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Aircraft Handling Qualities and Pilot-Induced Oscillation
Tendencies with Actuator Saturation
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A pilot/vehicle analysis technique is offered that can provide predictions of handling-qualities levels and pilot-
induced oscillation rating levels in single-axis tracking tasks, with linear or nonlinear vehicle dynamics. The
technique is applied to the three vehicle configurations evaluated in the series of flight tests sponsored by the
U.S. Air Force that are identified as HAVE LIMITS. The ability of the analysis technique to provide excellent
quantitative predictions of the effects of actuator rate saturation on the handling qualities and pilot-induced
oscillation susceptibility of the aircraft configurations is demonstrated. An interactive computer code is discussed

that automates much of the pilot/vehicle analysis.

Introduction

NE important problem in the design of flight-control systems

for aircraft under piloted control is the determination of han-
dling qualities and pilot-induced oscillation (PIO) tendencies when
significant nonlinearities exist in the vehicle description. The most
common and troublesome of these nonlinearities is actuator satu-
ration, particularly rate saturation.! Until recently, there existed no
unifying theory to relate the linear and nonlinear handling qualities
and PIO phenomena, although a number of useful analytical tools
have been available to tackle the linear problems.2~> This analyt-
ical shortfall can be attributed to two causes: first, the lack of a
pilot model of sufficient validity and flexibility to permit a closed-
loop perspective to be used in the problem, and second, the lack
of an experimental database of sufficient breadth to verify any ana-
lytical approaches that might be proposed. The research described
here summarizes an effort aimed at providing such a unifying the-
ory. In particular, a recently developed nonlinear pilot modeling
approach®® is applied to the analysis of data from a series of U.S.
Air Force sponsored flight tests referred to as HAVE LIMITS.?

Flight-Test Data

Figure 1 is a block-diagram representation of a pilot model re-
ferred to as the structural model of the human pilot. This model and
its potential for predicting handling-qualities(HQ) levels and pilot-
induced oscillation rating (PIOR) levels for vehicles described by
linear dynamics are discussed by Hess.® An extension of the linear
technique to the study of vehicles described by nonlinear dynam-
ics is discussed by Hess and Stout.”~® Unfortunately, at the time
their papers were written,”® no experimental database was avail-
able with which to verify the theory presented regarding nonlinear
PIO:s. Since the publicationof that paper, the results of the Air Force
HAVE LIMITS study have become available? Indeed, some of these
data were employed in the Hess and Stout paper,® which demon-
strates how HQ levels could be predicted for vehicles possessing
nonlinear dynamics, particularly actuator rate saturation.

The HAVE LIMITS study utilized the Air Force/CALSPAN
NT-33 variable stability aircraft in a series of longitudinal track-
ing tasks that used a head-up display with a pair of pitch-and-roll-
command tracking tasks. As in the HAVE LIMITS study, it is the
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pitch-command task that will be of interest here. Two inputs were
utilizedin HAVE LIMITS—a sum of sines and a discrete command.
The results for the latter input, which was deemed a more realistic
task by the evaluation pilots,’ is used herein.

Three vehicle configurations were used in the HAVE LIMITS
study, referred to as 2P, 2D, and 2DU. The latter is of particular
interest because it involved a simulated aircraft that possessed an
aperiodically divergent mode with a time-to-double amplitude of
approximately 0.5 s without stability augmentation. The tracking
tasks were conducted with an elevator actuator with simulated rate
limits ranging from 157 to 10 deg/s. It should be noted that the
157-deg/s rate limit was not violated in flight tests and hence did
not create a nonlinear system.

Analytical Approach

Pilot Model Development

The pilot/vehicle analysis technique discussed here is an exten-
sion of that proposed earlier by Hess.® No detailed discussion of
the structural model will be attempted herein. The readeris referred
to Hess’s paper® for a complete presentation of the model’s genesis
and its potentialas a tool for HQ evaluations. A brief overview of the
model-based metrics that constitute the structural model’s predic-
tive capabilitiesin terms of handling qualities and PIO susceptibility
will, however, be presented.

