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Abstract

This paper describes an approach to analyzing
the manual flare and landing of an airplane. The
basls of thls approach 1s a mathematlcal model of
the flare maneuver which is derived from manual
landings of both real and simulated aircraft. This
flare model in turn lends itself to a linear closed
loop system deccription of the combined pilot/
vehicle. Furthermore, simple Laplace transform
methods can be used to map flare performance as
functions of the flare maneuver. Having this link
between flare maneuver and landing performance, we
can estimate the pilot's ease in achieving desired
levels of landing performance. Examples of this
approach will be given using the results of a STOL
airplane approach and landing simulation.

I. Introduction

The manual flare and landing task has long been
viewed as an open loop control situation, at least
by those trying to treat it analytically. This has
resulted in flare models which involve, for example,
some specified normal acceleration function or con-
trol time history. On the other hand, most pilots
insist that there is a substantial closed loop as-
pect to the flare maneuver.

What is offered here is a more direct modeling
of the flare maneuver which is based on the heads-
up visual information that is available to a pilot
during flare. The manner employed in describing
the flare maneuver model lends itself to formulation
in terme of a closed loop control system. Then,
for the purpose of illustration, this model is com-
bined with a simplified description of the airplane
dynamics which, in turn, provides an approach to
relating the flare maneuver to landing performance.
Analysis techniques involve no more than a linear
single loop control system. However, this is suf-
ficient to address virtually all the considerations
involved in the longitudinal aspects of manual
flare and landing.

This paper originated in a Jjoint FAA/NASA STOL
simulation program. (The report including this
material [Ref. 1] will be published by the FAA and
NASA in late 1974%.) The analytical approach des-
cribed here was successful in explaining many of
the effects on landing caused by variations in
approach speed, wind conditione, and pilote.

We will begin by developing the pilot/vehicle
model. The model consists of the flare maneuver,
the alrframe, and certain simplifying assumptions
regarding inner control loops. This will lead to
a discussion of the dynamics of the flare and
speculation on how a pilot arrives at a particular
numerical description of his flare. Having done so
we can address criteria required for good landing
characteristics. Finally, we present an example of
how the flare and landing can be analyzed for a
particular aircraft.

II. Flare Model Structure

The flare model presented here is inferred from
the data gathered from actual and simulated landings
1n which the pilol used visual runway Loformatlon Lo
flare the airplane. The basis of the inference made
is the correlation between a control and likely con-
trolled variables.

A plot of attitude versus altitude during flare
provides a strong clue to how a closed loop control
structure can be formed. Fig. 1 gives an example
of some typical manual flares performed on a simu-
lator. This profile suggests the flare maneuver
can be approximated by a linear relationship between
the altitude variable and the attitude control.
With initial conditions h = hyp, h = Dy, and 6 = 64
the pilot begins his flare by pitching the airplane
proportionally to decreasing altitude until, at
touchdown, 6 = 85 + A6, as shown by the following
sketch:

Touchdown

08

Flare Initiation

Thus, for the flare (i.e., h < hpy) the following
block diagram can be constructed:

FLARE
MANEUVEK

FILIOT + 348
+ ALKFHAME

)

by,

80
bep,

STOL Adrplane Simulation
Approach Speed 65 kt
on 7 1/2 deg Glide Slope

CAIN ATR

e Run X
==== Run Y
—-— Run z

[}

-2 +

Figure 1. Typical Flare Profiles — Calm Air

¥ This paper is based on work that was performed on Contract NAS2-7926, a joint FAA/NASA program.
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This model characterizes a large number of ex-
amples of landings gathered from both simulator
and from actual flight results. Furthermore, al-
though this model was originally based on STOL
aircraft data, it appears equally applicable to
conventional airplanes. A few examples of varied
aircraft types are shown in Figure 2.

