracking of Fig. 12
for Kr = 0 and Kr = 0.5.

The issue of whether a pilot would coordinate rudder with aileron
as was done in the computer simulation just discussed is open to
question. Obviously continuous high-gain coordination is detrimen-
tal to tracking performance and stability. It is possible, however, that
a highly sensitive pedal force/feel system might induce pilot activ-
ity of this nature. In addition, the large lateral accelerations that
are predicted to develop could precipitate a PIO. Indeed, this sce-
nario was suggested by the author as part of an investigation of
the crash of American Airlines Flight 587 (Ref. 11). A PIO can be
precipitated in the computer simulation just discussed by forcing
the pilot model to adopt so-called “regressive” tracking behavior
as discussed in Ref. 10. In this behavior, the pilot is hypothesized

Fig. 16 Lateral acceleration at the pilot’s station for tracking of Fig. 12
for Kr = 0.35 with nominal and high rudder sensitivity.

Fig. 17 Rudder and aileron inputs in simulated PIO with pilot model
adopting regressive behavior.

to use roll rate rather than roll attitude as the fundamental visual
cue. In addition, proprioceptive cues are assumed to be ignored.
Figure 17 shows aileron and rudder inputs demonstrating the oscil-
latory vehicle responses that develop with this regressive behavior.
Here the pilot gain was selected as the minimum value that would
yield the oscillatory behavior. The aileron and rudder inputs indi-
cate that amplitude and rate saturation of these devices is occurring.
The frequency of the PIO is approximately 3.0 rad/s (0.48 Hz),
a factor of two greater than the oscillatory frequency evident in
Fig. 12 for Kr = 0.75. This simulation does not imply that the vehi-
cle chosen for study is PIO prone. Rather, an overly sensitive pedal
force/feel system (low force gradient) could precipitate a PIO in a
sudden upset by inducing large lateral accelerations at the pilot’s
station.

2. Task 2: Wings-Level Sideslip Captures

In this task, demanding discrete sideslip captures are required
while attempting to maintain a wings-level attitude. The command
roll attitude for this task will be zero, with the sideslip command
consisting of a filtered doublet alternating between ±6 deg in ampli-
tude. One physical interpretation for this input would be the aircraft
experiencing a 30-kn wind that alternates between ±30 deg from
the aircraft’s initial heading. Here each alternating pulse lasts ap-
proximately 6 s.

As was the case in Fig. 9, K/s-like dynamics are evident, and a
common crossover frequency of 1.5 rad/s is chosen. Once, again,
this crossover frequency was created with Kfactor = 1 in each loop.
Figure 18 shows the responses in roll attitude and sideslip. Note
the significant roll-attitude excursions from the desired wings-level



1258 HESS

condition. This is attributable to the significant amount of sideslip
to roll coupling that exits, that is, the Clβ effect. Figure 19 shows the
aileron and rudder inputs. Minor rudder rate limiting was in evidence
in this task. The maximum lateral acceleration at the pilot’s station
was approximately 0.35 g.

Increasing the sensitivity of the rudder system to the high level
of the preceding simulation resulted in incipient instability in the
pilot/vehicle system. This is likely to serve as a triggering event for
a PIO. Creating regressive behavior in the pilot model in both the
roll and sideslip channels leads to a PIO very similar in form to that
of Fig. 17. The PIO frequency is approximately 2.9 rad/s or 0.46 Hz
with significant amplitude and rate limiting in evidence.

Fig. 18 Computer simulation of pilot/vehicle system to alternating
sideslip commands.

Fig. 19 Aileron and rudder inputs for tracking of Fig. 18.

Fig. 20 Pedal force/feel system comparison between vehicle TA3 at 240 kn and vehicle H.

G. Discussion
Compared to those for wheel and column, pedal force/feel system

designs have received little attention in the literature.12 However,
recent accidents such as American Airlines Flight 587, and other
rudder-related incidents with transport aircraft,13 have uncovered
a need for firm design requirements for these systems. Given the
inherent dangers of flight testing in which the possibility of excessive
vertical stabilizer loading can easily occur, it would appear that
ground-based flight simulators offer the most practical means for
delineating acceptable force/feel characteristics. It is essential in
defining the tasks that would be performed in such investigations that
the recommendations of Ref. 14 be recalled. Specifically, any tasks
selected for discerning the PIO susceptibility of force/feel system
characteristics need to be sufficiently challenging and aggressive.
The wings-level sideslip capture task exercised herein via computer
simulation can serve as one such task.

