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Assessing Aircraft Susceptibility to Nonlinear Aircraft-Pilot
Coupling/Pilot-Induced Oscillations

R. A. Hess* and P. W. Stout’
University of California, Davis, Davis, California 95616

A unified approach for assessing aircraft susceptibility to aircraft-pilot coupling (or pilot-induced oscillations)
that was previously reported in the literature and applied to linear systems is extended to nonlinear systems, with
emphasis upon vehicles with actuator rate saturation. The linear methodology provided a tool for predicting 1)
handling qualities levels, 2) pilot-induced oscillation rating levels, and 3) a frequency range in which pilot-induced
oscillations are likely to occur. The extension to nonlinear systems provides a methodology for predicting the latter

two quantities.

Nomenclature

C = command input to structural pilot model

E,Ec, Ey = visualerror, input to, and output of delay element
in structural pilot model

K., K, = error gain and error-rate gain in structural pilot
model

K, K, = vestibular feedback gains in structural pilot model

M = output of structural pilot model

S; = switch allowing analysis of inceptors in which
displacement or force provides commands to the
vehicle or flight control system

S1, 82,83 = switches controlling feedforward and feedback
signal selection in structural pilot model

Uy = output of proprioceptive feedback loop
in structural pilot model

Us = output of vestibular feedback loop in structural

pilot model
Y, = transfer function of vehicle dynamics, (M /8,,)(s)
= transfer function of cockpitinceptor force-feel
system, (8, /87)(s)
Ynum = transfer function of pilot’s neuromuscular system
in structural pilot model, 8 /(Ey — Uy — Uy)

Ypr = transfer function of proprioceptive feedback
element in structural pilot model, (U, /8,,)(s)

Sr = force applied to cockpit control inceptor, 1bf

Sy = displacement of cockpit control inceptor, in.

€ = integral error term for low-frequency error
integration in structural pilot model

INm = damping ratio appearing in transfer function of
pilot’s neuromuscularsystem in structural pilot
model

0 = aircraft pitch attitude, rad

oy = rms value of signal x

T, = effective time delay appearing in crossover model
of human pilot, s

T = time delay in structural pilot model, s

D, (w) = power spectral density of signal x

10} = frequency,rad/s

W, = crossover frequency, rad/s

Wy = frequency establishing higher limit of estimated
PIO frequency range, rad/s
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Wy = frequency establishing lower limit of estimated PIO
frequency range, rad/s
Wp1o = frequency of pilot-induced oscillation, rad/s

Introduction

N adverse aircraft-pilot coupling (APC) or pilot-induced os-

cillation (PIO) can be defined as an unwanted, inadvertent,
and atypical closed-loop coupling between a pilot and the response
variables of an aircraft.! For the uninitiated reader, a concise his-
torical perspective of the APC/PIO problem can be found in Ref. 2.
The importanceand serious nature of APC/PIOs in the development
of modern aircraft with fly-by-wire flight control systems have led
NASA to sponsor a National Research Council committee to study
the APC/PIO problem.’ More recent results can be found in the
summary of fourresearchefforts sponsoredby the Air Force.*~” De-
spite continuingresearchin this area, there has been little consensus
about the APC/PIO phenomenon in terms of fundamental changes
in pilot behavior that might initiate or help sustain the oscillation.
To help fill this void, Ref. 8 introduced a theory and methodology
for assessing both the handling qualities and the APC/PIO suscep-
tibility of aircraft and flight control systems for vehicles described
by linear dynamics. The research to be described will extend this
APC/PIO methodology to vehicles described by nonlinear dynam-
ics. Although APC/PIO susceptibility is certainly a handling quali-
tiesissue, discussingthe two in separate fashionis reasonable, given
the demonstrablefactthatan aircraftcan exhibitpoorhandlingquali-
ties and still not be APC/PIO prone. Although the pilot/vehiclemod-
eling procedureto be discussed has been applied to the study of roll
ratchet® (a high-frequency APC/PIO), this phenomenon will not be
discussedhere. The techniquefor assessinglinear handlingqualities
and APC/PIO susceptibilityis reviewed in the next section. A means
of extending this methodology to nonlinear systems is then pre-
sented. A series of examplesdemonstratethe use of the methodology
in predictionof APC/PIO susceptibility. A brief discussion,a synop-
sis of the analysis technique, and a statement of conclusions follow.

Overview of a Unified Theory
for Handling Qualities and APC/PIO

The methodology for assessing vehicle handling qualities and
APC/PIO susceptibilityis based upon a revised structural model of
the human pilot shown in Fig. 1 and discussed in detail in Refs. 8
and 9. This model has its genesis in an earlier structural model'®
and in a later modification of that model.!" As shown in Fig. 1, the
model describes compensatory pilot behavior,i.e., behavior involv-
ing closed-loop tracking in which the visual input is system error.
The elements within the dashed box represent the dynamics of the
human pilot. The reader is referred to Ref. 8 for a thorough discus-
sion of the model and its parameterizationin pilot/vehicle analyses.
Only a brief overview will be presented here.

