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SUMMARY

This report addresses the problem of determining minimum
suitable requirements for scan rate as a function of beam noise
for the proposed Microwave Landing System for two classes of
conventionally equipped civilian aircraft, a typical heavy jet
transport and a light maneuverable general aviation aircraft.

A major portion of the effort involved development of anal-
ytical methods applicable to the problem, including development
of a pertinent set of landing performance criteria, and refine-
ment of aircraft, wind, and guidance beam models.

Two basic analysis methods are used. The first is a full
non-linear simulation of an aircraft on final approach, in-
cluding all known effects. This simulation generates deter-
ministic results corresponding to a single set of conditions.
To obtain statistically valid results for random disturbances,
it would be necessary to generate a vast number of simulation
runs for each set of conditions of interest. A second method,
that of directly propagating mean square error about a nominal
trajectory, (covariance propagation) is preferred for evaluating
the effects of random disturbances such as beam noise and wind
gusts. Use of this method requires, however, that linear
approximations to the models be developed. Once this is done,
mean square deviations from nominal approach trajectories are
available as outputs directly and are used for statistical
comparison against limits defined to be critical to safety and
pilot acceptability.

Two sets of critical variables and limits are defined as
performace criteria. The first sets absolute limits on touch-
down position, attitude, and velocity variables such that
exceeding the limits would lead to an accident. The second sets
2 sigma limits on variables deemed important for pilot accepta-
bility during approach, such as control activity, attitude
activity, and deviations from glideslope.

Problems were encountered in generating absolutely valid
results at touchdown with the covariance propagation method as
a result of the extreme nonlinearity in performance at low
altitudes (under 50 feet) due to ground effect and to the
effects of time dispersion in touchdown point. Neither effect
can be implicitly included in the covariance propagation
equations. To circumvent this problem, a comparative approach
was taken such that the mean square value at touchdown under
various noise and scan rate values are related on a percen-
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tage increase basis to those with a perfect, continuous landing
guidance signal. Results are also generated for a "best case"
category III conventional ILS and used as another point of
reference in evaluating critical touchdown variables.

Results applicable to conventionally equipped civilian
aircraft can be summarized as follows:

1. Safety factors tend to be relatively insensitive to
beam noise and control the minimum scan rate. Position
variables are an order of magnitude more sensitive to
scan rate than are velocity or attitude variables,

2, Pilot acceptability factors tend to be relatively in-
sensitive to scan rate and control maximum acceptable
beam noise.

3. For the azimuth signal, constraints imposed by per-
formance criteria are such that 2 scans per second
will provide acceptable performance at beam noise
equivalent to RTCA SC-117 specification values. (RTCA
recommended 5 scans per second).

4, For the Elevation #1 function, signal constraints im-
posed by safety criteria indicate that 1 or 2 scans is
acceptable. However, the sensitivity of pilot accep-
tability factors to beam noise requires a minimum of
5 scans at beam noise levels equivalent to RTCA SC-117
specification values. (RTCA recommended 5 scans per
second) .
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1. INTRODUCTION

A microwave Landing Guidance System (LGS) using scanning
beams has been proposed by the Radio Technical Commission for
Aeronautics (RTCA), Special Committee 117 (SC-117) to upgrade
instrument landing capabilities and to eventually replace to-
day's VHF-ILS (Ref. 1l). The major advantage of the proposed
scanning beam system is its relative freedom from multipath
and siting problems. Since only a small segment of space is
illuminated at any given instant, the likelihood of signal

degradation from terrain reflections and overflight is mini-
mized.

The proposed maximum system (SC-117 configuration K) also
includes greatly expanded guidance capabilities, (wide angle
coverage to 20NM, elevation guidance for flare, DME and azimuth
guidance for rollout, considerably upgraded accuracy and
reliability of all functions) directed towards permitting safe
instrument landings under FAA Category III conditions and
providing some relief to the terminal area traffic problem
by allowing curved approaches, precise interleaving of arriving
flights, and multiple final approach paths.

One of the major areas of concern in the implementation
of such a system is the question of scanning rate. High scan
rates present significant problems to the antenna and receiver
designers. The antenna angular velocity (for mechanical an-
tennas) directly affects the complexity of the platform through
accuracy and repeatibility requirements on the direction of
radiation. The dwell time of the beam at the aircraft re-
ceiver, which is critical to the ability to decode the signal
on the beam, is also inversely proportional to scan rate for
a given beam width and area of coverage.

The scan rate, however, must be high enough to insure
that information available to an aircraft on approach is
sufficient to allow it to follow a path in space and to touch
down within some safe limits.

This report will address the problem from the flight per-
formance point of view and will develop, present and demon-
strate a set of analytical tools which, for any particular
aircraft-autopilot combination, are capable of pinpointing
critical factors in the selection of scan rate and the sensi-
tivity of these factors to scan rate. Performance is judged
solely on observable flight variables (e.g., control activity,
position, velocity, attitude) during the approach and touchdown
phase of flight. Only fully automatic landings are considered



for final straight-in approach. The method is demonstrated on
two extremes of aircraft representative of conventional
civilian aviation today: a heavy jet transport, the Convair
880, and a "light maneuverable" craft - the Piper PA-30

(Twin Comanche) .

It should be understood that these aircraft are by no
means representative of the full spectrum of all available
and future aircraft. 1In fact, with autopilot-couplers de-
signed for use with conventional ILS, they do not make very
good use at all of the greatly increased information available
from the LGS. Nor is it necessarily true that they are, or
will be qualified for Category III landings as currently con-
figured. The results do serve to demonstrate the level sus-
ceptibility of conventionally equipped civilian aircraft to
LGS scanning rate and beam noise. It is not intended, however,
that results for the CV-880 and PA-30 define a universal mini-
mum suitable scan rate, since the ultimate scan rate selection
(from a flight performance point of view) will probably de-
pend on the characteristics of advanced autopilots which will
more fully utilize LGS capabilities.

The remainder of the report is organized as follows:
Section 2 describes the general problem and the approach used.
Sections 3, 4 and 5 discuss the wind model, LGS model, and
aircraft models, respectively. Section 6 defines safety and
pilot acceptability criteria against which aircraft and land-
ing system performance are to be compared and discusses statis-
tical techniques, difficulties, and approximations in applying
the criteria. Section 7 presents the data assembled from
simulation and covariance propagation programs in terms of
safe and acceptable landing criteria with wind, beam noise
and scan rate as parameters. Section 8 presents conclusions,
and suggests various tradeoffs in choosing minimum suitable
scan rate. Section 9 concludes by discussing the limitations
or applicability of the results and summarizes plans for
future extension of the study.

Pertinent references are listed following each section.
A series of appendices containing technical details are also
included.

References

l. RTCA SC-117, A New Guidance System for Approach and
Landing, DO-148, December 18, 1970.



2. PROBLEM DEFINITION AND APPROACH

Figure 2-1 illustrates the nature of the problem in its
most basic form. It is desired to evaluate the performance
of the ccntrolled system based on some specific criteria, in
the presence of various kinds and levels of disturbance in-
puts, with control being generated through feedback of critical
variables which are subject to measurement errors. The evalu-
ation procedure should provide information on the relative
success in meeting performance criteria as input, feedback,
and system parameters are varied.

For the case at hand, the controlled system is an air-
craft with autopilot, in the final approach phase of flight;
performance criteria are expressed in terms of deviations
from nominal trajectory and are limited by safety and pilot
acceptability consideration; disturbance inputs include
steady winds, wind shear and wind gusts; information fed back
to control the aircraft includes position errors via LGS and
the attitude and rate variables available from on board sen-
sors. Measurement errors may take the form of bias and random
noise. Figure 2-2 illustrates in more detail some of these
considerations.

The parameter of primary importance in this study is the
sampling rate of the LGS.

The fundamental question with regard to the sampled
LGS information is: How does the sampling rate affect the
ability of a particular aircraft to meet its performance
criteria and accomplish a safe and acceptable automatic
approach and landing?

To answer this question one must explore in depth the
effects of sampling rate on the ability to (1) fly an un-
disturbed trajectory, (2) tolerate the aerodynamic environment,
and (3) tolerate errors in the sampled LGS signal.

Validity in an analytical solution requires that accurate
models for the blocks of Figure 2-2 be developed and that ap-
propriate methods of analysis using these models be selected.
Once detailed models are developed, based on best available
data, it is easy to see that a paper analysis is out of the
question. The complexity and the vast number of variables
involved in flight and control dynamics, wind response, and
performance evaluation dictate a requirement for more sophis-
ticated computer analysis techniques.
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Two complementary methods are used in this study. The
first is an all digital simulation which includes the airframe,
autopilot, flight controls, disturbance inputs and all non-
linearities and cross coupling terms involved in such a sys-
tem. It operates directly on the aircraft state vector through
Equation 2-1:

X = Fx + Gu (2-1)
where x is the vector describing the system

F, G are matrices representing the aircraft dynamics
u is the forcing function or disturbance

Through suitable integration of this equation from initial
condition through touchdown (digitally, second or third order
Runge-Kutte numerical integration techniques are used) a time
history of the state vector may be generated for any particular

disturbance inputs, u(t). There are no restrictions on the
matrices F & G; they may be time varying, may contain state-
dependent terms (i.e. they may be non-linear) . For the actual

formulation used in this case see Appendix A.

The aerodynamic equations used do involve linearization
about a stable flight condition and stability derivatives as
normally understood form the basis for aerodynamic terms of
the F & G matrices. They are allowed to vary, however, when
non-linear conditions such as ground effect are encountered.
Stability derivatives and the x vector, for the purposes of
solveing equation 2-1 are defined with respect to stability
axes (as opposed to instantaneous aircraft axes, or space
fixed axes). This simulation method has been used extensively
by the MIT Charles Stark Draper Laboratory in previous studies
(Ref. 1) on various aspects of flight performance. The
development and use of stabkility derivatives as a method of
solving flight performance problems is treated by Blakelock in
Reference 2.

In dealing with random forcing function such as wind
gusts and beam noise, the direct simulation leaves much to
be desired. With the direct simulation a subroutine is used
to generate random numbers which are then conditioned to
enter the simulation as the proper forcing function. 1In
order to etimate the statistical relationship between input
and performance factors, many different runs would be re-
gquired with different random number sequences. To obtain
the variance of a particular state variable, the results must
be root mean squared for each particular time of interest.
A vast number of runs would be required for each condition of
interest i1f this method were attempted.



A second method, preferred for statistical evaluation,
involves propagating the mean square value of the state vector
directly. If the system behaves according to Equation (2-1),
then the covariance matrix for the state variables behave
according to Equation (2-2) (Ref. 3).

X = FX + ¥FT + GoGT (2-2)
X(t) = E[(x(t) - X(t)) (x(t) - X(t))] (2-3)
Q(t) = E[(u(t) - @(t)) (u(t) - u(t))] (2-4)

where X(t) is the covariance matrix at time t

E is the expected value operator

Q(t) is the disturbance covariance matrix at time t
X(t), TW(t) are mean values of x(t) and u(t)

F,G, as defined in (2-1)

The following conditions must hold however:

(1) The system must be linear.
(2) u(t) must be uncorrelated (white) noise.

Condition (1) is required since, for statistical validity,

F or G may not depend on X or Q [For Equation (2-1) this is
not necessary since each solution is a deterministic function
of u and initial condition on x). Condition (2) imposes no
real constraint since with proper filtering most random pro-
cesses of interest can be generated from white noise; in
practice this is done by expanding the x vector as required
and adding the filtering to the F matrix (Ref. 3). Although
they must be linear, the F and G matrices may still be time
varying.

Linearization of the F & G matrices for the flight per-
formance case involves dropping any signal limits imposed in
the autopilot and ignoring all cross coupling terms (products
of perturbations). Other simplifications in the interests of
computational efficiency are also made; these are discussed
in later sections.

There are also some mechanization problems in dealing
with the effects of a sampled input (scanning beam) on a
continuous system. A more complete description of the mecha-
nization of both the simulation and the covariance propagation
method appear in Appendix A.

