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PREFACE

The analytical methods, computer programs, and resulting
data used for this study were generated by Messrs. Mukund Desai

and Paul Madlen of the M.I.T. Charles Stark Draper Laboratories,
under Contract DOT-TSC-%1.

The filtering and control system improvements described
herein were also develoned by these gentlemen. Many of the con-

cepts leading to the data contained ia this report represent
advances in the state-of-the-art in control system design and will

be formally reported on at appropriate technical conferences dur-
ing the following year.

Appendices A, B. and D of this report were written by Mr.
Desai and Mr. Madden.
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1.0 INTRODUCTION

The National Plan for Development of the Microwave Landing
System (M S), reference 1, is well on its way toward providing a
prototype system by 1977. One of the Transportation Systems
Center's (TSC} assignments z part of the plan involves systenm
requirements analysis - verifying and/or updating by analysis aand
simulation the preliminary system requirements as set forth by the
Radio Technical Commission for Aeronautics (RTCA), Special Com-
mittee 117 (SC-117) [reference 2].A

The primary operational goals of the MLS may be stated as
follows:

a. Prov.de a signal in space of sufficient quality to allow
up to Category III(c) landing.

b. Provide a signal in space of sufficient quality and over
sufficient volume for terminal area navigcation to aid in
capacity enhancement and noise abatement.

Strong emphasis must be given in consideration of optiors to
such concepts as:

a. Universal usage: civilian, military, VIOL, STOL.

b. Modularity: minimum system expandable to greater
capability.

¢c. Versatility: all airborne users may use any ground
facility, the combined capability being at ieast that
of the lesser component.

d. Reliability, redundancy, freedom from unpredictable
errors, etc.

From the flight performance point of view, however, it is
necessary to answer four basic questions in assuring satisfaction
of the primary goals:

(1) What functions need be available?

(2) Over which volume?
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(3) At what data rate?
(4) wWith what accuracy?

This study addresses the data rate and accuracy questions,
and is a continuation and extension of the work reported on in

reference 3. The functional array is assumed to be that suggested

by RTCA; the volume of coverage is assumed sufficient for the
As will be shown in Section 2.0, the

matrix of possible conditions under which these questions must be

4 ! answered is exceedingly large. In limiting these to a workable

number, the study reports on a few detailed performance studies

b involving various phases of flight and aerodynamic conditions for
It is

?i particular problems studied.

a conventional jet transport, the Convair 880 (C "-88C).
hoped that the understanding gained from the thorcugh examination
of a few particular problems may allow the eventual generalization

to system level specification.

RERp—"

The remainder of this report is organized as follows: Section
2.0 discusses approach and methods; Sections.3.0:and 4.0 describe
the analytical models in use; Sections 5.0 and 6.0 present results
and conclusions to date on final approach and flareout, respectively.
Section 7.0 discusses related work on automatic rollout and planned 3
Section 8.0 provides a summary of the con-

S ———— 1 o ar oy

further investigations.
clusions as related to MLS requirements.
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2.0 PROBLEM STATEMENT AND APPRUACH

In attempting to define or verify, by analytical methods,
characteristics of the MLS which are necessary to the performance
of all its anticipated tasks, it becomes apparent that a through

treatment is not possible. There are just too many variables to

consider if one expects to anticipate and conduct detailed analyses
of every possible combination of MLS configuration, aircraft,

terminal area situation, and weather. Table 2-1 lists, for ex-
ample, a good number of the various MLS parameters and operational

environments; a thorough investigation would require performance
evaluation under every combination of the listed elements. If one
considers only these and subsets of these, the number of specific
problems from a practical viewpoint approaches infinity.

TABLE 2-1. PARAMETERS OF THE LANDING SYSTEM ANALYSIS PROBLEM

PARAMETER

OPTIONS/ENVIRONMENTS

MLS Function

Functional
Characteristics

Flight Phase

Aircraft
Speed (lass

Azimuth, Elevation 1, Elevatiorn 2,
DME, Back Course Azimuth

Coverage, Distance, Scan Rate Bias,
Noise, Scaling, Geometry

Curved Approach, Acquisition, Final
Approach, Flare, Roliout, Missed
Approach

1 through 5

Aircraft Sensor Complement, Autopilot Config-

Equipment uration, Area Navigation, Minimun
Systems, etc.

