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Abstract: This paper focuses on the application of H.. preview control in automatic carrier landing system (ACLS)

for carrier-based aircraft. Due to the mutual movement between aircraft and carrier, the landing process becomes

considerably more challenging compared to a conventional runway landing. ACLS systems mitigate this by predicting

deck motion and generating ideal glide slope path for tracking. Although, this predicted glide slope information is

available in advance, conventional control structures are still unable to use this future information. H.. preview control

has the ability to utilize this future information for improving tracking response and disturbance rejection. The process

of incorporating preview information into ACLS framework and synthesizing the H.. preview controller is presented.

The methodology is verified using the example of F/A-18 automatic carrier landing problem and results are presented.

Key words: H.. control; preview control; carrier-based aircraft; automatic carrier landing; robust preview control

CLC number: V249 Document code: A

0 Introduction

One of the most demanding tasks facing a pilot
is landing of an aircraft on a carrier. The rough
ocean environment, a short landing strip, and move-
ment of the carrier make carrier based landing con-
siderably more daunting compared to landing on a
stationary ground based runway''*. Pitch and heave
motion of the carrier, brought about by rough ocean
conditions, can dramatically change the touchdown
point and cause large vertical deck velocities. This
can result in reducing impact velocity margins™. In
most modern aircrafts, low speeds of approach are
more prone to unstable, especially in the presence

of air-wake disturbances'*®

. The compounded ef-
fects of all these factors make the automatic carrier
landing a difficult control problem with tight track-
ing error tolerances'” . Automatic carrier landing sys-
tem (ACLS) helps ensure the safest approach veloc-
ity and descent slope to the carrier deck and touch-
down'”. Since the ideal glide slope trajectory is al-

ready known and deck motion is predictable to some
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degree, ACLS becomes an ideal application for pre-

view control®. Preview control utilizes this future

information to greatly enhance transient response"’.
Recently, there has been an increasing interest

in preview control'"""

. One of the most popular ap-
proaches for synthesizing discrete-time optimal pre-
view controllers is to augment the system with a de-
lay line model and converting the preview control
problem to standard H,/H.. control framework .
A problem with this approach is that the size of asso-
ciated discrete algebraic Riccati equation (DARE)
increases with the increase in preview length. The
usual methods of brute force optimization quickly be-
come infeasible with longer preview lengths. This

Wand for

problem has been solved recently for H,'
H_'"" . H, control methods have been significantly
more attractive to engineers in the past due to the
difficulties associated with H.. based methods.
Therefore most of the theoretical work on H.. based
preview control was scattered over numerous publi-
cations. A single and generic framework for solving

H.. preview control problems was unavailable until
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recently'®’. The main contribution of this paper is to
apply the techniques refined and collected for tack-
ling H.. preview control problems, from an engi-
neering point of view, to the ACLS framework.
The process of adding preview to a traditional
ACLS control problem and synthesis of controller
using standard H.. control theory®" is discussed. Fi-
nally, the methodology is verified using the exam-

ple of F/A-18 automatic carrier landing problem.

1 Problem Statement

Although H.. preview control has considerable
scope for application given the superior performance
and robustness properties, the work is mostly theo-
retical in nature and there is a need to produce a ge-
neric set of tools for application in flight control.
The aim of this work is to provide a set of practical
solutions for application of H.. preview control to
flight control by using the example of ACLS. Fur-
thermore, the procedure of adding preview to a stan-
dard ACLS framework and converting the resulting
preview control problem into standard H. frame-

[24]

work as given in Green & Limebeer *', needs to be

laid out in an application friendly manner.
2 H. Preview Control Scheme

2.1 Generalized plant model

Consider the following generalized linear dis-
crete plant model (Fig. 1), as Green &. Limebeer'*"’

x(k+1) =A,x(k)+ Byr(k)+ Byu(k)
G=1 z(k) =Crax(k)+ Dyr(k)+ Dyulk)
y(k) = Cyoax(k)+ Doyr(k)

where x (%) € R™ is the state vector, u(£)€E R" the
control input, =z(k)& R’ the cost output, and
y(%) € R™ the measurement output of the system.
Moreover, r(k)€E R" denotes the previewable ex-
ogenous signal which can be considered as reference
signal or the disturbance. Let the preview length be
N, i.e. the values of r(k),r(k+1),---,r(k+N)
are available for the controller.