Starting from theleftin Fig. 1, the systemerrore(?) followsone of
two possible paths. The upper pathis intended to model the human’s
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Fig.1 Revised structural model of the human pilot.

visual rate-sensing dynamics, here modeled by a differentiator (s)
and a gain K;. The lower path describes normal error sensing and
gain compensation K, including the possibility of the human’s ac-
complishinglow-frequencytrim (or integral) compensationvia€/s.
In the examples to be discussed herein, no need for additional low-
frequency integration was needed, and therefore e = 0. The switch
labeled S, allows switching between error and error-rate tracking,
a critical component of the model in describing the initiation and
sustenance of APC/PIOs. A central processing time delay 1 is also
included. The elements Yyy and Ygs are intended to represent, re-
spectively, the open-loop dynamics of the neuromuscular system
driving the cockpit inceptor, typically a control stick, and the dy-
namics of the inceptor force-feelsystem, itself. The element Ypr and
its positionin the model is central to the philosophy of the structural
model; i.e., the primary equalization capabilities of the human pi-
lot are assumed to occur through operation upon a proprioceptively
sensed, as opposed to a visually sensed, variable. Switches S, and
S, are assumed to operate in unison; i.e., when §; is up, so is S,.
The switch S; (inceptor) lies outside the dashed box in Fig. 1 and
thereforeis not part of the structural pilot model. This switch allows
study of control inceptors that drive the vehicle through either posi-
tion or appliedforce. Switch S5 is hypothesizedto play an important
role in roll ratchet’ and concerns the human’s use of vestibular or
motion cues. Herein, it will always be in the open position; i.e.,
no vestibular feedback will be assumed. Vehicle output feedback
completes the model.

Pilot model parameter selection is straightforward and is dis-
cussed in Ref. 8. Only the results are presented here. Elements Yy
and Ypr are given by

Dm
Ynm = 1)
52 + 2§NMwNMS + (L)ZNM
K(s+a) or
Ypp = K or (2)
K/(s +a)

with the particularequalization of Eq. (2) dependentupon the form
ofthe vehicledynamics Y, around the crossoverfrequency. The three
forms of Eq. (2) can be interpretedas the pilot’s internal model of the
vehicle dynamics. That is, in the range of crossover, Ypr o< s - Y. (s).
For reasons described in Ref. 8, a constant crossover frequency
w. = 2.0 rad/s is chosen.

As in applications of the original structural model, a number of
model parameters in the revised model of Fig. 1 can be considered
invariantacross differentvehicles and tasks. Nominal values of these
fixed parameters are

Ty = 0.2 S, WNM = 10 rad/s, ;NM =0.7 (3)

The relatively simple relations of Egs. (1-3) and the crossover
relation w. = 2.0 rad/s are sufficient to implement the model of

Fig. 1. One of the three forms on the right-hand side of Eq. (2) is
selected so that the resulting open-loop transfer function is

Yﬂ Y(' = ((SM/E)(J(U) : Y((]w) ~ (w('/jw)eife“‘ for 0~ W

@

i.e., Y, Y.(jow) follows the dictates of the crossover model of the
human pilot.'” The time delay 7, in Eq. (4) is an effective delay, not
to be confused with 7, in Fig. 1. It is important to specify precisely
how Eq. (4) is employed in the modeling procedure. Limiting dis-
cussionto the second and third forms of Ypr (those most likely to be
encounteredin pilot/vehicle analyses), the right-hand side of Eq. (2)
is selected so that

Vo)~ 2 oo 5)

c N — or .
J@ jow K, arbitrary

Yer(jo)

The gain K appearing in Egs. (2) and (5) is chosen so that the
minimum damping ratio of any quadratic closed-loop poles of
Spr/Ep)(S) 1S &min = 0.15 when all other loops are open. Finally,
K, is selected so that the desired crossover frequency of 2.0 rad/s is
obtained.

The handling qualities assessment technique discussed in Ref. 8
defines a handling qualities sensitivity function (HQSF) as

HQSF o |(Up /C) () ©6)

When calculatingthe HQSF, the effects of control sensitivity must
be removed. This is accomplished as follows:
Displacement sensing inceptor:

M 1 1
HQSF = |—(jw) - — - —— - Ypr(Jj 7
Q ‘ C (Jw) K. Y.(o) pr(J @) (7
Force sensing inceptor:
HQSF —M( ) —1 —1 Yes Yer(jw)
= . . . w
C Jw K. Y.(o) FsLpr(J

Using flight-test handling qualities results, Ref. 8 demonstrated
that the HQSF could be used to discriminate among handling qual-
ities levels 1-3. Figure 2 shows the HQSF bounds developedin that
study. After the structural pilot model just described is generated,
an aircraft’s predicted handling qualities level is determined by the
area in Fig. 2 penetrated by the HQSF.

