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Analyzing the Flared Landing Task with Pitch-Rate Flight
Control Systems
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A closed-loop handling qualities methodology is applied to an analysis of the flared landing task with
pitch-rate flight control systems. A model of pilot behavior throughout approach and flare is developed that
postulates the manner in which the pilot may move from pitch attitude to flight-path angle control. Twenty-five
configurations flight tested on the NC-131H total in-flight simulator aircraft are analyzed using a structural pilot
model and a handling qualities methodology previously reported in the literature. Closed-loop simulation of the
simplified landing task is undertaken using the structural model. The pilot ratings from flight test extended the
data base supporting the utility of a model-based handling qualities metric. A handling qualities sensitivity
function is introduced that may have potential as a design tool.

Introduction

T HE economic beriefits associated with operating transport
aircraft with reduced or "relaxed" longitudinal static stabil-

ity (improved fuel economy/increased range) are ushering in
an era in which designs exhibiting relatively small or even
negative static margins are becoming commonplace. The ne-
cessity of providing artificial stability augmentation for such
aircraft is obvious, and pitch rate command/attitude hold
systems appear to be likely choices for fulfilling this role.1'2
The flight test and analytical research summarized in Ref. 2
clearly demonstrate the problems associated with pitch-rate
command stability augmentation systems in the landing flare.
One of the recommendations of Ref. 2 was the development of
"improved conceptual models of the role of the pilot in the
landing task, together with design criteria specifically directed
at flying qualities for landing." The work reported summa-
rizes a research effort directed toward the development of
such models and criteria.

The research to be described herein involves a pilot/vehicle
analysis and simplified computer simulation of the landing
flare maneuver using the configurations flight tested on the
NC-131H total in-night simulator (TIPS) and reported in Ref.
3. This data also formed the basis of the study of Ref. 2. The
pilot model to be used is the structural model of the human
pilot4 as extended to "pursuit" behavior5 and employing a
model-based handling qualities theory.6 The next section de-
scribes the analytical approach to modeling the flare maneu-
ver, including the handling qualities analysis. Following that,
the modeling results are discussed, including the introduction
of a new handling qualities criterion of general applicability to
piloted aircraft. Finally, conclusions are drawn.

Anaytical Approach
Figure 1, from Ref. 7, describes what might be called a

classical, series-loop closure, pilot/vehicle system for preci-
sion flight-path control. In one form or another, this loop
structure has been used by a variety of researchers; see, for
example, Refs. 8-10. In some cases, flight-path angle takes the
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place of altitude in the outer loop; see for example, Ref. 9.
Because of pilot comments regarding a shift of control strat-
egy away from controlling pitch attitude toward controlling
flight-path angle in the transition from landing approach to
flare, there has been some conjecture as to whether the series-
loop structure is a valid one for analyzing the flare maneuver.11

Figure 2, adapted from Ref. 11, shows three parts of the
landing task, wherein the first and last, respectively, empha-
size pitch attitude and flight-path angle control. Figure 3
shows two control loop structures, compensatory (switch in
position "0") and pursuit (switch in position "1"), which are
intended to model the first and last of these phases, respec-
tively. Both utilize the structural model of the human pilot in
which proprioceptive feedback provides the compensation dic-
tated by the crossover model of the human pilot.4

A switch has been used in Fig. 3, for simplicity; however,
gains that vary from 0 to 1 in complementary fashion can be
employed in the pursuit and compensatory paths. The transi-
tion could then be explained as a smooth variation in these
gains. With the switch in position 0, Fig. 3 is similar to Fig. 1,
and compensatory pitch attitude control forms the "primary
control loop,"6 i.e., that loop involving direct manipulative
inputs by the pilot. For a visual landing approach using the
front-side piloting technique of interest here, rough estimates
of minimum attitude and path loop crossover frequencies are
2.0 and 0.5 rad/s, respectively.12