The fact that the covariance propagation equation must
be linear brings with it one significant advantage; linearity
implies that superposition holds. It is therefore possible



to generate a single covariance matrix in response to a unit
gust strength and one in response to unit beam noise and
linearly combine the results to generate the covariance matrix
for any other particular set of wind and noise conditions.
[Provided that the system and disturbance dynamics remain
constant]. The F & G matrices are, however, dependent upon
scan rate, so it is necessary to generate a set of these unit
covariance matrices for each scan rate of interest.

The unit covariance matrix will generally be referred to
as the covariance sensitivity matrix and be represented by
Z(wg) or Z(no), where Vo and h, are unit gust strength and
beam noise variance, respectively.

In order to assure that simplifications and assumptions
required to use the covariance propagation method do not
significantly distort the system model, the linearized sys-
tem matrices, F and G, are used to generate simulation results
for particular wind and noise conditons which are then com-
pared with results using the original, nonlinear, F and G
matrices with the same input conditions.

In addition to providing a check on the covariance propa-
gation program, the simulation will be used to generate nomi-
nal trajectories for all deterministic inputs under consi-
deration (wind shear, beam bias, etc.), to provide a basis for
specifying the dynamic characteristics of the aircraft being
simulated, and to generate representative trajectories with
wind gusts and beam noise for various scan rates.

The results of the covariance propagation programs will
be used to statistically compare performance under various
conditions against criteria established for safety and pilot
acceptability.

The ideal method for statistical comparison is, of course,
in a probabilistic sense; that is, comparing the probability
of exceeding a limit under one set of conditions against
that of exceeding it under another set of conditions. If
the variable involved is (or can be assumed) gaussian, then
knowledge of the variance or standard deviation is sufficient
to compute these probabilities.

For example, suppose the limit for safety on an hypo-
thetical variable x is + 5, and that under worst case wind
and noise conditions the variances (02) of x generated by
the covariance propagation programs for 10 and 1 samples per
second were 1.10 and 1.30, respectively. The one sigma (lo)
values are then 1.05 and 1.14 respectively. The limit at
10 scans per second represents a 4.760 value while at 1 scan



it represents a 4.380 value. From standard tables for the
gaussian distribution function, we find the probability of
excegging the limit at 10 scans per second is approximately
2x10 while that at 1 per second is 1.2x10"2. For a family
of scan rates and beam noise rates a family of curves such

as those of Figure 2-3(a) would result. It is then possible
to choose an acceptable probability level and generate beam
noise scan rate trade off curves such as those of Figure
2-3(b). All combinations of beam noise values and scan rates
to the right and below a constraint curve are then acceptable
for that particular constraint.

Unfortunately, limits on variables critical to safety of
the landing are defined at touchdown, and the covariance
propagation method as now mechanized for this problem en-
counters significant difficulties in generating absolutely
valid results at touchdown. The presence of ground effect
during the last 30 feet of descent for a large aircraft such
as the CV-880 is one source of these difficulties. The
other major significant source is in the formulation of the
equations. The covariance matrix is propagated for deviations
about a nominal trajectory with nominal time as the index.
Since critical points in ‘the trajectory, (flare initiation,
decrab initiation, and touchdown) are functions of altitude
rather than time, they do not necessarily occur at nominal
time. Variations in time affect those variables with signi-
ficant rates of change during the period of interest, such
as longitudinal touchdown position, whose rate of change is

equal to forward groundspeed. (Most of the lateral variables
of interest also have significant nominal time dependence
during the decrab maneuver). Under high wind conditions

variations in time from flare altitude to touchdown and time
from decrab altitude to touchdown can be large, due to the

low nominal sink rate and large sink rate dispersions. (Sink
rate statistics are also heavily dependent on ground effect).
Attempts 'to form even partially valid approximations to account
for time dispersion have been unsuccessful to date except for
limited applications.

Therefore, although absolute safety limits for critical
touchdown variables are set (see Section 6), it will not be
possible to state with any confidence the probability of
meeting those limits.

It is possible, however, to evaluate the effects of scan
rate and beam noise on these variables in a comparative manner.
Using the partial results generated by the covariance pro-
pagation equations, one can show percentage variation in RMS
deviation of critical variables at touchdown as scan rate,
beam noise or other disturbances are varied. It is unlikely
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that the effects not accounted for would cause significantly
different percentage deviation under similar conditions.

It is then possible to identify:

(1)
(2)

(3)

Those of the critical variables which are most
sensitive to scan rate and/or beam noise.

Scan rates and noise levels which cause significant
increases in critical variable deviations from the
ideal condition of a perfect continuous information
system.

Scan rates and noise levels which cause increases
in deviations corresponding to those of a Category
III conventional ILS with a "best case" noise
model.

In areas other than near touchdown (final approach,
decision height, flare initiation) the assumptions required
to linearize the flight and control equations do not have
serious effects on the results. It is therefore expected
that the covariance propagation results in these areas are
close to absolutely valid. A direct comparison can be made
between these results and limits set for pilot acceptability
in Section 6.
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3. ATMOSPHERIC TURBULENCE MODELS

The most critical factor affecting an aircraft's ability
to land is the atmospheric environment or wind with which it
must contend during final approach. Wind may be divided, for

modelling purposes, into three categories: (1) Steady Winds
(headwind, or tailwind, crosswind); (2) Wind Shear (steady
wind gradient with altitude); and (3) Wind Gusts (random
turbulence).

In order to realistically evaluate landing performance
of simulated aircraft, it is necessary to define as accurately
as possible the charactecistics of the environment that these
aircraft are subjected to in the real world. A thorough li-
terature search has therefore been undertaken to define a
worst case (99% probable) set of conditions and to determine
the characteristics of importance in and the interrelation
between the three wind categories.

3.1 STEADY WIND AND WIND SHEAR

These parameters are relatively easy to deal with since
they are "deterministic" functions and can be easily measured
in the real world. Steady wind is normally defined at a
"reference altitude" of 50 feet. For our purposes, this
steady wind at 50 feet will be called "mean reference wind".
The mean wind at any other altitude (up to approximately 400
feet) is a function of the wind shear profile and is generally
taken to vary logarithmically with altitude (Ref. 3; Ref. 7;
p. 17) according to Equation (3-1):

U, (h) = U, [1

-

Kg Log (h/ho)] (3-1)

where: Uyl(h) mean wind at altitude h

Uwo = mean reference wind
hg = reference altitude
Ks = empirically determined constant

Equation (3-1) has been rearranged and slightly simplified in
comparison to those appearing in the references to better
reflect its meaning in terms of our variables. The constant
of proportionality Kg, is a function of ground surface rough-
ness; the more wind impedance offered by the ground surface,
the higher Ks will be. For comparison Kg for ice or mud flats
is 0.2, for tall thick grass, 6-20 inches high, Kg=.45 (after
Ref. 7). With a 25 kt headwind at 50 ft., the corresponding
winds at 100 and 200 ft. would be 27.8 and 31.8 kts respectively.
Figure 3-1 plots Uy(h) with Kg=0.5, a condition which we shall
use as "worst case". Figure 1 also shows a further simplifi-
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cation. A piecewise linear approximation will be used in lieu
of the actual logarithmic profile to reduce computation time.
The approximation chosen agrees gquite well with the logarithmic
curve above 50 ft., and is specified in terms of its slope

as follows:

Above 200 ft - O
100 - 200 ft - 4kts/100ft
0 - 100 ft - 8kts/100ft

It is felt that the portion of the logarithmic curve
below 50 ft is rather too severe and does not truly reflect
conditions over the very flat surface represented by the run-
way. (At 25 ft for example, the slope of the logarithmic
curve is 30kts/100 ft). The FAA, in Reference 1, has also
recommended maximum design shear levels of 8kts/100 ft. It
was therefore decided to choose a constant 8kts/100 ft shear
below 50 feet, as a reasonable and realistic estimate of
worst case condition.

The 99% headwinds and crosswinds are provided by the
appendix to Reference 1. For the purposes of this study,
these are chosen as the mean reference winds (worst case):

Headwind: Uy, = 25kts = 42.3 ft/sec
Crosswind: V,o = 1l5kts - 25.4 ft/sec

In addition, a generally accepted maximum tailwind is defined
at 10kts or 16.9 ft/sec.

The piecewise linear wind shear model, as defined, acts
directly only on the headwind; however, the orientation of the
total wind with respect to the ground is maintained constant,
introducing a proportionate shear in the crosswind component.

3.2 WIND GUSTS

Wind gusting or turbulence are names applied to non
constant, non predictable shifts in wind velocity. A con-
siderable amount of work has been done (Refs. 2, 3, 4, 5) in
attempting to define the statistics of turbulence based on
the limited data available. Random processes, such as tur-
bulence, are generally best specified in terms of either
their power spectra (frequency domain) or their autocorrela-
tion functions (time domain). Since, with actual data,
spectral estimation is a more easily accomplished task than
estimation of correlation in time, most of the work done
appears in the form of power spectra. Table 3-1 lists a number
of empirically determined or generally accepted analytic

14



TABLE 3-1
ATMOSPHERIC TURBULENCE SPECTRA

Von Karman (after ref 2)

1
. s w2 i
u(w) 0y (2Ly/T0g) [l+1.79(Lu‘*’/Uo)2]5/6
[1+4.78 (L w/U,) 2]
oy (0) = 0y2 (Ly/TUg) - oy
2
dy(w) = Gwz(Lw/ﬂUo)-[1+4.78(wa/U°) :

[1+1.79 (Lyw/Ug) 2111/6

Dryden (ref 2)

1
[1+ (L,w/Ug) 2]

oy (w) = 0y?(2Ly/70g) -

2
Oy (w) = OVZ(LV/on).[1+3(va/Uo) ]
[1+ (va/Uo) 2] 2
2
By () = Oy2 (Lug/TUg) , 11 +3 (Lwt/Uo) “1
[1+ KLWw/UO)2]2
Lappe (ref 2)
_ 52 o
Pa,v,w (W) = 0T /00) T T
FAA (ref 1)
2 1
Oy, v,w(w) = 02(2L/Ug) *

1+(L/Ug) 20?2
where:

subscripts u,v,w refer to longitudinal, lateral, and
vertical axes respectively

®(w) = turbulence power spectrum; (ft/sec)z/rad/sec
w = temporal frequency (rad/sec)

o] = root mean square gust intensity (ft/sec)

L = scale length (ft)

Ugs = aircraft nominal airspeed (ft/sec)
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expressions for turbulence spectra in all three axes (lateral,
longitudinal, vertical). (The FAA model for all three axes

is identical to the Dryden longitudinal spectrum) . Gault

and Gunter, in Reference 2, have compared these expressions
against actual data and find the Von Karman spectra to be

most representative of true conditions. The main point of
difference between Von Karman and the others are the denomina-
to exponents, 5/6 or 11/6 as opposed to 1 or 2. This affects
the slope of the rolloff at higher frequencies, so that below
the half power frequency the spectra tend to agree very well.
The Von Karman contains relatively more energy at high fre-
quencies, but less around the break frequency. It is felt
that since the differences are minor and since an aircraft
tends to filter high frequency gusts, that the added com-
plexity involved in using the Von Karman spectra is not war-
ranted for our problem. The FAA and Lappe spectra are further
simplifications, using but one form for all three axes. It

is not necessary, for simulation purposes, to take advantage
of these simplifications, consequently the Dryden Spectra

were used in their study.

The choice of rms gust intensity, o, and scale length,
L, is another point on which there is considerable disagree-
ment, again, due primarily to the fact that adequate data
does not exist over the wide range of possible atmospheric
conditions and geographic location. References 3 and 4,
however, do contain a set of empirically generated equations
for computing these parameters as a function of mean wind and
altitude. Statistically, the confidence level in assigning
the actual numbers in Equations (3-2), (3-3), and (3-4) is
not very high, but as the best information currently available,
they should serve as representative conditions.

0w = 1.67 + 0.08U,, (h) (ft/sec) (3-2)
Ly, = h (3-3)
Ly, = L, = 145 (n) ~1/3 (3-4)

where: th(h) is the total mean wind speed at altitude h

It is assumed that the aircraft under consideration is
moving through a horizontally homogeneous turbulence field, and
the values for 0, and 0,, are determined from Equation (3-5):

4y _ 0g2 _ 0y2 (3-5)

By Ly by

Hence: o0u? = oy? = ! oyl (3-6)
Ly
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Suitable combination of Equations (3-2), (3-3), (3-4), and
(3-5) with the linear approximation for Uy(h) will then yield
all ¢ and L parameters.

