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Abstract

The design of autoland control laws for a large civil
transport aircraft using p-synthesis is discussed.
The controller architecture consistg of functions
for tracking the ILS-approach path, and for flare
and alignment of the aircraft shortly before touch-
down. For each function, design requirements are
" formulated using weighting functions in the fre-
‘quency domain. Model uncertainty is incorpo-
rated via automatically generated Linear Fraction
- Parametric Uncertainty Models {LF-PUMs). The
structured singular value, as the measure for ro-
bust performance, is then optimized via so-called
*D-K iteration. Robustness of the resulting con-
troller functions is assessed via p-analysis and
batch simulations. Monte Carlo analysis is used
to test autoland performance under varying envi-
ronment and disturbance parameters. As an ul-
timate robustness test, this analysis is performed
with the nominal, as well as worst-case aircraft
model configurations. The reason for this is, that
in practice the Monte Carlo aircraft model may be
more detailed and accurate than the mode! avail-
able during the design, frequently requiring late
additional design iterations.

1. Introduction

The design and certification of control laws for
Cat-ITI automatic landings is a very demanding
task. The automatic landing mission itself, con-
sisting of final approach path tracking using the
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Instrument Landing System (ILS) and flare / run-
way alignment (in case of cross wind) shortly he-
fore touch down, is relatively simple. However, au-
toland system design is complicated by the large
amount of varying and uncertain parameters in-
volved. These can be divided into environment pa-
rameters (called p, in this paper), aircraft loading
and configuration (known) parameters {p.), and
uncertain aircraft model parameters (pu). Envi-
ronment parameters include for example runway,
approach terrain, wind and atmospheric charac-
teristics, see figure 1. Uncertain aircraft model

' parameters are for example tolerances on aerody-

namic and inertia coeflicients,
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Figure 1: Typical parameters for a landing case

A typical design process for autoland control laws
is depicted in figure 2. As a first step, the global
control law architecture is defined, based on func-
tional design requirements for the autoland mis-
sion (block A). An autoland controlier usually con-
sists of several functions, such as the glide slope
and flare mode, Detailed design and synthesis
of these functions is performed in blocks B, after
which these are integrated into the autoland con-
troller structure (block C). The control laws are
extensively tested under varying parameter com-
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binations in face of the design and certification
specifications (block D). When specifications are
hiot met, the controller functions involved need to
be adjusted {loop 1 in figure 2), or, in case of se-
vere shortcomings, the over-all architecture may
have to be reconsidered {loop 2).

Current
model dala
Auteland control faw
Functional architecture development
unchional & & functional breakdown
Design Req./
Certification P C¥
specs | Controfier function
detailed desigrvsynthesis
(m;gttegst) Autoland controller
i
el date nmear sment

o

Autotand control Jaws
ready for hardware testing

Figure 2: Autoland control laws design process

Certification of autoland control laws is based on
extensive Monte Carlo (MC) analysis {performed
in block D), in which a large number of landings is
simulated with randomly selected parameter vec-
tors p, and p, (not Pu). Based on statistics of
landing parameters, such as touchdown and sink
rate dispersions, the risk of exceeding specific lim-
its is assessed.

For MC analysis, a high-fidelity aircraft model is
used and the results have to be validated with a
considerable number of flight tests. The aircraft
model that is employed for controi law design (top
left in figure 2) usually has lower fidelity. First
of all, in the earlier design stages the available
data is not as accurate as during final Monte Carlo
assessment for certification, introducing consider-
able uncertainty (eg. parameters p, } in the design
model. Second, simplifications may have to be
made, in order to make the design model tractable
for controller synthesis.

In the ideal case, the controller design based on
the lower fidelity design model would pass ithe MC'
assessment based on the high-fidelity model, and
flight testing, in one shot, Unfortunately, addi-
tional late (and therefore costly) design iterations
ave usually regunired with an updated design madel
{loop 3 in figure 2). The expectation is that these
iterations can be avoided to g large extent, in case
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uncertainties are explicitly addressed in the syn-
thesis of the controller functions {blocks B). The
objective of the work described in this Ppaper, is to
investigate to what extent the application of 4 ro-
bust control method may help to achieve this.