Linear Analyses

Referring to Fig. 1, we see that the metric responsible for HQ
prediction is the magnitude of the transfer function U,, /C, where
Uy is a proprioceptively derived feedback signal in the innermost
feedback loop of the pilot model, and C is the command input to
the pilot/vehicle system. When normalized by the error gain K, in
the feedforward loop of the model of Fig. 1, a handling-qualities
sensitivity function (HQSF) can be defined as

HQSF = [(Un/C)(jw)I(1/K.) 1

The metric responsibleforpredictingPI1O susceptibilityis the nor-
malized power spectral density (PSD) of the same proprioceptively
derived signal U,,. Normalization refers to dividing the PSD of Uy,
[®uyun (@)] by K2. In the creation of the pilot model, a crossover
frequency of 2.0 rad/s is demanded. There is one possible exception
to this rule, and it is discussed in a later section.

Hess® demonstrates the utility of the two metrics just described
in predicting HQ levels and PIOR levels for a series of flight tests
conducted on the NT-33A and Total In-Flight Simulator aircraft.
Figure 2 defines the aircraft HQ levels (as used here) on the Cooper-
Harper rating scale, and Fig. 3 defines the PIOR levels. It should be
noted that the PIOR levels are not in standard use but were created
in Hess’s paper® for the purpose of delineating PIOR rating levels
similar to those used in the Cooper-Harper rating scale of Fig. 2.
In addition, the definition of level 3 handling qualities in Fig. 2
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Fig.1 Structural model of the human pilot.
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Fig.2 Cooper-Harper pilot rating scale.

as extending from the Cooper-Harper scale of 6.5 to 10 should
be noted. Typically, the definition of level 3 extends only to 8.5,
but it was extended to 10 here for convenience. Finally, it should
be noted that the scale of Fig. 3 was modified somewhat for the
HAVE LIMITS study; that is, a decision-tree approach similar to
that employed in the Cooper-Harper scale was used. The scale of
Fig. 3 is retained here, because it was this scale that was used in
the databases used to develop the PIOR bounds in a figure shown
later.

Hess® showed that boundaries could be established on plots of
the HQSF vs frequency and normalized ®,,,,,, (@) vs frequency that
could successfully delineate HQ levels and PIOR levels. Figures 4
and 5 show thesebounds,along with a sample HQSF and normalized
®,,... (@). The figuresare interpretedas follows. Because the HQSF
in Fig. 4 enters the area of the figure associated with level 3 handling
qualities, the pilot/vehicle system that generated this function is

predicted to exhibit level 3 handling qualities. Likewise, because
the normalized ®,,,,,, () in Fig. 5 enters the area associated with
PIOR >4, the pilot/vehicle system that generated this function is
predicted to exhibit PIORs greater than 4 and to be PIO prone.

A frequency range in which the PIO can be assumed to occur
can also be established. First, the lowest frequency at which a peak
entersthe areaassociatedwith PIOR > 4 servesas alower-frequency
boundary. Second, an upper-frequency boundary is established by
considering a fundamental change in the pilot’s tracking behavior.
As discussedin detail by Hess,S it is hypothesized that “regressive”
tracking behavior occurs in a fully developed PIO in which error
rate rather than error serves as the visual input to the pilot and in
which the proprioceptiveloopin the model of Fig. 1 isnotemployed.
In terms of Fig. 1, this means that switches S; and S, move to the
“up” position. (No vestibular feedback was assumed in creating
the bounds of Figs. 4 and 5; thus switch S; remains in the center
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DESCRIPTION
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PILOT INITIATES ABRUPT MANEUVERS OR ATTEMPTS
TIGHT CONTROL. THESE MOTIONS CAN BE PREVENTED
OR ELIMINATED BY PILOT TECHNIQUE

UNDESIRABLE MOTIONS EASILY INDUCED WHEN PILOT
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
ABRUPT MANEUVERS OR ATTEMPTS TIGHT CONTROL.
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Fig.4 Example of HQSF showing predicted level 3 handling qualities.

position). Then gain K is increased until neutral stability occurs.
The frequency of the oscillation establishes the upper boundary for
the PIO frequency. The possibility of a range of PIO frequenciesis
a recognition of the fact that some reported PIOs may not be fully
developed, thatis, requiring the pilotto release or freeze the inceptor
to stop the oscillation.

