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Longitudinal Flying Qualities Prediction for Nonlinear Aircraft
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An analysis tool is presented that predicts longitudinal � ying qualities of a piloted aircraft subject to elevator
rate limiting and nonlinear stick gradient. The method produces an explicit mathematical pilot model for the
pitch attitude tracking task. By performing pilot-in-the-loop simulation, � ying qualities metrics are computed for
evaluationof the level of � ying qualities.The proposed method is validated using the � ight experiment called HAVE
LIMITS � own at the U.S. Air Force Test Pilot School. Good agreement was obtained between our analytical � ying
qualities prediction and Cooper–Harper pilot ratings obtained in-� ight for elevator rate limits of 10–157 deg/s.

Introduction

F LYING qualities (FQ) requirements play a key role in de-
signing � ight control systems for piloted aircraft. For highly

augmented � y-by-wire-equippedaircraft, the inherent nonlinearel-
ements such as actuator rate or position limiting, hysteresis, and
nonlinear stick gradients are known to contribute to aircraft � ying
qualities. In particular, actuator rate limiting is noteworthy because
of the potential for highly unexpected and explosive pilot-induced
oscillations(PIOs).1 Unfortunately,most traditional� ying qualities
criteria cannothandle thesenonlineareffectsexplicitly.Therefore,a
new predictionmethod that incorporatesactuator rate limiting with
pilot-in-the-loop� ying qualities evaluationsneeds to be developed.

Prompted by a series of aircraft accidents involving control sur-
face rate limiting, for example, the F-22 and Gripen, the U.S. Air
Force embarkedon a multiyear program to investigate the causes of
PIOs, to develop methods to predict when PIOs are likely to occur
and to determine the � ying qualities of PIO-prone aircraft.2¡6

This paper uses the results of the HAVE LIMITS � ight-test pro-
gram conducted in 1997 to investigate the effects of rate limiting.
The same aircraft model and nonlinearities (elevator actuator rate
limits and nonlinear stick gradients) are considered in our anal-
ysis, and the HAVE LIMITS in-� ight determined � ying qualities
(Cooper–Harper pilot ratings and pilot comments) are used to “cal-
ibrate” our analytical � ying qualities metrics.

Our approachto � ying qualitiespredictionis basedon explicitpi-
lot modelingand pilot-in-the-loopanalysis.It was hypothesizedthat
if the simulated pilot–vehicle closed-loop system behaves in such
a way as to be qualitatively similar to in-� ight tracking test time
histories, then key measures that affect � ying qualities assessment
could be deduced from the simulation study. Functionally, the pilot
element can be divided into two components.One is a simple linear
compensator designed for a linearized aircraft model (without con-
sideringnonlinearities),and the other augments this linear compen-
satorwhen its control signalreaches the pointwhere linearitybreaks
down. For the latter component, the dynamic antireset windup
(DARW) scheme7 is employed. Originally, the DARW scheme was
developed for controller modi� cations that account for input con-
straint in the form of rate or magnitude limits. In this work, this
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DARW scheme is introducedfor describingand modelingof the hu-
man pilot’s adaptivecontrolactivityin thepresenceof nonlinearities.

Our method is similar to that of Bailey and Bidlack4 in that both
depend on time-domain analysis.The approachesdiffer in the form
of the pilot model, the rules for pilot adaptation, the nature of the
pitch attitude tracking task, and the method of � ying qualities pre-
diction.

The organizationof this paper is as follows. First, a brief descrip-
tion of HAVE LIMITS � ight experiment is given. Second, with
the nonlinear elements of the aircraft ignored, a linear pilot model
is proposed to represent the human pilot. A speci� c rule is devel-
oped for pilot modeling with the intentionof producingcomparable
pitch tracking time histories with the � ight data at least in the linear
regime. Third, the chosen pilot model is augmented to characterize
the nonlinear behavior of the human pilot using the aforementioned
DARW scheme. Fourth, the pitch attitude tracking task is simulated
to compute time-domain measures, which are closely correlated
with two signi� cant � ying qualities factors, pitch tracking perfor-
mance and pilot workload.Finally, the � ying qualities are predicted
by mapping these measures into the � ying qualities metric plane,
which will be presented later.Note that this method can be extended
to incorporate an aircraft compensator to improve � ying qualities.8

HAVE LIMITS Flight Experiment
The HAVE LIMITS � ight experiment is described in Refs. 9 and

10. Flight tests were conducted at the U.S. Air Force Test Pilot
School in spring 1997. The NT-33A aircraft was � own to collect
in-� ight data such as tracking task time histories, pilot comments,
and Cooper–Harper and PIO ratings.

