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The paper presents a hew automatic architecture for the control of aircraft lateral-directional motion during landing; the
system controls the lateral angular deviation of aircraft longitudinal axis with respect to the runway, by using a classical
controller, a radio-navigation system, a system for the calculation of the distances between aircraft and the runway radio-
markers, and an adaptive controller mainly used for the control of aircraft roll angle and its deviation with respect to the
runway. The adaptive control system uses the dynamic inversion concept, a dynamic compensator, a neural network
trained by the system’s estimated error vector (signal provided by a linear observer), and a Pseudo Control Hedging block.
The new designed adaptive architecture is software implemented and validated by complex numerical simulations; the
obtained characteristics are very good and prove the new architecture’s stability and its small overshoots.
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1. Introduction

Nowadays many aircraft are equipped with automatic landing systems (ALSs) consisting of glide slope and direction
radio-technical systems; for the control of the lateral motion during landing, one uses an Instrumental Landing System (ILS)
type radio-navigation system together with a system for the calculation of the distances between the aircraft and the runway radio-
markers [1, 2]; the direction controllers which are used within such ALSs are proportional-derivative (P.D.) type, proportional-
integral (P.1.) type, proportional-integral-derivative (P.1.D.) type, in classical of fuzzy variants [1-6]. Other structures of ALSs use
optimal controllers, with or without state observers [7, 8].

Because the atmospheric conditions and the dynamics of aircraft are drastically changing during flight and, of course,
during landing, it is difficult to land safely by using conventional controllers. To design perfect conventional controllers, one has
to know the precise mathematical model of the system to be controlled. Furthermore, the aircraft dynamics may vary with respect
to altitude and flight conditions. Therefore, the adaptive controllers are better choices.

The unknown or partially known nonlinearities associated to aircraft or compensators’ dynamics require the usage of
different adaptive control architectures such as the ones based on the dynamic inversion technique and neural networks, with or
without Pseudo Control Hedging (PCH) blocks [9-16]. The adapting and the train of the neural networks (NNs) are based on the
signals provided by the observers which receive information relative to the error of the automatic control system. For a safety
landing, the required information in lateral-directional plane is obtained by means of gyro transducers, accelerometers [16], or
radio-technical transducers [1] whether or not the landing control architecture includes an observer.

Feedback linearization, in its various forms, is perhaps the most commonly employed nonlinear control method; it is used
in [17] for nonlinear control in the design of an automatic landing system; unfortunately, the paper presents limited insight into the
performance of simulations of this controller and no tests are performed outside of these simulations. To use the feedback
linearization, all parametric plant uncertainties must appear in the same equation of the state-space representation as the control
(the main disadvantage of the feedback linearization method).

Feed-forward neural networks based on the back propagation learning algorithm have been used in [18]; the main
disadvantage is that the neural networks require a priori training on normal and faulty operating data. Other approaches involves
the usage of the time delay neural networks; a controller based on this type of neural networks has been designed in [19], but its
main drawback is related to the flight path track accuracy and to the fact that it is enable only under limited conditions. Several
neural network control approaches have been proposed based on Lyapunov stability theory [19, 20]. The main advantage of these
control schemes is that the adaptive laws were obtained from the Lyapunov synthesis and, therefore, guarantees the system’s
stability; the disadvantage is that some conditions should be assumed; these requirements are not easy to satisfy in practical
control application [21]. Juang designed a new learning technique using a time delay network or networks with back-propagation
through time algorithms to control the landing [22]; the main drawbacks are: 1) the number of hidden units was determined by
trial; 2) the convergence time is high. In [23, 24] seven different neural network structures (including critic or Radial Basis
Function Neural Networks) have been used for obtaining intelligent auto-landing controllers by means of linearized inverse
dynamic model; also, the fuzzy logic technique was used to design controllers that track a pre-determined flight path trajectory for
safe landing [25]. In the research area of optimal synthesis, Shue and Agarwal [26] have developed a mixed technique for the
H,/H., control of landing, while Ochi and Kanai [27] have used the H,, control technique to design an approach for aircraft



automatic and landing. In these papers, the authors did not analyze the robustness of the designed controllers in the presence of
sensor errors and external disturbances [28].