Nonlinear Simulations

The analysis technique just discussed was limited to vehicles
described by linear dynamics. It can, in principle, be extended to
systems described by nonlinear dynamics. For linear systems, the
HQSF can be uniquely obtained as a transfer function by use of
simple block-diagramalgebra. For nonlinear systems, however, this
is no longer possible, because nonlinear elements (i.e., the “effec-
tive vehicle” model) are now in evidence. However, a measurement
equivalent to the HQSF can be obtained from a simulation of the
nonlinear pilot/vehicle system as follows:

Puppyun (@) | ] 1
Pe(@) || Ke

HQSF = )

Jrequency (radfsec)

Fig. 5 Example of normalized @, , (w) showing the predicted

PIOR > 4.

mUm

where ¢, ,, (w) and & (w) represent, respectively, the PSDs of
u,(t) and c(t). The HQSF of Eq. (2) can be described as an ap-
proximation to the magnitude of the linear transfer function that
would produce u,, (1), given c(¢) in the nonlinear system. Note that
any phase information in this “equivalent” linear transfer function
is lost, because only PSDs, as opposed to cross-power spectral den-
sities, are involved. This is no handicap here, however, as the HQSF
is defined as a transfer magnitude [see Eq. (1)].
Computationally, Eq. (2) is handled as follows:

T .
j;) Uy (t)ei',(w’) dt

1
K,

w=w;

HQSF =

‘jgc(t)e*-f(w’) dt

w=w;

that is, a ratio of Fourier transforms. The upper limit 7 is chosen to
be larger than the duration of the inputto the pilot c(¢), and such that,
for each w;, the factor T' /(27 /w;) is an integer. There are obviously
other approaches to obtaining this equivalent HQSF.



ZEYADA, HESS, AND SIWAKOSIT

As described in the preceding paragraphs, bounds on the HQSF
and the normalized ®,,,,,,,, (») thatdefine HQ levels and PIOR levels
have been established for linear systems. The question now arises
as to their utility for nonlinear systems. The approach taken here is
to interpret these bounds for nonlinear systems exactly as for linear
systems. That is, let us graphically determine which areas in Figs. 4
and 5 are entered by the curves defined by HQSF vs frequency and
normalized ®,,,,,, (@) vs frequency. In the case of a linear analysis,
however, the bounds defining PIOR levels were obtained from the
structural model by using a specific input, that is, a random input
with a PSD given by®

42

D (w) = e

)
Because Eq. (4) was to be used in a linear analysis, the root mean
square (rms) value of c(t) was of no concern, as long as it was
invariant. With nonlinear systems, however, the rms value is very
important because it can determine the extent to which system non-
linearities are encountered. As a way to accommodate this fact, the
normalized ®,,,,, () for nonlinear analysis was defined as

2

®)

prnT 42} HQSF?

q>umu,,, (w)lnormalized = [

with the HQSF obtained from Eq. (3). The inclusionof the bracketed
PSD in Eq. (5) with the HQSF from a simulation of the nonlinear
pilot/vehicle system allows the linear PIOR bounds to be used in a
nonlinear analysis with any input c().

Computational Aid

Zeyada and Hess'® describe a computer-aided analysis tool that
was used in the analytical investigationto be described. The tool is
referred to as Pilot/Vehicle DynamicsnonLinear (PVDny) and is based
upon MATLAB, the Control System Toolbox, and Simulink. This
program automates much of the structuralmodel analysis procedure
that was described herein.

HAVE LIMITS Configurations and Flight-Test Results

Figure 6 is a block-diagram representation of the flight-control
systems utilized in the HAVE LIMITS study. Table 1 provides more
detailed information about the vehicle dynamics. By appropriate
selection of the feedback gains K, , K, , K,,, and K,, the three
vehicle configurations defined as 2P, 2D, and 2DU were created.
The feedback gains for 2P and 2D are seen in Table 1 to be iden-
tical. The two configurations differ in that a first-order filter was
added to the forward path of 2P just after the force/feel system.
In addition, as noted by Mitchell et al.,!' there existed additional
configuration-dependentdelays in the flight-control system. These
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delays are noted in the block diagram of Fig. 6 and in Table 1.
Figure 7 shows the discrete pitch-attitude command used. Table 2
summarizes the HQ ratings (HQRs) and PIORs achieved with one
of the three evaluationpilots, across the three vehicle configurations
employing the elevator actuator rate limits indicated. This particu-
lar pilot’s data were selected for comparison here because Mitchell
etal.!! identified this pilot as the one who “flew aggressively and
seemed most sensitive to small changes in aircraft dynamics and
rate limiting.”