A pilot model that may explain the pitch attitude/flight-
path angle control strategies just mentioned and provide a
path control loop with adequate bandwidth is indicated in Fig.
3 with the switch in position 1. A similar pursuit loop structure
has been used to describe higher bandwidth lateral path con-
trol activity in near-Earth helicopter maneuvering flight.5

With the switch in position 1, the pilot has opened the pitch
attitude loop but still utilizes the compensation FES/u{ dic-
tated by the attitude dynamics. Since this compensation obeys
the crossover model of the human pilot, the transfer function
9/0c can be approximated by

(1)

over a limited frequency range around crossover. Equation (1)
implies that, by adopting the "pursuit" structure of Fig. 3, the
pilot can invert the attitude dynamics (with a delay) in the
important frequency range around crossover. This inversion
has the potential of allowing the pilot to close the outer loop
at a considerably higher crossover frequency than is possible
with the multiloop compensatory structure of Fig. 3.
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Fig. 1 Classical series-loop closure for flight-path control.

(APPROACH)

Fig. 2 Parts of the landing task.11

Now, the final step in this modeling procedure involves
moving the differentiator element s from the pursuit feedfor-
ward loop of the structural model to the outer loop and there
interpreting he in terms of flight-path angle error as he/U0.
Figure 4 results. Note that the block with the differentiator s
element no longer appears in the pursuit feedforward loop of
the structural model. Figures 3 and 4 offer a speculative de-
scription of the loop structures in the approach and the flare
tasks shown in Fig. 2 and suggest, indirectly, what might occur
in the transition phase.

Approach: The loop structure of Fig. 3 is in evidence, with
the switch in position 0. Outer altitude control is relatively low
bandwidth in nature.

Transition: While retaining the same compensation in-
volved in the closed-loop pitch attitude control of Fig. 3, the
pilot begins to open the attitude loop (switch moves from
position 0 to 1).

Flare: The loop structure of Fig. 4 is in evidence. Com-
pared with Fig. 3, one sees that altitude rate cues (or, equiva-
lently, flight-path angle) are used in closing the outer loop.

The modeling procedure just outlined can be applied to the
test configurations of Ref. 3 as follows:

1) A vehicle/control system configuration is selected from
Ref 3.

2) The pitch attitude to control force transfer function 0/
FES is obtained.

3) Based on the characteristics of Q/FES in the probable
region of crossover for compensatory control (1 < 00 < 5 rad/
s), the basic compensation required of the pilot is determined
as if compensatory pitch attitude control was the goal; this
means lead, lag, or proportional compensation. This step
determines the value of k in the structural model: for lead
compensation k - 2, for lag compensation k = 0, and for
proportional compensation k = 1.

4) Referring to Table 1, step 3 allows all of the structural
model parameters to be selected. In cases of lead or lag com-
pensation, the parameter T2 is chosen as that required to yield
K/s amplitude characteristics in the frequency range of step 3.
For the 25 configurations analyzed here, T2 could be chosen as
the reciprocal of the short period undamped natural frequency.

5) Referring to Fig. 4, the compensation Ypy is selected to
again give K/s -like amplitude characteristics for ye/y with the
pitch attitude loop open. For the 25 configurations analyzed
here, this step yielded Ypy = Ky.

6) The value of Ky is chosen to give outer-loop phase and
gain margins of at least 45 deg and 4 dB.

7) A computer simulation of the flared landing task is
undertaken using the vehicle dynamics and pilot model just
discussed. Here, this was accomplished using the computer
program ACSL.13 The flared landing task is simplified in that
the flight-path angle command yc is generated as a filtered step
command given by

= 2.5
0.52

(s + 0.5)2 - deg (2)

Equation (2) essentially provides a smooth 2.5-deg change in
simulating the transition from the 2.5-deg glide slope to the
horizontal runway. No actual touchdown is simulated. The
time histories of pertinent variables are recorded. The selec-
tion of a second-order filter with a 2-s time constant yields a
7C, which seemed reasonable for a flare maneuver.