Pirsker (Ref.2)
Actual Landings

Pistan Transport

Pinsker (Ref. 2)
Actual Landings
Jet Transport

=
\N

L t I 1 )
20 30 40 50 60
hift)

4 Bray (Ref.3)
8 Simulated Landing
{deg) Boeing 707
2 L.
o 1 1 1 1 1 o
(] 10 20 30 40 50 60
h{ft)
14 Snyder,Forrest, et. al. (Ref. 4)
Simulated Londing
Supersonic Transport
6 12}
(deg)
10
ﬁ>
1 1 1 1 1 )

0 10 20 30 40 50 60
h{f1)

Figure 2 . Flare Maneuver Examples

So far we have characterized only the flare
maneuver as linear. The description of airplane
dynamics may range from a sophisticated non-linear
model to a relatively simple linearized model. For
the purposes of this paper the latter will be used
to show the effects of the more influential system
parameters. If ground effect were significant or
angle of attack excursions excesgive then a more
complex model might be required.

A particularly useful approximate airframe model
for analysis of flare and landing consists of two
degrees of freedom (u and h) with an attitude con-

" trol (8,). This may be expressed ss:
X X X -g
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This model presumes an attitude control which is
much quicker than the desired flight path control.
The resulting block diagram using the linear flare
maneuver and the above dynamic model is:
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The airplane dynamics of the above block diagram can
also be expressed in terms of transfer function nu-

merators, Nh
3]

i.ce, h/oc - El_\l_g_ . Reference 5 provides detailed
e

background for use of numerators and Reference 1 uses
them in connection with flare and landing analysis.

To recap briefly, we have inferred a pilot model
for the flare based on the observation that the at-
titude control is approximately proportional to
altitude. We noted that this model is perfectly
usable with a complicated airframe model, but that
in many instances linearized dynamics suffice.
Finally, we defined a simple closed loop pilot/
vehicle system. Our next step will be to use this
simplified model tn examine the essential features

of the flare dynamics.

III. Dynamics of the Flare

Starting with thc oimplc block diagroam cshowm
previously, we can procede to express the fundamen-
tal relationships involved in the flare. These
relationships consist of the closed loop response of
sink rate, angle of attack, airspeed, and position
along the runway.

* Even in some cases, however, ground effect can be adequately approximated with linear stability deriva-
tives (i.e., Xh and Zh) thus retaining the level of simplification illustrated in this paper.



As indicated earlier, the aircraft model can be
described with any level of sophistication desired.
The same applies to longitudinal stability augmen-
tation, control systems, and inner loop closures
involving the pilot. However, in order to 1lius-
trate the closed loop flare model concept we will
retain the simplified two degree of freedom model
described previously.

Referring back to the linear block diagram we
see that the parameters describing the flare con-
sist of:

@ Gain, I?.F—e
L

® Anmplitude, h.b'L. (or Na)

Since this is usually a long time constant compared
with the duration of the flare it can be neglected.
The oscillatory mode represents the dominant flare
path change. The frequency, wpy, describes the
abruptness of flare and the damping, CFL: describes
the oscillatory tendency (i.e., ballooning).

Given the closed loop flare gain, -hA—?._', we can
compute the flare trajectory including }Eouchdown
conditions. The following are simplified linear
system solutions using inverse Laplace transforms*
evaluated at the time of touchdown, t = tpp:
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where
C = X, without a flare (18)
and
(x - g)
1 [ . 1
e
7.']. O 1

An example application of the above is shown in
Figure 3 for a typical STOL flare gain of £ =

.005 rad/ ft. However, instead of plotting the
variables versus tpp they are plotted versus hpy
to avoid the less important time aspeet. The main
features of Figure 3 are the following:

® Flare below a certain hpr results in a hard
landing.

® If the hyp is too high, an undershoot ten-
dency exists with a larger and rapidly
building angle of attack. This is also the
point at which apeed rapidly bleeds off.