The remaining term in the spectra equation U,, nominal
airspeed is determined on approach by pilot setting. Equation
(3-7) defines this nominal (one method currently used by
pilots to set airspeed) in terms of aircraft stall speed and
estimated wind parameters.

UO = 1.3USTALL+O'5UWO+2GU (3—7)

Equations (3-5) and (3-6) appear to break down, however,
below 50 ft; according to (3-3) and (3-4) scale lengths would
tend to zero with decreasing altitude, and the use of (3-5)
to compute o0,, 0,, would result in excessively large gust
intensities at altitudes below 50 ft. The following constraints
are therefore imposed:

L, min = Ly min = 600 ft (3-8)
L, min = 30 ft (3-9)
oy max (h) = o, max (h) = 20y(h) (3-10)

Figure 3-2 shows the variation of L and ¢ with altitude with
constraints as imposed by (3-8), (3-9) and (3-10)

Figure 3-3 plots the bandwidth of the aerodynamic tur-
bulence vs. altitude for two aircraft (bandwidth is related
to approach speed, U,), the CV-880 and PA-30 currently being
used in the simulation. The Dryden spectra are assumed.

The fact that the aircraft has finite dimension sometimes
comparable to gust scale length requires that gust gradients
also be considered as atmospheric noise inputs to the aircraft.
These take the form of pseudo rotational rates and have spec-
tra and variances related to the longitudinal, lateral, and
vertical gust components. The spectra computed based on the
Dryden model are shown in Table 3-2.
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TABLE 3-2
PSEUDO ROTATION RATE SPECTRA

2
b (@) = oy (u (w/Uo) 3
1+ (4bw/mUg)
2
@r(w) s @V(w> ((JJ/UO)
1+ (3bw/mUg) 2
2 . ap)1/2
oo () = Oy 0.8 (mLy/4b)

Ul l+(4bw/ﬂUo)2

b = wing span

subscripts p,q,r refer to roll, pitch, and yaw pseudo rates,
respectively

other terms as defined in Table (3-1)

Appendix B describes the method for generating these
spectra by digital simulation and the mechanism for intro-
during turbulence into the aircraft dynamics.

3.3 SIMPLIFICATIONS FOR THE COVARIANCE PROPAGATION EQUATIONS

Computational efficiency is extremely important for the
covariance propagation programs since the number of integra-
tion (hence the time required) increases approximately as
the square of the number of variables in the state vector.

In order to keep the number of state variables as low
as possible, simplifications such as approximating the second
order Dryden spectra by first order expressions, and eliminating
the pseudo rotation rates, were considered. Simulation runs
with and without these simplifications were compared for both
the Cv-880 and PA-30. For the Cv-880 it was found that per-
formance during approach was not noticeably different with
either simplification. For the PA-30, only the pseudo rota-
tion rates produce significant effects.

Therefore, the wind model for both aircraft for the
purposes of the covariance propagation equations includes
only first order spectra; pseudo rotation rates are included
only for runs with the PA-30.

In constructing the propagation programs for a continuous
system with sampled input, it was further found that maintain-
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ing constant parameters (0, L) for the gust model also greatly
reduces the complexity of computation. (see Appendix A). As
can be seen from Figure 3-2, the effects of maintaining
constant 0 are small since they vary by no more than 10%

over the last 600 ft. approach. The scale length, L, affects
the bandwidth of the aerodynamic turbulence. Figure 3-3
shows that there is little change in bandwidth of the lateral
and longitudinal components during final approach; there is,
however, significant variation in vertical component band-
width. It was decided to choose values near touchdown in
order to most accurately reflect performance in this area.

Table 3-3 summarizes the spectra and spectral parameters
for use with covariance propagation programs.

TABLE 3-3
SPECTRA AND PARAMETER VALUES
FOR COVARIANCE PROPAGATION PROGRAMS

5 1
Oy (w) = oyu“(2Ly/7Uo) .

ulw b u/ o [1+(Lyw/Ug) 41

[0} (w) = Qg 2(2L / 31U )' =

v v v/V=1"0 [1+ (LywAf3Up) 2]

1
= g. 2 \ g
O (0) = 0y (2Ly/4[3T0;) [1+(L,wAf30,) 2]

pseudo-rotational rates for PA-30 only:

0q (W) = Oy (w) * (w/Ug) 2

o p(w) = 0y (w) * (w/Ug) 2
(0.8) (MLy/4b) /3
op (w) = (0w?/UoLo) - = 2
[1+ (4bw/mUg) “]
Oy = Oy = Zow
Ly, = Ly = 600 ft
L, = 30 ft

b = wing span
other variables as defined in Table 3-1
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4. LGS SCANNING BEAM AND CONVENTIONAL ILS MODELS

4.1 LGS SCANNING BEAM MODEL

The RTCA recommended scanning beam system generates four
basic functions: DME, azimuth, glideslope elevation, and
flare elevation. Azimuth and elevation information is in
angular form referenced to the runway centerline. Actual
position in x, y, 2z coordinates with respect to touchdown
point requires a knowledge of the geometry of the trans-
mitting antennas with respect to the runway. Figure 4-2
shows in plan view one such configuration which will be used
for the purposes of this study. (Figure 4-2 also shows
50 ft. altitude point for a 2.5 degree glideslope).

Since the aircraft currently under consideration are
equipped only with autopilots for conventional ILS, they
do not make use of either DME or flare elevation information;
the rest of this discussion, therefore, will be limited to
the azimuth and glideslope elevation functions.

In order to avoid the complexities of examining actual
beam and receiver configuration it will be assumed that the
autopilot is presented with a discrete angular position in-
dication at each sampling instant. This data is then pro-
cessed through some form of hold circuit and then goes di-
rectly to the localizer and/or glideslope signal inputs of
the autopilot as illustrated in Figure 4-1.

The position sample may be corrupted by noise and bias;
the hold circuit may be as simple as a zero order hold or
in a more complex manner perform partial sample processing.
The filter may range from simple first order to complicated
noise and notch filters.

Since little of a definitive nature is currently known
about the dynamics, errors, and error souress of the scan-
ning beam configuration, only the simplest assumptions will
be made here.

The position sample model will include true angular po-

sition, bias, and a gaussian noise component which is un-
correlated from sample to sample.
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Possible error inducing effects which are not considered

include:

1. Signal Granularity.
about the receiving-decoding process,

Based on reasonable assumptions
granularity in

the processed signal is likely to be two orders of
magnitude less than the RTCA selected allowable
error. See Appendix C.

2. Anomalies and delays due to beam reflections.

3. Possible correlation between every other. sample if
a two antenna mechanical configuration is used.

4. Receiver processing delays.

5. Other unknown possible sources of error.

It is felt that data does not currently exist to ade-
quately characterize these effects with any confidence.

Results in this report are based on the use of a zero
order hold and first order filter with a small time constant.
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The problem of optimizing the hold and filter combination is
extremely complex, depending on assumed noise characteristics
and aircraft/autopilot dynamics, and must be examined from
the total system point of view.

As the most simple method of processing, the zero order
hold first order filter provides results which will reflect
worst case conditions.

Since no attempt has been made at optimizing the filter
time constant for particular scan rates, it was chosen
rather arbitrarily at .025 seconds. This is extremely low
compared to conventional ILS filters and should transmit
most of the sampling and signal noise, effectively unfiltered,
to the autopilot; again it is expected that this represents
worst case processing, and may significantly affect the
higher frequency variables of interest.

A second time constant value, 0.5 seconds, is used for
a limited set of runs to illustrate in some sense the effects
of a normal ILS filter on the variables of interest.

In summary, Figure 4-3 illustrates schematically the
signal processing model for the LGS Scanning Beam.

4.1.1 SIGNAL NOISE AND SAMPLING NOISE

The noise entering the autopilot derives not only from
the signal noise, but also from "sampling noise", that is,
from the aliasing caused by the sampling process. While the
bandwidth of the signal noise after processing is roughly
half the sampling frequency, the sampling noise occurs at
frequencies near multiples of the sampling frequency, its
magnitude and bandwidth dependent upon the magnitude and
bandwidth of the sampled signal.

There is one important implication for this study.
Since the content of the sampled signal is position deviation,
its properties depend primarily on the aerodynamic response
of the aircraft to turbulence. For a given scan rate in
the absence of signal noise, therefore, sampling induced
errors will be proportional to turbulence intensity. Errors
induced by signal noise, however, are independent of tur-
bulence intensity. The result is that signal noise effects
tend to "wash out" for high wind conditions, while sampling
noise effects grow proportionately with wind. Figure 4-4
illustrates this effect.

Where the sampling frequency is an order of magnitude or
greater than the bandwidth of the sampled signal, sampling
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induced errors tend to become second order (although not un-
important) effects and their proportional contribution to

total system errors can probably be expressed in single number
percentages.

4.1.2 NOISE AND BIAS SPECIFICATIONS

In quantitatively specifying the noise and bias on the
beam, the RTCA guidelines, as published in Reference 1 are
used. Since these are given in terms of feet at minimum
guidance altitude, some interpretation is required. [Such
a specification requires elevation data to be more accurate
in terms of angular specification for small angle glideslopes
(2.5 degrees) than for large angle glideslopes (10-20 degrees).]

In this study the following assumptions are made:

(1) Angular errors are constant throughout approach.

(2) Angular error is determined from the RTCA linear
specifications for configuration K, taken at flare
altitude on a 2.5 degree glideslope.

(3) The variance of the random angular error so computed
is the variance on the sample prior to processing.

(4) The horizontal beam width of the glideslope elevation
signal is wide enough to permit signal detection
at flare altitude.

Table 4-1 lists the results of computation based on the above
and on numbers from Reference 1 (configuration I and K).

TABLE 4-1
ERRORS PER SCAN FOR SCANNING BEAM
AZIMUTH ELEVATION
RTCA
SPEC 10 fk. 1.2 ft.
BIAS EQUIV ANGLE
50 ft. alt. .05 deg. .06 deg.
2.5 Deg. G/S
RTCA 4.5 ft. ¢.7 ft.
SPEC
NOISE EQUIV ANGLE .023 deg. .035 deg.
50 ft. alt.
2.5 Deg. G/S
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The above numbers will be used as baseline or unit values
in generating the covariance sensitivitles to beam noise.

4.1.3 SCANNING RATES

Since it is impossible to generate results for all scan
rates in the range of interest (1-40 per second), a limited
number have been chosen for this study. These are; 40, 10,

5, 2.5 or 2, and 1 scans per second. It is felt that these
should provide sufficient data, especially in the lower range,
to adequately gauge scanning rate effects on performance of
the aircraft under study.

4.2 CONVENTIONAL ILS MODEL

The conventional ILS is modeled as the perfect continuous
version of the scanning beam system with added noise.

The noise model is based on ICAO Specifications (Ref. 2)
for Category III operations. In order to generate a "best
case" for conventional ILS for comparison purposes, the normal
shaping of the beam errors from outer marker to middle marker
is deleted and a constant lo error over the entire approach
is assumed. The ICAO 20 specifications in microamps (1A)
are converted to errors in degrees according to Table 4-2.

TABLE 4-2
CATEGORY III ILS ERRORS
ICAO 20 Limits |Conversion Factor |lo Angular Error
(microamps) (deg/microamp) (deg)
Localizer 5 .0133 .03325
Glideslope 20 .0046 .046

The most important consideration in specifying ILS errors
is the spectral distribution. As opposed to the assumptions
made concerning the LGS model, the ILS errors do have signi-
ficant correlation times (low frequency components; beam bends).
Although in any rigorous sense, the spectrum of ILS errors
defies general description, a first order spectrum has been
postulated as a best available approximation to a general de-
scription. Table 4-3 lists the noise bandwidth and correlation
time so postulated.
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TABLE 4-3
SPECTRAL CHARACTERISTICS OF ILS ERRORS

Bandwidth Autocorrelation Time
Localizer .33 rad/sec 3 sec
Glideslope .33 rad/sec 3 sec

The coupler processor for conventional ILS becomes simply
a first order filter with a time constant of 0.5 seconds.

. References

1. RTCA SC-117 Final Report., A New Guidance System

for Approaech and Landing, DO-148, December 1970.
Appendix A.