8) For the handling qualities analysis, the methodology of
Ref. 6 is employed. This entails, first, moving the compensa-
tion element Yp into the plant and thus creating an " effective
plant" Yc as

Yc = (3)

STRUCTURAL MODEL

Fig. 3 Structural model for compensatory/pursuit behavior in flight-path control.
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Fig. 4 Structural model for the flared landing task.

This step made the structure of Fig. 4 equivalent to that used
in Ref. 6, wherein a compensatory, as opposed to a pursuit,
structure was employed and where the gain in the forward
loop before the time delay element e~TOS was unity.

Second, as discussed in Ref. 6, the mean square value of um
is calculated in simulation for the configurations under study
at a common crossover frequency. This value was chosen here
as 0.4 rad/s. The common crossover frequency is simply an
efficient and expedient means of transforming task perfor-
mance requirements (as interpreted by the analyst) into a
variable that is compatible with the model formulation with
the goal of assessing vehicle handling qualities. The 0.4 rad/s
value here is felt to be representative of a lower limit for this
task and resulted in a stable pilot/vehicle system for all of the
configurations analyzed. As discussed in Ref. 6, the variable
um is proportional to vehicle output rate due to control activ-

Table 1 Nominal parameters for structural model

ity, and the value of o1
um so obtained through the procedure

just outlined has been shown to correlate with pilot handling
qualities ratings (HQRs) from a number of experiments.

Results
Table 2 and Fig. 5 show the characteristics of the configura-

tions flight-tested on the TIFS that were analyzed here. In the
study of Ref. 3, the gains Ka, KL, Kq, and K/ and the aircraft
model were selected to produce desired vehicle response char-
acteristics. In terms of Fig. 5, the transfer function 9/61 was

0

«l !

Ke(s + K,)[s
s(s + X2) (s2 (4)

k
0
1
2

Kv

0
0
0

Ki
1.0
1.0
1.0

K2

2.0
2.0

10.0

7"i,s T2,s

5.0 — a

5.0 — b

2.5 — a

ro,s
0.15
0.15
0.15

fc,
0.707
0.707
0.707

un, rad/s
10.0
10.0
10.0

aSelected to achieve AYs-like crossover characteristics.
bParameter not applicable.

Figures 6 and 7 show typical model simulation results for a
pair of configurations from Ref. 3. Each of the figures show
stick force FES, flight-path angle 7, pitch attitude 6, and
altitude h for a simulated flare. It should be noted that the
graphs depict changes from the equilibrium condition on a
-2.5-deg glide slope, so the flare appears as a climb in the
figures. Figure 6 shows results for configuration 1-2-2 from
Ref. 3, whereas Fig. 7 shows configuration 4-2-2 with dynam-
ics identical to those of 1-2-2, but with a lead/lag filter shaping
the control stick output.

Table 2 Configuration definitions

Configuration $sp 1/792 TZ TF

1-1-1
1-2-2
1-3-7
2-1-1
2-2-2
3-1-3
3-2-4
4-1-1
4-2-2
4-3-7-1
5-1-1
5-2-2
6-1-1
6-1-1-1
6-2-1
6-2-1-1
7-1-4

8-1-5
8-1-5-1
8-2-5
8-3-5
8-3-5-1
8-4-6
8-5-5
8-5-5-1

2.79
2.76
2.73
1.78
1.75
(0.4)*
(0.4)
2.79
2.76
2.73
1.78
1.75
2.27
2.27
2.27
2.27
2.84

(0.16)b

.45

.45

.09

.45

.45
1.47
1.45
1.45

0.8
0.8
0.8
0.6
0.6
—
—
0.8
0.8
0.8
0.6
0.6
0.46
0.46
0.46
0.46
0.8
(0.01)
0.5
0.5
0.5
0.5
0.5
0.6
0.5
0.5