The objective is to synthesize a controller K =

[ K,'K,"]"which generates the control input as"*"

r . z
z
L G

—

Fig.1 Generalized regulator with preview

u(k)= K, x(k)+ iK,.,r(/eJrz') (1)

such that ||TrﬂHmis minimized. The controller

comprises of two parts, i.e. one feedback term and

one feedforward term.
2.2 State augmentation

The procedure for converting the H., preview
control problem into standard H.. framework®’ in-
volves augmenting the delay line model to the state
space model of the system. This allows us to utilize
the methods of H.. control theory'*' for synthesizing
controller gains. Let’s define

plk)=r(k+N—1) (2)

Let x,(%) be the vector containing the pre-

viewed signal available for control
rik) pk—N+1)
r(k+1) plk—N+2) c

[(N+1)
R

x,(k)=

r(k+N)
We have
{xp(/w 1)=A,z,(k)+ B,p(k)

ple+1)

Y, (k)= C,x,(k)
where ¢ is the system for N-step delay line and
A,, B,, C, are defined by

0 I 0 0
(N :
A= J ,B,— o ,C—=[I 0 - 0]
0 0 1
Now, define the augmented state vector
x(k)=[x'(k) (k)] 3)

The augmented system formed by combining
G and ¢ is given by
x(k+1)=Ax(k)+ B, p(k)+ B,u(k)
P==< 2(k) = C,x(k)+ D, p(k)+ D u(k)
y(k) = Cox(k)+ D, p(k)

where
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Z_[Ag Blgc,} 5 _[o} E?_[Bﬂ
o A, 1" BJSTT Lo

Cc,=[C, D.GC).D,=[0].D,=[D,]
C,=[Cy Du,C,1.D,y=[0]
It is clearly seen that the preview controller of
Eq.(1) is a

system P. In general, the state information is avail-

state feedback law for the augmented

able for feedback in flight control applications

through the implementation of an observer. The gen-

eralized plant with preview can be represented as'#

A | B, B,

P= Cl 511 Bu (4)
I 0 0
0 1 0

This description of the plant model is now com-
patible with the full information H..control problem

[24]

laid out in Green & Limebeer®, and which satisfies

the following assumptions: (1) (Z,Ez) 1s stabiliz-

— — A*Gﬂ B)
able, (2) D ,D,, >0, (3) Rank | _ _ =
Cl DIZ

n+m, Y0e( — =, m).

Now define

(5. B = {o Bzﬂ
B, 0

|:DIZ(/1g + Dl?DllgC:|
Q= Cl C1 - (/lg(/lg+ Clelnglng

— —
R— D,D,—y1 D,D, |:—}/21 0 :|

Also define
A.—A—BR 'L

124 it is shown that if as-

In Green &. Limebeer
sumptions (1)—(3) are satisfied, a stabilizing con-
troller K of the form Eq.(1) which achieves

| T,..l . <y, exists, if and only if there exists a
semi positive definite matrix X which solves the Dis-

crete algebraic Riccati equation(DARE)

X=AXA+Q-IR 'L (5)
such that A, is asymptotically stable and
vzﬁliﬁ;ﬁslﬁz (6)

is negative definite.
The controller K is given by
K=-R,[L, R, (7)
If Eq.(6) is negative definite, X is a feasible
solution and if A, is asymptotically stable, X is a sta-
Hence, the full

H..control problem has a solution if and only if X is

bilizing solution. information

semi positive definite, feasible and stable'*".

By converting the preview problem into a form
which is compatible with full information H.. control
theory'®', we can utilize the powerful mathematical
tools at our disposal to obtain requisite performance
and fine tune close loop characteristics of the system
like fast convergence, disturbance rejection, uncer-

tainty robustness etc.

3 ACLS Framework

This section describes how to convert a tradi-
tional ACLS control problem to a preview control
problem so that we may use the methods described
in the previous section to obtain a H. preview con-
troller.