Visibility Clear, Category I, Category II,
Categery 111

¥ind None, Steadv, Shear, Gusts

Performance Safety Factors, Pilot Factors

Criteria

Procedures Metering, Sequencing, Spacing, Sepa-
rations, Segmented GS, Variable
Acgnisition Point, ATC Interface

3
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Two complementary approaches can then be taken. The first,
that exercised by the RTCA Special Committee 117, involves a com- .

mon sense elimination of many of the parameters, based on general
operational requirements, past experience, estimates of technical
feasibility and gross performance expectations. The resultant
proposed coufigurations and specifications cconstitute a “strawman"
or working baseline against which the second approach can be
exercised.

That approach involves working in detail a performance
evaluation under a specific set of aszumptions, and by varying

parameters in a controlled manner, determining performance sensi-
tivity to these parameters. Hopefully, it is then possible to ,
identify critical areas and eliminate those which are not important. i
Further, with a thorough understanding of the problem's assumptions

and limitations, it may then be possible to bridge the gap between

<his particular set of conditions and overall system requirements.

At the very least, however, the results of studies of this nature

will tend either to reinforce or to suggest modifications to the

specific recommendations of SC-117.

2.1 FLIGHT PERFORMANCE ANALYTiICAL MODELS

The priryry function of the MLS as currently conceived is to
serve as a high integrity landing aid, the most sophisticated
version of which provides sufficient information to allow a variety

of aircraft to make precision curved apprcaches, final approaches,
and in some cases touchdown and rollout in any weather or visibility
condition.

To determine how well MLS accorniishes this function requires
a modeling approach outlined generally by the block diagram of
Figure 2-1. Mcst of Figure 2-1 is self-explanatory, hovever, a

R "

few points deserve discussion.

The purpose of the outer (MLS) control loop is te provide
nath following capability in the ni2sence of deterministic and
random aercdynamic disturbances (wind). The desired path is
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generated according to some guidance law (e.g., in final approach
that law simply requires maintenance of fixed azimuth and elevation
angles).

The function of tlL. coupler is the conditioning of the raw MLS
angular position samples, which may be corrupted by noise, to pro-
vide a continucus linear position (and possibly higher order terms
such as rate) error signal to the autopilot. It may be as simple
as a zero order hold and first order filter or as a complex as a
time varying Kalman filter accepting inputs from other navigation
aids as well as MLS. In the most simple terms, its job is to
separate and remove MLS noise from actual vehicle motion. In
qualitative terms, the performance evaluation criteria require
maximum path keeping ability with minimum spurious, noise-induced
control actuator activity and resulting vehicle attitude activity.
In the presence of a noisy signal, however, there is a definite
tradeoff (accomplished by varying coupler parametersj between these
two criteria.

The subsystem consisting of airborne sensors, autopilot and
flight controls is the heart of the aircraft landing system, and
its sophistication and complexity, or lack of it, undoubtedly has
the grestest bearing on ultimate performance limitations.

The matri> of options for all of these blocks to be considered
in this study are shown in Table 2-2. Not all are considered in
equal detail, and in some cases work is still in progress, allowing
only partiial reporting of results.

The detailed characteristics of the models in use are dis-
cussed in Sections 3.0 and 4.0.

2.2 METHODS OF ANALYSIS

Three computer aided methods of analysis have been developed
and used extensively in this study. 7Two of these are discussed in
detail in a previous report (reference 3) and will be only sum-
marized here.




;%
TABLE 2-2: PARAMETERS OF THZ TSC DATA RATE/BEAM NOISE STUDY %
Airframe Convair 880 Jet Transport E
Fl1t. Controls (1) Standard §
(2) Direct Lift Control* (DLC) =
Autopilot Modified LSI "Autoland" ?
Coupler Digital Filter and Zero Order :
Hold
Sensors (1) Directional and Rate Gyros,

Air Data, etc.
(2) Normal Accelerometer : '

0

Preprocessor Convcrts MLS and Guidance into . '
deviation from desired track at :
MLS data rate

(2) Flareout
(3) Rollout
(4) Curved Approach*

f Wind See Section 4.1 %
; MLS See Section 3.0 i
Guidance (1) Final Approach é

*Work Incomplete

i 10 0 gt o ¢ Dl wie e

2.2.1 Simulation

A digital simulation which mechanizes the equation

x = f(x,u,t) (2-1)

