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\ SUMMARY

The report describes adaptation of a computer based simulation of a

T S—

transport aircraft automatic landing system to enable study of microwave landing
system (MLS) flare guidance. The simulation was used to examine the allowable

errors from the range and elevation angle measuring sub-systems of the MLS flare

system. e
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1 INTRODUCT ION

The operational requirement for the ICAO 'new non-visual precision
approach and landing guidance system' requires that elevation guidance shall be
provided for the flare-out phase of an automatic landing. The microwave landing
systems (MLS) being developed to meet the ICAO requirement generally offer flare
guidance by means of elevation angle guidance relative to a transmitter (eleva-
tion No.2) located some 450m upwind of the origin of the glidepath transmitter
(elevation No.l). Derivations of height in the flare-out region is achieved by
combining range information with elevation No.2 angle information. Range
information is obtained from an MLS ranging sub-system, probably located at the
upwind end of the runway, but possibly elsewhere, e.g., co—located with the

elevation No.2 transmitter.

The accuracy requirement for the MLS range and elevation No.2 angle
information is as yet ill-defined and there is likely to be a sensitive relation-
ship between guidance system cost and accuracy. In particular, relaxation of
the 3 to 6m accuracy target, which has so far been used for MLS ranging sub-
system development, might allow substantial economies to be realised, through

building the ranging system at L-band, rather than C-band.

This simulation study, described in this paper, has therefore been
performed to provide some guidance as to MLS ranging and angle sub-system
accuracy requirements for automatic flare-out. At this stage in the UK MLS
programme, the detailed error characteristics of MLS elevation No.2 and ranging
systems are unknown and it has therefore been necessary to make arbitrary
assumptions as to the nature of the errors. The philosophy which has been
adopted is as follows. A selection of error profiles (step, sequence of steps,
random) has been made and for each type of error, that error timing relative to
the flare-out manoeuvre has been determined which produces the maximum change
in touchdown performance (rate of descent and range). A proportion of the allow-
able normal touchdown error variance has been allocated to the effects of ranging
system and angle system errors and the maximum allowable amplitude of the 'worst
case' error of each class has been determined. These 'worst case' errors are
proposed as guidelines for system design. Tests have been made to examine
whether guidance errors which induced acceptable touchdown errors could result

in elevator activity unacceptable to the human pilot.




2 SYSTEM GUIDANCE GEOMETRY

The airfield layout used for the simulation is shown in plan in Fig.l and

in elevation in Fig.2.

It was convenient to take as origin of co-ordinates the point at which
the runway intercepted the asymptote to a 3deg glide path. This point was 300m
(984ft) from threshold. The height of the centre of the elevation No.l array
was 2.74m (9ft), and so it was positioned 2.74 cot 3deg or 52.3m (172ft)
downwind of the origin. The lateral offset from the runway centre line was

150m (492ft) for both the elevation No.l and elevation No.2 arrays. The height

to the centre of the elevation No.2 array was 3.66m (12ft), and this element was

placed 450m (1476ft) upwind of the origin.

2 AIRCRAFT AND AFCS SIMULATION

A computer program was supplied by K. Watling, of BLEU, which simulated
the approach and landing of a BAC 1-11510 series aircraft fitted with an Elliott
E2200 flight control system, deriving guidance from the ILS localiser and glide

path and from a radio altimeter.

The following outline of the mode of operation of the AFCS may help in the

understanding of later results.

During the approach, the elevator is controlled in a loop which tries to
maintain the ILS glide path deviation at zero. The throttle is controlled in a
second loop which attempts to maintain a constant air speed. At height 200ft,
as indicated by the radioaltimeter, the gain of the angular guidance loop is
halved, to prevent the loop gain becoming too high at the short range. When the
radio altimeter indicates 100ft, the angular guidance is disconnected, and the

elevator control loop then tries to keep a constant attitude. At 50ft on the

radio altimeter, the flare is initiated. The thrust demand is reduced linearly
with time until a certain minimum value is reached and then held constant. The
elevator loop receives height and height rate inputs and causes the aircraft to
execute an approximately exponential flare, touching down with a vertical speed
of about 0.6m/s (2ft/s).

st it

Since the AFCS derives height rate from raw radio altitude, it is likely
to be more sensitive to guidance errors than possible future flight control

systems using inertially smoothed height rate.
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4 PROGRAM MODIFICATION FOR MLS SIMULATION

4.1 After converting the original program to 1900 ALGOL it was tested for a
typical case with a 3deg ILS approach at a speed of 125kn (211.3ft/s) and a wind
speed of 12kn (20ft/s). The attitude at touch-down was noted (3.72deg).