2. ICAO Annex 10: Aeronautical Telecomuunications,
April 1968.
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5. AIRCRAFT MODELS

5.1 DISCUSSION
5.1.1 "HEAVY JET TRANSPORT" VS. "LIGHT MANEUVERABLE"

At first glance, these titles, as applied to the CV-880
and PA-30, respectively, seem to have very definite impli-
cations in terms of flight performance. One thinks of a
heavy jet transport as slow to respond, almost "lumbering"
through the air, and of the light maneuverable craft as being
able to perform maneuvers much more rapidly in time. How-
ever, for conventional aircraft, desirable riding and handling
qualities for both types are basically the same and, in
actuality, autopilots, controls and control surfaces are
designed to satisfy goals based on these qualities. The
net result is that, within certain bounds, attitude control
dynamics for conventional aircraft of any type will be ex-
tremely similar. ILS coupler designs being basically limited
by the ILS characteristics rather than by arcraft dynamics,
should also tend to produce similar path following character-
istics (in the time domain).

There are two significant fundamental differences, how-
ever: alrspeed and weight. Because the PA-30 type craft
flies at lower airspeed, it would indeed be more maneuverable
in space than the Cv-880 type, even though their time responses
were identical. The aircraft wing loading, which is di-
rectly related to weight, has a significant effect on its
performance in wind. One would expect the PA-30 to be blown
around by turbulence much more readily than the CV-880.

Therefore, the terms "heavy" and "light" reflect in
some sense a sensitivity to wind turbulence, and the terms
"jet" and "maneuverable" imply differences in airspeed and
maneuverability in space. None of these terms necessarily
has any implications for the dynamic characteristics of the
aircraft in controlled flight.

5.1.2 AIRCRAFT MODELS

The models include the airframe trimmed to desired
flight configuration, the appropriate autopilot functions,
control and control surface dynamics. There are minor differ-
ences between the nonlinear models used for simulation pur-
poses and the linear ones for the covariance propagation
equations.
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5.2 THE CONVAIR 8380 JET TRANSPORT

5.2.1 AIRFRAME

For approach and landing, the aircraft is assumed to be
in a flight condition with full flaps and landing gear down.
Appendix E lists the stability derivatives, physical and dyna-
mic characteristics, and other constants of interest for the
aircraft in this configuration. Appendix F describes the
nonlinear equation of motion including ground effect, flexi-
ble body considerations, and hinge moment equations and fur-
ther discusses assumptions and techniques involved in the
simulation.

5.2.2 AUTOPILOT AND FLIGHT CONTROLS

The autopilot modelled for the purposes of this study
is the basic Lear Siegler Autoland System designed for use
with conventional ILS. Only minor changes have been made
in accommodating the scanning beam LGS.

In approach and landing the autopilot provides the follow-
ing functions: Localizer capture and initial track, Local-
izer final track, altitude hold, glideslope capture and
track, automatic flare and automatic decrab. In addition,
airspeed is controlled with an autothrottle loop. Figures
5-1 and 5-2 show the basic lateral and longitudinal position
control loops in block diagram form; gains and time con-
stants are also listed on these figures. Figures 5-3, 5-4,
and 5-5 depict auxiliary control loops: yaw and decrab,
altitude hold, and autothrottle respectively. Control sur-
face dynamics appear in Figure 5-6.

Although no detailed analysis of the various loops and
gains are undertaken here, it is possible to point out wvarious
important features of the coupler sections of the position
control systems. The discussion will be limited to the
final track mode, below 600 ft. altitude, since performance
in this range is most critical to landing success.

The localizer coupler (Fig. 5-1) operates to command
roll angle; it processes the localizer angular deviation
(ay) through a constant gain (Kyrj), washed out localizer rate
(KYT ), with some small integral compensation (KyyT); lagged
roll (K¢r,) is also used for rate compensation. There is no
distance sensitive multiplier, which results in linearly in-
creasing loop gain as the aircraft progresses towards the
runway.
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At 28 ft. altitude (13 ft. above touchdown for the
CV-880), the Decrab control system is activated (Fig. 5-3)
which acts to command heading angle with respect to runway
centerline to zero. The rudder servo command is coupled to
the aileron servo for roll stabilization during this maneuver.
(Fig. B—1).

The glideslope coupler (Fig. 5-2) operates to command
sink rate; it processes glideslope angular deviation through
an altitude sensitive glideslope multiplier (maintaining some-
what constant gain below 665 ft). Integral compensation
(K1gg) is also included. The glideslope gain drops off rapid-
ly below 100 ft. to zero at 65 ft. and flare control takes
over. The flare control system also acts to command sink
rate. The flare multiplier reduces the commanded sink
rate as a function of altitude to produce, under ideal con-
ditions, an exponential flare law. Damping is accomplished
in both glideslope track and flare through the contributions
of the normal accelerometer and the pitch rate gyro.

Minor modifications to the original autopilot have been
made. Firstly, the 0.5 second filter which normally appears
at the localizer and glideslope input has been removed; its
function is taken over by the processing filter of the scanning
beam model. (Fig. 4-3). Secondly, it was found in simu-
lation results that under high wind gust conditions, the
6.25 degree limiter in the lateral position control loop
(Fig. 5-1) significantly affected the ability to maintain
track; for the purposes of this study it has been removed.

5.2.3 MODIFICATIONS FOR THE COVARIANCE PROPAGATION EQUATIONS

The following items have been eliminated from the CV-880
model in order to linearize it for use with the covariance
propagation equations. Comparison of runs made with the
linear and nonlinear models under similar conditions has
shown that none produce more than second order effects:

1) All limits shown in the autopilot block diagrams.

2) All cross coupling terms and products of perturbations.
(see Appendix E)

3) Flexible body equations.

Time varyinag gains for glideslope and flare have, however,
been retained.
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5.3 THE PA-30 TWIN COMANCHE

5.3.1 AIRFRAME

The simulation and modelling methods are the same for
this aircraft with the exceptions that there are no flexible
body or hinge moment equations included. Appendix D lists
stability derivatives and other physical constants associated
with the model.

5.3.2 AUTOPILOT

The autopilot modelled is a version of the Cessna Navo-
matic 800A, modified for simulation purposes to provide re-
sponse similar to Cessna 310 performance. For LGS functions
it provides localizer and glideslope control only to 50 ft.
altitude; there is no flare or decrab control system. A
simple autothrottle loop (Fig. 5-9) was also added in order
to provide some measure of control over airspeed (which would
normally be accomplished by the pilot). Figure 5-7 is a block
diagram of the localizer coupler and lateral control system;
Figure 5-8 shows the longitudinal system.

Again, the normal glideslope and localizer filters have
been removed and included as part of the scanning beam pro-
cessing model.

Some of the inner loop gains have been increased to pro-
vide faster attitude response, and in the longitudinal sys-
tem, gain scheduling for glideslope error has been added
from 1500 ft. down. The constant glideslope gain attained
through gain scheduling is roughly equivalent to that of the
original autopilot at 200 ft. altitude. With conventional
ILS, the pilot would take over control at 200 ft. and perform
the remainder of the approach manually. For the purposes
of this study, however, automatic control will be maintained
to flare altitude, 50 ft. Without gain scheduling, the
gain at 50 ft. is four times that at 200 ft. and stability
problems may become significant. It is felt, therefore,
that most valid results will be obtained with the constant
gain system. (Gain scheduling, in reality, is not difficult
to accomplish, especially if the autopilot already makes use
of altitude information for other purposes, as in Figure 5-8).

5.4 DYNAMIC CHARACTERISTICS OF THE AIRCRAFT
Presented here are selected results from the simulation
which show basic response for the path following and attitude

loops of the two aircraft. They include transient response
runs for position offsets and for attitude commands. The
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localizer responses are taken for constant distance from the
antennas (constant gain) and do not necessarily represent

the true response of the aircraft to position offsets in an
actual approach, but do specify the dynamic properties of the
system at the initial point (approximately 15,000 ft. from
localizer antenna).

5.4.1 INNER LOOPS

Figure 5-10 shows response of both aircraft to step
commands in pitch angle and roll angle. Although not identi-
cal, it can be seen that the basic time response envelopes
for both aircraft are very similar.

5.4.2 PATH FOLLOWING LOOPS

Figures 5-11 and 5-12 illustrate the transient responses
of both aircraft to step offsets in glideslope and azimuth
at 200 ft. altitude (15,000 ft. from azimuth antenna). 1In
the longitudinal channel (Fig. 5-11), time responses are
almost identical. In the lateral channel (Fig. 5-12), initial
crossover points are the same, but the CV-880 is about 30%
slower in settling within 10% of final value.

Figures 5-13 and 5-14 plot the same responses vs. for-
ward ground distance, illustrating differences in maneuvera-
bility in space of the two vehicles.

Table 5-1 summarizes important features of path following
loop transient response and presents estimates of the domi-
nant second order natural frequency and damping ratio.
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TABLE 5-

1

SUMMARY OF DYNAMIC CHARACTERISTICS OF
PATH FOLLOWING LOOPS CV-880 AND PA-30

Up(CV-880) =

Uo (PA-30)

DISTANCES SPECIFIED FOR

269 FPS
176 FPS

LONGITUDINAL PATH
FOLLOWING LOOP

LATERAL PATH
FOLLOWING LOOP

NO HEAD OR TAIL WIND cv-880 | PA-30 ||cv-880 | PA=30
TIME

TRANSLENT (SEC) 10.5 | 10.0 10.0 | 10.5
RESPANSE DISTANCE
FIRST CROSSOVER (F'T) 2,800 | 1,700 2,600 | 1,800
TRANS IENT TIME
RESPONSE (SEC) 33.5 | 32.0 39.0 29.0
WITHIN 10% OF |DISTANCE
FINAL VALUE (FT) 8,700 |5,500 ||10,400 |5,200
TRANSIENT
RESPONSE 323 318 33% 443
MAX OVERSHOOT
ESTIMATED
2ND ORDER RAD/SEC ~0.2 ~0.2 ~0.15 ~0.28
UNDAMPED NATURAL[  Hz =03 [~.03 ~.024 < .045
FREQUENCY
ESTIMATED
DAMPING ~0.4 |~0.4 ~0.45 |~0.35
RATIO
ESTIMATED
2ND ORDER (FT) ~9,000 |~5,900 ~11,200!~3,900
UNDAMPED NATURAL
WAVELENGTH

5.




6. PERFORMANCE CRITERIA DURING APPROACH
AND LANDING

In order to interpret the results of the covariance pro-
pagation equations in terms of safe landing and pilot accep-
tability, critical variables and appropriate limits must be
defined at touchdown and during approach. Of primary impor-
tance is safety, and a fairly definite set of variables and
limits can be chosen at touchdown such that if limits are ex-
ceeded, the probability of an accident is high. A much more
nebulous area involves selecting performance constraints
based on passenger comfort and pilot acceptability. They
will generally not correspond to safety limits and will de-
pend to a great extent on what aerodynamic environment the
pilot expects to encounter. 1In light wind a pilot's level
of tolerance for control activity and attitude variation is
certainly less than if he were flying with a 25 knot headwind
gusting to 30, and any such activity with light wind will ad-
versely affect his confidence in the landing system.

Given a particular aircraft and autopilot, a pilot's
awareness of its performance in wind, the base line for pilot
acceptability must be the activity caused by the wind. (In
designing an autopilot, of course, the "absolute" limits for
pilot acceptability must be taken into account, but for land-
ing system investigation with a fixed autopilot, the best
possible performance depends directly on the level of aero-
dynamic noise for any particular approach; a pilot's de-
cision to attempt the approach with this gust level implies
that such performance is "acceptable").

If, as is generally the case, spurious activity due to
worst case gust conditions is significantly greater than that
due to ILS noise or scan rate, variations in this activity
as a function of noise and scan rate under heavy wind condi-
tions will be sufficiently masked by wind response so as to
be almost undetectable to the pilot. The net result is that
the pilot will respond more adversely to effects of ILS per-
turbations with no wind than under any other wind condition.

In the safety area, however, it is still necessary to
assure that scanning rate and beam noise do not significantly

affect the probability of a safe landing even under worst
case wind condition.