Analytical/Simulation Results

Table 1 shows the bare-airframedynamics of the NT-33A, as well
as the feedback gains in the variable-stability setup of Fig. 6 that
produced the three flight test configurations. Also shown are the
effective transfer functions, (6 /3,,)(s) in Fig. 6, for these configu-
rations.

In addition to the elevator rate limiting, the pilot/vehicle simu-
lations with the structural model also included elevator amplitude
limits of 20 deg. In the figures that follow, legends and curvesiden-
tified as “analysis” are the pilot/vehicle modeling results when no
nonlinearities (elevator rate and amplitude limiting) were included
in the vehicle model, and when linear transfer functions and PSD
relations were used to obtain the curves shown. Those identified
as “simulation” included these nonlinearities, and the results were
obtained by utilizing time histories obtained from Simulink simu-
lations, using Egs. (3) and (5). This allows a quick evaluationof the

4 B8, (deg) J

5 )
0 50

.
100 150
time (secs)

Fig.7 Discrete pitch-attitude input for the HAVE LIMITS flight test.
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Fig. 6 Flight-control system for the HAVE LIMITS flight test.
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Table1 HAVE LIMITS configuration definitions

Parameter Description

NT-33A dynamics (no feedbacks) x(t) = Ax(t) + Bu(t)

x = [u(ft/s), a(deg), q(deg/s), 6 (deg)]”

u = §,(deg) positive trailing edge up
—0.033104 0.14957 —0.3207 —0.56111
—0.015511 —1.2826 1.0 —0.0024621

0.008081 —4.0875 —1.7556 0.0012828

Feedback gains
Configuration 2P*
Ky,
Ko,

Ky,
2l
Configuration 2D

K,
Ko,

K‘Il

2l
Configuration 2DU
Ky,

o

K‘Il

92

Actuator

Force/feel system
Approximate pitch-attitude dynamics [(6 /4., ) deg/deg]
Configuration 2P

Configuration 2D

Configuration 2DU

0 0 1.0 0

B =1[0.5193 0.05243 11.085 0]"

-0.6
1.6
-0.2
0.52
752
52 4 2(0.7)(75)s + 75
24.07 in./Ibf

52 4+2(0.65)(23)s + 232

260(s + 1.3)3’0‘06‘“r
s(s + D[s2 +2(0.71)(4.82)s + 4.822]
59.6(s + 1.3)870‘0585

s[s2 + 2(0.66)(4.64)s + 4.642]
69.8(s + 1.3)e007s

s[s2 +2(0.56)(4.75)s + 4.752]

2A first-order filter 4/(s + 4) was added just after the force/feel system to create 2P from 2D.

Table 2 Cooper-Harper and PIORs for a single pilot
in the HAVE LIMITS flight test—discrete task

Rating for elevator rate limit (deg/s)

Configuration 157 60 40 20 10
2P

HQR 4 5/5 7/3

PIOR 2 3/3 4/1
2D

HQR 4 1/2 2 6

PIOR 2 1/2 2 3
2DU

HQR 5/4 10/10

PIOR 3/2 5/5

effects of the nonlinearitieson predicted handling qualities and P1IO
susceptibility.

Configuration 2P

Figure 8 shows the open-loop pilot/vehicle transfer function
(M/E in Fig. 1) produced by PVDy, . This figure demonstrates a
phenomenon that can occur in pilot/vehicle analyses, namely, the
existence of a relatively flat amplitude portion of the Bode dia-
gram of the open-loop pilot/vehicle system. This was caused by
the inclusion of an effective lead term in the pilot model [causing
Yprox1/(s +4)in Fig. 1 to cancel the lag introduced in the vehi-
cle dynamics by the filter noted in Table 2]. As discussed by Hess®
and Zeyada and Hess,'? pilot/vehicle dynamics such as these pose
problems when the 2.0-rad/s crossover frequency alluded to in the
preceding paragraphs is enforced. Namely, small changes in pilot
gain will resultin large decrements in stability margins. Thus, they
believedthatenforcingthe 2.0-rad/s frequency would be unrealistic.