0.38
0.72
1.0
0.38
0.72
0.38
0.72
0.38
0.72
1.0
0.38
0.72
0.38
0.38
0.38
0.38
0.72

0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4

0.44
0.82
1.19
0.5
0.93
0.25
0.25
0.44
0.82
1.19
0.5
0.93
0.45
0.45
0.45
0.45

—

0.586
0.586
0.7
0.586
0.586
0.590
0.586
0.586

2
2
2
2
2
0
0
2
2
2
2
2
3
3
3
3
0

2
2
2
2
2
2
2
2

0
0
0
0
0
0
0
2.3
1.22
0.84
2.0
1.07
0
0
2.23
2.23
0

1.67
1.67
1.0
0.667
0.667
1.67
1.67
1.67

0
0
0
0
0
0
0
0.5
0.5
0.5
0.5
0.5
0
0
0.33
0.33
0

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

0
0
0
0
0
0
0
0
0
0.2
0
0
0
0.2
0
0.2
0

0
0.2
0
0
0.2
0
0
0.2

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0.047
0.047
0
0.035
0.035

aShort period roots replaced by first-order pole at s = - ( ).
bPhugoid mode.
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Fig. 5 TIPS flight control system.
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Fig. 6 Closed-loop simulation of landing flare for configuration
1-2-2.

It is interesting to note that the objectionable "push to
land" control input characteristics that pilots often find objec-
tionable in pitch command flight control systems1"3 are evi-
dent in the simulations of configurations 1-2-2 and 4-2-2. Note
the different scales on the control force ordinate in Figs. 6 and
7. Although the stick force does not change in sign, the reduc-
tion in "pull" evident in Figs. 6 and 7 would represent a
forward stick motion during the latter part of the flare maneu-
ver. An examination of the stick force time history in the
simulation of a configuration with conventional pitch attitude
dynamics (configuration 7-1-4) revealed little reduction in
pull.

The flight-path angle response of configuration 4-2-2 is seen
to exhibit a smaller time constant than that of configuration
1-2-2. This is attributable to the fact that, in following step 6
in the preceding section, the crossover frequency of configura-
tion 4-2-2 was 0.59 rad/s, whereas configuration 1-2-2 was
only 0.2 rad/s.

Figure 8 shows the values of o^m plotted on the data from
Ref. 6. In generating ojw, flight-path angle was expressed in
degrees. The slope of the steeper portion hand-faired straight
line in Fig. 8 has been modified from that appearing in Ref. 6
to better reflect the data trends. In addition, the bounds on the
steeper portion have been increased to ±1.5 HQRs. An exam-
ination of Fig. 8 shows that 78% of the data falls within the
dashed lines, and this data now includes experiments from 5
diverse data sources involving simulation/flight-test results
from 58 different configurations/tasks.

It is difficult to clearly indicate the handling qualities rating
variation between the two evaluation pilots in Fig. 8. How-
ever, Fig. 9, from Ref. 3, does this for those configurations
that both pilots evaluated (68% of the configurations analyzed
here). As can be seen in Fig. 9, there is considerable variation
from the line of agreement in the flight test results.

The correlation between a^mand HQRs shown in Fig. 8 is
somewhat poorer than the correlation between flight-path angle

peak overshoot and HQRs obtained by Berry14 and compara-
ble to the correlation between altitude bandwidth and HQRs
obtained by Sarrafian and Powers.10 However, these metrics
were developed specifically for the landing flare task using the
data of Ref. 3, whereas the metric discussed in Ref. 6 and used
here is, theoretically, applicable to any flight task. Nonethe-
less, using Fig. 8 for prediction of HQRs for the landing flare
would be problematic.