Longitudinal Aircraft Model
Three different con� gurations were evaluated to identify the

effect of rate-limiting on different dynamic characteristics. The
NT-33A programmable � ight control systems enabled the aircraft
to assume different pitch attitude dynamic con� gurations, denoted
2D, 2P, and 2DU. A schematic block diagram is shown in Fig. 1.

The basic con� guration 2D was considered to have good short-
period � ying qualities with its high bandwidth (!n D 4:9 rad/s
and ³ D 0:7). Con� guration 2D was modi� ed by adding a � lter,
4=.s C 4/, to the forward path to create con� guration 2P. This con-
� gurationwas expectedto be less resistant to rate limitingbecauseof
its slow � lter. For con� guration2DU, an arti� ciallyunstableaircraft
was � rst designed. This unstable system was stabilized with feed-
back of angle-of-attack ® and pitch rate q using variable stability
system.In theabsenceof rate limiting,con� guration2DU would ex-
hibit good short-period characteristics similar to con� guration 2D.
However, when the rate limit was reached the resulting system had
a divergent short-period mode. Figure 1 shows that in the case of
con� guration 2DU, rate limiting of the actuator implies a breaking
down of the feedback path. Table 1 shows a lower-order-equivalent
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Table 1 Short period mode characteristics

Con� guration µ=±e.s/ Flying qualities level

2D
¡102:37.s C 1:2/e¡0:116s

s2 C 2.0:756/.4:8/s C 4:82
1

2P
4

s C 4
¢

¡102:37.s C 1:2/e¡0:126s

s2 C 2.0:756/.4:8/s C 4:82
2

2DU
¡119:84.s C 1:2/e¡0:116s

s2 C 2.0:67/.4:8/s C 4:82
1

Fig. 1 Longitudinal schematic block diagram of NT-33A model.

Fig. 2 Discrete pitch tracking task.

system model of each con� guration and predicted level of � ying
qualities with no rate limiting before the � ight test.

Tracking Task
Two head-up display (HUD) tracking tasks, discrete task and

sum-of-sines task, were adopted to evaluate handling qualities. All
con� gurationswere subject to rate limiting on the elevator actuator.
The elevator rate limits were 10, 20, 30, 40, and 50 deg/s with a
default value of 157 deg/s. At least two of three pilots evaluated
each condition. In this study, only the discrete tracking task is used,
and the pitch command µc time history is provided in Fig. 2.

Results of HAVE LIMITS Flight Test
Figure 3 is a graphical representation of mean Cooper–Harper

pilot ratings for discrete task evaluated in � ight. Con� guration 2D
was evaluated as level 1 with no PIO tendency for rate limits of
20 deg/s and above. At an elevator rate limit of 10 deg/s, it was
evaluated as level 2 and exhibited PIO tendency. Con� guration 2P
was evaluated as level 2 for rate limits of 20 deg/s and above. The
detrimental effect of the added phase lag caused by smaller rate
limits was con� rmed. For con� guration 2DU, Cooper–Harper rat-
ings ranged from level 1 to uncontrollable, depending on the rate
limit. When the rate limit was 157 deg/s, con� guration 2DU was
evaluated as level 1. However, when the rate limit was decreased
below 60 deg/s, it became suddenly divergent as soon as the pilots
engaged in aggressive tracking.

Fig. 3 Cooper–Harper ratings for the HAVE LIMITS � ight test.

Fig. 4 Conceptual block diagram of pitch attitude tracking.

Fig. 5 Pilot-linearized vehicle closed-loop system.

Pilot Modeling for Linear Aircraft Model
In the present work, we use the same structure of pilot transfer

function as used in the Neal–Smith criterion.11 Figure 4 shows a
simpli� ed block diagram of its pilot–vehicle closed-loop system.
To check if the Neal–Smith pilot modeling standards are applica-
ble to our analysis, pilot model parameters were calculated for the
nominal system (con� guration 2D). By nominal we mean that the
nonlinear stick gradient is linearized about lower gain and rate sat-
uration nonlinearity is ignored (Fig. 5).