The APC/PIO assessment technique discussed in Ref. 8 utilized
the power spectral density (PSD) of the signal u,, in Fig. 1 (with
control sensitivity effects removed). The PSD of u,, is defined as

cbumum (w) = q)('c(w) : |HQSF|2 (8)

where the PSD of the input ¢ () is given by

2

4
b (w) = P 9
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Fig. 2 HQSF bounds from Ref. 8 delineating handling qualities levels.

NUMERICAL

DESCRIPTION RATING

NO TENDENCY FOR PILOT TO INDUCE UNDESIRABLE 1
MOTIONS

UNDESIRABLE MOTIONS TEND TO OCCUR WHEN 2
PILOT INITIATES ABRUPT MANEUVERS OR ATTEMPTS
TIGHT CONTROL. THESE MOTIONS CAN BE PREVENTED
OR ELIMINATED BY PILOT TECHNIQUE

UNDESIRABLE MOTIONS EASILY INDUCED WHEN PILOT 3
INITIATES ABRUPT MANEUVERS OR ATTEMPTS TIGHT
CONTROL. THESE MOTIONS CAN BE PREVENTED OR
ELIMINATED BUT ONLY AT SACRIFICE TO TASK
PERFORMANCE OR THROUGH CONSIDERABLE PILOT
ATTENTION AND EFFORT

OSCILLATIONS TEND TO DEVELOP WHEN PILOT INITIATES 4
ABRUPT MANEUVERS OR ATTEMPTS TIGHT CONTROL.
PILOT MUST REDUCE GAIN OR ABANDON TASK TO
RECOVER

DIVERGENT OSCILLATIONS TEND TO DEVELOP WHEN 5
PILOT INITIATES ABRUPT MANEUVERS OR ATTEMPTS
TIGHT CONTROL. PILOT MUST OPEN LOOP BY RELEASING
OR FREEZING THE STICK

DISTURBANCE OR NORMAL PILOT CONTROL MAY 6
CAUSE DIVERGENT OSCILLATION. PILOT MUST OPEN
CONTROL LOOP BY RELEASING OR FREEZING THE STICK

Fig.3 PIOR scale.

Because the work of Ref. 8 dealt only with linear systems, the par-
ticular value of the rms value of ¢(¢) was not important, other than
it was held constant at the value implied by Eq. (9). Using flight-
test results, Ref. 8 demonstrated that ®,,,,,, (w) could be used to
discriminate among PIO rating (PIOR) levels defined as
1 <PIOR <2, 2 <PIOR <4, PIOR >4 (10)
The PIOR scale itself is shown in Fig. 3. Figure 4 shows the
®,,.., (@) bounds resulting from the study of Ref. 8. As in the
case of the handling qualities levels, an aircraft’s predicted PIOR
is determined by the area penetrated by &, ,,, (w) when the pilot
model is created as described in the preceding.
In Ref. 8, the actual APC/PIO was hypothesized to occur when
a triggering event with a PIO-prone vehicle (PIOR > 4) caused
the pilot to switch from visual error tracking with proprioceptive
feedback (normal pilot behavior) to error-rate tracking without pro-
prioceptive feedback (regressive pilot behavior). In the latter case,
switches S| and S, in Fig. 1 are both in the up position). A narrow
range of gain values K; was shown to result from the pilot’s attempt
to maintain control over error rate while still maintaining stability.
The frequency of the APC/PIO was hypothesizedto lie between the
valuecorrespondingto the peakof ®,,, ,,,, (w) and the value of K ; that
resulted in neutral closed-loop stability with switches S; and S, up.

w radls

Fig.4 Modified ®,, ,, (w) bounds Ref. 8 delineating PIOR levels.

mUm

Analyzing Nonlinear APC/PIO Events

Introduction

Three convenient categories of APC/PIO encounters have been
suggested™*: Category I describes events with essentially linear ve-
hicle dynamics and pilot behavior; Category II describes events in
which fundamental nonlinearities come into play, chiefly those as-
sociated with the actuators; and Category III describes events that
fundamentally depend upon nonlinear transitions in either the ef-
fective vehicle dynamics or the pilot’s behavioral dynamics. The
model-based theory just outlined addresses only category I events.
The research to be described will extend this theory to category II
events, particularly those caused by actuator rate limiting.

Extending the theory of Ref. 8 to the case of actuator rate lim-
iting and category II APC/PIO events is straightforward. This is
because the fundamental metric used to determine APC/PIO sus-
ceptibility is simply ®,,,,, (@), the PSD of a signal that is easily
accessible in a non-real-time simulation of the pilot/vehicle system
regardless of whether the vehicle description is linear or nonlinear.
However it is not just computational convenience that justifies the
extension to nonlinear analyses but rather the central role that the
spectralcharacteristicsof the signal u,, (¢) in the pilot model of Fig. 1
have been demonstrated to play in determining whether the closed-
loop pilot/vehicle system is susceptible to APC/PIOs.® Of course,
in applying this methodology to nonlinear systems, the linear re-
lationship of Eq. (8) can no longer be used. Also, the nonlinearity
introduced by rate limiting means the rms value of the input can no
longer be arbitrary.