4.2 The program was then modified so that the original ILS signal was replaced
by the elevation No.l MLS signal and the radio altimeter output was replaced by

the combination of elevation No.2 and distance measurement.

It was assumed that the MLS antennas for all three functions were located
on the aircraft nose at the point shown in Fig.3. This point was 12.9m (42.2ft)
ahead of the centre of gravity and 1.9m (6.1ft) above the wheels when in a

nominal approach attitude. For an attitude € rad we have, approximately
antenna height = wheel height + 1.9 + 12,908 m. (1)

The angle measured by the elevation No.l system is given as a function of
antenna height and the range of the aircraft CG to the asymtotic glide path

intercept by

antenna height - 2.7
J{(range - 12.9 - 52.4)% + 150%]

(2)

elevation No.l = arctan {

With all angles expressed in degrees, the quantity replacing the original ILS

angular error is just
elevation No.l -3 (3)

Note that formula (2) assumes that the aircraft antenna remains in the vertical

plane containing the runway centre line.

The elevation No.2 angle is given by

antenna height - 3.66 g (%)

elevation No.2 = arctan 3 s
Jlange - 12.9 + 450)% + 1507]

For range measurement from a site at thg far end of the runway, we assume
that, by subtracting a constant, the distance(is available measured to the

perpendicular from the elevation No.2 site on to the runway, giving
distance 0 = range + 450. (5)
lhe tzme distance from the elevation No.2 site will be denoted by distance
No.2, which is given by

distance No.2 = Vﬂ(tange - 12.9 + 450)2 + 1502}- 6)

T —
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If distance No.2 is known to the aircraft, it could compute the height of its

antenna as:
distance No.2 x tan (elevation No.2) + 3.66.

However in this Memo we assume that it is distance 0 that is measured, and this
is used instead of distance No.2. Thus the actual expression for the aircraft

height as 7f measured by the radio altimeter is:

(distance 0) x tan (elevation No.2)
+ 3.66 - 1.8 - (12.9 - 8.2) x 3.72/57.3 m. (7)

Here we have allowed for:

(a) antenna height 1.86m (6.1ft) above wheels in datum attitude;
(b) antenna 12.9m (42.2ft) forward of CG;

(c) radio altimeter 8.2m (27ft) forward of CG; and

(d) touch-down attitude 3.72deg.

Figs.4 to 7 show the results of a simulated MLS approach and landing. The
run was started at a wheel height of 91m (300ft), a speed of 125kn (ZIIfE/s,
64.4m/s) and with the MLS antenna following the asymptote 3deg glide path. The
wind speed was 12kn (20ft/s, 6m/s).

The slight perturbation at the beginning of the run, most visible on the
curve for elevation deflection, is due to the fact that the hyperbolic glide
path is slightly above the asymptote. The aircraft is obliged to climb a small
distance to acquire the hyperbolic path. There is another small perturbation at

61m (200ft) height due to the gain switching.

Touch-down occurred at 194m (637ft) from the intersection point with an
airspeed of 116kn (196ft/s, 50m/s), a descent speed of 0.53m/s (1.74ft/s) and an
attitude of 3.8deg, values sufficiently close for our purposes to those obtained

with radio altimeter flare guidance.

5 THE EFFECTS OF STEP ERRORS IN DISTANCE AND ELEVATION NO.2 MEASUREMENTS

Approaches and landings were simulated in which an error of fixed amount
was introduced into the distance measurement when the aircraft was below a given 1
height. 1In Figs.8 and 9 are shown the change in touch-down vertical speed and :
the change in touch-down position, plotted as functions of the height below '
which the errors were introduced. The values of the distance error, between

-160 and 160ft, are given as parameters to the curves.
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The most conspicuous feature of these curves is the rapid changes around
50ft height. This is the height at which the flare begins. The data contained
in these curves have been used to derive maximum allowable MLS and range informa-

tion errors, as described in section 6 below and in the Appendix.

Figs.10 and Il show the corresponding effects of step errors introduced
into the elevation No.2 angles. In this case we show curves only for errors of
+0.0ldeg.

6 WORST CASES FOR RANGE AND ELEVATION ERRORS

6.1 We are interested in finding out how great the range and elevation errors
can be before the variations in touch-down vertical velocity and position become
unacceptable. Guided by ARB paper No.367l,which assigns standard deviations of
0.46m/s (1.5ft/s) and 90m (295ft) respectively in these quantities, we shall
assume that the guidance system should not contribute more than 40% of the total
variance and that of that 40%, the ranging sub-system can contribute one quarter
and the angle sub-system three quarters. This ratio is intended to recognise
the technical difficulty of providing precise angle guidance at low elevation
angles. This then leads to the following maximum allowable standard deviations

of touch-down parameters due to worst case range and angle system errors.