Given the values of parameters shown in Fig. 5, ¿r D 0:01,
m D 2:5, and n D .2/.2:5/=1:06, the following Neal–Smith pilot
model was obtained with !bw D 3 rad/s:

K p
.¿p1 s C 1/

.¿p2 s C 1/
e¡¿ s D 0:237

.0:327s C 1/

.0:339s C 1/
e¡0:3s (1)

A pilot-in-the-loop simulation was performed using the pitch
tracking task with this pilot model, and its result is shown in Fig. 6
with HAVE LIMITS in-� ight measured time history data. Note that
the pure time delay term, e¡0:3s , was replaced by a second-order
Padé approximation for this simulation. There is considerablemis-
match between � ight data (Fig. 6a) and simulation data (Fig. 6b).
The Neal–Smith pilot modeling rules that were developed from an
earlier in-� ight experiment11 seem to be inappropriate for applica-
tion to the HAVE LIMITS test program. Because we intended the
pilot-in-the-loop simulation to be qualitatively similar to the � ight
data, the pilot model should adequately represent the human pilot’s
actions when carrying out the task. As a consequence, new pilot
modeling rules need to be proposedfor our study while maintaining
the basic structure of Neal–Smith pilot model transfer function.
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a)

b)

Fig. 6 Comparison of a) � ight data and b) simulation result using
Neal–Smith pilot model (con� guration 2D).

Fig. 7 Modi� ed pilot modeling standards.

On closer examination of the HAVE LIMITS � ight data, the fol-
lowing features were observed from the time-domain standpoint.

1) In-� ight records(Fig. 6a) showquickerrise time thansimulated
data of Fig. 6b.

2) Simulated data do not resemble actual � ight records due to
lack of sizable overshoot (about 80%).
For better qualitative agreement with the in-� ight measured time
history, pilot modeling rules are modi� ed as follows.

a)

b)

Fig. 8 Comparison of a) � ight data and b) simulation result using
modi� ed Neal–Smith Pilot Model (con� guration 2D).

1) Pilot’s time delay ¿ is decreased from 0.3 to 0.1 for faster
response.

2) The magnitude of the closed-loop resonance should be equal
to 6 dB for sizable overshoot

3) Bandwidth constraint !bw D 3:0 rad/s is not altered.
Figure 7 summarizes the rules in terms of a bode plot of the

pilot–vehicle closed-loop system. Pitch attitude responses from the
HAVE LIMITS data and the simulation using the new pilot model
are shown in Fig. 8. The mismatch observed in Fig. 6 was improved
considerably.Simple comparison of the � ight record (Fig. 8a) and
the simulation result (Fig. 8b) may not be pertinentbecausewe used
a linearized aircraft model for simulation, whereas the actual � ight
system 2D includesnonlineardynamics. However, consideringthat
the rate limit is suf� ciently high (157 deg/s) and, under these cir-
cumstances, the pilot does not have to move the stick excessively,
we can assume the effect of nonlinear behavior in the � ight record
is negligible. This helps ensure the validity of the modi� ed pilot
modeling rules. We will now assume that the pilot model transfer
function computed according to these rules can be used for analysis
of a high rate-limited � ight system.

Nonlinear Pilot Modeling
Although the linear pilot model discussed earlier generated ac-

ceptable time responses for a case that was essentially linear, the
pilot’s adaptations in the presence of nonlinearities cannot be ad-
dressed with this simple structure. For a nonlinear pilot modeling
formulation, the DARW method7 is employed.The main advantage
of this scheme for our study is that it provides an analytic solution
that is simple and unique.

The conceptof windup or resetwindupwas � rst addressedin pro-
portionalintegralor proportionalintegralderivativecontrol systems
with input saturation nonlinearities.An interpretation of windup is
that the states of the controller do not correspond to the control sig-
nal being injected into the plant.12 The windup problems have been
widely observed, and many researchers has provided effective and
useful design tools.13¡17
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The DARW scheme involves designing a dynamic compensator
based on the following two-step design procedure. First, a linear
controller is designed to yield a desirable closed-loop performance
ignoring control input nonlinearities.The second step is to augment
the existing controller with a compensator to alleviate the adverse
effects of any input nonlinearities. We assumed that there is an
analogy between the function of this compensator for antiwindup
and thepilot’s controlstrategyto minimizeperformancedegradation
when the piloted vehicles are subject to nonlinear behavior.