® The allowable range of hpp, to meet given
hTD, and xppy constraints can be readily
evaiuated.
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Figure 3. Landing Conditions vs. Flare Height;
Ae/hF'-L = .005 rad/ft

A second variable is added to Figure 4. Here
we see the effect of both gain, A8/hpy, and ampli-
tude, hpy. This illustrates the strong effect of
high gain on floating and ballooning if the flare

is a little too high. (The dashed lines indicate
the trajectory where ballooning occurs.) On the
other hand, too low a gain results in hard landings
unless the flare is started quite high.
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Figure 4. Linear Flare Solution for
Varying hy, and Ae/hFL

The goodness of the simple linear analysis is
shown in Figure 5. Here the Ae/hFL = ,005 case is
compared to the conditions calculated, using the
actual non-linear simulator model with an analog



pilot performing the nominal flare maneuver. The
comparison is good up to the point of floating
which is adequate for the purposes of our analysis.
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Figure 5. Comparison of Linear Analysis to Exact

IV. Pilot Adjustment of Flare Parameters

The ideas presented to this point allow us to
now consider the pilot'!s rationale in choosing his
flare parameters (gain and amplitude). This will
in turn set the stage for setting forth criteria by
which to judge the acceptability of flare charac-
teristics for a particular airplane and flight
condition.

The upper limit of usable flare gains is set
by the tendency to float if flared just a little
too high or to hit hard if flared a little too low.
Stated another way, only a relatively small range
of flare altitudes result in an acceptable landing
if the gain is too high. Figure )| illustrates the
high sensitivity of touchdown sink rate to flare
height at high gains.

A low flare gain results in a slow flare man-
euver for which there may be inadequate regulation
against disturbances. This is clear if we regard
the flare gain, Ae/hFL, as providing a particular
crossover frequency in the altitude control loop.
As with any servo control, the crossover frequency
determines how quickly disturbances may be counter-
ed. In the case of the flare, if the crossover
frequency is too low (i.e., the flare too gentle)
then the aircraft is prone to be carried by gusts.
Therefore, a lower bound on pilot gain can be based
on disturbance regulation.

Flare height would appear to be set such that
an appropriate touchdown sink rate results from the
nominal flare gain.

There are other considerations to complicate
the choice of flare parameters. Visibility is an
important one. Since the flare parameters Ae/hFL
and hpy, are totally visual, heads-up relationships,
the pilot must be able to judge both of them from
flare initiation to touchdown. The most limiting
factor is the nose-up attitude at which the pilot
loses sight of the runway; thus losing both height
and attitude cues. This is more of a problem in a
simulator where there is no visibility to the side
which can serve as an alternative to visibility over
the nose. Therefore a A6 limit enters the flare
parameter tradeoff problem.

Runway touchdown point is a highly important
factor, especially with STOL aircraft. This, then,
should be considered in the tradeoff leading to a
choice of flare parameters. However, ballooning is
almost synonymous with long landings. Thus avoid-
ance of the former takes care of the latter. Short
landings are an important limiting factor end are
avoided mainly by keeping the flare height high
enough.

Another constraint viewed by the pilot is the
angle of attack margin from stall during his flare.
This translates into how much flare control he has
remaining to cope with disturbances. Specific re-
quirements on angle of attack margin are probably
difficult for the pilot to formulate without having
considerable experience with a particular case in-
volving a range of adverse factors. Other factors
no doubt exist when optimizing a flare technique.
However, based on simulator observations those
mentioned above are the most important ones.

Figure 6 chows an cxamplc of the relationship of
flare parameters to landing characteristics for an
example STOL aircraft. The boundaries shown are de-
fined by specific numerical values depending upon
the pilot's eriteria for a successful landing.
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Figure 6. Touchdown Performance vs. Flare
Parameters; V, .. = 65 kt



V. Criteria for Good Landing Characteristics

Sensitivity of Flight Path to Attitude, %;

In light of what has been discussed above, the
factors which determine an easy-to-land airplane
are straight-forward:

About an easily repeated range of
flare parameters, the resulting
range of touchdown conditions must
be acceptable.

As an example, let's say the pilot can easily
start a flare at 35 £t + 5 ft and end with an atti-
tude excursion of 10 deg + 2 deg consistently. If
this range of flare galns and awplilude resulls 1o
touchdowns within specified limits of sink rate and
distance along the runway in the presence of ex-
pected disturbances then we could conclude that the
airplane has good landing qualities. If, on the
other hand, hard short landings or long floating
landings can occur then the airplane will be rated
poorly.