Figure 10 is a comparison of HQRs and model results (o2
um)

for configurations showing the effect of the addition of lead/
lag and washout prefilters in the flight control system. The
data selected for inclusion in Fig. 10 were those in which at
least two pilot ratings were obtained for each configuration in
flight test. Note that configurations 1-2-2 and 4-2-2 from Figs.
6 and 7 are included in Fig. 10.

Handling Qualities Sensitivity Function
It is of obvious interest to determine why some simulated

pilot/vehicle configurations result in larger o2
um (and poorer

HQRs) than others in this study. Since o2
um is the metric in

question and since

F E S Y 6 h
(lbf)(deg)(deg) (f t)

0 -1 o

TIME (SEC)

Fig. 7 Closed-loop simulation of landing flare for configuration
4-2-2.

HANDLING
QUALITIES
RATING

Fig. 8 Handling qualities ratings vs mean square value of um.
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Fig. 9 Pilot rating variations from Ref. 3.
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Fig. 10 Flight test and model results for a series of configurations.

an examination of \um(ju)/yc(ju>)\ was undertaken for a
number of configurations, both in this study and those used in
Ref. 6. To encompass tasks for which variables other than
flight-path angle served as the command input, the transfer
function in question will be denoted um/c and referred to as
the handling qualities sensitivity function. The term "sensitiv-
ity function" was chosen since it can be shown that um/c is
similar in appearance to the error-to-input transfer function in
the pilot/vehicle system, e.g., ye/jc in Fig. 4. This latter
transfer function is often referred to as the sensitivity function
in the control systems literature.15

Figure 11 shows the energy spectral density of um for config-
urations 2-1-1 and 4-2-2, which received average HQRs of 6.0
and 2.5, respectively, in the study of Ref. 3. Note that the area
under the curve for configuration 2-1-1 is considerably larger
than that for 4-2-2, and so, by Eq. (5), o2

um will be considerably
larger for the former. Figure 12 shows the magnitude portion
of the Bode plots for um/yc for these configurations. Note that
the curve for 2-1-1 is greater than unity around the 0.4 rad/s
crossover frequency. It is this characteristic that leads to the

larger devalue for this configuration. The region of crossover
is the critical region, since at lower frequencies \um(ju)/
7c(y'co)l is small due to the effect of feedback, and at higher
frequencies there is little power in the input yc.

Figure 13 compares the sensitivity functions for configura-
tions 8-2-5 and 7-1-4, which received average HQRs of 7.5 and
2.8, respectively. Recall that 7-1-4 represented a conventional
aircraft. The configuration definitions are shown in Table 2.
Configuration 8-2-5 is described as an alternate Shuttle flight
control system.3 Figure 13 shows the amplitude peak of the
sensitivity function for configuration 8-2-5 exceeding unity in
a frequency range approximately one-half decade above the
0.4 rad/s crossover frequency used in the handling qualities
analysis.

Frequency (pad/see)
Fig. 11 Energy spectral density of um for configurations 2-1-1 and
4-2-2.

2-1-1

4-2-2

,50 L50
(rad/sec)

Fig. 12 Handling qualities sensitivity functions for configurations
2-1-1 and 4-2-2.

,50 1 1,50
Frequency (rad/sec)

Fig. 13 Handling qualities sensitivity functions for configurations
8-2-5 and 7-1-4.
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The ability of the sensitivity function to discriminate be-
tween flight control systems that received HQRs differing by
as much as 4.75 units on the Cooper-Harper scale is not, in
itself, an impressive accomplishment. Figure 14 shows the
sensitivity functions associated with an application of the han-
dling qualities methodology to configurations 2-2-2 and 5-2-2
that received average HQRs of 3.8 and 2.5, respectively. As
can be seen, the sensitivity functions discriminate between the
"solid" level 1 configuration and the configuration just within
level 2. Note that, although the sensitivity function for 5-2-2
does exceed unity, it does so at frequencies well above the 0.4
rad/s crossover frequency where there is little power in yc.