A promising robust control methodology is -
synthesis **, which directly aims at optimizing
robust performance by minimizing the structured
singular value p.  Performance ob jectives are
formulated using weighting functions in the fre-
quency domain, Uncertainty on model parame-
ters Is incorporated in a feedback interconnection
in a so-called Linear Fractional Parametric Uncer-
tainty Model (LF-PUM).

The design in this paper is performed along the
Lines of figure 2. u-Synthesis is applied in blocks B,
to design the controller functions of the autoland
system. As final assessment, Monte Carlo analysis
(block D) is performed with the available aircraft
design model. In order to represent differences be-
tween the design model and MC model in practice,
the assessment is performed with nominal as well
as worst case uncertain model parameter combi-
nations {p,). This helps to interpret the actually
achieved robustness of a p-synthesis design that is
subject to realistic performance objectives.

This paper is structured as follows. In section
2 the aircraft model is described, in section 3 fi-
theory is reviewed. The development of LF-PUMs
Is discussed in section 4. In section 5 the controller
architecture is described. Section § discusses the
design of controller functions using u-synthesis,
In section 7 controller performance and robust-
ness are evaluated, and in section 8 conclusions
are drawn,

2. The aircraft model

The nonlinear aircraft model is based on the
Newton-Euler equations of motion 19 for a rigid
body and represents a large civil aircraft with two
turbofan engines (see also ref. 11). The aerody-
narmics are valid for the landing configuration and
include ground effect. Aerodynamic coefficients as
well as the moments of inertia have tolerances of
10% (longitudinal parameters) or 30% (lateral pa-
rameters, ground effect). For example, the foler-
ance on the derivative of the aerodynarmic pitching
moment coeflicient C,, with respect to the pitch
Tate g Is written as:

Cimy = Cmy (14 AC,.) (1)

where C’mqo is the nominal value, and ACr, is the
tolerance (which is an element of the vector Pu).
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The controls available to the controlier are ailerons
4, elevator 65, rudder dg, and pressure ratios in
both engines J EPa1,2. The control surface actua-
tor models are linear, but rate and position lim-
ited. The nonlinear engine dynamics and thrusi
models are based on look-up tables,

The wind model includes wind shear as present in
the earth’s boundaxéy layer, Dryden turbulence fil-
ters (as specified in &), as well as additional param-
eterized wind shear models. For the atmosphere,
approach terrain, runway and IS equipment char-
acteristics, parameterized {(parameter vector Pe)
models are included according to ©,

The model outputs are the Mmeasurements available
to the control system: calibrated airspeed V.,
true airspeed Vi,,, ground speed V,, body angu-
lar rates p, g, r, attitude angles ¢, 8,1, load factors
Ttz iy, 11z, flight path angles X, angle of aftack
o, vertical speed Vz, deviations from the ILS beam
€Loc, ées (in mA), and radio and barometric al-
titude H,,, Hy,,,, The aircraft mass m, and the
center of gravity location zeg (€ p.) may be as-
sumred known. The sengor dynamics models are
linear. The signals €Loc and egs are corrupted
with noise,

3. Review of y-synthesis

The controller synthesis and analysis problem in
its most general form is shown in figure 3 14, -

(b)

Figure 3: (a) General Analysis and Synthesis
framework, (b) same system, with P and K in-
cluded in M

The generalized systern P has three input /output
pairs: y and u (measurements and control inputs
from the controller K ), € and d (performance sig-
nals and external inputs respeciively}, and z and
w through which unit-norm perturbations in A are
fed back into the system.

Given the controller K . which might be obtained
from any synthesis method, the generalized closed
loop system for analysis as depicted in figure 3(b)
is M(s).
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Performance robustness of the systemm M(s) is
then characterized by the transfer function from
d to e, which depends on the perturbation A(s)
in the form of a Linear Fractional Transformation
(LFT):

[

E = My + Mglﬂ[f- A’fHA]—lMlg (2)

{Laplace variable s has been oniitted) Eq. 2 reveals
that My; imposes robust stability, since the frac-
tional part may become singular for some A € A,
Well-definedness of (2) can be assessed along the
fregiuency axis using the structured singular value

71
BralM(jw)] = X 3)
mlﬂ{E(A(jw)):AEA,det(I—M(jw}A[jw))zo}

In words s is the reciprocal of the smallest A(jw)
{where we use & as the norm) we can find in the
set A that makes the matrix I— M(jw)A(jw) sin-
gular. If no such A exists, ua is taken to be zero.
If M is stable, the following theorems apply 14:

1. Nominal performance is satisfied if and
only if :

1Ma22(jw)lee < 1 (4)

2. Robust stability is satisfied if and only

{8)

if
3. Robust performance is satisfied if and
only if

[LA[MH(ij <1 Vw

sa [M(jw)] <1 Vw (6)

Where the augmented perturbation A,
diag(A, Ap) is connected around the system M
(Ap is a fictitions full complex perturbation ma-
trix).