Fig. 9 Nonlinear pilot–vehicle closed-loop system (con� gurations 2D
and 2P).

a) b)

Fig. 10 Two equivalent representations of nonlinear stick gradient.

Fig. 11 Two equivalent representations of saturation nonlinearity.

Fig. 12 Pilot-in-the-loop block diagram without pilot compensation for nonlinearities (con� gurations 2D and 2P).

The pilot–vehicle nonlinear system is shown in Fig. 9. For the
DARW scheme to be used for this system, the two nonlinear ele-
ments are alternativelyrepresentedas follows. Figure 10 shows that
nonlinear stick gradient can be alternatively expressed via proper
combinationof gainsanddead-zone(DZ) nonlinearity.Note that the
value of g can be easily calculated from known parameters shown
in Fig. 10a. The saturation nonlinearity is represented in Fig. 11
using the relation sat.u/ D u ¡ DZ.u/, where sat.¢/ and DZ.¢/ are
saturation and DZ nonlinear operators, respectively.

When all nonlinear components are pulled out and lumped to-
gether into a single block, the block diagram of Fig. 9 can be re-
drawn as a system composed of a plant [P.s/], a controller [K .s/],
and a diagonalnonlinearoperatorblock 1 as shown in Fig. 12. Note
that, in the Fig. 12, 1i denote DZ nonlinearities.

The dynamic compensators [M.s/] for con� gurations2D and 2P
can be obtained from the following equations.

The dynamics of P.s/ (from Fig. 12) are

Pxp.t/ D Ap xp.t/ C Bu.t/; y.t/ D
µ

µ.t/

±e.t/

¶
D Cx p.t/

u.t/ D .mn=¿r /vs.t/ C .gn=¿r / Ovs .t/ C .1=¿r /v±e .t/ ¡ O!.t/ (2)

where Ox D DZ.x/ and the DZ is the nonlinear operator shown in
Figs. 10 and 11.

When the notations

a D mn=¿r ; Ba D B ¢ a; b D gn=¿r

Bb D B ¢ b; Bt D B.1=¿r /

are used, Eq. (2) becomes

Px p.t/ D Ap xp.t/ C Bavs.t/ C Bb Ovs .t/ C Bt v±e .t/ ¡ B O!.t/

y.t/ D Cx p.t/ (3)

The dynamics of K .s/ (from Fig. 12) are

Pxk.t/ D Ak xk.t/ C Bk e.t/ (4)

V .t/ D
µ

vs.t/

v±e .t/

¶
D Ck xk .t/ C Dk e.t/

D
µ

Ck;s

Ck;±e

¶
xk .t/ C

µ
Dk;s

Dk;±e

¶
e.t/ (5)
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Fig. 13 Nominal controller compensated by M(s).

e.t/ D
µ

e1.t/

e2.t/

¶
D r .t/ ¡ y.t/ D

µ
µc.t/

0

¶
¡

µ
µ .t/

±e.t/

¶
(6)

Includedin Ak , Bk , Ck , and Dk is the state-spaceformof the linear
pilotmodel,given in Eq. (1),with the time-delaytermrepresentedby
a second-orderPadé approximation. For application of the DARW
scheme, the linear compensator K .s/ in Fig. 12 is modi� ed by
addinga new input.This is illustratedin theblockdiagramof Fig. 13,
which shows that K .s/ is modi� ed to Kc.s/ with one more input
channel, un , from a dynamic antiwindup compensator M .s/. This
new inputcapturestheactionrequiredto adjust the pilot’s adaptation
to the nonlinearstickgradientand elevator rate limiting.Now Kc.s/
can be written as follows. The dynamics of Kc.s/ are

Pxk .t/ D Ak xk.t/ C Bke.t/ ¡ un.t/; V .t/ D Ck xk .t/ C Dke.t/

e.t/ D r .t/ ¡ y.t/ (7)

The dynamic compensator is de� ned as follows. The dynamics of
M.s/ are

Pxm.t/ D Am xm .t/ C Bm yn.t/; un.t/ D Cm xm .t/ C Dm yn.t/

yn.t/ D
µ

Ovs.t/

O!.t/

¶
(8)