Power Spectral Density Calculations
As mentioned in the preceding, in the study of Ref. 8 that fo-
cused upon linear systems, the choice of the rms value of c(¢), the
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command input to the pilot/vehicle system was of no consequence.
Here, however, this rms value is very important as it will deter-
mine the extent to which system nonlinearities are encountered. If
the analyst is attempting to corroborate the results of a flight test
or simulation in which a specific command input is used such as a
pitch command signal on a head-up display, then this specific input
could be employed in the analysis. In the absence of such an input,
however, another tack must be taken. Here, the PSD of the input ¢(7)
was scaled so that a desired rms control stick displacementresulted
when rate limiting was removed. Thus,

2

O
q)('c(w)|scaled = dD(.c(a)) .
Obm

®..(w) = PSD of c(t)given by Eq. (9) (an

= maximum desired rms stick displacement

Tsm max

05, = rms stick displacement when rate limit removed,
calculated using ® .. (w) of Eq. 9

As Eq. (11) indicates, 05, max 1S chosen as a maximum desirablerms
stick displacement, large enough to vigorously excite the aircraft
without being unrealistic. Of course, we have now traded the selec-
tion of a rms input value to the selection of a rms inceptordisplace-
ment, 0, |max - However, the latter may be more readily ascertained
by knowing the total amount of stick displacement available to the
pilot and choosing 05, |max @s some fraction of this value. Here,

=07 8m|max

T max

(12)
Sl max = % - [maximum physical stick displacement]

In Eq. (12), the maximum physical stick displacement refers to the
maximum stick throw in the cockpit. For example, if maximum
cockpitstick from full aft to full forward is 10 in., the §,,|mx = S in.
Note that using Eq. (11) and the structural pilot model of Fig. 1
requiresthoroughdocumentationof allcontrolandforce-feelsystem
characteristics.

The justification for employing Eq. (11) is based upon the fol-
lowing observation: In APC/PIO incidents involving actuator rate
limiting, very large cockpit control displacements/forces are typ-
ically in evidence, e.g., the time histories reported in Ref. 3 for
the C-17 and JAS-39 and those reported in Refs. 3 and 13 for the
YF-22. Thus, APC/PIO events involving actuator rate limiting are
very likely to be accompaniedby large controldisplacements/forces.
The argumentcan be made, of course, that such large displacements
are the result of the PIO incidentand not a cause. Nonetheless, large
displacements often lead to actuator rate saturation, and such sat-
uration is a definite contributor to a sustained PIO. Obviously, the
choice of 05, | max Will influence the amount of actuator rate limiting
that will occur in the computer simulation of the pilot/vehicle sys-
tem. The choice here of 70% of §,,|.x does represent a large value.
This choice reflects the philosophy of one of the recommendations
of Ref. 3 as regards simulator evaluation of a vehicle’s PIO suscep-
tibility: “Tasks should be selected not only to be representative of
nominal flight conditions, but also to explore the boundaries and
extreme situations that may lead to APC events. Situations that case
APC events should not be eliminated because ‘pilots will not (or do
not) fly like that' [emphasis added]”

The PSD of u,, (¢) is now obtained as

2
Sm

sim].%. Tom_ (13)

e 05y,

Pt (@) = [ @iy (@)

max

where [D,,,,,, (w)sim] represents the PSD obtained directly from the
simulation using the input with PSD given by Eq. (11). Just as in
Eqgs. (7), the K, term appearingin Eq. (13) effectively removes con-
trol sensitivity effects from the calculation of ®,,,,,, (). The final
term on the right-hand side of Eq. (13) is the reciprocal of the final
termon theright-handside of Eq. (11). Includingthistermin Eq. (13)
accountsfor the scaling effectsintroducedin Eq. (11) and allows use

of the bounds of Fig. 4 to assess APC/PIO susceptibility.Calculating
[D,,un (@)lsim] 1s a fairly straightforward task given the computer-
aided control system design and signal analysis packages or tool-
boxescurrently available.This will be demonstratedin what follows.