To synthesize a controiler that achieves robust per-
formance, we need to minimize Ha JM]. This is
done by minimizing an upper bound 2:

nfinf | DM(P,K)D™* |,

where D is a scaling matrix with structure de-
pending on A,. The problem is solved iteratively:
holding D constant, we have an Hy optimization
problem °, while holding K constant, the opti-
mization problem is convex in in(D). This iter-
ation is not guaranteed to converge, but usually
works well. Since real-valued and repeated pa-
Tameters in A are addressed as complex and inde-
pendent, the optimized upper bound may be con-
servative. For a more thorough treatment of the
theory outlined above, see refs. 17,
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4. Development of LF-PUM models

In order to incorporate an aircraft model with its
parametric uncertainties p,, into the interconnec-
tion structure depicted in figure 3(a), it is nec-
essary to formulate this model in LFT form as
well, called Linear Fraction Parametric Uncer-
tainty Model (LF-PUM). For this work, the LF-
PUM could be generated automatically from the
nonlinear aircraft model. This model has been de-
veloped in the object-oriented modeling environ-
ment Dymola 6, using the DLR Flight-Dynamics
library 12, Using Dymola, symbolic differential
equations of the model are generated. Via sym-
bolic linearization and substitution of trim values
for the state and input vectors, the following linear
model is obtained 16,

identified: Stability and Command Augmentation
(SCA), Speed/Path Tracking (SPT), and Guid-
ance. The lateral and longitudinal path track-
ing functions are used for approach path track-
ing, based on geometrical deviations that are es-
timated from Iocalizer and glide slope signals in
the LOC and GS modes respectively. The lon-
gitudinal SPT function also has to maintain the
selected approach speed Vapp. Thrust commands
(T} generated by this function are transformed
into Engine Pressure Ratio {(6£rr) commands via
an inverse thrust map.

stab. & command
augmeniation

guidance speed/path

LA 1. b
‘ : ‘Talign

. Measured | | LOC | L?rl::l:;m
VE4 A(p,)dz + B{py)du (7 signals | . 3¢
8y = C(p.)éz + D(p,)du & T i ﬁ_*fc-‘**

‘where § denotes small perturbations from the
trimmed condition. Sinee the dependencies on the
parameters p,, are rational (eq. 1), this state space
realization can be automatically transformed into

an LFT, using the Parametric Uncertainty Model-
ing (PUM) toolbox 9. Separate LF-PUM descrip-
tions for lateral and longitudinal dynarmics have

" been generated. The algorithms in the PUM tool-
box heavily rely on reduction of multi-dimensional
systems, sometimes still resulting in high order
LF-PUM descriptions. The resulting matrices A
for the Iongitudinal and Iateral dynamics are:

Dion = diag (ACpL, AC,,I,, ALl Apg T,
AC Lol ACpg, ACn;., Aly,)
Alat = dia.g (ACY>ACZG;ACHO:ACIPJAC’M‘)

Acnp: Acm': ACEJ,, H ACMF 3 AOnb'q 3
ACnJ,. b AIH:: AIZ? AIa:zIQ)

(9)
where for example AC Iz Tepresents the tolerance
on the drag coefficient Cp, which is repeated twice
on the diagonal of A,,,. All longitudinal param-
eters are normalized according to their assumed
bounds of 10%, the ground effect parameter g,
and the lateral parameters are scaled to 30%.