The auto-landing systems designed in the above mentioned works are characterized by insufficient generality or accuracy.
Therefore, our aim is to develop a control system that can handle different climatic conditions and, therefore, the neural network
and dynamic inversion based control system could be a solution. Thus, the paper presents a new adaptive landing architecture for
aircraft control in lateral-directional plane; this study was motivated by the fact that, according to the authors of the present paper,
little progress has been reported in the design of the landing flight control systems (lateral-directional plane) by using neural
networks, the dynamic inversion concept, linear dynamic compensators, state observers, and PCH blocks. Also, it is interesting to
see if the aircraft’s trajectory during landing in lateral-directional plane can be tracked with high accuracy by a neural network
based controller which uses both the dynamic inversion technique and PCH blocks. Generally, the dynamic inversion relies on the
philosophy of feedback linearization; the plant nonlinearities are canceled and the closed loop plant behaves like a stable linear
system. The method is characterized by simplicity in the control structure, ease of implementation, global exponential stability of
the tracking error etc. [17]. On the other hand, the strong point of the neural networks is their approximation ability, these being
capable to approximate an unknown system dynamics through learning. A PCH block eliminates the NNs’ adapting difficulties.
Taking into account the advantages of these elements (NNs, dynamic inversion, PCH blocks) and the fact that, till now, no paper
deals with the control of aircraft, during landing, in lateral-directional plane by means of neural networks, dynamic inversion
concept, linear dynamic compensators, state observers and PCH blocks, the present paper represent an absolute novelty in the
search area of ALSs’ design.

The structure of the paper is the following one: the geometry of aircraft motion in lateral-directional plane during
landing and the structure of the new ALS are given in the paper’s second section; the design of the new ALS’s adaptive
subsystems are presented in the third section; in the next section, complex simulations to validate the new designed ALS have
been performed and the obtained results are analyzed; finally, some conclusions are shared in the fifth section of the paper.

2. The Geometry of Lateral-directional Motion and the Structure of the New Automatic Landing System

2.1. The geometry of the motion in lateral-directional plane

During the cruise flight, aircraft must respect the information provided by the direction marker (VOR equipment) which
is used together with the equipment for the measurement of the distance R with respect to the main marker (DME equipment).
During the initial approach (first landing phase), instead of the VOR marker, there is used an ILS one (together with a DME
equipment) providing the direction of the runway [1].

In fig. 1 [7] one presents the geometry of aircraft motion in lateral-directional plane; y express the flight direction of

the aircraft (the direction of the vector \70) with respect to the geographic North, Vo — the nominal flight speed, v — the
direction of the marker (runway), Ay = Ay, =¥ —y, A — the deviation of aircraft longitudinal axis with respect to the

runway direction, Y — the lateral deviation of aircraft with respect to the runway, R — the distance between the aircraft and
the marker, R = R, —V,t, R, = R(0). According to fig. 1, one writes:

sini = i,k = 57.31[deg].
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Fig. 1 The geometry of aircraft motion in latreal-directional plane
From the triangle of velocities, it follows:
Y =V, sinAy = Vo Ay, [Ay] = deg.

0 573 ' @)

If the aircraft motion is horizontal and coordinated (3 = 0, — the aircraft sideslip angle), one obtains [3]:
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V=g ®)
with ¢ — the aircraft roll angle (lateral tilt) and g— the gravitational acceleration; this equation expresses the fact that the
calculated (desired) value of the roll angle ((pc) must be proportional to the yaw angular rate ((pc ~ \i/). Moreover, in order to
obtain the convergence y — vy, the following condition must be fulfilled:

0. =k, (&y — Ay, ) =k, (v, —w)~ Y. 4
From equations (3) and (4), one gets:
Wk, Sy =k, v
V, V, ©)

thus, w non-periodically tends to . .

2.2. The structure of the new automatic landing system

The model of the subsystem ILS+DME is obtained below; by time derivation of equation (1) and taking into account
that the term RY / R? can be neglected, it results:
Y @ v, @ OV,

:—A,’:‘,:—.
RAVEe=" SV

A= 57'3E
(6)

From this, it yields:  ~ Y ~ A and, as a consequence,

Ay — Ay, = AY ~ AL @)

®
In order to obtain in steady regime AL =L, —A =-A=Y =0, aP.l. direction controller can be used and, furthermore, in
order to obtain in steady regime A% = A = 0, we introduce an additional derivative component in the controller’s structure; thus,

the controller becomes a P.1.D. one (fig. 2 — the structure of the automatic system for the control of aircraft lateral motion), with
the transfer function [25]:

Ay (s) =k, 1+i+rds . (8)
A(s) T,
From (3), one obtains:
g1l
Ay = ==, 9
LRV 9)

thus, according to fig. 2, on the loop’s direct way for the control of the angle Ay there is an ideal integrator (after aircraft roll
angle) and, therefore, in steady regime, it yields:

@ . © ® . ©
Ay, =Ay =Y =y =w, =A=0; (10)

®, is the yaw angular rate of the aircraft.