Bracketing the APC/PIO Frequency

A procedure was created for predicting or bracketing the
APC/PIO frequency in nonlinear systems experiencing saturation
similar to that developed for linear systems ® Here, as in Ref. 8, two
distinct types of piloting behavior have been hypothesized (normal
andregressive). Oscillatory pilot/vehicleresponsesare possible with
either type of behavior, and the frequencies associated with each
type of behavior are different. Because of the additional phase lead
that accompanies the regressive pilot behavior, the associated fre-
quency of oscillation is typically higher than that associated with
the normal pilot behavior. A lower possible APC/PIO frequency,
wy, 1s associated with normal behavior and is identified as the fre-
quency at which the peak in ®,,,,,, (w) occurs. The higher possible
APC/PIO frequency is associated with regressive pilot behavior in
which error-rate tracking occurs with no proprioceptive feedback.
In the model of Fig. 1, this control behavior is created by placing
switches S| and S, in the up position. No model parameters are
changed, but the appropriate value of K, must be found. For a ve-
hicle with linear dynamics, this value of K; was determined by a
simple root locus analysis of the system of Fig. 1; i.e., the value of
K, for neutral stability was determined. For a vehicle with nonlin-
ear dynamics this procedure must be modified: The input command
c(t) is set to zero, and a doublet stick force of brief duration (e.g.,
2 s) is injected at the input to the force-feel system in the closed-
loop, pilot/vehicle simulation. The amplitude of the force doublet
corresponds to 8, m. as defined after Eq. (11). A minimum value
of K, is then found that produces a stable limit cycle of frequency
wy. Thus, w; < wpg < wy.

The existence of a lower and higher possible APC/PIO frequency
identified in the manner just described should be common to any
configuration that is susceptibleto APC/PIO. The reason is that the
open-loop transfer functions of each pilot/vehicle system will be
forcedto follow the dictates of Eq. (4) and thus share a common (but
not identical) frequency domain description. The rationale behind
bracketinga frequencyrangein which an APC/PIO frequency might
occur is the possibility that an APC/PIO encounter may involve
either or both types of pilot behavior (normal or regressive).

Discussion

It should be noted that the issue of predicting APC/PIO suscepti-
bility attributable to actuator rate saturation has drawn the attention
of many researchers*~7'*15 These approaches are all potentially
useful. In terms of complexity, however, the methodology proposed
in Ref. 8 requires no describing function analyses. Finally, it should
be noted that the procedure for determining category II susceptibil-
ity proposed here is not limited to systems with a single, isolated
nonlinearity. For example, consider the case where vehicle pitch at-
titude is controlled by canard, elevator, and thrust vectoring nozzle,
each driven by an actuator with different rate limits. The proce-
dure just outlined can be applied to this vehicle as easily as to one
with a single control effector and actuator, albeit with some addi-
tional complexity involvedin vehicle modeling and simulation. The
handling qualities assessment technique using the HQSF was not
extended to nonlinear systems herein. However, such an extension
is possible and could involve calculating the HQSF from Eq. (8),
with ®..(w) and ®,,,,,, (w) obtained from a computer simulation of
the pilot-vehicle system. Such a study would provide an interest-
ing avenue for future research. Finally, the methodology discussed
here will capture the effects of control sensitivity upon APC/PIO
susceptibility only as far as these effects influence the amount of
actuator rate saturation that occurs with rms stick displacements as
defined in Eq. (12).

Examples: Configurations from the Landing Approach
Higher-Order System Database

Eachofthe examplesthatfollow requiresappropriatepilot models
as described in the previous section and summarized in Egs. (1-5).
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Selecting model parameters requires no guesswork by the analyst,
with the possible exception of the value of a implied by Eq. (2). Se-
lectinga suitablea viaEgs. (4) and (5) may require some engineering
judgment. This is particularly true when higher-orderaircraft mod-
els are employed. For example, consider the case when Eq. (5) indi-
cates Ypg requiresthe form K /(s +a) but no simple isolated pole ex-
ists in the vehicle transfer function. Closing the proprioceptiveloop
placesthe (s +a) term in the numeratorof the pilottransfer function,
but there is no matching term in the denominator, and therefore dy-
namic cancellationis incomplete.In suchcases, selectionofa should
be dictatedby the creation of the largestpossible gain and phase mar-
gins commensurate with the dictates of Eq. (5). The forms of Ypg
used herein will be presentedat appropriate points in the discussion.

Although actuator rate saturation or rate limiting has been impli-
cated in a number of recent and important APC/PIO events, e.g.,
the YF-22 (Refs. 3 and 13), the JAS-39 Gripen,>'® and the C-17
(Refs. 3 and 5), a database for actuator rate limiting comparable to
other handling qualities flight-test studies (e.g., Refs. 17 and 18) has
yet to be established. For this reason, rate limiting has been intro-
duced analytically in the nonlinear configurations to be analyzed,
much as was done in Ref. 7. The flight-test configurations to be
modified were taken from the venerable Landing Approach Higher-
Order System (LAHOS) database. The basic configurations to be
analyzed are shown in Table 1. In simulating the behavior of a rate-
limited actuator in the examples to follow, a rate-limiting element
was introduced after the linear, second-orderactuator of Table 1. If
the input to this element exceeded the rate limit of the actuator, the
element’s output became rate limited and remained so until input
and output were equal. For the examples to be discussed, ®,,,,,,,, (@)
was obtained from a 240-s simulation run with an input PSD given
by Eq. (11). The sampling frequency was 25 Hz, and the resulting
raw PSD was smoothed by replacing each point [®,,,,,, (w;)] by
the average of 20 neighboring points (0.19 rad/s to either side of the
frequency pointin question). This smoothing operationis important
because it produces a more continuous PSD from single simulation
runs.