E
2
4
=
=
k4
2
>
3
E
H
£
:
=
=
=
Z
=
E

comprises the primary analytic tool of this study. In Equation
(2-1), x represents the rate of change of the aircraft state vector;
f represents the system dynamics and may be a functicr of the state
vector, x, the disturbance iaputs, u, and time, t. Linearity is

not required, and limits or cross nmultiples may also be mechanized.
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Both f and x are expandable to include any order effects (the
eventual limitation is the computer size) which appear in the
aircraft, control system, or measuring system models.

The simulation provides data on aircraft response to deter-
ministic inputs, examples of response to random inputs, checks on
dynamic characteristics of various systems through transient re-
sponses, and checks on simplifications made using the covariance
propagation technique and the parameter optimization technique.

2.2.2 Covariance Propagation

If Equation 2-1 is expressed in a linear fashion according to
Equation 2-2

-]
x = Fx + Gu (2-2)

then it is possible under certain assumptions to write equations
for the mean and variance of x as a function of time.

4 —

x(t) = F(£)X(t) (2-3)
° _ T T

X(t) = F(£)X(t) + X(t)F (t) + G(t)Q(t)G (1)

x(t) = expected value of x at time t

X{t) = covariance matrix at time t

Fg¢t) = linear system matrix

Q{t) = white noise inputs

G(t) = noise shaping filters and dynamics

The reader is referred to reference 3 (Section 2.0 and
Appendix A) for more detailed discussion of the mechanization.
The techniqne itself is discussed in references 4 and 5.

The obvious advantage of this method is the ability to conduct
analysis using random inputs and generate statistically vslid re-
sults with a single computer run. Its major disadvantage is the
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linearity requirement, which for the landing problem severely de-
grades its usefulness below 50 feet or so due t¢ extreme non-
linearities in ground effect.

2.2.3 Filter Optimization

Most of the results in this report are based on the use of a
ccupler in the form of a discrete (digital) filter for MLS infor-
mation which basicaily provides the best combination of noise
attenuation with "wird proofing"”. In order to select the best
filter parameters for any particular set of conditions, it was
necessary to perform a parameter optimization: minimizing certain
elements of the covariance matrix, with particular noise and wind
disturbing functions, by choosing appropriate filter parameters.
Appendices A and B deal in more detail with the method used to do

this. More complete treatments are available ia references 4 and 5.

Some characteristics of the optimization re:ult which are
pertinent to the problem at hand include:

a. The optimization is based on minimizing path deviation
and control activity; different results are obtained de-
pending on the relative weighting each of these receive
in the renalty function.

b. The optimization assumes stochastic (statistically time
invariant) conditions and is highlv dependent on relative
values of random wind and beam noise. Therefore, each
set of results may be applied properly only to those
points in space along the approach trajectory which are
subject to the wind/noise values assumed.

c. The system equations must be linearized as with the co-
variance propagation technique; further, due to the com-
plexity of the problem, every attempt has been made to
reduce the size of the state vector. However, filter
parameters are transferred to the full simulation and
checked to assure satisfactory performance, both transient
and steady state, in the time domain.




d. The programs used for optimization also generate the
variances of all the state variables for each solJution.
It is therefore possible to assure that these, although
not explicitly included in the penalty function, are within
acceptable bounds.

2.2.3.1 Typical Procedure and Format of Results - A single

optimization is carried out requiring as inputs:
P

a. The relative weighting of root mean square (rms) path
deviation versus rms control activity for the penalty
function;

b. The 1atio of wind gust intensity to beam noise intensity;
c. A particular data rate.

The output is a set of optimized filter parameters which pro-
vide minimum rms path deviation and control activity under this
set of conditions, the rms values of these variables and the re-
mainder of the state variables, and the wind sensitivity of the
state variables to wind and to noise.

The filter parameters are inserted in the simulation and
demonstration runs are made with typical random wind and MLS noise
profiles. A transient response run is also made to assure satis-
factory dynamic characteristics (natural frequency and damping of
the control loop.