We have established the equations of standard setup for the
DARW scheme. The basic idea of the DARW scheme is to make
the states of the saturated controller (linear pilot model in our case)
as close to the states of the unsaturated controller as possible. Let
xk .t/ and Nxk .t/ be the controller states in the absence of and in the
presence of input saturation, respectively. The performance index
can be described as follows:

min
M .s/

J D
Z 1

0

kxk.t/ ¡ Nxk .t/k2 dt (9)

where k¢k is the Euclidean norm.
To � nd an optimal solution for M.s/ in Eq. (9), the closed-loop

system can be rewritten separately,dependingon the absence or the
presence of nonlinearities.

1) The dynamics of the closed-loop system in the absence of
nonlinearities is as follows: From Eqs. (3–6) and Ovs D O! D 0,

µ
Pxk .t/

Px p.t/

¶
D AL

µ
xk .t/

xp.t/

¶
C

µ
Bkr.t/

BL Dkr.t/

¶
(10)

where

AL :D
µ

P Q

R S

¶
:D

µ
Ak ¡BkC

BL Ck A p ¡ BL Dk C

¶
(11)

BL D [Ba Bt ] (12)

2) The dynamics of the closed-loop system in the presence of
nonlinearities is as follows: From Eqs. (3), (7), and (8)

2

64

PNxk .t/

PNxm .t/

PNx p.t/

3

75 D AN

2

4
Nxk .t/

Nxm .t/

Nx p.t/

3

5 C

2

64
Bkr.t/ ¡ Dm

ON .t/

Bm
ON .t/

BL Dkr.t/ C BN
ON .t/

3

75 (13)

where

AN D

2

4
Ak ¡Cm ¡Bk C

0 Am 0

BL Ck 0 Ap ¡ BL Dk C

3

5 (14)

ON .D yn/ D
µ

Ovs

O!

¶
; BN D [Bb ¡B] (15)

where the overbar indicates that the corresponding state variables
are involved with nonlinearities.

Let M.t/ be an impulse response matrix from yn to un in Eq. (8),
that is,

M.t/ :D L ¡1fM .s/g D L ¡1
©

Dm C Cm .s I ¡ Am/¡1 Bm

ª
(16)

where L is Laplacian operator. Then, one obtains the following
equation from Eq. (7):

Pxk .t/ D Ak xk.t/ C Bk e.t/ ¡ M.t/ ¤ ON .t/ (17)

where the asterisk denotes the convolution operator.
By Parseval’s theorem, the performanceindex J can be rewritten

as

J D 1

2¼ j

Z j1

¡ j1
kxk .s/ ¡ Nxk .s/k2 ds (18)

where the relation, L [x.t/] D x.s/ was used and s.D ¾ C jw/ is a
complex variable.

From the Laplace transform of Eqs. (10), (13), and (17), one
obtains

xk .s/ ¡ Nxk .s/ D 41.s/ ON .s/ C 42.s/r.s/ (19)

where 41.s/ and 42.s/ are given by

41.s/ D Y .s/¡1
£
Bk C.s I ¡ S/¡1 BN C M .s/

¤
(20)

42.s/ D [.s I ¡ P/ ¡ Q.s I ¡ S/¡1 R]¡1
£
Bk C Q.s I ¡ S/¡1 BL Dk

¤

¡ Y .s/¡1
£
Bk ¡ Bk C.s I ¡ S/¡1 BL Dk

¤
(21)

Y .s/ D .s I ¡ Ak / C Bk C
£
.s I ¡ S/¡1 BLCk

¤
(22)

For 41.s/ to be zero,

M¤.s/ D ¡Bk C.s I ¡ S/¡1 BN

D Bk C[s I ¡ .A p ¡ BL Dk C/]¡1[¡Bb B] (23)

Note that 42.s/ D 0 from the de� nition of P , Q, R, and S given in
Eq. (11).

The dynamic compensator M¤.s/ in Eq. (23) is the optimal solu-
tion for Eq. (9) and will be used for nonlinear pilot modeling. More
detailed mathematical development procedures including nonsin-
gular property of Y .s/ in Eqs. (20–22) and stable property of AL in
Eq. (11) are provided in Ref. 18.