In examining a number of the configurations from those
analyzed in Ref. 6, a pattern consistent with that just de-
scribed was found. Specifically, if the magnitude of the han-
dling qualities sensitivity function exceeded unity around the
open-loop crossover frequency, the configuration was rated as
level 2 or 3 by the evaluation pilot(s). Conversely, if the mag-
nitude of the sensitivity function did not exceed unity around
the open-loop crossover frequency, the configuration was rated as
level 1 by the evaluation pilot(s). This pattern was consistent
for the cases examined across vehicle configurations and tasks
for the range of vehicles and tasks examined in Ref. 6.

Using the sensitivity function as a means of delineating level
1 from level 2-3 HQRs in the 25 configurations analyzed here
resulted in an 80% success rate. Of the five configurations that
were incorrectly classified by the sensitivity function, four
were classified as level 1, which actually received average
HQRs of level 2. However, the average of these level 2 ratings
was 4.0, i.e., within an average 0.5 HQR of the 3.5 rating
separating level 1 from level 2. Finally, even in those cases in
which the sensitivity function incorrectly classified configura-
tions, it identified improvement. Consider Fig. 15, which com-
pares the sensitivity functions for configurations 8-3-5 and
8-3-5-1, which differ only in the use of a washout prefilter on
control stick inputs in the latter. The average HQRs that the
pilots gave for these configurations were 6.7 (8-3-5) and 3.0
(8-3-5-1). Note that, although the sensitivity function for 8-3-
5-1 does not correctly classify this configuration as level 1, it
does correctly indicate a rating improvement over 8-3-5. Of
course, this fact is also indicated in the GL

um values of Fig. 10.
The apparent ability of the sensitivity function to reflect

handling qualities in a relatively simple fashion suggests that it
has the potential to be used as a design tool by the flight control
systems/handling qualities engineer. The design dictum would
simply be the following: Tailor the vehicle dynamics in the
task at hand so that the amplitude of the handling qualities
sensitivity function remains at or below unity for frequencies
around the open-loop crossover. This process would be itera-
tive in nature, since changes in the vehicle dynamics can pro-
duce changes in the pilot model parameters of Table 1. The
crossover frequency remains as the one parameter that the

,50 1 1,50
FwuencM (rad/sec)

1,58
(rad/sec)

Fig. 14 Handling qualities sensitivity functions for configurations
2-2-2 and 5-2-2.

Fig. 15 Handling qualities sensitivity functions for configurations
8-3-5 and 8-3-5-1.

analyst must choose in exercising the proposed handling qual-
ities technique.

At this juncture, it is worth repeating two important points
in applying the handling qualities methodology of Ref. 6.

1) The first part of step 8 in the preceding section is a nec-
essary part of the procedure, i.e., forming an effective plant
by moving the compensation Ypy into the original plant.

2) Control system sensitivity effects are not included in the
analysis.

Conclusions
The goal of developing an improved conceptual model of

the role of the pilot in the landing task has been approached
using a pilot model that has proved effective in other studies,
namely, a structural model of the human pilot. By employing
the structural model with compensatory and pursuit modes, a
model of pilot behavior throughout approach and flare has
been developed that postulates the manner in which the pilot
may move from pitch attitude to flight-path angle control.
Exercising the model in a closed-loop simulation of the landing
flare produced time histories that reflected one of the short-
comings of pitch command flight control systems, namely, the
necessity of providing forward stick motion in flare. A han-
dling qualities methodology applied to 25 vehicle configura-
tions simulated on the TIPS aircraft extended the data base
supporting the utility of a metric based on the mean square
value of the variable um in the structural model. This variable
is proportional to vehicle output rate due to control activity.
Finally, a handling qualities sensitivity function was proposed
that has the potential of being used as a design tool for the
control systems/handling qualities engineer. In exercising a
handling qualities criterion based on the sensitivity function
for the TIFS data to delineate level 1 from level 2-3 handling
qualities, an 80% success rate was achieved.
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