The procedure is repeated for a number of weighting factors
and data rates which can then be plotted parametrically as in
Figure 2-2. This figure shows minimum path deviation versus
minimum control activity for a range of weighting factors with
data rate 2s the parameter. It is also possible to plot similar
curves for other state variables against weighting factor or conm-
trol activity. (It should be noted, however, that the system has
not been optimized with respect to these variablsas),

A1l of this data would represent only cne rarticular ratio
of wind intensity to linear noise. Since linear noise is generally
variable during a particular phase of flight (angular noise assumed

10
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Figure 2-2. Example of Results of Filter Optimization Problen

constant), other sets of runs similar to this are required. Also,

if different wind conditions are assumed, they too require another
full set of runs.

Fortunately, interpolation is usually possible and full data
packages for every condition of interest have not been required.

2.2.3.2 Interpretation of Results - Performance Criteria - The
filter optimization results are indicative of the best possible

- . 4 .
performance that can be expected of a given aircraft and autopilot

using MLS information. It provides a reliable baseline for per-
formance analysis from two points of view:

a. If the best is not good enough to meet performance cri+:’ ia,

it can then be concluded that MLS parameters (data rate,
noise) must be adjusted accordingly.
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b. If a non-cptimum filter is used, one can never be sure
that pcor perrformance is not a resuit of poor filter de-
sign, and the conclusions on MIS parameters cannot be
as strongly drawn.

It shculd be clearly stated that the optimization applies
only to the cotpler and not %o the autopilot znd flight controls;
autopilot design and characteristics have not, in general, been
varied and nor is it contended that this is the best or optimum
autopilot. It is possible that inner loop improvements could
lead to better performance.

2.3 PERFORMANCE CRITERIA

Although reference 3 attempts to define a set of absolute
limits on touchdown performance, it has proven impossible to
generate data which may be validly statistically compared with
these limits. There has also been much discussion concerning
the pilot acceptability factors which appear in reference 3, as
to whether they are too high or too low. For phases of flight
other than touchdown and decision height, nc suitable performance

criteria of an absolute nature have been fourn:. Even though
general guidelines do exist, and important characteristics are
recognizable, it now seems apparent that there is no clear cut
absolute point at which one may say "the data rate must be no
lower than N samples/sec and the noise no higher than X deg.ees",
even for one particular aircraft in one phase of flight.

The best that can be done is the presentation of sufficient
Gata so that performance sensitivities to data rate, noise, and
other important MLS characteristics can be fully understood and
critical phases of flight and performance parameters identified.
Recommendations can then be made as to what exactly should be
specified for MLS, whether RTCA estimates should be revised up-
ward, revised downwards, expanded, or eliminated. However, no
attempt is made to assess the costs involved and to perform the
requ.red cost-benefit analysis. Perhaps the results presented

here will be useful in any such subsequent study.
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3.0 MICROWAVE LANDING SYSTEM MODE!

The MLS, as conceived by the RTCA (reference 2), generates
five basic functions® DME, azimuth, glide slope elevation, flare
elevation, and back .ourse azimuth. (This report will not con-
sider operational or functional requirements for the back course).
Azimuth and elevation informaticn is in angular form referenced

to the runway centerline; the angular format may be either conical
or planar in nature.

In either case, x, y and z coordinates can be computed with
the aid of DME and a knowledge of the g-ometry of the installation.
Planar beams are generally assumed for MLS in this report, although
it seems unlikely that the choice of conical or planar will have : cot
any ultimate effect on flight performance or airborne computational
l load. The particular geometry and relative location of the antennss
also should not have a major impact on performance excent during
flare out and touchdown (assuming adequate coverage and signal
visibility for all phases of flight; special siting problems and
lobing due to ground reflection are not considered). The geo-

metrical constraints associated with flare will be dealt with in
Section 6.0.

ARULTAUELY Joig b o B B ] gl i AL R B ! e T
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From the user aircraft point of view, the MLS can be con-
sidered an airborne black box which periodically presents data
on the aircraft's position in angular or linear terms with re-
spect to some fixed, known ground reference. The black box has
a number of outputs {see Figure 3-1) corresponding to the various

MLS functions: azimuth, elevatdion #1, elevation #2, range, etc.