Figure 14 illustrates how the dynamic compensation is imple-
mented for a nonlinear aircraft model (con� guration 2D or 2P).
In the block diagram, for simplicity, the realization of linear pilot
model Yp.s/ D C y.s I ¡ Ay /¡1 By C Dy was used because the feed-
back loop of ±e passes through directly without affecting the states
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Fig. 14 Pilot-in-the-loop block diagram with pilot compensation for nonlinearities (con� gurations 2D and 2P).

Fig. 15 Pilot-in-the-loop simulation using pilot model of Fig. 14 (con-
� guration 2D).

of Kc.s/ shown in Fig. 12. The procedureof � nding M .s/ for con-
� guration 2DU is similar and omitted for brevity.

Nonlinear Simulation Results
With the nonlinearpilotmodel just described,a nonlinearsimula-

tion of the pitch tracking task was performed for each con� guration
for different rate limits. The purpose of this simulation was to iden-
tify main factors that contribute to � ying qualities evaluation.

Fig. 16 Pilot-in-the-loop simulation using pilot model of Fig. 14 (con-
� guration 2P).

Flying qualities are not just stability properties, but involve more
intricatepropertiesthat needs to be quanti� ed in termsof pilotwork-
load and closed-loopperformance.This is the reason why we relied
on time-domain simulation rather than attempting to develop an an-
alytic method for � ying qualities assessment of nonlinear aircraft.
The pitch attitude time histories of the nonlinear pilot-in-the-loop
simulation are shown in Figs. 15–17. Numerical data used in the
simulation are given in Table 2.
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Table 2 Parameter values of aircraft model

Parameters Values

Gain m 2.5
Gain g 6.3636
Gain n .2:5/.2/=1:06
Actuator time constant ¿r 0.01
Stick position in Fig. 10, x1 0.9
x2 (Fig. 10) 3.5
Stick output in Fig. 10, y1 2.25
y2 (Fig. 10) 25.29

Fig. 17 Pilot-in-the-loop simulation using our proposed pilot model
(con� guration 2DU).

Fig. 18 Simpli� ed tracking task command used for the development
of � ying qualities metrics.

The resulting closed-loop time responses for both con� gurations
2D and 2P remainedstable under all conditions.However, the simu-
lated time responsesof con� guration 2DU were stable only for rate
limits of 49.7 deg/s and above (Fig. 17). A small further decrease
in this rate limit destabilized the simulated closed-loop system and
exhibited divergent phenomenon. This agrees with the � ying qual-
ities cliff that was discovered near 50 deg/s of elevator rate limit in
the HAVE LIMITS � ight experiment.

From the simulation study, we noted that the pitch attitude re-
sponse can be best characterized where an aggressive and large-
amplitude step command is imposed, for example, near the 35-s
point in Figs. 15–17. Henceforth, instead of the whole 120-s sim-
ulation (Fig. 2), a simpli� ed 16-s tracking command (Fig. 18) was
used for the development of � ying qualities prediction metrics.

HAVE LIMITS � ight data and our simulation time responses
are overplotted and compared to each other in Figs. 19 and
20. Qualitative agreement is quite apparent between the piloted
� ight data and the nonlinear analytical pilot-in-the-loopsimulation
data.

Development of Flying Qualities Metrics
Flying qualities are often de� ned by two primary factors, closed-

loop performanceand pilotworkload.19 Our basic rules in determin-
ing � ying qualities metrics are that they must be expresseddirectly
in terms of what the pilot would see or feel in tracking tasks, and
they must effectively capture the important aspects of performance
and workload.

In this study, the performancemetric is chosen to be the weighted
sum of root-mean-square(rms) pitch attitude trackingerror and rms
value of pitch rate (see Fig. 14),

Jp D we

(
1
N

NX

i D 1

[µc.ti / ¡ µ.ti /]
2

) 1
2

C wq

(
1
N

NX

i D 1

[q.ti /]
2

) 1
2

(24)

where we and wq are weights suitably chosen for scaling (we D 2
and wq D 1).

The pilot workload metric consists of the following two additive
parts:

Jw D ws

(
1
N

NX

i D 1

[ Pvs.ti /]
2

) 1
2

C wun

(
1
N

NX

i D 1

[un.ti /]
T un.ti /

) 1
2

(25)

where Pvs is the rate of change of stick position and un is the com-
pensation (vector) signal fed back to the pilot model (ws D 0:6 and
wun D 2). The sample time between data points was 0.01 s.