The preceding paragraphs suggest the requirement for two
independent sets of performance criteria and different methods
of comparing the data to the criteria.
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Assuming the aircraft is fully flight worthy, barring
peculiar combinations of conditions and pilot error, limits
can be set at the instant of touchdown on position, velocity
and attitude such that a safe landing is highly probable. 1In
the absence of detailed rollout performance models, however,
some of these are tentative, but should be close to absolute
maximums. Although it is not presently possible to compute
absolutely the variation in probability of safe landing with
current methods, (Section 2) one can examine the variances
of the critical variables as generated by the covariance pro-
pagation equations and show variations in these variances as
scan rate, beam noise, and wind conditions are varied, iden-
tifying those scan rates and noise values which begin to
significantly affect performance under any wind condition.

Limits on pilot acceptability factors are set based on
best information available from FAA, ICAO, and RTCA. Two
distinct sets of factors are examined: one at 65 foot altitude,
and one set which applies over the entire final approach
phase. Once defined, limits can then be compared with 20 data
from the error propagation equations for any set of conditions
and tradeoff curves similar to those for safety can be
generated. Minimum acceptable sets of conditions are taken
where the 20 data equals the limit.

6.1 CRITICAL VARIABLES FOR A SAFE LANDING — CV-880

Limits quoted in the fol%owing paragraphs should not be
exceeded more than once in 10’ landings.

Lateral System

There are four variables chosen as critical to safety at
touchdown for the lateral system:

1. ¢, Roll Angle: The primary consideration here is avoiding
the possibility of a wing tip or engine pod contacting
the ground. With full gear displacement on the CV-880,
the inboard engine may touch the runway for roll angles
greater than 5 degrees.

2. Y, Lateral Displacement: Obviously it is necessary to
touchdown with both wheels of the main landing gear on
the runway. For a 150 foot wide runway, this would dic-
tate a constraint of + 65 feet from centerline for the
Cv-880.

35 J, A composite variable indicating the lateral position
of the aircraft at sometime after touchdown, assuming
no corrective action is taken: In the absence of detailed
information on the dynamics of touchdown and rollout,
it was decided to require the aircraft to remain on the
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runway for 3 seconds with no pilot corrections, assuming
that it maintained heading and velocity values present

at touchdown. This is a function of lateral touchdown
position, heading with respect to runway centerline and
forward groundspeed. The constraint, again, is + 65 feet
from centerline.

§A: Cross Track Velocity, (ground velocity component per-

by the capability of the landing gear to sustain a side
force. The design limit for gear damage has been esti-
mated from Convair data at + 47 ft/sec. (This variable
is the true cross track velocity, not simply lateral
velocity with respect tothe runway centerline).

Longitudinal System

Critical longitudinal variables for a safe landing are

the following:

l‘

6, Pitch Angle: The main landing gear must touchdown
before the nose gear, setting the lower limit at 0 degrees.
The upper limit is set at 10 degrees, such that the tail
does not strike the ground on touchdown. Nominal wvalue,
po wind, is 3.5 degrees.

Z, Sink Rate: Nominal sink rate is 2.5 ft/sec. Struc-
tural damage to the aircraft is likely above 12.5 ft/sec.
Therefore, this is taken as an upper limit. It is
physically impossible to land with negative sink rate

and it appears that any positive sink rate is sufficient
to assure a successful landing, therefore, no lower

limit is set on this variable.

X, Longitudinal Position: The aircraft must not touch-
down prior to crossing the threshold. If it is assumed
that the elevation #1 antenna is 1,000 feet from the
threshold, then nominal touchdown (no wind) occurs at
1,350 feet (approach speed 160 kts). A maximum depends
on runway length and rollout characteristics of the
aircraft and will not be set here.

Table I summarizes safety criteria for the Cv-880. It

also lists the nominals and maximum allowable deviations from
nominal for four deterministic conditions:

(1) no wind, no beam bias

(2) maximum wind and wind shear

(3) maximum beam bias

(4) worst case combination of (2) and (3).

(The signs attached to nominal values, of course, will reverse
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TABLE 6-1

LIMITS AND NOMINALS FOR

SAFETY CRITICAL TOUCHDOWN VARIABLES

NO WIND MAX WIND & MAX BEAM WIND &

WIND SHEAR BIAS BEAM BIAS

VARIABLE MINIMUM |MAXIMUM | NOM* MAX | NOM* MAX |NOM* MAX | NOM* MAX

DEV DEV DEV DEV

¢ (deg) ~5.0 +5.0 0 5.0 | -1.5 3.5 | o 5.0 | -1.5 3.5

Y (£1) ~65.0 +65.0 0  65.0 1.5 63.5 [+8.7 56.3 |+10.2 54.8

Ya(ft/sec) | -47.0 +47.0 0 47.0 |[-13.9 33.1 | o 47.0 |-13.9 33.1

I (£t) ~65.0 +65.0 0 65.0 | 21.2 43.8 | 0 65.0 | 21.2 43.8

6 (deg) 0.0 10.0 | 3.6 3.6 | +3.5 3.5 | 3.6 3.6 3.5 3.5

X (ft) 0.0 ———— | 1350 1350 | 1440 1325 | 1325 1325 | 1415 1415
O

Z (ft/sec) ——— 12.5 2.0 10.5 2.5 10.0 2.0 10.5 2.5 10.0

*Data from CV-880 Simulation #56 & 57




for lateral channel variables for reverse crosswind or beam
bias). Nominal values are taken from simulation results
with the appropriate conditions.

6.2 CRITICAL VARIABLES FOR SAFE LANDING -PA-30

Since at present, aircraft of the PA-30 type do not have
automatic flare and decrab modes, safe landing criteria were
not developed for this aircraft. However, performance evalua-
tion based on pilot acceptability factors should prove suffi-
cient to estimate minimum suitable scan rates.

6.3 PILOT ACCEPTABILITY FACTORS

It is difficult to tell a priori exactly which phase of
approach is critical in terms of pilot acceptability. There-
fore, two sets of criteria have been defined for various
stages of approach. They are defined as deviations from nomi-
nal for a no wind gust condition and are in actuality maximum
tolerable perturbations due solely to beam noise and sampling.
The justification for approaching pilot acceptability from
this point of view is illustrated in Figure 6-1 (Section 4.1.1)

ROOT
MEAN
SQUARE
ERROR

|

|

|

E

WIND ERRORS
I

I
I
!
{,BEAM NOISE ERRORS

1
{fSAMPLING ERRORS

|
|
MAX GUST INTENSITY

WIND

Figure 6-1. RMS Error as a Function of Gust Strength
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The shaded area of Figure 1 represents the contribution of
scanning errors to the total errors. If errors due to sampling
are small, this contribution decreases significantly as wind
gust strength is increased, and it has no noticeable effect
relative to wind induced errors in the range of maximum wind.

It is impossible to set universally valid limits on
pilot acceptability due to its basic dependence on the human
factor. 1In selecting the limits quoted in the following para-
graphs, an attempt was made to have them correspond to some
threshold of perceptibility.

Acceptable Activity During Final Approach (600 ft. to 65 ft.

alt.) (20) (No wind)
1. Roll angle, ¢ + 2 degrees
2. Roll rate, p + 5 degrees/sec
3. Heading angle, V¥ + 2 degrees

4. Aileron deflection, §, + 1 degrees

5. Rudder deflection, §, + 1 degrees

6. Pitch angle, 8 + 2 degrees

7. Pitch rate, g + 2 degrees/sec
8. Normal acceleration, ap + 0.1 g

9. Elevator deflection, §¢ + 1 degrees

Acceptable Deviations from Nominal at Flare Initiation (65 ft.)
(20) (No wind)

1. Roll angle, ¢

|+

2 degrees
2. Heading angle, VY + 2 degrees
3. True localizer deviation, ¥y + 15 £t.

4, Indicated lozalizer
deviation, Y1 + 15 ft.

5. Pitch angle, 6 + 2 degrees

6. True glideslope
deviation, % + 4 ft.
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7. 1Indicated glideslope

deviation, Zg 4 ft.

|+

8. Airspeed, Up + 5 ft/sec

True localizer and glideslope deviations are not really
observable during approach, however, in terms of overall sys-
tem acceptability they are important criteria.

6.4 GENERATION OF CRITICAL VARIABLES FROM AIRCRAFT STATE VECTOR

All of the critical variables mentioned in Section 6.1
and 6.2 appear explicitly in the gircraft state vector as
used in the simulation except J, Y, and X.

The diagram of Figure 2 shows the relative orientation
of velocity vectors for the lateral system just prior to
touchdown where:

Xp, Yg = runway coordinate system

Xpr Yp = aircraft coordinate system

Uge’ Vyg = wWind components in runway coordinates

Uwr Vi = wind components in aircraft coordinates

Upr Vp = aircraft velocity w.r.t. atmosphere in
aircraft coordinate system

o Q

Xpr Yg = aircraft velocity w.r.t. ground in runway
coordinate system

(o] o

Xa, Ya = aircraft velocity w.r.t. ground in aircraft
coordinates

UWT = total wind velocity w.r.t. ground

VT = total velocity of aircraft w.r.t. atmospeere

Vg = total velocity of aircraft w.r.t. ground

R = sideslip angle; from relative wind to aircraft
nose

4 = angle from aircraft nose to runway centerline

¥ = true heading angle; angle from aircraft nose

to true ground track

58



69

Figure 6-2.

RUNWAY COORDINATES
AIRCRAFT COORDINATES

AIRCRAFT VELOCITY VECTOR w.r.t AIR
" & " w.r.t GROUND

WIND VELOCITY VECTOR w.r.t GROUND
WIND COMPONENTS IN RUNWAY COORDS.

= A/C VELOCITY w.r.t AIR IN A/C COORDS.
= A/C VELOCITY w.r.t GROUND IN A/C COORDS.

A/C VELOCITY w.r.t GROUND IN RUNWAY COORDS.

SIDESLIP ANGLE
TRUE YAW ANGLE

HEADING w.r.t. RUNWAY CENTERLINE

Relations Between Aircraft Velocity Vectors (Horizontal Plane)



From Figure 6-1, using small angle approximations, the
following expressions are developed for the ground velocity
components in terms of the state variables Y, BUp, Uyr Vi
(Equations are expressed vectorially; positive angles are
clockwise).

Ug = Uym (6-1a)
Vi = Vg (6-1b)
kg = Ry m Uy + Uy (6-2a)
Yp ® -Up(Y + B) + Vy (6-2b)
Yo = Vy - Ug¥ + Vg (6-3a)

® -UaB - Up¥ + Vi (6-3b)

> % — &o¥ (6-3c)

If it is assmed that on touchdown, the landing gear im-
pulsively removes the velocity component Y, without signifi-
cantly disturbing the attitude or other velocity components,
then the heading angle ¥ determines the value of J according
to equation (6-4):

J = 3%,¥ + ¥ (6-4)

In words, the distance of the aircraft from the center-
line of the runway three seconds after touchdown is equal to
the error at touchdown, Y, plus the lateral velocity along
the aircraft nose, XaY, times 3 seconds.

The nominal longitudinal touchdown position, X, is a function
of glideslope, flare altitude, average groundspeed from flare
to touchdown and nominal time from flare to touchdown. For
the CV-880 flare initiation occurs 490 ft. from the threshold.
Values for average nominal groundspeed and nominal time to
touchdown are taken from simulation results to compute the
nominals shown in Table 6-1. Figure 6-3 shows the relation-
ship between these various parameters.

6.5 COMPUTATION OF VARIANCES FOR CRITICAL VARIABLES
For the general case computation of variance from the

error propagation program results must include the following
considerations:
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Figure 6-3. Longitudinal Touchdown Position
6.5.1 COMBINING THE EFFECTS OF VARIOUS DISTURBANCES

The error propagation equations operate on a linear system
and when used for a single disturbing input generate, in effect,
the system sensitivity to that input. Thus the covariance
matrix outputs are effectively covariance sensitivities and
they may be combined linearly to determine the effects of any
particular set of disturbance inputs.