5. Controller architecture (A)

The autoland system design has been performed
along the lines of figure 2. As a first step (block
A), the over-all controller architecture as depicted
in figure 4 was defined. Three main loops can be

4

. Feedback sig-

! nat synthesis
TR

Figure 4: Autoland controller architecture (Re-
mark: for block inputs, only command and error
signals shown)

Shortly before touch down, the Flare, Retard, and
Align functions are engaged. The align function
controls lateral deviation Ye and aircraft vaw an-
gle ¢, nsing the runway heading ., as reference.
The currently implemented flare mode is based on
the variable Tau structure 10, which features low
touch down dispersions under varying wind con-
ditions. Pitch attitude behavior during flare plays
an important role in pilot acceptance. For this rea-
son, it was decided to control this variable in an
inner loop (figure 4), allowing its behavior during
flare to be shaped more easily,

Thrust retard is performed at 2 constant rate
depr (proportional to the ground speed at flare
init), such, that the throttles reach idle position
at touchdown.

Finally, in order to reduce the turbulence noise
level in air data signals, complementary filtering
between inertial and air data is applied in a Feed-
back Signal Synthesis function (figure 4).
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The controller architecture (figure 4) shows a clear
functional breakdown. The next step is the de-
tailed design of the individual controller functions
{blocks B in figure 2). The design approach for
each individual function depends on the influence
of the different types of varying and uncertain pa-
rameters {(p,, p,, p,, see section 1.

Uncertain aircraft model and aircraft configura-
tion and loading parameters {(Puspa) directly influ-
ence aircraft dynamics and therefore performance
and stability of the closed Ioop system. At this
point, the tracking functions {pitch attitude inner
loop, align, longitudinal and lateral path/speed
tracking functions) are mostly affected. For this
Teason, these components are designed using p-
synthesis, which allows robustness to the uncertain
parameters {6 be addressed in a highly structured
way. Since scheduling of #-synthesis control laws
is not straight forward, it was decided to (conser-
vatively) treat parameters P as uncertain param-
eters for now. In a future design, the intention is
to compensate for the effect of varying p, using
a Dynamic Inversion inner loop 4, 1, or with the
help of LPV techniques 7.

Environment parameters Pe (except for head and
eross wind levels Wxss and Wyas, see figure 1)
mainly influence reference generation rather than
tracking performance. These parameters are most
effectively dealt with using complementary filter-
ing 10,11 pop example, a sloping TUNWay (Ypy,
in figure 1) effectively changes the aircraft sink
rate relative to the runway surface, The runway-
referenced sink rate can be estimated by comple-
mentarily filtering of the radio altitude H,, and
Inertial vertical velocity Vy signals. The possible
occurrence of a "sea step’ (H,,), basically prohibits
the use of the radio altimeter as 2 feedback signal,
until the aircraft is close to the runway threshold.

The GS and LOC modes are most affected by en-
vironment parameters, and not by uncertain or
known aircraft parameters. For this reason, these
functions have classical structures.

The flare law is most sensitive to variations in all
types of parameters, especially wind and turbu-
lence. Having chosen a robust pitch attitude in-
ner loop, proportional sink rate and altitude feed
back in the variable Tan structure turned out to
give most satisfactory results. However, it was re-
alized that robustness to for example ground effect
related uncertainty is not addressed in this way.

5

6. Design of controller functions (B)

The design process for controller functions using
p-synthesis is depicted in figure 5. It will be ex-
plained by example for the fare pitch attitude in-
ner loop and align mode. The automatic gener-
ation of LF-PUMs (top left block} has been dis-
cussed in section 4,

{currang) .

nonlingar — (Automatic)

aircraft generation of
model LF-PUM {p}

Functional
Design Req/ E
Certification ™ [

spers

Centrol law function
ready for integratian

Figure 5: Control function design with g-synthesis

Pitch attitude controller

Principal objectives for the design of the flare law
inner loop arose iteratively in loop 1 in figure 2:
— use pitch controller to keep control over pitch
attitude and avoid drops of the nose;

~ avoid pitch overshoot at afl cost;

~design for a fast response, i.e. small rise time;
— use preferably, inertial referenced signals to
reduce sensitivity to noise and turbulence.