Table 1

Vertical velocity | Position

m/s (ft/s) m (ft)

Ranging system 0.14 (0.47) 28 (93)
Angle system 0.25 (0.82) 49 (162)

It should be noted that it is more common in other spheres of approach and
landing guidance to allocate half the total allowable variance to the guidance
system errors. However, in the case of flare guidance, the radio altimeter has
provided a precedent of very high guidance quality over the runway and it is
felt desirable that MLS flare guidance quality should be constrained to approach
that of radio altimeter guidance. Hence the reduced allocation of variance
(40%) to MLS flare guidance.




We now compute the largest allowable errors in range and elevaticn such
that the above changes in touch-down parameters are not exceeded. The methods
are given in the Appendix, and use data from section 5. The sensitivity
functions were derived from the simulations described above, and some are shown

in Figs.17 to 20.

The results depend on whether the errors are random or deterministic, and
also on how they vary along the aircraft path. A wide range of possibilities
could be considered, but we have restricted attention to single step errors,
sequences of steps of equal amplitude and random errors of unspecified spectrum.

The results are summarised below.

6.2 Deterministic errors

6.2.1 Single step

The error is assumed zero up to a certain point, at which it suddenly
changes to a new value and remains constant. The maximum allowable errors are

given in Table 2.

Table 2

Step amplitude for 1 sd change

In vertical velocity In range
Range error
m (ft) 43.8 (144) 39.6 (130)
Angle error
deg (mrad) 0.0571 (0.996) 0.0398 (0.695)

For example, if the step in range error were 43.8m, it would cause a change in

touch-down vertical velocity of 0.l4m/s as in Table 1.

6.2.2 Step sequence

The errors are permitted to have any value at every point, such that the
error magnitude does not exceed a limiting value. In the worst case the error
will be equal to this limiting value multiplied by #1. Table 3 shows the values

of this magnitude in the four cases.
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Table 3

Error magnitude limit for not
more than | sd change

In vertical velocity In range
Range error
m (ft) 16.4 (53.8) 15.2 (49.9)
Angle error
deg (mrad) 0.0190 (0.332) 0.0202 (0.353)

For example, if the angular error was 0.0202deg at every point, and the

direction of the error was in the more unfortunate sense so that their effects

added, then the change in touch-down range would be *49m.

6.3 Random errors

In this case we assume .

and a standard deviation.

. «C the error at each point is random with a mean

These quantities need not bte the same at all points.

In fact we do not assume the errors are stationary, nor do we make any assump-—

tions about their distribution or correlations. The mean can be regarded as a

deterministic error, of which examples have been considered above, so we

restrict attention to the case of zero mean error.

The upper bounds for the standard deviations of range and elevation

measurements are shown in Table 4.

Table 4

Standard deviation limit
for 1 sd change in

Vertical velocity Range
Range error
m (ft) 85.4 (280) 44,6 (146)
Angle error
deg (mrad) 0.0465 (0.812) 0.0774 (1.35)
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For example, if the standard deviation of range error at any point along

the path was 44.6m or less, then we can be sure that the standard deviation of

touch-down vertical velocity was at most 0.l4m.

6.4 It is concluded from this preliminary series of tests that, assuming the
worst possible 'noise' characteristics of the ranging and flare angle measure-
ment systems, range errors of 15m (50 ft) standard deviation and angle errors of

0.02deg standard deviation should be acceptable.

It must be noted that these errors are derived from a simple study of the
effects of the errors on otherwise unperturbed flare-out manoeuvres. Examina-
tion of detailed touch-down error distributions in the presence of turbulence,
wind shear, etc., may require some revision of the detailed numbers for

specific systems.

7 TRANSIENT MOTIONS OF THE ELEVATOR FOLLOWING A STEP ERROR IN RANGE

Since sudden large elevator movements would be unacceptable to the pilot,
it is of interest to exhibit the motion of the elevator following a step error
of the kinds previously used. Simulations were performed in which an error of
30m (100ft) in the range measurement was introduced below heights of 45, 35, 25,
15 and 5ft. Figs.12 to 16 show the resultant elevator motions (with the

unperturbed case shown dotted).

We see that the maximum motions are about *2deg for the 45ft case, and

less for the other cases.