The important point here is that the closed
loop analysis of the flare as presented above allows
us to begin to describe the success of landing a
particular airplane and to pinpoint the qualities
which make it good or bad.

VI. Factors Involved in Flare and Landing

Based on the relationships developed to des-
cribe the flare maneuver and the characteristics
important to the pilot, we can set forth a summary
of some of the important quantities involved. At
the same time we will define some relationships
which prove useful in analyzing the data obtained
in the experiment.

Flare Gain, fﬁl
L

Flare gain is the commanded attitude relative
to altitude during the flarc. The depircd valuc io
probably established in the pilot's learning phase.
The magnitude has a strong effect on closed loop
bandwidth of the flare maneuver, i.e., how quickly
disturbances may be compensated for. The parameter
can be measured directly from a 8 versus h history.

Flare Amplitude, hFL

The effective altitude at which the flare is
begun. This is also determined in the pilot's
learning phase. bpg combined‘with.Ae/hFL deter-
mines mean bLouchdown condlllons. This parameter
can also be measured directly.

Attitude Numerator Roots, El; and <

T
o1 %

These are determined primarily by the L sta-
bility derivatives X, Xy, Zy, and ZL. The
combination of these strongly determines the closed
loop bandwidth obtainable without ballooning.

This is the product of heave damping, Z%3 and
airspeed. This is the controlled element gain in
the flare feedback loop.

Closed Loop Natural Frequency in Flare, WOpr,

This is the result of closing the flare loop
with gain A6/bpp. This indicates the abruptness of
"turning the corner" during flare and is some indi-
cation of bandwidth.

1 1

. Ag 1
e W S (20)
hFL 91 92
Closed Loop Flare Bandwidth, @,
FL
The frequency at which the amplitude of the
. . )
h/ec Jo bode plot is equal to (%ﬂ .
Closed Loop Damping Ratio in Flare, EFL
This is related to the ballooning tendency.
1 1
TOTT
. 6l 62
2
“FL

Net Attitude Excursion, A8

A measure of flare maneuver amplitude.

Critical Closed Loop Natural Frequency in Flare,

Py
Thio ioc debermined by the largest AO/hFL for
which the airplane does not quite balloon. This

appears to be a good approximation to the actual
pilot determined flare maneuver.

1/3*

. 1 1 1 1

Spr, % 5?‘?‘(?‘*?‘) (22)
erit el 92 el 82

Critical Flare Height, hFL

crit

Thls 1s the helght at which the critical flare
must be started and appears to correspond to mea-
sured flare heights.

(23)

* This is based on the assumption that the overshoot to steady-state ratio of a simple second order

system is .1/¢. This is valid for .15 < ¢ < .5.



Critical Flare Gain,

N
EF—L ' crit

This is the gain used in the critical flare.

2 [
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VII. Example of Flare and Landing Analysis

The approach developed previously will now be
applied to a specific STOL airplane simulator model.
The main goal will be to show the general relations
between the flare maneuver and the resulting tonch-
down performance. In particular we will illustrate
the effect of approach speed and the effect of sur-
face winds.

The 65 kt approach case was described previously
in Figure 6. There we saw that for various speci-
fied touchdown conditions we could plot the flare
required in terms of AG and hgpy. The regions of
particular interest are those in which the condi-
tions prescribed by the piloting task are met.

These regions might reasonably consist of:

® Sink rale al Louchdown Lebber than G £t/sec
and, if possible, better than 3 ft/sec.

® Touchdown point inside of marked touchdown
zone, 200 ft to 500 ft beyond runway threch-
old.

©® Airspeed at touchdown at some margin above
Viin to allow for tailwind gusts, roughly
5 kt.

® Attitude at touchdown which allows ground
visibility over the nose, 15 deg for this
simulation.

® C(Closed loop bandwidth to regulate against
disturbances, say, .3 rad/sec.

® Some level of dynamic stability in the basic
pilot/vehicle flare feedback loop.