With one exception, the pilot-modeling assumptions and pilot-
parameter selections that have been described are based on a well-
documented model of the human pilot acting in compensatory
(error-correcting) fashion. The single exception is the model for
accommodating the effects of breakout nonlinearity in the cock-
pit inceptor. The approach espoused here, however, does create
closed-loop changes in the pilot’s neuromuscular dynamics that have
been experimentally shown to accompany increased neuromuscular
tension.

IV. Pedal Force/Feel System Comparison
At this juncture, a comparison of some representative aircraft

pedal force/feel systems is in order. The plots of Figs. 20–22 repre-
sent a comparison of three transport aircraft pedal force/feel systems
with that of a helicopter. These vehicles will be identified here as
H (helicopter), TA1, TA2, and TA3 (transport aircraft 1, 2, and 3).
Vehicle H is a medium-size utility/transport vehicle used by the
U.S. Army. Vehicles TA1–TA3 are aircraft of comparable size and
passenger-carrying capability (approximately 250 passengers) and
are of similar size and configuration to the aircraft involved in the
American Airlines Flight 587 accident. Vehicles TA1 and TA3 are
currently in service with a number of airlines, worldwide. Vehicles
TA2 and TA3 were produced by the same manufacturer, with TA2
being the immediate predecessor of TA3. Indeed, vehicle TA3 is very
similar in size, weight, and configuration to TA2. Figures 20–22 in-
volve straight-line approximations to the force/displacement char-
acteristics with full-control movement, with no “cable stretch” in-
volved. As opposed to the data for vehicles H and TA3, the data for
vehicles TA1 and TA2 were obtained from tabular data that did not
give specific force/feel characteristics within the breakout area.

As used here, “maximum force” is defined as the pedal force
that yields a maximum pedal displacement without inducing cable
stretch in the mechanical system. As will be seen, larger forces can
be applied to the force/feel system. Finally, the force/feel character-
istics for the pedal system of TA3 are a function of airspeed. Indeed,
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this is the reason for associating the particular data for this vehicle
with the 240-kn airspeed. This is not the case for vehicles H, TA1,
and TA2, where the force/feel pedal characteristics are invariant
with airspeed. The rudder systems for vehicles TA1 and TA2 are
referred to as “ratio” systems, whereas that for the TA3 is referred
to as a “variable-stop” system.

The reason for choosing the helicopter for a benchmark case
is that this vehicle is capable of performing tasks in which pre-
cise heading/yaw-rate control is possible with pedal inputs.15 These
tasks consist of hovering turns, pirouettes, lateral repositions, and
sidesteps in which heading performance requirements are defined in
quantitative fashion.16 Of course, desirable handling qualities and
task performance depend on more than just the characteristics of the
force/feel system. However, acceptable force/feel system character-
istics constitute a necessary condition for achieving these. Thus, the

Fig. 21 Pedal force/feel characteristics between vehicles TA1 and H.

Fig. 22 Pedal force/feel system comparison between vehicles TA2 and
H.

Fig. 23 Simplified computer model of a pilot/vehicle system.

nature of the pedal force/feel system on vehicle H is of more than
just passing interest.

Figures 20–22 indicate significant differences between the pedal
force/feel system on vehicle TA3 at 240 kn and those for the vehicles
H, TA1, and TA2. For the reason stated in the preceding paragraph,
the common system selected for comparison in each figure is that of
vehicle H. The differences are summarized in Table 1. It is apparent
from the graphs that the system for TA3 at 240 kn is significantly
more nonlinear than those for the vehicles H, TA1, and TA2. The
differences between the TA2 and TA3 force/feel characteristics are
particularly noteworthy, not only for their force/displacement char-
acteristics (compare the solid lines in Figs. 20 and 22) but also
because these two aircraft are nearly identical in size, weight, and
general aerodynamic configuration and have been produced by the
same manufacturer.

The plots just discussed invite the following question: Can the
“linearity” of the force/displacement characteristics of the control
inceptor, in this case the pedals, serve as a useful metric for accept-
ability of these devices in tracking tasks? An example is in order at
this point. The system in Fig. 23 represents a simplified pilot/vehicle
system with a nonlinear force/feel system. Although the symbol for
roll attitude (φ) has been identified as the system input and out-
put, the symbol has been used merely for convenience here. That
is, Fig. 23 represents any generic tracking task in which force/feel
characteristics can be compared.