In a p-synthesis design, performance specifications
are reflected via frequency dependent weighting
functions (figure 5). These are applied on signals
of interest in the control loop. To this end, it is
common practice to start the design with drawing
an interconnection structure (central block in fig-
ure 5), see fizure 6. The principal feedback loop
consists of the aircraft LF-PUM (AC, Ayy), the
controller K, sensor models Hopns, the first order
actuator (bandwidth B,ot), and a stractural fil-
ter Hg. 'Fhe latter was prescribed and had to
be implemented with the controller. The princi-
pal task of the controller is pitch attitude tracking.
"The control input is elevator § &, the measurements
are ¢ and 8. The aircraft LF-PUM is generated
around a trim point shortly before flare, where the
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i, H
D meis_u

Figure 6: Interconnection structure for synthesis
of the 8 controller

ground effect is already inHuential {h=20m, and
7 = —3°).
In figure 6 a reference command is obtained from

-

scaling the normalized reference &, with W4
Wema = 37/180 rad

The desired closed-loop command response be-
havior is reflected by the ideal model filier Hiy.
"This filter turned out to be crucial for flare perfor-
mance. After some trials (loop 1 in figure 5) the
following weight was selected:

0.8?
s2+2.09-0.8s5 4 0.82

In order to impose the ideal command response be-
havior on the closed loop system, the difference be-
tween the output from and AC and H;q is weighted
using Wp. At lower frequencies the error should be
small, beyond the bandwidth of H4, this can be
relaxed. This is reflected in the weight by applying
higher magnitude at lower frequencies:

3000 &s+1
Wcmd 9—'__&92 s++1

Hyy =

W, =

The weight shows approximate integration up to a
frequency of 10 rad /s, forcing the steady state er-
ror to be very small (i.e. < 1 /3000). The location
of the zero played a role in forcing controller roll-
off. The weight Wy is multiplied with the inverse
of Wemna, so that the weighted error is relative to
the command @,. Finally, in order to limit con-
trol activity, weights were applied on the elevator
command and its rate:

_ 1180 1180

T 10 <2 n
The signal from the sensors {Hsens) may be cor-
rupted by noise. This is reflected by adding fil-
tered noise to the feed back signals using W,,,.:

1
TS 1
Wosise; = 5 - 10—6&1&

%s-}—l

,With i = 1,2

6

At low frequencies, the magnitude is kept low; the
transfer function from W, ,;,.n to @ is a comple-
mentary sensitivity functicn which directly affects
the error #, that is weighted by Wo.

The uncertainties in the model AC reflect toler-
ances on aerodynamic and inertia coefficients. In
order to account for unspecified uncertainties such
as time delays, unmodeled dynamics, etc., addi-
tional multiplicative uncertainty at the plant in-
put is added. This is reflected using a normalized
de, and a frequency dependent scaling Wors:

iIs+1
Woery = 0,202~
pert %s +1

At lower frequencies, the error may be up to 20%,
increasing from 3 rad/s up to a level of 30/3*0.2
*100%=333%. Additionally, this weight forces the
controller to roll off at higher frequencies, prevent-
ing fast actuator activity.

For p-synthesis (see figure 5), the interconnection
structure in figure 6 is transformed into the gener-
alized plant as depicted in figure 3(a). Al uncer-
tainty (Ay,,, 4,) is collected into the block A, the
controller is in X, and the aircraft model, weight-
ing functions, etc. are in the block P. Robust
performance is now optimized via D-K iteration.
As meniioned in section 3, due to limitations in the
algorithms, real and repeated entries in the matrix
Ajon have to be conservatively treated as complex
and independent parameters. However, this did
not turn out to pose severe problems. The result-
ing controller has order 54, which is reduced to 11
using balanced truncation 2.

During the design of a controller using yp-synthesis,
performance and robustness assessment of inter-
mediate results is mainly done via f-analysis (in
face of real-valued perturbations) and batch simu-
lations {figure 5). Based on the results, weighting
functions may be adjusted (loop 1), the controller
gtructure may be reconsidered {loop 2), or the level
of uncertainty may have ta be adapted in case the
balance shifts too much towards robusiness (loop
3). Figure 7 depicts #-analysis results based on the
interconnection structure in figure 6, performed
with respect to the real A, {eq. 9) and complex
d¢, and the final set of performance weights. Most
importantly, robust stability (RS) is satisfied since
the y-plot stays below 1 for all frequencies (eq. 5).
This implies that the system is stable for all un-
certain parameter combinations. Nominal perfor-
mance (NP) with respect to the selected weighting
functions is almost satisfied (eq. 4), rabust perfor-
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mance (RP) is not satisfied {eq. 6). The latter is
the ohjective that was (indirectly) optimized via
D-K iteration. The achieved peak value of 1.48
means that the imposed performance requirements
cannot be met for all uncertain parameter combi-
nations. One measure to improve the p-value is
0 design with a lower level of those uncertainties
that mostly affect the synthesis (loop 3 in figure 5).
However, stability robustness to the full range of
uncertainty is then no longer incorporated. Fur-
thermore, since nominal performance is practically
achieved, the level of performance traded in for ro-
bustness (48 %) is considered acceptable.