LAHOS Configuration4-7

Configuration 4-7 in the LAHOS database was selected for
study. This selection was based upon the fact that the configuration
was rated as having satisfactory handling qualities.'® The Cooper-
Harper rating in flight test was 3 by both the pilot and safety pilot
(level 1) and the average PIOR was 1. In the pilot model for this
configuration,

Ypr = K /(s +3) (14)

The resulting HQSF and ®,,,,,,,, (@) are shownin Figs. 5 and 6 where
the HQSF was obtained from Eq. (7). Because nonlinearities have
yet to be introduced, ®,,,,,, (w) could have been obtained analyti-
cally from Eq. (8). However, it was obtained from a simulation of
the pilot/vehicle system using Eq. (13) as just described. As Figs. 5
and 6 show, the HQSF and &, ,,,, (w) are each below the level 1 and
1 < PIOR < 2 bounds of Figs. 2 and 4, respectively.

LAHOS Configuration 4-7 with Actuator Rate Limiting

An elevator actuator rate limit of 25 deg/s was implemented in
the simulation. The Ypr is still given by Eq. (14). Herein, 05, | . Was
chosen as 3.5 in. or 70% of the physical limits of stick displacement
(£5 in. in the test aircraft). No HQSF is obtained for the nonlinear
case because the transfer function in question, i.e., Eq. (7), is no
longer defined. Figure 7 shows &, ,,,, (@) for configuration4-7 with
actuatorrate limiting. The maximum value of (w) now occurs
in the area predicting 2 < PIOR < 4.

Um Um

LAHOS Configuration 4-7 with Time Delay

To degrade the linear vehicle handling qualities from those of the
nominal configuration4-7, a time delay of 0.2 s was introducedinto
the stick filter as indicated in Table 1. This is a contrived example,
as no time delay was introduced in the flight test of configuration
4-7. Figures 5 and 6 also show the HQSF and ®,,,,,,, () that were
obtained for this configuration. The Ypr given by Eq. (14) remains

Table1 Vehicle description for LAHOS configurations 4-7 and 4-4

Configuration Yrs(s), in./Ibf Y. (s), rad/in.
47 0.125 0.0607(e~"*)* 1 (1.45 4+ 1)
[ 2 T 2 ’ 2 ’ 2
s 2(0.6) s 2(0.7) s 2(0.7) s 2(1.06)
—_—+ — 1 —_— — 1 —_—+ — 1 — 1
262+ 26 s+ |:122+ s+ 752+ 7 s+ s 22-i- 2 s+
stick filter actuator airframe
4d 0.125 0.0607 1 (1.4s + 1)
[ 2 L2008 O5s+1D [ 2 L2000 52 L2006
— + —= — 4+ — s| = s
262 26 75% 75 22 2
stick filter actuator airframe
2Time delay added in analysis to degrade vehicle-handling qualities.
6 [
HQSF
5 Q Level 3
14— Config. 4-7 s T RN
. \
with delay 4 Level 2 \\
3 ] \
! LT T T \\
- ’
! Config. 4-7 ~._
2 r/ without delay__ _ It
- / I S
L s/ Level 1
S
- =
] : i t L H t
2] 2 a 6 8 10

w

radls

Fig.5 HQSF for LAHOS configuration 4-7 without and with 0.2-s time delay.
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Fig.6 ®,,,, (w)for LAHOS configuration 4-7 without and with 0.2-s
time delay.

5
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4 #71—Config. 4-7 with delay
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1
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Fig.7 ®,,,,, (w)for LAHOS configuration 4-7 without and with 0.2-s
time delay with 25-deg/s actuator rate limiting.

unchanged. Note that the modeling procedure now indicates level 3
handling qualities, and 2 < PIOR < 4 should be expected with
this vehicle. As compared with the nominal configuration 4-7 with
actuatorrate limiting present, the ®,,,,,,, (@) for this configurationis
nearly in the PIOR > 4 region, indicating a category I P1O is likely.