Since the maximum allowable range information error is 15m (50ft) (1 sd),
(section 6) we may conclude that elevator activity from this cause will generally
be less than ldeg (1 sd). Practical MLS ranging systems are aiming at accuracies
of 6ém (20ft) (1 sd) and assuming a tentative limit of acceptable activity as
ldeg (1 sd), problems due to elevator activity from this source are unlikely.
However, since the flare elevation angle information is allowed to have a larger
effect than range error on the touch-down parameters, it is likely that there
will be elevator activity problems from elevation angle guidance errors. These

will require detailed study when actual flare elevation error data are available.

8 CONCLUSIONS

In the absence of detailed information on the noise and bias characteris-
tics of practical MLS flare guidance systems, allowable values of range and

angle error have been derived on the assumption that the errors could be in the
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form of a single step, a sequence of steps or any arbitrary random process.
Errors in the form of a sequence of steps have been found to have the greatest
effect on the aircraft/autopilot combination studied (BAC 1-11 500 series and
Elliott E2200 AFCS). Assuming an error of this form, range errors of 15m (1 sd)

and elevation angle errors of 0.02deg (1 sd) appears acceptable.

In assessing the effects of errors attention has primarily been directed
to achieving acceptable performance in range and rate of descent at touch-down.
Elevator activity has also been briefly examined, and while practical values of
range error are unlikely to have a significant effect, elevator activity will

need to be studied in greater detail when practical MLS flare elevation data

are available.

REFERENCE
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Appendix

A.l1 Definition of sensitivity

Consider the change v of a variable V due to errors in a measurement
M . For example, V could be touch-down descent speed and M an angle of
elevation. The error in M will be denoted by m(x) , describing the error as
a function of position along the aircraft path, x being a parameter such as

time, distance or height.

We assume the effect of m 1is determinate, so v 1is a function of the

function m . For an arbitrary m and a constant X , we assume that

b
v(Am) = .[ S(x)Am(x)dx + 0()2) as A + 0 (A-1)

a

where [a,b] 1is the interval in x , and S(x) is the sensitivity of V to
error in M at point x . Equation (A-1) may be justified by Taylor's theorem,
provided that there are no hard non-linearities effective at arbitrarily small

perturbations.

It is convenient to define ¥ to be the 'linearised' change in V , by

b
v(m) = [ S(x)m(x)dx . (A-2)

a
Hence a unit error existing over a short interval x to x + dx will cause

v = SCx)dx .

A.2 Response to step errors

If the error in m 1is zero up to some value of x and 1 thereafter, that

19

Bl = {0 (x < xl)

1 (X}x])

then the linearised change in V will be denoted by T(xl) , and is given by

{ PRECEDING PAGE ELANK-NOT FILMED
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b
/ S(x)dx . (A-3)

X

T(xl)

It follows that

S(x)

= F%ex) . . (A-4)

A.3 Worst case for errors of bounded magnitude

We now ask for the maximum value of v when m(x) is subject to an upper

bound on its magnitude, of say, unity.

It is obvious from (A-2) that for each x we should choose m(x) =1 1if

S(x) >0 and m(x) = -1 if S(x) < 0 . Hence
m(x) = sgn{s(x)] = segn[- T'] .

This is a rectangular function with changeover points at the zeros of S , which

are the extrema of T , say Xis Xps ey X (see Fig.2lc).

is

<

The value of

b
f S(x)sgn S(x)dx

a

b
{ [s(x)|dx
a

[}

|T(a) - T(x])l + lT(xl) ~ T(x)| # oo + |T(xn> - T(b)|

was v (ASDY

the sum of the differences between successive extrema of T .

A.4 Worst case for a constant error existing over a continuous interval

Here we consider

_ 1 pSx<q
mex) = {; . otherwise

The change in V 1is then

R-N
32
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Appendix 15

q
j[ s(x)dx = T(p) - T(q) . (4-6)
P

To maximise the magnitude of this, we choose p and q to correspond to the
overall maximum and minimum of T . These will occur in the set
(a,xl,xz,...,xn,b); in Fig.21 they happen to be X, and b , so the worst error

will be from X, to b and will give

Bl = It -]

The error function is shown in Fig.21d.

A.5 Random errors

In this and following sections, m will be taken to be a random function.

Taking ensemble averages of (A-2)

b
(v) = ./ S(x)(m(x))dx . (A-7)

a

Thus the average V depends on the ensemble mean of m(x) just as for a

determinate error.