Robust parformance "
14; 4
124
4
D ra 1Y .
S .J. _'1’ 17\
2 ; '
§,oa— It Y
H Normifial performance
al= s
Y. |
k)
o4 ; .o
H M
Robust stability ‘.\
1973 102 1677 129 107 102 10¢
elrads

Figure 7: p-Analysis of the pitch attitude con-
troller

During the design, time responses are inspected
continuously, in order io iterate on shaping the
weighting functions (loop 1 in figure 5). This is
not always straight forward, since typical criteria
such as overshoot and rise time only translate indi-
rectly. Time simulations for randomly selected pa-
rameter combinations are shown in figure 8. The
result is satisfactory (no overshoot) and shows low
sensitivity to model uncertainty,

Flare low

The flare law is shown in figure 8. A sink rate error
is fed back via K FrL, which in this case has heen
scheduled as a function of Pa. The sink rate refer-
ence is generated from the deviation from the radio
height with respect to a virtual reference that is
at Hy;,, below the runway surface. The flare tra-
Jjectory is exponential with a time constant 7. In
order to obtain low touch down dispersions, the
time constant is position, rather than time ref-
erenced. This is achieved by scaling 7 with the
ground speed 10; 7 = (Vg /Vy). The flare law
was tuned by hand,

] 2 4 [ 8 10 12 14
fime jsact

1. 10 20

Figure 8: Nonlinear # step responses for different

Ajen combinations

]
% | &m ‘ E - +§ 9
" v |
Variable Tau e Feed forward i H ﬂ
i gra ﬂ‘J

?

Figure 9: Flare law

The most important design constraints were a

nominal touch down point near 400 m from the
runway threshold, and a nominal sink rate of near
2.5 ft/s at touch down. Furthermore, for pilot
acceptance reasons, pitch attitude may only rise,
and the vertical acceleration may not change sign.
The variable Tau structure turned out to have not
enough degrees of freedom to satisfy these con-
straints. Furthermore, the ground effect heavily
influences pitch attitude dynamics, in spite of tight
inner loop control. For this reason, open loop com-
mands as in figure 9 (Batep, Bramp) were added.
The parameters Kp; and @step Wwere scheduled as
a function of the mass and the center of gravity
location. With help of the feed forward, all con-
straints could be met, except for the touch down
point, which is nominally at 374 m. Flare initia-
tion height hs,,. was selected at 15 m.

Align controller

The interconnection structure for the align con-
troller is depicted in figure 10. For this function,
several configurations were tried (loop 2 in fig-
ure 5), such as separate %, o and ¢, ¥ command
tracking inner loops, but the combination of d¥
(lateral devisation from runway center line) and ¢
gave best performance. The reference AYema (=
0) is intended to keep lateral localizer deviation
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=
1
+

H r’j
T

Figure 10: Interconnection struecture for the syn-

thesis of the dY/¥ controller

small, while the aircraft heading is aligned with
the runway center line via a % command. The con-
trols used are aileron (§4) and rudder (ér}. The
controller inputs are dYome (commanded offset
from localizer), dy (offset from localizer), % cma,
¥ X, p, 7, ¢. The command deviation and yaw
angle are scaled using:

Wcmd = (Wcmddy; Wcmd,;,)T = (15 Z%JT

0
This weight is an important means to influence
cross-coupling between the dV and 1 channels,
see ¥, and was determined iteratively (loop 1 in
figure 5). The objectives of the weightings are
very similar to those for the pitch attitude con-
troller. The block AC now contains the lateral
aircraft dynamics, the uncertainty A contains
lateral uncertain parameters as described in eq. 9.
The complex uncertainty on the aileron and rud-
der inputs A, are scaled with:

%S'f-l

W pertay = 1
Tegs +1
1040

pertoug = 0.1

allowing a steady state error of 16%. The ideal
models (in H,;) were chosen as:

_—_ 0.157
idgy == 2492. 0.9-0.158 + 0.152
for dY: and
0.32
Wia, = 82+2.0.9-0.3s5+ 032

for 1. The error weights are respectively:

1
8+ I
7 — -1
H’de - 2000-03013 +1 emdgy
and .
;o ?-S' +1 -1
W,, = 4100 S Wena,

American Institute of

Yo
W
K Ef‘d}w

8

The weights on actuator deflections and rates are:

1 180 1 180

E 720 g

W,
40 r°’ oz

W, =W;, = =W;
Finally, the sensors outputs are corrupted with a
noise level of W,,,;,. = 105,

Again, p-synthesis was performed via D-K itera-
tion, resulting in a controller with order 80, which
was reduced to 25 using balanced truncation. -
The lateral deviation dY in the align controller is
obtained from the localizer gignal, which may be
corrupied with noise. In order to improve signal

quality, complementary filtering is applied:
av=_2Y | 1V
75+1 Ts+1

where AY is the lateral deviation computed
from the localizer signal, ¥ is estimated from:
Vesin(x — ¥rwy), and 7 = 0.4, Note that it is
assurned that Yrwy 18 known exactly.

2. v T

Robust performance
2 -
21.5¢
2
E
g
=
0.5- B
PEYR i N A
Robust stability Ml
o3 2 1 N ?17‘-" 5 5
0 10 10 10 18 10 0=
©fradss]

Figure 11: #-Analysis of align controller

The u-analysis plots for the align controller can be
found in figure 11. The same conclusions can be
drawn as for the pitch attitude controller, Note
that performance considerably deteriorates due to
uncertainty (RP ~ 2.1}, Closer analysis revealed
that this is mainly caused by uncertainty in the
lateral inertia coefficients. The effect is most ap-
parant in decoupling hetween heading angle and
lateral position tracking. This is illustrated in fig-
ure 12, showing nonlinear step responses to a head-
ing (align) command for random combinations of
uncertain parameters.
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Figure 12: Nonlinear ¥ step response for random

combinations of uncertajn parameters (.4 =
8 deg).

7. Controller assessment (D)

After integration of all designed functions (block C
in figure 2), the performance of the completed au-
toland controller (figure 4) can be assessed {block
D). First, in order to get an impression of the over-
all autoland system, a nominal landing simulation
without wind, and one with 20 kts cross wind is
performed, see figures 13 and 14 respectively.

Hea —>(XTP=374.1125) ¥z —»(VZTP=2.9050)

Figure 13: Nominal Sare manoeuver

The touch down parameters such as sink rate and
distance from threshold / center line are satisfac-
tory, as well as pitch attityde behavior during flare
and the amount of decrab in case of cross wind.

An important test for certification is Monte Carlo
analysis (section 1). During MC analysis, 2000

9

¥ -=»{75.5429 percent docrabed)

¢ 200 400
AY —-a{YTP=-2 618]

-200 [ 200 400 800 = [ 208 400 00

Figure 14: Nominal flare/decrab manoeuver with
maximum cross wind

landing simulations are performed with different
combinations of aircraft loading and environment
parameters (p,, p,). These parameters are se-
lected randomly according to specified distribution
functions 8. After each simulation the landing gear
height 60m from the threshold (HTP60), the lon-
gitudinal and lateral touch down points w.r.t. the
threshold and center line (XTP, YTP), the sink
rate (VZTP), the roll angle (PHI), and slip angle
(S8TP) at touch down are determined. Assuming
Gaussian distributions of the resulting variables,
risks of exceeding specific Iimit values can be esti-
mated via the associated cumulative distribution
functions.