# Each function has its own data rate and is corrupted by both ran-
dom and deterministic measurement errors. The coupler-processor
takes the outputs for the MLS black box and computes, smoothes,
filters, etc. to produce derived data such as glideslope de-
viation, altitude rate, etc. The processor can be as simple as
a zero order hold on each function or as complex as a Kalman filter
doing optimal mixing of MLS data with that of other airborne sensors.
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Although some of the processing may in real life be done in the
MLS receiver, it is convenient to consider this portion of the
system us related to the aircrafv guidance and autopilot functions;
discussion is therefore reserved for lacer sections.

It remains then to model the MLS function generation and
describte in an analytic sense the MLS error sources and errors.

3.1 MLS ERRORS

The most obvious first step in error modeling is to separate
those errors having deterministic effects from those causing ran-
dom activity. In many cases *his is done for specification pur-
poses by labeling the former "bias" and the latter "noise".
Unless, however, a more precise description based on spectral
composition, spatial or temporal characteristics, and statistical
likelihood, especially with respect to the aircraft ccntrol system,
is developed, the terms "bias" and "noise" are meaningless to the
problem of flight performance analysis. For instance, a static
probe may detect some level of bias at a certain point in space,
but if this bias is not constant over the length of a typical

flight path, it will appear as a time varying noise to the moving
aircraft.

In this report the term "bias" will connote an error which
is constant over the entire time of the flight phase considered.
Its effects on flight performance uncer this definition are easy
to determine, (again, except for the flare maneuver) namely a
pure displacement of flight path.

Errors which exhibit a time varying property can be lumped
under the generic term "noise'. Even though they may in fact be
deterministic (e.g., a well defined in beam reflection) in space,
it will be assumed that the aircraft has neither knowledge nor
compensation for it.

For statistical znalysis of flight performance undevr ran-
dom disturbing functions, it is necessary to model the disturbancss
as random processes with certain protability density functions. It

15

Mokt




1.

2.

almost goes without saying that the better the noise model
statistically, the more reliable the resultant performance
statistics will be. At present, unfortunately, insufficient
data is available to do much more than qualitatively describe
possible error sources.

Some of these are described below for the angular function:

Receiver and propagation noise: can be considered gaus-
sian distributed and uncorrelated from sample to sample.

Quantization, granularity, or resolution errors: of it-
self can be considered uniform and uncorrelated; however,
if the cumulative magnitude of other noise sources is
greater than the quantization level, it merely modifies
these sources' probability density functions; its effect
on pe.formance is minimal. It is also the most easily
adjustable of all error sources - requiring-only clock
and timing modifications.

Spatially distributed errors due to coding scale factor
inaccuracy: will look like low frequency noise only if
flight path is crossing lines of constant angle; on a
constant angle path (e.g., glide slope) it will appear as
a bias. Probability distribution correlation character-
istics and magnitude dependent upon flight path and air
speed as well as basic error mechanism.

Spatially distributed errors due to reflections and inter-

ference causing in-beam multipath: errors generated at
output depend on threshold detection and decoding mechan-
isms; no statistical estimates are currently available.

Delays due to actual receiver and decoder processing time.

Effective noise due to missed samples.

Errors due to receiver inability to reject out of beam
reflections and multipath; may cause receiver to track
wrong signal; likely to be a problem only with lower
cost airborne configurations.

16
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Of these, items (2), (5), (6) and (7) are considered to pe second
order or improbable effects and have not been precisely modeled
for his study (see Appendix B). Items (3) and (4), although
probabie major sources of system errors have not been modeied due

to the lack of data, of detailed investigation on multipath environ-

ments, effects, and rejection techniques.

The net result is that to date the TSC MLS error model for
angular functions has included only gaussian white noise. Since
TSC investigations have been limited to CTOL operations at rela-
tively low glide siope angles, little effort has been expended on
noise models for range information from the GME (as shown in the
following section, when flying constant azimuth low glide slope
approach, errors in computed path deviation terd to be inséhsitive
to range errors and noise).

3.2 MODEL FORMULATION FOR FLIGHT PERFORMANCE' EVALUATION

In a physical sense, aircraft are flown in x-y-z space rather
than R-8-¢ (range, azimuth, elevation) space, that is, an aircraft
contrel system und-2rstands a command in terms of change in alti-
tude (z) but not a command in terms of elevaticn angle (¢). It is
therefore necessary to perform on board computations to convert
MLS R-8-9 information into x-y-z for use b