Turning now to the variance of Vv , this is

D’ = (G - N
b b
= [ .[ S(x)S(y)R(x,y)dxdy (A-8)
a a

where R(x,y) 1is the covariance
(m(x) = (m(x»] [mCy) - (myM] , x,ye[a,b)  (A-9%

In particular the standard deviation of m(x) is o(x) where

o(x) = R(x,x)i . (A-10)
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A.6 Worst case for unrestricted covariance

The covariance must always satisfy

[R(x,y)| < o(x)oly) ,

Hence
b b
p’(v) < //ls(x)s(y)R(x,y)ldxdy
a a
b b
- [ [ 1sollselircey laxay
a a
b b
< /. / [S(x)|]s(y) |o(x)o(y)dxdy
a a
b b
= /ls<x>lo<x>dx [ [s(y) |o(y)dy
a a
b 2
= [ [s(x)|o(x)dx
a
b
so D(v) < /|s<x)|o(x>dx
a

Now consider the case when
m(x) = uS(x) + (m(x))
where 1 1is a random variable with mean 0 and finite variance.

R(x,y) = (uS(x)uS(y)) = D2(u)S(x)S(y)

o(x) = R(x,x)i = D(u)|s(x)]|

and it is easy to verify that

Appendix R-N
32

all x,y.

(A-11)

For this case
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b b
D) = D) [ s(x)2dx = / |8 (x) | o (x)dx
a

a

Thus equality is attained in (A-11) when m - {(m) is a random multiple of S ,
and so this is the worst possible case when the form of the covariance function

is not specified.

Further

D(V) max |S(x)|
X

Dm) = D) |S(x)| < D(u) max [S(x)| < e -
" [ Is(x) ] ax
a

A.7 Worst case for errors with stationary statistics

If the error function is stationary in the sense that R(x,y) depends
only upon the difference x-y , then we can introduce the power spectral density

P(w) , related to R by

i

P(w) = 2‘—" / R(u)e “Y%u > o0

$ (A-12)

R(u) = /p(u)ei‘”“dm

E. :

Here u has been written for x-y , and the ranges of integration are -= to

= , the error functions m being supposed to be segments from samples of

unlimited length. The variance of m is

@ oo

cz(x) = R(x,x) = R(0) = [P(w)dw = 2 / P(w)dw .

= 0

The variance of v is
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b b
02 = / /S(x)s(y) /P(w)expiw Ex = 3)dndnly
a a

—C0

b
[P(w) [S(x)ewxdx /S(y)e-iuxdydw

o

-00 a a
o b
= / P(w) f s(x)elwxdx dw
5 a
® b <
= 2 / P(w) f S(x)eiwxdx dw . (A-13)
0 a

For a given variance ¢~ of m , this quantity is maximum when P(y) zero

b iwx
everywhere except for the value of w which maximise f S(x)e dx| , say
a
w s ycan
max
P(w) = dols(w -ow )
max
This gives 2
b
DZ(G) = 02 lax '/ S(x)elwxdx . (A-14)
w

a

The worst stationary noise case consists of narrow band noise at the most

sensitive frequency.

A.8 Uniform power spectrum

In the special case when P(w) is a constant, say P (m-units)2 per

(radian/x-unit) we get a variance

b 2

p’(%) = ZP/ /s(x)ei“"‘dx dw . (A-15)
0 a

Of course, P(w) = constant is impossible since it would lead to an infinite

: ; iwx g
variance, but we can suppose it constant over all x where f S(x)e” "dx is

g P a
significant.

R-N
32
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Then

@ b b
D3(F) = 2P / f [ S(x)s(y)ei“’("'y)dxdydu

0 a a

b

b
= 2P [ f S(x)S(y)né(x - y)dxdy
a a
b
= 2Pnw [ S(x)zdx
a

S(x)zdx x [noise power, in m-units squared per (cycle per x unit)]

"
N'\.o‘

cesess (A-16)

A.9 Sampled data

We suppose that the measurement M is performed at discrete instances

X, separated by Ax .

We assume each measurement m. is extended in box-car fashion to length ‘

Ax . Then

v = jg: S(x.)m.Ax . (A-17)
s igdar
i
The mean is
(V) = :E: S(xi)(mi)Ax = 0

i
if

(mi) = 0 gil 1 -

{ The variance is !

i (\72) = Z z S(xi)S(xj)(mimj)(Ax)2
i ]

L-L.—.—_—_—_—.__.__________. SO J.J
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Now assume mi and

Then

Then

Hence

m,
J

independent of

(mimj ) =

@

0,

Appendix

i#3j, so

y i

i#

() » Z S(xi)2<m§>(Ax)2 ]

i

. < 2 5
Assume M 1s stationary, so mi 1s a constant, (mz) .

(vz) = (mz)(Ax)2 Z S(xi)2 :

b

a

i

We can replace Ax ZE: S(xi)2 by ./ S(x)zdx if Ax 1is small enough, so

b

(v')y = (mz)Ax f S(x)zdx .

a

b

Div) = Dim) |ax / s(x)%dx .

a

(A-18)
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