On examination of the simulation, it turned out that the rate-of-
change of stick position is a more sensitive indicator as a workload
metric than stick position. The second term of Jw addresses pilot
effort for sensitive stick operation for � ne tracking when actuator
rate limiting is encountered. In the actual � ight experiment9 with
low rate limits, pilots commented that, during gross acquisitionfol-
lowing a big target step, they had to release the stick or back out
of the loop to eliminate the winding up of the aircraft. It was hy-
pothesized that the compensation action of M.s/ in our closed-
loop system is analogous to this human pilot’s adaptive control
strategy.

With the performance index Jp and workload index Jw de� ned
earlier, the � ying qualities metric plane is drawn in Fig. 21 using a
format suggested in Refs. 4 and 11. Each aircraft dynamic con� g-
uration, 2D, 2P, and 2DU, for the various rate limits, was mapped
into the plane by simulating tracking task (Fig. 18) and computing
Jp and Jw . The � ying qualities level boundaries were drawn on the
basis ofmedianpilot ratingsobtainedfrom the HAVE LIMITS � ight
experiment.

As can be seen from Fig. 21, there is a good correlation between
in-� ight Cooper–Harper pilot ratings and our analytical � ying qual-
ities prediction boundaries. The poor dynamic con� gurations 2D
at the rate limit of 10 deg/s and 2P with all rate limits are related
to a large workload measure Jw . In fact, the � ight data indicate
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a) b)

Fig. 19 Comparison of the pilot-in-the-loop simulation using the proposed method with the HAVE LIMITS data for a) con� guration 2D and b)
con� guration 2P: ——, simulation results and –¢–, HAVE LIMITS data.

Rate limit = 157 deg/s Rate limit = 60 deg/s

Rate limit = 50 deg/s Simulation rate limit = 49.7, � ight data rate limit = 40

Fig. 20 Comparison of the pilot-in-the-loop simulation using the proposed method with the HAVE LIMITS data for con� guration 2DU: ——,
simulation results and –¢–, HAVE LIMITS data.

that slow response and pilot’s intense workload to remain in phase
are the main objectionabledif� culties for these con� gurations.The
dramatic � ying qualities degradation of con� guration 2DU can be
seen from its large performance measure Jp . This has correlations
with large overshoot and abrupt response during the pilot’s gross
maneuvering for target acquisition in the � ight-test data. Overall,
a system with good dynamic characteristics (con� guration 2D) is
less sensitive to the effect of actuator rate limiting. Figure 21 shows

that both the performancemetric Jp and the workload metric Jw are
required to describe correctly the � ying qualities observed by the
pilots in the HAVE LIMITS experiment.Note that the partial dotted
line between level 3 and uncontrollable means that it is unde� ned
for lack of data.

Note that the � ying qualities metrics that we developed serve not
only as a prediction tool but also as a guideline for the design of an
aircraft � ight control system that improves � ying qualities.8
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Fig. 21 Flying qualities correlation of simulation-determined � y-
ing qualities metrics with HAVE LIMITS � ight-determined Cooper–

Harper pilot ratings: numbers indicate average Cooper–Harper rating
and ( ) enclose rate limits.

Conclusions
An analysistool to predictlongitudinal� ying qualitiesof a piloted

nonlinearaircraftsubjectto elevatorrate limitingand nonlinearstick
gradient was developed. The analysis tool was validated against to
the Cooper–Harper pilot ratings obtained in the HAVE LIMITS
� ight experiment.

The time-domain approach was employed in an effort to produce
simulation responses that are qualitativelysimilar to the � ight data.
This approach turned out to be useful in describing the dynamic
behaviorof nonlinearpilot–vehicle system. In particular,during the
development of our analysis tool, nonlinear stick gradient as well
as rate limiting was identi� ed to play a signi� cant role in � ying
qualities for this experiment.

Both aperformancemetricanda workloadmetricwere requiredto
separatethevariouscon� gurationsinto � yingqualitieslevel regions.

Good agreement was obtained between � ying qualities regions
drawn on our computational � ying qualities metric plot and the
Cooper–Harper pilot ratings obtained in-� ight.
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