LAHOS Configuration 4-7 with Time Delay and Actuator Rate Limiting

Figure 7 shows @, . (@) for configuration 4-7 with time delay
andactuatorrate-limiting.Note thatthe introductionof a rate-limited
actuator has taken the vehicle from a predicted 2 < PIOR < 4 to
a prediction of PIOR > 4. This indicates a category II PIO should
definitely be expected. The procedure for bracketing the APC/PIO
frequency outlined previously was invoked. Figure 7 indicates a
peak in @, ,. (w) at 1.93 rad/s. Figure 8 shows the limit cycle in
control stick displacement associated with the lowest value of K,
that produced such a stable oscillation with no proprioceptive feed-
back (switches S; and S, in Fig. 1 up). Larger values of K; produced
limit cycles with larger amplitudes but lower frequencies than that
of Fig. 8. Note that initial stick displacements are well beyond the
+5-in. physical cockpit limitation. This result is of little conse-
quence here because the purpose of the injected doublet is merely
to excite the system sufficiently to express the limit cycle. Figure 8
shows the resulting limit cycle amplitude is approximately 2 in.
with a frequency of 3.27 rad/s. Thus APC/PIO frequency can be
bracketed by

1.93 rad/s < wpjo < 3.27 rad/s (15)

The large difference between these frequencies (nearly a factor of
2) deserves some comment. If one considers configuration 4-7 of
Fig. 7 (with delay but without rate limiting) to be near enough
to the PIOR > 4 boundary to be considered definitely APC/P1O
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Fig. 8 Stick displacement in simulated pilot/vehicle system for config-
uration 4-7 with 0.2-s time delay and 25-deg/s actuator rate limiting.

prone, then the techniques of Ref. 8 bracketthe APC/PIO frequency
as

2.5 < wpio < 3.41rad/s (16)

with a considerably smaller range involved (a factor of 1.4). Thus,
the larger range of Eq. (15) is attributable to the fundamental non-
linearity involved and not the methodology.

LAHOS Configuration 4-4

In contrastto configuration4-7, LAHOS configuration4-4 exhib-
ited poor handling qualities and less than ideal PIORs in flight test.
The average Cooper-Harper rating given by evaluation pilots was
6.5, and the average PIOR was 2.67. Because the handling qualities
for this configurationwere poor, abinitio,adding a time delay to arti-
ficially degradevehiclehandlingqualities,as was done with configu-
ration4-7, was unnecessary.In the pilot model for this configuration,

Ypr = K/(s +2) (17)

Figures 9 and 10 show the HQSF and ®,,,,,, (@) for this configura-
tion that place the aircraft at the border between level 2 and level 3
handling qualities and 2 < PIOR < 4. It should be noted that the
poor handling qualities and relatively poor PIORs of configuration
4-4 were attributableto a first-order filter with a low break frequency
of 2.0 rad/s placed between the control stick and the elevator actua-
tor. Configuration4-7 also possessed a stick filter; however, it was a
second-orderfilter with an undamped natural frequencyof 12.0rad/s
and a damping ratio of 0.7. As Table 1 indicates, the bare-airframe
dynamics for configurations 4-4 and 4-7 were identical.

LAHOS Configuration 4-4 with Actuator Rate Limiting

Actuator rate limiting of 25 deg/s was implemented in a com-
puter simulation of the pilot/vehicle system with the input PSD
given by Eq. (11). The Ypr given by Eq. (17) remains unchanged.
The ®,,,,, (w) for configuration 4-4 with actuator rate limiting is
shown in Fig. 10. As opposed to the results for configuration 4-7,
the presence of actuatorrate limiting in configuration4-4 is not pre-
dicted to increase APC/PIO susceptibility. Although ®,,,,,,. (@) still
penetrates the area associated with 2 < PIOR < 4, the peak value
of ®,, ... (@) is considerable smaller than that for configuration 4-4
without limiting. This result is attributable to the aforementioned
first-order filter that reduces the amount of actuator rate limiting
occurring with large stick inputs as compared with that occurring
with configuration 4-7. This result does not exonerate the vehicle
from PIO susceptibility because rather poor linear PIO characteris-
tics have been predicted. However, a progression from a category [
to category II APC/PIO is unlikely. Also, it is this filter that de-
grades the handling qualities of configuration4-4 as compared with
configuration 4-7.
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Fig. 10 ®@,,,,(w) for LAHOS configuration 4-4 without and with
25-deg/s actuator rate limiting.
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Fig. 11 ®,,,, (w) for LAHOS configuration 4-7 without time delay
and with actuator rate limiting of various magnitudes.

LAHOS Configuration 4-7 without Delay and with Actuator Rate Limiting
of Different Magnitudes

As a final example, configuration 4-7 was revisited without time
delay but using four differentlevels of actuatorrate limiting: no rate
limiting and 75, 50, and 25 deg/s. Figure 11 shows the ®,,,,, (w)
that resulted. It is interesting to note that there is no APC/PIO sus-
ceptibility predicted for the 75-deg/s case, and the 50-deg/s case
involves only a small violation of the bound associated with 1 <

radls
Fig. 9 HQSF for LAHOS configuration 4-4.

PIOR < 2. This example is important as it represents the type of
problem likely to be addressed with the proposed methodology,i.e.,
assessing the effects of actuator rate limiting on an aircraft that ex-
hibits satisfactory handling qualities and no APC/PIO tendenciesin
the absence of such limiting.