That is

W n
X(n,w) =<wg)g(wo) +<ﬁg)§(no) (6-5)

where X is the covariance matrix for wind gust w
and beam noise n, E(wo) is the output of the error
propagation program for reference wind gust wg,
and Z(ng) is the output for reference beam noise;
w and n are in terms of mean square intensities.
The diagonal elements of X are the wvariances of
the aircraft state variables. The operation may
also be performed on individual variables; for
example

n
oy (n,w) =(§§—0)092(o,wo) +<Ha)692(n0,0) (6-6)
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6.5.2 COMPOSITE VARIABLES

The variances at nominal touchdown time of the variables,
J, and YA may be computed directly from variables appearing
in the covariance matrix through Equations (6-3c) and (6-4).
If it is assumed that longitudinal airspeed and ground speed
deviations are uncorrelated with lateral variables, then:

2 2 2 02 2 g 3
ogA = Oyp + wNou + XENOw ZXENYw (6-7)
3 o o2 2.2 . o83 S (6-8)
oF = oL+ IPxos + 9XL O w + 6Xpy YU
where: subscripts N refer to nominal values

all quantities evaluated at nominal touchdown

time

¢% = variance

ab = covariance of variables a and b
Yy = 1.8° = ,0314 rad. for max. wind.

iEN = 213 fps for max. wind.

A rigorous estimate of longitudinal position dispersion
at touchdown is not possible with present methods due to its
fundamental dependence on time dispersion. One attempted
method of estimation involves examining vertical glideslope
deviation, 8z, at some glm tni the slope of the nominal
trajgctory is given by Zy/Xgy, Where Zy is nominal sink rate
and Xgy is nominal forward ground speed: and 3 x(tp) can be
computed according to equation (6-9) (small angle approxima-
tions in effect)

§x (ty) = (Rgy/2Zy) 6% (tp) (6-9)

However, primary interest in &§x is not at t,, but at some
altitude, Zy. Figure 6-4 points out the relationship and
differences between the two quantities. If it can be assumed
that the average slope of the trajectory remains close to
nominal between Zy+d8z and Zy, then §x(ty) is a fairly good
estimator for §x(Zy). Below flare altitude, however, the
slope is neither well defined nor constant as nominal sink
rate is decreased, especially in turbulence. When sink rate
dispersion is of the same order of magnitude as nominal sink
rate, Equation (6-9) as an estimator for §x(Zy) is no longer
even remotely correct. (Fig. 6-5).
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Since, above flare altitude, the slope of the trajectory
is fairly constant in the average and large compared to de-
viations, it is possible to examine longitudinal dispersion
in a comparative sense by using (6-9) to estimate dx at flare
initiation and examining variations in Uy2 (tg1) as a function
of scan rate, beam noise and wind. This should provide some
gauge of this variable's sensitivity to these parameters.
Equation (5-1() give this method for calculating the variance.

2

>°<E1\1(tfl) 5
B e v | 92 (tfl) (6-10)

2
ag (teq) )
By 2y (tg1)
%EN/%N is of course just the inverse of the glldeslope angle
expressed in radians and for a 2.5° glideslope XEN/ZN =22.9.

As currently configured scanning beam information is
not used in the longitudinal channel below flare, therefore
results after flare initiation for longitudinal channel
variables will depend on LGS parameters only in so far as
they (LGS parameters) determine initial conditions at flare
initiation.
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7. EFFECTS OF SCANNING RATE & AND BEAM
ANOMALIES ON PERFORMANCE DURING APPROACH &LANDING

7.1 GENERAL

Data and results presented in this chapter are based
on simulation and covariance propagation runs at scan rates
of 40, 10, 5, 2 and 1 per second under various wind and beam
anomaly conditions.

In the absence of wind and beam disturbances, simulation
results have shown that scanning rate has no effect on per-
formance of either aircraft during approach and landing.

7.1.1 DETERMINISTIC DISTURBANCES

Deterministic disturbances considered in this study in-
clude steady winds, wind shear, and beam bias.

Steady winds (by definition) are invariant with time and
position and their effects on performance are insensitive
to scan rate.

Wind shear is the wind velocity gradient with altitude and
requires the aircraft to continually correct under its in-
fluence in order to maintain a desired ground track and glide-
slope. How well the aircraft does this is a function of its
dynamic characteristics, and performance may therefore be
affected by scanning rate.

For the CV-880 and PA-30 it was found from simulation
results that scan rates as low as one per second have no
effect on path following ability under worst case shear con-
ditions. However, at the very low scan rates, (1,2) some
extraneous inner loop activity is generated at frequencies
near the scan rate. The activity was relatively low in mag-
nitude and affected only the higher order variables such as
control activity and attitude rates. Figure 7-1 (Figures in
this chapter appear following the text, p. 79-114 et seq)
shows the CV-880 lateral system response to shear from 200 ft.
to 28 ft. (decrab initiation) for 50 scans and 1 scan. At
1 scan, the peak ripple on aileron deflection (6;) is less
than 0.1 degrees and that on roll rate (p) less than 0.1
degrees/second. As can be seen, roll angle and lateral
position are apparently unaffected.

Similar magnitudes were found for the PA-30 in elevator
and pitch rate activity at 1 scan per second. However,
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these levels for both aircraft are at least an order of mag-
nitude less than limits set for pilot acceptability and should
not contribute significantly to minimum scan rate determination.

Beam bias (in the strict sense) produces a time and po-
sition invariant error in the trajectory. The only signifi-
cant errors produced are in position and their magnitude is
dependent only on the bias angle and the geometry of the
nominal trajectory with respect to the transmitting antennas.
For a given glideslope these errors are independent of the
aircraft characteristics up to the point of flare initiation.
If RTCA 20 bias levels are assumed (configuration K) then
Table 7-1 lists deviations from nominal position at flare
altitude (50 ft.) due to beam bias.

TABLE 7-1
ERRORS IN POSITION AT NOMINAL FLARE ALTITUDE
DUE TO BEAM BIAS, 2.5° GLIDESLOPE

Lateral Position Vertical Position Resultant Longitudinal
Deviation, AY Deviation, AZ Pos. Dev. at Flare,* AX

10.0 Ft. 1.2 Ft. 278 Ft.

*computed from AZ

Performance with beam bias is not directly affected by
scanning rate; however, errors introduced by bias will reduce
allowable dispersion levels due to random disturbances, which
are affected by scanning rate.

7.1.2 RANDOM DISTURBANCES

Random disturbances considered include wind gusts and
beam noise. The two sets of criteria developed in Chapter 6
require the evaluation of the effects of beam noise and scan
rate on performance in a gust environment (safety factors)
and with no wind (pilot acceptability factors).

As previously discussed it will not be possible to
examine absolute variation in touchdown variables as scan
rate and beam noise are varied, but comparative evaluation
is practibable. Since safety is most critical under worst
case wind conditions, performance under these conditions
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with a perfect continuous LGS signal will be taken as a base-
line for the comparative evaluation. It is then possible to
show performance deterioration with scan rate and beam noise

as a percentage increase in the rms (l¢g) values of the touch-
down variables. Those with the most significant increases

over the noise and scan rate range of interest are then isolated
and investigated in more detail, as the ones most likely to
constrain the selection of minimum scan rate.

Performance with respect to pilot acceptability criteria
can be examined in an absolute sense using the results of
the covariance propagation programs. Data on 20 values from
these programs will be compared directly against the limits
set in Section 6, for noise levels and scan rates of interest.

7.1.3 AN EXAMPLE OF THE RELATIVE EFFECTS OF SCAN RATE, BEAM
NOISE AND WIND GUSTS

Figure 7-2 illustrates the effects of various scan rates
on longitudinal position dispersion for the Cv-880 as wind
(gust intensity) is increased from zero to maximum. (The
effects at 40, 10,and 5 scans are too small to show). The
results are expressed as a percentage computed from the ratio
of the lo value at any point to that at 100% wind with a con-
tinuous LGS signal. The same set of curves is replotted in

Figure 7-3 with a beam noise of .035 degrees (lg). A com-
parison of the two Figures illustrates the separate effects
of beam noise and "sampling noise". This is further eluci-

dated by isolating the data for 1 scan and plotting variation
from baseline as is done in Figure 7-4. As can be seen, the
contribution of sampling noise increased linearly with wind
gust strength while the effects of beam noise decrease rapidly
as wind is increased.

7.1.4 Cv-880 TOUCHDOWN PERFORMANCE WITH CONVENTIONAL ILS

Since absolutely valid results are not available at
touchdown and a comparative analysis of scanning rate and beam
noise effects on critical variables at touchdown 1is required,
one useful point of reference is performance under similar
conditions with a conventional ILS.

A set of covariance propagation runs was made for the
Cv-880 with the conventional ILS model (see Section 4) the
results of which were compared with baseline data from the
perfect continuous LGS. For the critical variables at touch-
down, Table 7-2 lists these results in terms of percent in-
crease in 1lo value (due to conventional ILS noise) with worst
case turbulence.
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TABLE 7-2
EFFECTS OF CATEGORY III ILS NOISE ON
CV-880 TOUCHDOWN PERFORMANCE -
WORST CASE WIND

Increase in 1o value w.r.t.
perfect continuous LGS in
worst case wind

2.51A(1lo) AZ

ILS Noise ICAO Spec: 101pA(lo) Elev.

Lateral Position, Y 11.0%

Lateral Position

(3 sec. after TD), J 15.2%

Cross Track Velocity, §A 0.33%

Roll Angle, ¢ 0.089%
Longitudinal Position, X 14.2%

sink Rate, Z 0.16%

Pitch Angle, 6 0.019%

All the data on touchdown variables for the LGS scanning
beams to be presented in following sections are expressed
with respect to the same baseline (lo value under worst case
wind with perfect continuous LGS) thereby permitting direct
comparison. -

7.2 LATERAL SYSTEM RESULTS — AZIMUTH SCANNING RATE AND NOISE
7.2.1 CV-880 - CRITICAL TOUCHDOWN VARIABLES

Figures 7~5 and 7-6 summarize the relative effect of
scan rate on the lateral system critical variables under worst
case wind with and without beam noise. A glance at these
Figures plotted on a logarithmic scale shows that scan rate
effects on roll angle (®) and cross track velocity (Yp) under
both conditions are at least an order of magnitude less than
the effect on lateral position (Y) and lateral position three
seconds after touchdown (J). These four variables are plotted
individually in Figures 7-7(a), (b), (c), (d) against scan
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rate with various levels of beam noise. (Percentage increase
in 10 value for these figures is on a linear scale; note also
that the scales are different for each variable). The hori-
zontal lines also shown represent increase in lo value with
conventional ILS (from Table 7-2) and an increase of half that
due to conventional ILS. It is now possible to generate
Figure 7-8(a) scan rate-beam noise tradeoffs for dispersion
increases equivalent to conventional ILS.

The curves shown represent maximum beam noise-minimum scan
rate conditions to just meet the criteria. Any point to the
right or below the constraining curve is then an acceptable com-
bination of beam noise and scan rate for the condition stated.

Roll angle, ¢, is not shown because it is felt that its
total range of variation (less than .075%) is too small to
be of any significance in constraining either scan rate or
beam noise. The implications of percentage increase to safe
landing probability is discussed more fully in Section 7.5

It is also noted that although cross track velocity §A
has a relatively small range of variation compared with vy,
and J, it is equally significant in constraining scan rate
and beam noise when related to performance with conventional
ILS.

Figure 7-8(b) shows the scan rate-beam noise tradeoff
for a hybrid condition: dispersion increases must be either
half that of conventional ILS or 0.5%, whichever is greater.
(This effectively eliminates Y, as a constraint). Justifica-
tion for this approach is discussed in Section 7.5 .

Figures 7-8 and similar ones to follow represent the most
significant outputs of this study, and will provide the basis
for conclusions developed in Section 8. In interpreting
these figures, it is interesting to note that a curve
tending toward the vertical implies a predominant sensitivity
of that variable to scan rate (sampling noise) while one
tending toward horizontal implies a predominant sensitivity
to beam noise .