For the 65 kt case, Figure 6 shows a range ot
flare maneuvers which could meet the requirements.
The effect of reducing the approach speed by 5 kt
is shown in Figure 7. While the range of flares
which meet the sink rate requirements has actually
expanded slightly, we find the touchdown point is
much more a problem. In fact, at this speed the
airplane reaches the touchdown speed margin of
5 kt (i.c., 5 kt above Vyi, for approach power set-
ting) at the same time it enters the touchdown zone.
Noting the xqp and Vpp track one another, Figure 8
shows this effect of approach speed more clearly.
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Since this is the product of a linear solution,
the low speed margin results may not be accurate,
however the trend probably remains. That is, for a
relatively small change in approach speed the usable
touchdown zone can change drastically. Also, we see
that there can be an important relation between a
particular airplane and the specific runway/glide
slope geometry. For example, the runway layout used
in this simulation was well suited to this airplane
flying a 7.5 deg glide slope at 65 kt. Desired sink
rates and touchdown points were compatlible. However
another airplane may require a different distance
between glide slope/runway intercept and the touch-
down zone for the same compatibility between hyp
and zpp (ond Vop))-

Steady wind conditions present a different type
of problem. First, a significant adjustment in
flare is required for a "good" landing. Second, an
adjustment in approach speed is required to offset
a loss in margin above Vp;, .

Figure 9 shows a plot of touchdown performance
versus flare parameters for a 10 kt tailwind at



65 kt. The main difference between this and the

zero wind condition is a net shift upward of A8 for
This amounts to 3 deg
As Figure 9 shows,

the region of good landings.
in A8 and 4 deg in terms of 6gpp.
this difference could account for a significant
difference in both hrp and xpp. Also, the same

5 kt margin above Vi, (for approach power) is en-
countered earlier in the touchdown zone.
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Figure 9. Touchduwn Performance vs. Flare
Parameters V), = 65 kt with 10 kt Tailwind

In view of' the approach speed effect shown
earlier, it appears that the tailwind effect on
speed margin and touchdown attitude could be
countered by an increase in V . Then the end of
the touchdowu zoue could be reached without alr-
speed becoming too low and touchdown attitudes
would be more reasonable.

VIIT. Extensions of the Model

The simplified linear pilot/vehicle model of
Tlare and landing that has been presented can be
augmented to account for a number of possible in-
fluencing factors.

One feature open to question isc the usc of a
pure gain feedback between h and 6,. Although a
pure gain appeared to fit most examples, forms of
pilot compensation such as lead or lag could be
considered. To the extent that pilot uses sink
rate in his application of flare control, then lead
compensation is appropriate. However, most record-
ed flare profiles indicate that where compensation
deviates from a pure gain it is generally in the
direction of a net lag rather than lead.

Another variation on the simple pure gain atti-
tude flare model is the use of power to flare.
Although the use of power tu bLreak siuk rale 1s ime
practical for airplanes having a generally horizon-
tal thrust vector, it may be useful in cases of a
nearly vertical thrust vector. This can include
many powered 11ift vehicles.

In a recent simulation of STOL aircraft pilots
were requested to try flaring solely with power.
In cases where pilots were successful, the profile
of &p versus h was generally simllar to the o
versus h cases shown here.

IX. Summary

The manual flare and landing of an airplane can

be approximated well with a simple linear feedback
model.

While the flare model can be used with a
complex airframe model, it can be combined with a
simplified airframe model to point out the essential

pilot/vehicle features which influence flare and
landing.

Several important landing factors such as
sink rate, touchdown point, airspeed loss, and

bandwidth can be plotted as functions of the flare
parameters A6 and hgrp -
of potential problems involved in landing a parti-
cular aircraft.
this mapping is the indication of possible incom-
patibility between glide slope intercept and touch-
down zone.
example of a specific STOL airplane reveals a par-
ticularly adverse effect of tailwinds on the flare
and landing.
use in dealing with flares using power in place of
attitude control.

This gives an overall view

A particularly important feature of

The application of this model to an

Finally, this model appears to be of
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