In this paper, only so-called average risk analysis
resulis are shown (normally also limit risks have
to be performed, in which one of the parameters is
fixed to an extreme value). For certification, MQ
analysis is to be performed using a nominal, but
high fidelity (flight test validated) aircraft model,
In our case, only the simplified design model was
available. In order to test if the control laws would
still perform sufficiently in case the design and MC
models differ (which may well occur in practice),
we performed the analysis with the nominal {de-
sign) aircraft model, ag well as six models with
worst-case parameter vectors Py. These worst-
case combinations were found from simulations as
shown in figures 13 and 14, by gridding parame-
ters p, hetween their maximum or minimum val-
ues. In this way, parameter vectors with worst
PHI, HTP60, XTP, VZTP, SSTP, and YTP val-
ues were obtained,

The so-called cumulative distribution plots result-
ing from the seven (1 nominal, 6 worst-cases)
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Monte Carlo analyses can be found in figure 15.
In a subplot, each curve belongs to a worsi-case
parameter vector p,. The end-points of the curves
belonging to the nominal model have been marked
with a star. As an example for interpretation, con-
sider the plot for PHI (roll angle at touch down).
The probability of landing with a roll angle of more
than 10 degrees is 10, Each curve should stay
outside the colored areas, i.e. the risk value for
PHI is 12 deg (left side of colored area), which
means that the probability of landing at a higher
roll angle may not be more than 10~%. Since the
nominal curve (marked with star) stays outside
the shaded area, this risk is not exceeded., From
the VZTP figure it can be seen that the risk of
landing with a sink rate larger than the limit value
Is violated, even for the nominal model. This
is mainly caused by the effect of turbulence. In

LeglpiHTPE0 =} (m} . JoghplXTP 5 xj) ()

B0 1000 1200
lag[pVZTP > xj] {ms)

B

Figure 15: Cumulative distribution of the average
risks for worst case uncertain model parameters

addition to the sink rate, the risk limits for lat-
eral touch down location (YTP) and roll angle at
touchdown (PHI) are not fulfilled in some model
cases. In figure 12, the sensitivity of the head-
ing step response (basically an align manoeuver)
is considerably lower than for the associated re-
sponse of dY. This correlates with the fact that
the slip angle (SSTP) shows lower sensitivity and
better performance than YTP in figure 15.

In order to interpret the results, it is helpful to
compare the resnlts with a reference controller, see
figure 16. This controller nominally performs con-
siderably better (curves indicated by star), but for
the lateral risks, the spread of the curves is con-
siderably larger, indicating larger sensitivity. Lon-
gitudinally, the reference controller is better, es-

Logt[p{HTPS0 < x3} {m} hg[v\'XTP > X} {m}

4 5 a
.., [HRLIVIFL 2 o)

Figure 16: Cumulative distribution of the average
risks for worst case uncertain model parameters,
reference controller

peciaily regarding VZTP. This may be caused by
the fact that in the flare law, uncertainty was only
considered in the pitch attitude inner loop design.

8. Conclusions

A successful automatic landing system design
based on p-synthesis was performed, with empha-
sis on handling uncertain model parameters. For
the nominal case, the system nearly passes pre-
scribed Monte Carlo average risks analysis. Ful-
filling all eriteria will require further enhancements
in the controller architecture (see figure 2), and /or
the amount of uncertainty may have to be reduced
(see below).

Achievemnent of the objective to reduce model-
related design iterations {loop 3), is hard to as
sess. In order to get some indication, MC analy-
sis was performed with worst-case uncertain air-
craft model parameters. Compared with a ref
erence controller, lower sensitivity to model un-
certainty has been achieved for lateral dynamics,
where uncertainty had been addressed to full ex-
tent in the synthesis. For the flare, this was only
done in the inner loop. Design of this function
using p-synthesis may improve robustness, but an
effective way to impose constraints on pitch atti-
tude behavior must be found,

Design specifications could be successfully trans-
lated into weighting functions in the frequency do-
main, but this required many iterations in loop 1
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in figure 5, as well as in figure 2. For the present
autoland problem, the application of p-synthesis
may not have reduced the amount, of trial and er-
ror in achieving the performance objectives com-
pared with a classical design.

The developed autoland system has a modular
structure. The dynamic orders of the components
that have been designed with p-synthesis are rela-
tively high (eg. 25 for the align function). The ap-
plication of advanced order reduction algorithins
may help to improve this. The specified tolerances
on model parameters could be addressed directly
in the p-framework. However, the probability of
uncertain parameter corbinations to actually oc-
¢ur, can not be taken into account. For example,
an offset of 30% on all lateral Parareters is very
unlikely to occur; a single parameter with this ofl-
set is quite likely however. Aga consequence, more
performance may have been traded in than actu-
ally necessary, and the performed analysis is too
conservative. Therefore, future work will address
reduction of uncertainty by taking probability of
parameter combinations into account,
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