7.2.2 CV-880 PILOT ACCEPTABILITY FACTORS

Lateral channel variables critical to pilot acceptability
(Section 6) are listed below. Figure numbers refer to para-
metric plots of 20 activity or dispersion in these variables
versus beam noise (no wind) with scan rate as the parameter,
Limit lines shown on the figures are those set in Section 6.
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During Approach

Roll angular activity (%) : Fig. 7-9

Roll rate activity (p) : Fig. 7-10
Heading activity (¥) : Fig. 7-11
Aileron activity (6,) Fig. 7-12
Rudder activity (8,) Fig. 7-13

At Flare Altitude
Roll angle dispersion (%) : Fig. 7-9%
Heading angle dispersion (¥) : Fig. 7-11%*
Lateral position offset (Y) : Fig. 7-14
Indicated lateral position offset (Y;) : Fig. 7-15

Control and attitude activity during approach is not

generally constant and a worst case point is chosen for these
variables based on the time history of their variances during
final track generated by the covariance propagation programs.
For the CV-880 Lateral System, worst case activity occurs in

the vicinity of flare altitude.

this

The following comments apply to the data presented in
section:

1) The beam noise range over which Figures 7-9 through
7-15 are plotted is roughly five times the RTCA
Specification (lo).

2) All the variables except heading angle (Y) exceed
their limits for one or more sets of conditions.

3) Aileron activity (Fig. 7-12) decreases below two scans
per second. This is related to the coupler filter,
inner loop, and aileron dynamics; apparently under
these conditions below two per second, the aileron
tends to settle to trim value between samples.

4) Indicated lateral position deviation (Fig. 7-15) is
the raw signal to the autopilot. Because of the low
time constant in the coupler filter most of the
noise is directly transmitted to the autopilot.

*Dispersion at flare altitude and activity during final

approach for ¢ and Y are identical, as are the limits.
They are therefore not plotted twice.
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It is unlikely, however, that the pilot would see such
levels on his instruments at the higher scan rates.

5) Lateral position (Fig. 7-14) shows two limits, one
assumes no bias, the other assumes a bias level of
10 ft. The limit with bias is considered as worst
case and further use of data from this plot will be
based on the limit with bias.

Figure 7-16(a) is a composite plot of all lateral channel
variables affecting pilot acceptability. Again, it shows

beam noise versus scan rate and the curves represent condi-
tions required to just meet the limits. As can be seen, the
higher frequency variables, Yy, §, tend to dominate in limiting
acceptable beam noise-scan rate values, and are horizontally
oriented, indicating an insensitivity to scan rate. This is
primarily a consequence of the lack of any substantial filter
in the coupler processer, and the resultant transmission of
most of the beam and sampling noise into the autopilot.

In order to show the effects of filtering on pilot accep-
tability factors, a second limited set of runs was made with
a 0.5 second time constant in place of the 0.025 second time
constant of the coupler-processor. These results are summar-
ized in 7-16(b). It should be noticed that the region of
acceptability is considerably enlarged and constraints on 9,
Y, and §, now tend to predominate.

7.2.3 PA-30 PILOT ACCEPTABILITY FACTORS

Figures 7-17 through 7-23 present the 20 data for PA-30
lateral channel pilot acceptability factors. Again, the point of
maximum activity during approach is in the vicinity of flare
altitude and these are the values used for Figures 7-17 through
7-2%,

All the variables except roll rate, p, and rudder acti-

vity, 8.+ exceed their limits for one or more sets of con-
ditions.

Figure 7-24(a) is the composite plot for the PA-30,
showing the acceptable beam noise and scan rate values for
this aircraft in the lateral channel. It can be noted from
this Figure that control and attitude activity are relatively
less affected by the scanning beam than with the CV-880, and
a low frequency term, lateral deviation at flare (Y) tends
to dominate for the lower scan rates.

Figure 7-24(b) shows the same curves with the 0.5 second
coupler time constant. Y now dominates the acceptable region

T2



by at least a factor of two.

7.3 LONGITUDINAL SYSTEM RESULTS — ELEVATION #1 SCANNING RATE AND NOISE

(Presentation of data in this section is parallel to that

of Section 7.1. For general notes on interpretation, refer
to Section 7.1)

7.3.1 CvV-880 CRITICAL TOUCHDOWN VARIABLES

Figures 7-25 and 7-26 summarize the relative effect of
scan rate on the longitudinal system critical variables under
worst case turbulence both with and without beam noise. As
with the lateral channel, the position variable (X) dominated
by at least an order of magnitude over sink rate (%) and
"pitch angle (9) (Pitch angle at touchdown, not shown on
Figure 7-25, is insensitive to scan rate in the absence of
beam noise within the limits of computational accuracy).

Figures 7-27(a), (b), and (c) detail percentage increase
in these variables with scan rate for various beam noise

values. Performance equivalent to that with conventional
ILS is also noted.

Figure 7-28(a) presents the scan rate-beam noise trade-
off curves for the longitudinal variables corresponding to
performance equivalent to that with a conventional ILS.
[Pitch angle is not shown since it is felt its total range
of variation (less than 0.15%) is too small to be of any sig-
nificance in constraining scan rate or beam noise]. Sink
rate, 2%, although significantly lower in range of variation
than longitudinal position, X, dominates the acceptable
region when the limitation is imposed with respect to per-
formance with conventional ILS.

Figure 7-28(b) shows beam noise vs. scan rate for a
hybrid limitation: increase in dispersion either half that
of conventional ILS or 0.5%, whever is greater. Justifica-
tion for this type of approach is discussed in Section 7.5,
7.3.2 CV-880 PILOT ACCEPTABILITY FACTORS

Longitudinal system variables critical to pilot accep-
tability (Section 6) are listed below.

During Approach:

Pitch Angular Activity (6) : Fig. 7-29

73



Pitch Rate Activity (g) : Fig. 7-30
Elevator Activity (§g) : Fig. 7-31

At Flare Altitude
Pitch Angle Dispersion (6) : Fig. 7-32
Airspeed Dispersion (Up) : Fig. 7-33
Glideslope Deviation (Z) : Fig. 7-34

Normal acceleration during approach is not available as
an output from the covariance propagation equations, however,
simulation results for scan rates of interest indicate that
it is not a major factor for scan rate-beam noise tradeoff.

Indicated glideslope deviation (Zp) for the CV-880 is
zero at flare altitude as a result of autopilot gain schedul-
ing.

During final approach, control activity is greatest in
the initial stages, prior to gain scheduling activation.
These values have been used for the curves of Figure 7-29
through 7-31.

All the variables exceed their limits for one or more
conditions shown except pitch angle at flare altitude and
airspeed at flare altitude.

Figure 7-35(a) presents the scan rate-beam noise trade-
off for this system. Again, the region of permissible com-
binations is limited by a high frequency variable, elevator
activity (d8.), which is extremely sensitive to noise but in-
sensitive to scan rate (horizontally oriented). Again, this
is primarily due to the lack of substantial filtering in the
coupler processor.

Results with a 0.5 second filter time constant, plotted
in Figure 7-35(b), again show a substantial increase in the
region of acceptable values with elevator activity and glide-
slope deviation (Z) now equally significant in limiting the
region,

7.3.3 PA-30 ACCEPTABILITY FACTORS
Figures 7-36, through 7-42, present the 20 data for
PA-30 longitudinal channel pilot acceptability factors.

Approach activity for this case decreases monotonically from
acquisition. The values for Figures 7-36, -37, and -38 were
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CY:B -1, 0150
Y,Br .2230
CY, Str . 0493
C‘L 5, -, 0780
CY.Ba 0.0
CY, P 0.388

D.1. 3.5 Aileron and Rudder Hinge Moment Coefficients

C -, 2140
h, ¥, 8,
Ch, r,B .0733
C -, 2560
h, r, 81;):'
Ch, r,é -. 0468
r
Ch, r, T -, 0161
C -. 6070
h,a, Sa
C -, 2490
h,a, ata
Ch, 2.8 -, 0302
a
h,a, -, 0149
h,a, p -, 0230



D.2.0 Piper PA-30

D,2.1 Introduction

Data for the PA-30 physical and aerodynamic flight character -
istics in the flight condition chosen for LGS simulation studies is
derived from the full-scale wind tunnel results for this aircraft
reported upon in Ref. 3. The aircraft approach speed is established
firstly, based upon the maximum wind condition chosen for the simu-

lation studies.

Derived Approach Speed

The approach speed is constructed according to the empirical

expression2
B 1 : .
Vapp = Vref + 5 surface winds + reported gusts (D-2)

where Vref is 1. 3VS and VS is the zero-flap stall speed.

D.2.2 Physical Characteristics

D.2.2.1 Aircraft

Gross weight = 3600 lbs.
Flaps = 0 degrees
Undercarriage = down
C. G. position = .1 MAC

Reference Body Axes Inertias

Ix = 2800. slug-feet2
Iy = 1900. slug—fee‘c2
IZ = 4500, slug-feet2
am 80. slug-feet2



Stability Axes Inertias

I, =2801.7 slug feet’
I, =1900.0 slug-feet?
I, =4513.7 slug-feet’
I, = -7.9 slug-feet’

D.2.2.2 Wing

Span = 35.98 feet
¢ = 5.00 feet

Area = 178.00 feet

D,.2.3 Aerodynamic Characteristics

D.2.3.1 Trim Flight Condition

Vapp

Mach No.

176 fps

0.158

Dynamic _
Pressure 36. 8 psf

Trim CL = 0. 55

Trim CD =0.034

Trima = 2.95 degrees
Zero-lift o = -3. 31 degrees
Trim ée = 0,4 degrees

D.2.3.2 Longitudinal Stability Derivatives

Out of Ground Effect

D, 0.275
CL,e 5. 04
CL,q 9. 12



c; ¢ 5. 30

CL,Ge 1,05
Cm,O! -1, 147
Cm,q -25.0
Cm,& -14, 55
Cm,u 0.0
Cm’be -2, 87

D.2.3.3 Lateral Stability Derivatives

Cl, B 2 086

Cl, P 0. 11

C].,p = 5

CI,G 0.01147
:

C],’G e 0803
a

Cn’ 8 0.0756

Cn, 5 =5 16

Cn, p -. 063

Cn,ﬁ -. 0573
r



C, 5 0. 00573
’Ta

Cy 8 -. 494

- S 0.0

G o 0.0

C 0.143

¥, 0,

C -.00916

Y0,
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Appendix E )

Nonlinear Vehicle Models for the Convair 880

by Paul Madden

E, 1 Introduction

Initially, the nonlinear aircraft and trajectory equations
are presented without derivation. A reference frame and axis
system are then defined, followed by the development of a set of
perturbation equations, The latter serve as the mathematical
model for simulation of aircraft flight in a noisy atmosphere from

an unaccelerated reference flight condition,

All assumptions and simplifications are discussed during
development of the equations. The linear aerodynamic model is
outlined, as is the manner in which ground effect and aerodynamic
noise are incorporated. Tables listing all the equation coefficients
and values for these coefficients pertinent to a specific approach-to-

landing flight condition are presented.

The method of simulation of random aerodynamaic noise,
including wind shear, is presented and also the additional equations
necessary to represent the elastic degrees of freedom of a flexible
aircraft.

Finally, linearization of the non-linear equations is discussed
with particular longitudinal and lateral models being delineated in
a further appendix,



E.2 The Aircraft Nonlinear Equations of Motion

The general rigid-body nonlinear equations of motion have
been derived often in the literature, and will not be rederived here.
The equations are written with respect to an orthogonal set of axes
fixed in the aircraft. The convention adopted for the axes, Euler
angles, and rates is defined in Fig. F-1. The equations are

Lift

Z = - mg cos 6 cos ® + m (W + PV - QU)
Drag

X = mg sin A + m (U + QW - RV)

Side Force

Y = - mg cos § sin® + m (V + RU - PW)

Pitch
M=BQ+RP (A - C) +E (P - R%)
Roll
L=AP - ER + QR (C - B) - EPQ
Yaw
N =-EP +CR + PQ (B - A) + EQR (E-1)



ORIENTATION OF THE AIRCRAFT IS DEFINED
IN THE FOLLOWING WAY:

1) THE AXES O ARE SET PARALLEL TO THE REFERENCE
XlYlZl 23

SET OF AXES.

2) A ROTATION OF ¥ aBOUT O BRINGS THE AXES TO O
Zl X2Y222.
R

3) A ROTATION OF 6 ABOUT O. BRINGS THE AXES TO O
Y, R3¥qts

4) A ROTATION OF ¢ ABOUT O, BRINGS THE AXES TO THE

3
FINAL POSITION, oxyz.

Fig. E -1.  Euler angle set.