The “pilot” in Fig. 23 consists of a gain, a second-order transfer
function modeling neuromuscular dynamics and a 0.2-s time delay.
This pilot model is considerably simpler than the structural model of
the pilot offered in the preceding analyses. The “vehicle” is a simple
integrator with an adjustable control system gain. It can be easily
shown that the open/loop pilot vehicle system obeys the dictates of
the crossover model of the human pilot.7 Two force/feel systems
will be considered as shown in Fig. 24. These correspond approxi-
mately to the systems for TA3 and TA2 as shown in Figs. 20 and 22.
They will be referred to here as simply system A and system B. In
this simulation, each of these force/feel systems will be capable of
the same maximum amplitude command to the integrator (vehicle
model) through appropriate adjustment of the control system gain
shown in Fig. 23 just before the integrator representing the vehicle
dynamics.

A pulsive roll command will be provided in the simulation. The
duration of the pulse will be 5 s. The units involved here are not
important given the simplified nature of the simulation. Figures 25
and 26 show the responses for the systems with the two force/feel
systems for the pilot gains K p = 1, 2, 4, and 6. Figure 25 indicates
that the responses of the high-sensitivity system A are much less

Table 1 Force/feel system summary

Ratio of max force Max Max
Vehicle to breakout force force, lbf displacement, in.

H 5.7 50 2.8
TA1 4.71 80 3.6
TA2 5.7 125 4.0
TA3a 1.45 32 1.3

a240-kn airspeed.
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Fig. 24 Representations of the pedal force/feel systems A and B in the
computer simulation of Fig. 23.

Fig. 25 Responses of the computer simulation of system of Fig. 23 for
different pilot gains for the system A pedal force/feel system.

Fig. 26 Responses of the computer simulation of system of Fig. 23 for
different pilot gains for the system B pedal force/feel system.

predictable and much more sensitive to the particular pilot gain
chosen than those of system B shown in Fig. 26. Oscillations are
apparent for all pilot gains at or above K p = 4, whereas no such
oscillations appear in Fig. 26 for system B. The inability of either
system to respond with K p = 1 is attributable to the fact that this
gain value was not large enough to overcome the identical breakout
forces in either force/feel system.

Figure 27 shows the plot of pedal force vs pedal displacement that
occurred in the computer simulation just described with K p = 4. It
is interesting in that system A clearly shows that the pedal force
associated with maximum pedal displacement has been exceeded.
This has been identified as cable stretch in the figure, as it implies

Fig. 27 Pedal force vs displacement for systems A and B in Fig. 23 for
Kp = 4.

Fig. 28 Defining a linearity index.

forces exceeding that corresponding to the maximum deflection of
the control surface in questtion. In an actual mechanical flight con-
trol system, of course, some pedal motion would be associated with
this cable stretch. That is, the segments denoted as cable stretch
would not be vertical, but would instead have large slopes consis-
tent with large forces resulting in relatively small pedal motion.
Again it is worth emphasizing that the maximum attainable control
surface deflections for both systems A and B are identical.

In comparing results of the computer simulation just presented,
the following must be emphasized: the two simulations have em-
ployed identical vehicle models, identical forms for the pilot models,
identical pilot model gains, identical maximum control power, and
identical command inputs. The nature of the vehicle responses were,
however, very different. This fact that can be attributed solely to the
different force/feel systems that have been modeled. Said another
way, in terms of a closed-loop feedback structure that defines human
pilot tracking behavior, there is a price to be paid for highly nonlinear
force/feel characteristics. Such characteristics can produce unpre-
dictable and unsatisfactory response characteristics in closed-loop
control.

A simple way to quantify the linearity of a force/feel system is
shown in Fig. 28. The heavy lines in Fig. 28 represent the full-throw
force/feel characteristics for the inceptor in question. Figure 28
can be applied to a force/feel design in which inceptor forces be-
yond those associated with maximum control surface deflections
are permitted, including allowing proportional pedal motion, but
not allowing the larger control surface deflection associated with
this increased pedal motion. Essentially, beyond a certain point,
pedal motion would not be reflected in control surface motion (the
dashed portion of the plot in Fig. 28). Point B is the point on
the force/displacement graph farthest from the origin excluding the
dashed lines. If the maximum inceptor force and displacement cor-
responds to maximum control effector displacement (as was the case
in this study), points B and H are coincident. Based on Fig. 28, one
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can propose a nondimensional linearity index (LI) as

LI = 1 −
[

AREA(DAHD) + AREA(DHID)

AREA(DEBF)

]
(19)

Thus, if LI = 1 in Eq. (19), the force/feel system is completely linear.
If LI = 0 (or possibly negative in the case when points B and H are
not coincident), the system could be called highly nonlinear. Using
the preceding metric, the LIs for the force/feel systems defined as
systems A and B compare as follows: system A, LI ∼= 0.14; system
B, LI ∼= 0.76. Accounting for the possibility of negative LI values in
some applications, one can compare two LI results on a percentage
basis as

percentage difference = |LImax − LImin|
|LImin| × 100 (20)

where LImax and LImin refer, respectively, to the algebraically larger
and smaller values of LI in the comparison. In this case, LImax = LIB

and LImin = LIA, and the percentage difference between the two is
443%.