Discussion

The eight examples of the preceding section were intended to
demonstrate the proposed methodology for predicting APC/P1IO
susceptibility, with emphasis upon category II events. It should be
emphasized that, in the preceding examples, the excellent correla-
tion obtained between model predictionsand flight test for configu-
rations4-7 and 4-4 (no delay, no rate limiting) should be expected, as
these configurations were among those used to establish the HQSF
and PIOR boundsof Figs. 2 and 4 (Ref. 8). Obviously, it is desirable,
if not essential, to apply the methodology to other cases involving
actuator rate limiting for which flight-test information is available.
However, as mentioned in the preceding, almost no database exists
for situationsinvolving such nonlinear behavior. And where data do
exist, company proprietary restrictions often prevent disseminating
sufficiently detailedinformation to apply this or competing method-
ology. However, in the absence of such a database, the methodology
proposedherein may still offer a tractable means to assess APC/PIO
susceptibility. This is especiallytrueif the goalis simply to minimize
this susceptibility.

Analytical Assessment of Category I and II
APC/PIO Susceptibility

A formal procedure for assessing APC/PIO susceptibility can
now be proposed. Given descriptions of the vehicle, actuation, and
force-feel system dynamics (including system gains/sensitivities), a
pilot model is created using the guidelines outlined previously. The
susceptibility of an aircraft to category I or II APC/PIO events is
assessed as follows.

Category I

The linear system is analyzed first to determine the likelihood of
linear APC/PIO events.If ®,,,,,,, (w) obtained from Eq. (8) using the
command input of Eq. (9) exceeds the bound of Fig. 4 associated
with 2 < PIOR < 4 in Fig. 4, an improvement in the flight control
systemmay be warranted.If @, () exceedstheboundassociated
with PIOR > 4, a linear (category I) APC/PIO should be expected.
The frequency of the APC/PIO is predicted to fall between the fre-
quency of the peak value of ®,, . (w) and the frequency associated
with the value of K; that yields neutral stability when switches S,
and S, in the model of Fig. 1 are up. In addition to predicting the
likelihoodof an APC/PIO encounter, the methodologyof Ref. 8 also
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allows the prediction of handling qualities levels using the HQSF
and the bounds of Fig. 2.

If the aircraft is exonerated from susceptibility to category I
APC/PIO events, susceptibility to category II events is examined
next. The pilot model developed for the category I analysis remains
unchanged.

Category II

Using the command input with PSD givenby Eq. (11), acomputer
simulation of the pilot/vehicle system that includes the possibility
of actuatorrate saturationis undertaken. As in the case of the linear
system, the likelihood of nonlinear APC/PIO events is interpreted
using ®,,,,, () and the bounds of Fig. 4. If &, .. (w) obtained
from Eq. (13) exceeds the bounds associated with PIOR > 4, a
nonlinear(category IT) APC/PIO should be expected. The frequency
of the predicted APC/PIO can be bracketed as follows: The lower
frequency is that associated with the peak in @, ,, (w). The higher
frequency is obtained through a second simulation. Switches S, and
S, in the model of Fig. 1 are up. A doublet force disturbance of
2-s duration is injected at the input to the force-feel system in a
closed-loop simulation of the pilot/vehicle system. The amplitude
of the force doublet correspondsto a static stick displacementequal
to the maximum physical stick displacement in the cockpit. The
higher APC/PIO frequency is the frequency of the stable limit cycle
associated with the smallest value of K, that yields a stable limit
cycle.

Conclusions

One of the recommendationsthat addressed criteriafor APC/P1O
assessmentin Ref. 3 reads as follows: “Research to develop design
assessment criteria and analysis tools should focus on Category II
and III PIOs. ... This research should combine experiments with
the development of effective analytical analysis methods capable
of rationalizing and emulating the experimental results [emphasis
added].”

The research summarized herein has been an attempt to develop
such analysis methods. In particular, an existing technique for as-
sessing the APC/PIO susceptibility of aircraft described by linear
dynamics has been extended to aircraft described by nonlinear dy-
namics. As exercised here, the nonlinearity was actuator rate lim-
iting that can serve as a catalyst for category II APC/PIO events.
The extended technique relies upon calculating the power spectral
density of a proprioceptive feedback signal within a structural pi-
lot model, the parameters of which have been selected in a specific
manner. Rather than relying upon describing function analyses, the
technique employs a computer simulation of the pilot/vehicle sys-
tem. As such, it is not limited to single, isolated nonlinearities. The
APC/PIO frequency for vehicles predicted to have a PIOR > 4 can
be bracketed by 1) the frequency of the stable limit cycle produced
with the minimum error-rate gain in the model when no proprio-
ceptive feedback is being used and 2) the frequency at which the
peak in the scaled power spectral density of the proprioceptivefeed-
back signal in the pilot model occurs when such feedback is being
used. As in the case of all such techniques aimed toward the pre-
diction of nonlinear APC/PIO events, an adequate database needs
to be created so that the proposed methodology can be evaluated
and improved.
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