40

-360

-540

-720

Phase deg

-900

-1080
107" 10°

Jfrequency (radfsec)

Fig.8 Structural model pilot/vehicle transfer function (M/E) for con-
figuration 2P.

They did propose an approachto alleviate this problem: Increase the
crossoverfrequencyuntil the oftending flat portion of the amplitude
plotisatleast2.0 dB abovethe 0-dB line. If this change cannotbe ac-
complished with positive stability margins, the crossover frequency
should be reduced to 1.0 rad/s. The latter change was employed
for configuration 2P. Figures 9-14 show the HQSF and normalized
®,,.u, (@) plots for elevator rate limits of 157, 40, and 20 deg/s.
For convenience, the flight-test HQRs and PIORs from Table 1 are
repeated in the figures.
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Figure 15 shows the open-looppilot/vehicle transfer functionpro-
duced by PVDyy. Figures 16-23 show the HQSF and normalized

D, (@) plots for elevator rate limits of 157,40, 20, and 10 deg/s. 8 ' ‘ ' i ‘ '

The additional 10-deg/s rate limit was investigated here because, NORMALIZED @, , () — analysis

as Table 1 indicates, the flight-test HQ ratings returned to the level 7r — simulation 1
2 ratings obtained with the 157-deg/s rate limits but with a PIOR

of 3. 6l i
Configuration 2DU 5L _

Figure 24 shows the open-looppilot/vehicle transfer functionpro-
duced by PVDy; . Figures 25-28 show the HQSF and normalized
®,,.u, (@) plots for elevator rate limits of 157 and 60 deg/s. The an-
alytical pilot/vehicle system was unstable for any elevator rate limit
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Discussion 2r 2<PIOR<4 .
Flight-test pilot ratings are indicated in Table 2 and on the ap-

propriate figures. In cases in which more than one flight-test rating 1r

was given by the pilot, the rating indicating the highest numeri- 1<=PlOR<=2

cal rating was used in a comparison with model results. Of the 18 0 : T T T : . .

combinationsof configurations, rate limits, and characteristicsrated 0 0.5 1 15 2 25 3 35 4 4.5 5

(HQR or PIOR), the structural model as implemented in PVDyy. frequency (rad/sec)

correctly predicted the HQ level and PIOR level for 14. The four Fig. 19 Normalized @,,,,, (w) for configuration 2D, with a 40-deg/s

failures were 1) the predicted PIOR level for configuration 2P with a elevator rate limit.



ZEYADA, HESS, AND SIWAKOSIT 859

6 T T T T T T T T T
HQSF
~— analysis
5k LEVEL 3 — simulation 7
4+ Flight Test HQR = 2 -
LEVEL 2

sl i
oL

1k LEVEL B
0 ! L ' L 1 L 1 L L

0 1 2 3 4 5 6 7 8 ¢ 10

frequency (radjsec)
Fig.20 HQSF for configuration 2D, with a 20-deg/s elevator rate limit.

8 T T T T T T T T 7
NORMALIZED (I)u o (@)
7L wm — analysis

— simulation

PIOR>= 4
Flight Test PIOR = 2 1

i
T

2r 2<PIOR<4 1

1<=PIOR<=2

0 commap—— T T — L L

0 0.5 1 1.5 2 25 3 35 4 4.5 5
frequency (radjsec)

Fig. 21 Normalized D,,,,,, (w) for configuration 2D, with a 20-deg/s
elevator rate limit.

HQ Levels
6 T T T T T
5 LEVEL 3 — analysis 7
—— simulation
4k Flight Test HQR = 6 1

LEVEL 2

Jrequency (radjsec)

Fig.22 HQSF for configuration 2D, with a 10-deg/s elevator rate limit.

PIOR Levels
8 T T T T T T T

— analysis
—— simulation

Flight Test PIOR = 3 PIOR>= 4

2r 2<PIOR<4 b

=PIOR<=2

0 ! ! h T T T I ) n
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Jfrequency (radfsec)

Fig. 23 Normalized @,

umum (w) for configuration 2D, with a 10-deg/s
elevator rate limit.