ACLS can be divided into two main subsys-
tems namely the guidance system and the flight con-
trol system'’. The guidance system generates land-
ing commands and reference glide slope for the
flight control system. The control system can be fur-
ther divided into lateral control system and longitudi-
nal control system. The preview information avail-
able for flight control system is the ideal glide slope
height H, and lateral bias Y,. Fig.2 shows an over-

view of the ACLS.
3.1 Aircraft model description

The discretized linearized aircraft model has
the following form
x(k+1)=Ax(k)+ Bu(k) (8)
where the state vector is given as
x=[Av Aa Ag A9 AH AR Ap Ar Ag Ay Y T
The individual state variables are the airspeed,

angle of attack, pitch rate, pitch, altitude, sideslip
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Fig.2 ACLS overview

angle, roll rate, yaw rate, roll, yaw and lateral bias

respectively. The control input vector u=
[ AG, A6+ AS, AS,] consists of control surfaces actu-
ators and throttle inputs respectively as: elevator an-
gle, throttle opening, aileron angle and rudder an-
gle. Aand B are state matrix and input matrix re-
spectively. After decoupling the lateral and the longi-

tudinal channel, we have

xlnn(k—i_ 1): on(k)+Blonuloxl(k) (9)
on(/e) ClonI]on(k)
xlﬂi(k+ 1) nxhx( )+BlnTulaT(k)
10
( ) Chxl‘hl(k) ( )

Here the longitudinal state variable is
T =[Av Aa Ag A0 AH
and the longitudinal control input is
o = AG, A6
whereas the lateral state variable 1s
T =[AB Ap Ar Ap Ay Y ]
and the lateral control input is
w, —[ A6, OS]

where A, Bin, A, B are the coefficient matrices.

3.2 Longitudinal control system

The longitudinal control system tracks the ideal
glide slope altitude by adjusting the elevator angle
and the throttle input. The preview information for
longitudinal preview controller is the ideal glide

slope height H. relative to the flight deck. To con-

vert the longitudinal channel into a form like G, we
have to augment the preview information H, (%) to
the longitudinal channel given in Eq.(9) and Eq.
(10). Define
(k) = H. (k) — yin (k) (11)
Z(k)=[ 20, (k) e(k)] (12)

We obtain the following system

Z(k+ 1) =Az(k)+ B H.(k)+ Bou(k) (13)
2(k)=C,2(k)+ Dy H.(k)+ Dyou(k) (14)
(k)= C,2(k)+ Dy, H (k) (15)

where

This is now a plant similar to general linearized
discrete plant of the form G. Similar to the process
explained in Section 2.2, the delay line state can be

augmented as y,,, (£)=[ 2'(k) x;(k)]. Define

Zlon: |:A Blcl?:|’ Elonl - |:O:|7 E]onZZ |:BZ:|
0 A, B, 0
Cin [Cl Dll C ] D, = [O]

So, the full information version of longitudinal

channel is given as
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Z lon E lonl E lon2
Plon E lonl B lon11 5 lon12 ( 1 6)
1 0 0
0 1 0

Assuming P,,, satisfies assumptions (1)—(3),
the corresponding DARE similar to Eq.(5) can be
solved to obtain H.. controller K,,, for a norm y, as
shown earlier. The closed loop transfer function
(Fig.3) can be obtained by the linear fractional tran-
sformation F\( P\, K,).

z:FI(PImHKlon)Hz (17)
If we partition Py, as
P — {P v P } (18)
PZl P22

then
Fl(Plnanlon):Pll +P12(1_KlonPZZ)flKlonPZI(lg)

H,

—_— —>z
P,
Uion y
K.

Fig.3 Longitudinal channel closed loop

The minimization of the following cost function

Jo(Ki)= | Fi (P, Kl .o <y (20)

ensures the robustness properties of the H.. control~

ler whereas the added preview improves the track-
ing and responsiveness of the resulting controller.

For the preview length to be N, the H.. pre-

view controller has the form
Aulnn - K.I‘rlOﬂ ( k )+ Ke'elnn ( k )+

; Ky(i)H (k+1i)

3.3 Lateral control system

For a successful landing, the aircraft has to fol-
low a reference glide trajectory. Lateral control sys-
tem ensures the aircrafts stay on the center line lead-
ing to the touchdown point and correct any errors in
the azimuthal angle. This is achieved by controlling
the roll angle using the aileron and rudder to stay on

the trajectory. Reference signal available for pre-

view is the lateral bias Y,. Similar to the longitudi-
nal control system design, we have to augment the
preview information Y,.(%) to the lateral channel
and convert the resulting system to standard H.,
framework by further augmenting the delay line as.
The H.. lateral preview control input has the follow-

ing form
N

Aulal:K.l‘xlal(k)+ Kkelat(k)+ EKY(Z)Y<('%+ Z)

4 Simulation Results

For simulation and verification purposes, a lin-
earized model of F/A-18 trimmed at carrier landing
phase was used. Trim state values are shown in Ta-

ble 1.