Euler angle rate equations

—

e Do e

i

Trajectory equations

The aircraft trajectory equations require that the orientation

0

1

0

cos &
sin § tan 6

sin § sech

-sin @

cos dtan 0

cos @ sec A R

of the aircraft be specifically defined and this is done in Fig. E-1.

It should be remembered that the trajectory equations are written

with respect to an inertial frame which is not necessarily earth-fixed.

To obtain the trajectory of the aircraft in earth-fixed coordinates,

the velocity of the inertial frame with respect to earth must be added

vectorially to the following inertial velocities.

X.
1

Choice of Inertial Frame

cos B cosy

cos B siny

-sin@g

that it be unaccelerated,

sing sin@ cosy

-cos¢ siny

sin¢ sing sin Y

+cosd cosy

siné cos @

cos¢ sinh cosy
+sin¢ siny

cos¢$ sin@ sin ¢
-sind cosy

cos ¢ cos#f

The only stipulation upon choice of the inertial frame is

For simulation of quiet-atmosphere

aircraft response, the simplest set of equations result when the

inertial frame is chosen to be earth-fixed.

However, for simulation

involving a noisy atmosphere, the most convenient equations

evolve when the inertial frame is fixed in the unaccelerated air

mass associated with the reference steady-state flight condition,

(E-2)

(E-3)




Choice of Axes

The equations set down in the preceding sections are valid
for any orthogonal axes fixed in the aircraft, with origin at the

mass center, and known as body axes.

Any set of body axes may be chosen but it is most convenient
to choose Ox such that it points in the direction of motion of the
aircraft in a reference condition of steady symmetric flight. In
this case, the reference values of V and W are zero, and the axes
are termed stability axes. These are the axes adopted in the
derivations of following sections owing to their resulting simplifications

in the equations of motion and aerodynamic force expressions.

E.3 Perturbation Expansion of the Equations of Motion

Changes in the time-dependent variables from the reference
steady-flight condition are now introduced in the manner,

Ui)=U, +u ) (E-4)

0

similarly, the aerodynamic forces and moments (including thrust

components),

X (t) = X0 + AX (E-5)

It is understood that an effective aerodynamic perturbation
is the sum of a component due to inertial response of the aircraft

and a component due to aerodynamic noise, viz,.,

ut) =u; +u, (t) (E-6)

Reference Flight Condition

The initial reference state is restricted to unaccelerated



flight in an unaccelerated atmosphere. The adoption of a stability

axes set defines
V0 =0

= E -

W,=0 | (E-T7)

Some additional assumptions have been made about the initial

reference state, Although not essential, they considerably simplify

the equations of motion with no important loss of generality. These

further assumptions involve the initial values of aircraft pitch,

roll, and yaw rates and aircraft roll attitude, all considered zero.

U Pgr To = O

¢y =0 (E-8)

The Perturbed Equations of Motion

Substitution of the expressions for perturbed quantities,
adoption of a stability axes set, and cognizance of the further
assumptions (E-8) leads to the following equations

Z,+AZ = -mg cosp cosé + m (W + pv - qu - qU)
XO+AX=mgsine+m(1.1+qw - rv)
YO + AY = -mg cos@ sing + m (\./ + rUO +rUu - pW)
M+ AM= Bc.l +rp(A-C)+E (p2 )
L0+AL=A{3-EI~+qr (C - B) - pqE
N, + AN =-Ep + Cr + pq (B - A) + qrE (E-9)

The reference flight condition is extracted by setting the

perturbation quantities equal to zero



Z +mgcoseo = 0

0
XO— mg sineo = 0
YO = 0
MO =0
LO = 0
Ny = 0 (E-10)

Substitution of (E-10) in (E -9) leads to the perturbation equations
which may be written

AZ = mg cosf (1 - sech cosf cosg) + m (\;/ + pv - qU0 - qu)
AX = mg coseO (sece0 sing - taneo) + m (1.,1 - rv +qw)
AY =-mg cos@ sin¢ + m (’\./' + rUO +ru - pw)
N 2 2
AM = Bq +rp (A-C) + E (p° - r%)
AL = Ap - Er +qr (C-B) - pqE
AN = - Ep + Cr +pq (B-A) +qrE (£ -11)

It should be noted that, in view of (E-6) quantities like
qu, pv, are not necessarily small (second-order). An approach
to landing in a noisy atmosphere involves flight through turbulence
and a wind gradient (shear), the sum of which constitutes terms
like u,. The response of the aircraft is such that the effective
aerodynamic perturbation expressed as (E-6) is always small,
Inasmuch as u, is constituted of a fluctuating component (turbulence)
superimposed upon what may be a large component due to
wind shear, the inertial quantity Uy will be nearly equal in magnitude
but opposite (in sign) to u . It is the inertial quantities that are



involved in the terms qu, pv referred to above.

E. 4 The Aerodynamic Forces and Moments

A general force or moment change from the reference

flight condition is represcnted by a Taylor series expansion

AF (or M) = g'x +%x'Ax + higher-order terms.

The first term of the expansion constitutes the quasi-steady
(or linear) aerodynamic model where g is the vector of first-order
derivatives (the stability derivatives) and x is the state vector.

All derivatives are evaluated at the reference flight
condition; their nondimensional forms are usually referred to as
the aircraft stability derivatives arising from their use in classical
aircraft stability analysis. The stability derivatives together with
trim aerodynamic quantities constitute the conventional characteri-

zation of the aircraft aerodynamics at a particular flight condition.

Ground Effect

An extraordinary aerodynamic perturbation occurs when
the aircraft approches close to the ground.

In this situation the ground plane inhibits the normal
downward-induced flow, increasing the lifting efficiency of the
aircraft. Associated with this effect is usually a nose-down pitching
moment which correction reduces to some extent the gain in lifting

efficiency.

The nonlinear aerodynamic corrections are accomplished

in the following way.

Changes in affected stability derivatives are approximated by



AC=K(Cie—C )

oge

g

where

Cige is the coefficient value in full ground effect
CO ge is the coefficient value out of ground effect

and K is given by a parabolic function typical of the aircraft type.
For the subsonic jet transport class

Ko - .498A° + 1,758A2 - 2.126A + . 943
K =0 for A31.6

where A is the aircraft altitude in semi-spans.

In addition to the derivative changes, there are net changes
in the trim values of both lift and drag.

E.5 Equations of Motion as Mechanized in the Digital
Simulation

Substitution of the aerodynamic force and moment changes
into the perturbation equations (E-11) results in the following
quiet-atmosphere aircraft equations of motion

Lift
& =-1—C a +C q+C u
& C| a q u
+C6 ﬁe+C6 by +C. 6

e te 2 6SS

+CBPBP +C Ldu +CAtAt

q

+ CLO (1~ SeCSO cos@ cos ¢)

+ <ACL 3 ACDQ >% ]

*<>terms are finite when aircraft is in ground-effect, zero otherwise,



Drag
6= L|lcu+ic
u = 5|Cu+C a +Cas 6 +Cr8rﬁ
+ CAtAt+ CLo (sece0 sing - taneo)

+ <ACH + ACLa > ]

Side Force

o 1
B = —C-[CBB +Crr +Cp

+ CLO (sece0 cos @ sing)

+0, 8, +0, &, +C, 8§
Gss Grr Gaa

P

+4 G 8. %€ ru}
atr ir ru
Pitch
¢ 1 °
q = -C'[Cuu +C&a+Caa

$C 4 4+Cx 8 +CL 8
q 6, € 6,

e

+C 6, +C,. 6 +CAAt
6te te Gs s t

+ <ACm>]

Roll

® 1 .'
P =& [CBB +Cpp +Cor + € ¥
+Cp 6. +Cz &, . +Cs §
q @ GS S Gr 1

5. +C )
ta Gtr tr:l

6

+C
ata



Yaw

L] 1 ]
r = —C_[CBB +Cpp +C§p +C.r +C5a 6,

+C GS +C5 5r+05

6s T ta

¢
Oa * By 6tr] (E-12)

Perturbations due to Aerodynamic Noise Input

e LT[ .
Ao 'C_Naan+qun+Nuun+N&an]

« i i
Au = C _Nuun +Naan]

e 4 B
BB =G N;3 By + N.ry +Nppn]

€« I i "
Agq = c __Nuun + Naan + N&an + qun]
Ap =% |Ng +Nop

Cl B'n p'n + N r.

. 1 i -

Ar =& LNBBU + Nppn + Nrrn:] (E -13)

Hinge Moment Equations

The dynamics of the aerodynamic effectors downstiream
of the control servos are represented by the hinge-moment equations.
The hinge-moment equations associated with the aerodynamic
effectors and servo tabs of a conventional aircraft are

Elevator

L1 L
= °
6e HEaa - HEGe Ge + HE be + HE

) 6 te ~ 4

e te



Aileron

5, - BAGE +Hiyp s Tihy & +HAL B, + HAs,, Ota
Rudder
8. = HRgB + HR,r + HRGr 5. + HRSr Er + HRﬁtr Oy - T (5-14)
where
O = 8¢ - 52
byq = - 6;
5,.=6 -6

tr L o2

and 62, 52, 5? are the elevator, aileron, and rudder control-
servo outputs respectively.

Control Surface Actuators

The aileron, elevator, and rudder control surface actuators
are all modeled by a second-order system with Wy = 2.86 cps and
damping ratio of 0.7, The transfer function of these servos is

324
6 52 +25.4s + 324

The spoiler surface actuator is modeled by a first-order
system with a time constant of 0.1 second.

E-12



Variables and Coefficients Defined

Define
o =w/UO
B =vlU,

The variables o and 8 are referred to as angle-of-attack
and sideslip angle respectively; a small-angle assumption is
implied.

The equations of the previous section have been divided
into longitudinal and lateral sets which for most aircraft are only

weakly coupled for small rotational rates of motion,

Let u, o, and v be defined by

Longitudinal Lateral
ul 2m/pSE 2m/[pShb
3 3
2 2
o | () /PS (&) /PS
T E/2UO b/:zu0

Coefficients of the previous equations are defined in
Tables F-1 and F-2 in terms of the aircraft geometry, inertia

constants, reference flight condition, and stability derivatives.

E.6 Structural Flexibility

When separation in frequency between the elastic degrees
of freedom and the rigid-body modes is not large, significant

coupling can occur.

E-13



TABLE E-1.

Equation
Coefficient
¢

C
o

COEFFICIENTS DEFINED FOR THE LONGITUDINAL EQUATIONS

Lift

2T

-ZTu/UO

. 2
51nae/(1/2)pUOS

Drag

—ZTu/UO
=C

%

o
-[C + C. tan6,]/U

X L0 0 0
_CX6

2
cosag/(l/Z)pUOS

-2TU

~[e

- + 2CL tanBO]/U0

0

E-14

Pitch

ot I

YY



TABLE E-1 (CONT). COEFFICIENTS DEFINED FOR THE LONGITUDINAL EQUATIONS

Equation
Coefficient Lift Drag Pitch
N. -1C ocemess o
& Z . m,
&
c - v OTZ(I - I..)
p zZZ XX
c 2 - - —orz I
p Xz
C.2 - - 0'{2 I
N XZ
an = 2Tty -



TABLE E-2. COEFFICIENTS DEFINED FOR THE LATERAL EQUATIONS

Equation
Side Force Roll Yaw
Coefficient
C 2T GTZIXX oTZIZZ
[ C C &

B Yg g ng
Cr T[Cyr - 2ul] TClr TCnr
C TC T T

P p CR Cn

P P
& C e C

8a Ys_ i’ Bs
(e _— C &

6ta Zdta ndta
C ® & (4

o Ys_ ’Lar "5,
C c € &4

8 y L n

L Sir Sis S e
G C e C

Og ¥ "5 "5
Cru —2uT/UO i -
o e otI, -

2
Cp T sz
N C C C

B Yg o ng
N TC TG TC

-3 Yy j!'r ne
Np e TCR TCn

P P P

E-16



TABLE E~2 (CONT). COEFFICIENTS DEFINED FOR THE LATERAL EQUATIONS

Equation
Side Force Roll Yaw
Coefficient

2 2

qu - oT (Iyy IZZ) oT IXz
2 2

Cpq - oT IXZ oT (Ixx Iyy)

Cpa 2Ty = -
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