40

20

Gain dB
o
|

-40 -
10

10° 10
Frequency (rad/sec)

-360

-540

=720

Phase deg

-900

-1080-
10

10°

Jfrequency (radfsec)

Fig.24 Structural model pilot/vehicle transfer function (M/E) for con-
figuration 2DU.

20-deg/s rate limit (predicted 2 < PIOR < 4; flight-test PIOR =4);
2) the predicted PIOR level for configuration 2D with a 20-deg/s
rate limit (predicted2 < PIOR < 4; flight-test PIOR = 2); 3) config-
uration 2DU with a 157-deg/s rate limit (predicted 1 < PIOR <2;
flight-test PIOR = 3); and 4) predicted HQ level for configuration
2D with a 10-deg/s rate limit (predicted level 3 handling qualities;
flight-test HQR = 6). Finally, the inability of the structural model to
control configuration 2DU with rate limits below 53 rad/s is corrob-
orated by the HQRs for which Cooper-Harper ratings of 10 were
given for all configurations with rate limits at or below 60 deg/s.

As with any nonlinear system, the choice of input can have a
significant effect upon the behavior of the system. Here the choice
of input was dictated by thatused in the HAVE LIMITS flight test. In
asituationin which the analystis exercisingthe modeling procedure
in which no specific flight test is being emulated, the choice of input
can be critical. In this case, a conservativeapproach would be to use
a broadband randomly appearing input (as in Ref. 7) that creates
cockpit inceptor motion (force) approaching the limit of control
authority.

PIOs

It is of some interest to investigate conditions in which PIOs oc-
curred in flight tests. Configuration 2DU offers ample evidence of a
configuration that was highly PIO prone in the presence of rate sat-
uration. Kish’s investigation’ indicates that with 50-deg/s elevator
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Fig. 27 HQSF for configuration 2DU, with a 60-deg/s elevator rate
limit.
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Fig. 29 Structural model ‘“regressive” behavior showing a pilot-
induced oscillation.

rate saturation, configuration 2DU received PIORs of 5 from the pi-
lot selected herein for comparison. This PIOR along with the pilot
comments reported by Kish suggest that these PIOs may have been
in the “fully developed” category. A perusal of tracking records ap-
pearing in Kish’s report for this pilot and configuration indicated
large pitch-attitude overshoots and oscillations appearing at those
times when abrupt, large-amplitude pitch commands were encoun-
tered (e.g., at approximately 42 and 107 s in the pitch command
of Fig. 7). The frequency of these oscillations was approximately
5.3 rad/s.

The pilot was next modeled in the “regressive” tracking mode.
The input of Fig. 7 was deleted, and a doublet, force disturbance
was injected into 8 in Fig. 1 to excite the system. The doublet had
a duration of 2 s and an amplitude equal to the rms value of the
structural model inceptor force measured in the previous nonlinear
simulation with the input of Fig. 7. The minimum stable actuator
rate limit of 53 deg/s was used. Adjusting the gain K to the point of
neutral stability led to the 5.4-rad/s oscillation indicated in Fig. 29.
This compares well with the 5.3-rad/s value gleaned from the flight-
test record.

Limitations

Two important limitations of the pilot/vehicle analysis procedure
discussed here must be emphasized. First, handling qualities and
PIO predictions will not reflect changes in control sensitivity. This



ZEYADA, HESS, AND SIWAKOSIT 861

is because the metrics responsible for these predictions have been
normalized by the pilot gain K, [Egs. (1-3)]. Second, nonlinear in-
ceptor gradients must be linearized to allow stable structural model
behavior. This is equivalent to assuming that the pilot inverts non-
linear inceptor gradients in tracking.

Conclusions

A unifying theory for handling qualities and pilot-induced oscil-
lation tendencies can be offered for both linear and nonlinear sys-
tems. A structural pilot model, implemented in a computer-aided
design program, provided predictions of handling qualities levels
and pilot-induced oscillation levels that compared quite well with
those from flight tests. The model generated predictions agreeing
with flight-test results in 14 out of 18 cases analyzed.
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