Table 1 Trim state values

Parameter Value
V/(mes ") 69.3
al/(?) 8.5
q/((°)=s7h) 0
a/(°) 5
B/(%) 0
p/(()s ) 0
r/(°) 0
o/(°) 0
w/ (%) 0
0,/(°) —3.17
o+/% 0.43
0,/(%) 0
0,/(°) 0
H/m 240.7

The linearized equilibrium state model of the fi-

nal-approach dynamics has the following form
x(k+1)=Ax(k)+ Bu(k) (21)
where state
x=[AV Aa Aq A AR Ap Ar Ag Ay AH AY
and input
u=[A8, A6 DO, AS,]
This state space model can be decoupled into

lateral and longitudinal models.
4.1 F/A-18 longitudinal model

After discretization with a sampling time of

0.01 s, the state matrices of longitudinal approach
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dynamics are given as follows

—0.0045 18.8037
—0.0014 —0.0123
B, = | —0.0260 0
0 0
0 0

[ 0.0895  3.3703 —0.0254 —32.1112 0

—0.0012 —0.5871 0.9908 0.0085 0

1 0 —0.3001 —0.1845 0 0

o 0 0 1 0 0l
—70 70

0 0.3048 0 03048

4.2 F/A-18 lateral model

time of 0.01 s, the state matrices of lateral approach

Similarly, after discretization with a sampling dynamics are given as follows

[—0.1035 0.1474  —0.9872 0.141 0
—4.0684 —1.2514 0.5846 0 0
A — 0.558 3 —0.009 —0.0791 0 0
" 0 0 1 0 0
70
L 0 0 0 0 0.304 8
4.3 Controller response
70.0
For simulating automatic carrier landing condi- 69.8
69.6
tions, Fig.4 and Fig.5 show the height response and ~ 69.4
' 69.2
the velocity response with a longitudinal controller, § 69.0 -
and Fig.6 shows the deviation response with a later- = 22'2
al controller, both of them are based on H..preview 68.4
68.2
control which has a preview length of 15. It can be 68.0
clearly seen that the controller reacts to the future
Fig.5

change in input for a better tracking performance.
The height response greatly tracks a glide slope as a
ramp signal, and the lateral deviation immediately
converges to zero in 10 s. All of them clearly depict
that the system is acting in advance to be ready for
the incoming reference signal.

For comparison, Figs. 7—9 show the corre-
sponding responses with controllers based on PID

control. It exhibits that the superior control perfor-

0] 0 0.000 4]
0 0.047  0.0074
o, B, — —0.0007 0.0058
0 0 0

0 0
O_ 0 0 |

T

0 5 10 15 20 25 30 35 40 45 50
t/s

Velocity response, H.. preview control

Fig.6

0 1 2 3 4 5 6 7 8 9
t/'s

Lateral deviation response, H.. preview control

250
------- Slide slope
— Height
200
§ 150
%
& 100
50
O 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 5
t/s

Fig.4 Height response, H.. preview control

mance of preview control is evident. Owing to the
anticipative control effort, preview controller pro-
vides a better transient response and quicker track-
ing with lower tracking error over the transient
stage. The maximum tracking error for longitudinal
channel with preview is less than that of PID con-

trol.
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---- Slide slope
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Eis0}
=
.20
2100 -
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t/s

Fig.7 Height response, PID control

69.5
694
69.3

e 69.2

601

™ 69.0
68.9
68.8

68'70 5 10 1

5 20 25 30 35 40 45 50
tls
Fig.8 Velocity response, PID control

— L

6 1
0 5 10 15 2

L L 1 L 1 L 1 1

25 30 35 40 45 5
t/s

Fig.9 Lateral deviation response, PID control

5 Conclusions

Conventional control methods are causal and
cannot make use of future information. Preview con-
trol provides us a methodology to develop control-
lers that can utilize future information of references
and disturbances to further improve the controller
performance and react a priori. H., preview control
combines the robustness and disturbance rejection
properties of H.. feedback control and look ahead
properties of feedforward preview control. Most of
the work in H.. preview control was scattered over
various theoretical results, hence, the practicality
from the engineering perspective was low until re-

[23]

cently*. This paper combined the results in order

to provide a generic framework and flow for synthe-
sizing preview controllers for ACLS control prob-
lem. The process of adding preview to a traditional
ACLS plant model and solving the resulting pre-
view control problem using H.. control theory was
laid out. Moreover, the procedure was verified us-
ing the example of F/A-18 carrier landing problem.
Results showed that H.. preview control can provide
superior tracking performance compared to conven-

tional PID control.
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