Once a satisfactory breakout force has been determined in any
force/feel system, the selection of the sensitivity of the system (or
its reciprocal, the force gradient) can be based entirely on a de-
sired value: the value of the LI. Obviously, one can create an in-
ceptor force/feel system with an LI value near unity, which will
prove unacceptable in use. This might involve inceptor force/feel
characteristics with no breakout and with a range of applied forces
that is far too small (or too large) for the particular human mus-
cle group that is intended to create the forces with any accu-
racy. Thus, any criterion that might be developed based on some
minimum value of LI should be regarded as a necessary but not
sufficient condition for the acceptability of the force/feel sys-
tem. It would appear that small LI values should nearly always
be avoided in inceptors that can be used in closed-loop track-
ing by the human pilot. A low LI value almost invariably indi-
cates an overly sensitive force/feel system in which the break-
out and maximum inceptor forces at not sufficiently separated in
magnitude.

V. Discussion
The research described in Secs. I–III used a simple dynamic

model of the lateral/directional dynamics of a transport aircraft.
A system survey of possible manual loop closures was presented.
Using a structural model of the human pilot, two tracking tasks
were examined, each with an eye toward capturing possible pi-
lot/vehicle behavior than could occur in large roll upsets and in
deliberate sideslip excursions. The pilot model was extended to em-
ulate the effects of control sensitivity. The combined use of aileron
and rudder for roll-attitude tracking was shown to exhibit poor per-
formance and stability as compared to aileron-alone inputs. In addi-
tion, it was suggested that pedal force/feel systems with large sen-
sitivities (low force gradients) could precipitate lateral/directional
pilot-induced oscillations with such combined strategies caused by
the large lateral accelerations at the pilot’s station that occurred. A
sideslip capture task also suggested that large sensitivities in the
rudder control system could lead to large lateral accelerations at
the pilot’s station and serve as a PIO trigger. Although simplified
in nature, the analytical study emphasized the handling qualities
and performance issues that can arise in continuous use of rudder
inputs in flight control tasks. In Sec. IV, a limited comparison of
pedal force/feel systems for four aircraft was undertaken. It was
shown that these systems can differ significantly in sensitivity and
linearity. A computer simulation of a simplified pilot/vehicle system
showed that highly sensitive and nonlinear force/feel characteristics
can adversely affect response predictability. A linearity index was
introduced to quantify the linearity of any force/feel system. It would
be of interest to determine the manner in which numerical values
of this index would map into handling qualities ratings for specific
tasks.

VI. Conclusions
An analytical study has been conducted to investigate the handling

qualities and performance implications of rudder control strate-
gies and systems in transport aircraft. The study focused on the
dynamics of a single, representative, transport aircraft, a dynamic
model of which is readily available in the literature. In addition,
a limited comparison of force/feel characteristics of four aircraft
was undertaken. Based on this study, the following conclusions can
be drawn:

1) A system survey of possible manual loop closures that could
be employed by the pilot using rudder control led to the iden-
tification of two tracking strategies that could occur in large
roll upsets and deliberate sideslip excursions. These strategies
involved the combined and separate use of aileron and rudder
inputs.

2) The analysis suggested that pedal force/feel systems with large
sensitivities (or equivalently, low force gradients) could precipitate
pilot-induced oscillations when combined aileron and rudder in-
puts were employed in roll maneuvers or when separate aileron and
rudder inputs were employed in wings-level sideslip capture tasks.
In each case, this susceptibility could be attributed to large lateral
accelerations occurring at the pilot’s station.

3) The analysis suggested that wings-level sideslip cap-
tures might serve as a useful pilot-in-the-loop flight simula-
tion task to investigate handling qualities issues involving rudder
control.

4) The pedal force/feel systems for a helicopter and two transport
aircraft were compared and found to be significantly more linear in
their force/displacement characteristics than that of a third compar-
ison transport aircraft. A simple computer simulation modeling a
piloted, closed-loop tracking task clearly demonstrated that highly
nonlinear force/feel systems can produce poor response predictabil-
ity and tracking performance as compared to more linear force/feel
designs.

5) A simple index can be used to quantify the linearity of force/feel
systems. Systems with small index values will exhibit high sensitiv-
ity (low force gradients) and will likely produce unpredictable vehi-
cle responses in closed-loop tracking tasks. The manner in which the
index affects perceived vehicle handling qualities remains a research
issue.
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