According to equation (4) and fig. 2 (the reference models are omitted for the moment), it results: ¢ = ¢, = 0.
Imposing that the adaptive control system in fig. 2 has, on its loop’s direct way (for the control of the angle ¢ ) at least an ideal
integrator, then, in steady regime, one obtains: ¢ = @, = @ = 0. Also, imposing to the same loop to have on its direct way a
P.D. dynamic compensator, in steady regime, the calculated roll angular rate (u)xc) and the real one (o;x) verify the equations:

(Dxcz((pc—(p):(,\)XE(i)ZO. (11)
Putting together all these remarks, it results that the system in fig. 2 ensures in steady regime the followings:

M=k =Y=Y=Ay =Ay=y=0,=A=0=¢,=¢=¢p=0, =0. (12)

One of the reference models’ output is the vector y = [6 AW]T -> Y, = [ylc Ya, ]T = [(pC A\ymnway]T = [(pc O]T.
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Fig. 2 Block diagram of the automatic system for the control of aircraft latreal-directional motion

3. Design of the Adaptive System for the Control of Aircraft Lateral-directional Motion

Aircraft landing is simplified if the aircraft motion in lateral-directional plane is made without errors (deviation of the
aircraft from the runway direction is zero). This is why, the system for the automatic control of the flight direction is very
important. Before the start of the two landing main stages in longitudinal plane (the glide slope phase and the flare phase), the
pilot must cancel the aircraft lateral deviation with respect to the runway (Y) and the aircraft lateral velocity (Vy) These are
the main purposes of the adaptive system to be designed in this section.

The simplified block diagram of the adaptive system for the control of aircraft lateral-directional motion from fig. 2 has
an inner loop for the control of the output vector y (fig. 3); on its direct way, the system in fig. 3 has an adaptive controller. The
control law (the pseudo-control) v has four components: 1) v, — the output of a linear dynamic compensator (for the

stabilization of aircraft linear dynamics); 2) v, — the component provided by the reference models for the cancelation of the
system’s deviation y and of its derivatives; 3) v, — the adaptive component (the output of a neural network — NN, having the
input n = [\7 y]T) for the compensation of the of the approximation error ¢ associated to the nonlinear function h,(v, y)

which interferes in the dynamics of the aircraft and of the actuators; 4) vV — a robustness component.
The complete block diagram of the lateral-directional automatic control system is presented in fig. 4.
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Fig. 4 Automatic landing system in lateral-directional plane

The state associated to the lateral dynamics is x = B/y 0, ®, ¢ A\y]T with V, — the lateral velocity, », and
®, — the roll and the yaw angular rates, ¢ — the roll angle, Ay — the variation of the flight direction angle; &, and 3, are

the states of the actuators (3, — the ailerons’ defection and 5, — the rudder deflection). The actuators (the servo-aileron and
the servo-rudder) are described by the linear equations:

T.5, +8, =3, , (13)
Tydg + 84 =3y, (14)
or by the equations describing the nonlinear subsystems of the PCH models in fig. 5 [9], where 5, are replaced by &, ; for
i=ed =9

associated to the rudder. The command vector of the system consisting of the lateral-directional dynamics and the actuators’
dynamics (linear or nonlinear) is u = [Sec SdC]T.

e, is the command of the aileron’s actuator, while, for i =d,s; =3, is the command of the actuator
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Fig. 5 Block diagram of the actuators and PCH

In linearized description, with respect to the runway direction, the aircraft dynamics in lateral-directional plane is
represented by the following state equation [3]:

a, 0 a; a, O 0 b,
ay a, a, 0 0 b, b,
X=AXx+Bu,A =|a, a, a, 0 O0|B,=|b, b,]| (15)
0 1 0 0 O 0 0
(0 0 1 0 o0 |0 0]




The aircraft linear dynamics in lateral-directional plane is obtained (deduced) in [3] from the aircraft nonlinear dynamics
m(\/'y + oV, — (;)XVZ) =F,,J,0 -J,0, =M,,J, 0, -J,0, =M,, by linearization and by using the exact total differential
method. Here V, and V, are the aircraft longitudinal and vertical velocities, F, is the resultant lateral force (oy — the lateral axis
of the aircraft oriented towards the right wing), M, , M, — the resultant rotation moments of the aircraft around its longitudinal
(ox) and vertical (oz) axes; J,,,J, — axial inertial moments, J,, — planar inertia moment. The linearization has been made

around a specific operating point (regime) — flight at constant altitude, the initial angular rates (roll, pitch, and yaw angular rates)
being null: ®,, = w,, = ®,, = 0; the components of the weight force have been also taken into account.

The system having the input ¥ and the output y (the inner loop of the system in fig. 2) has on its direct way the adaptive

controller, the actuators and the aircraft lateral-directional dynamics. This dynamics, together with the one associated to the
actuators, may be described by the state equations:

x = f(x,u),y = h(x), (16)

with the state x = B/y 0, O, ¢ Ay J, Sd]T and the command vector u = [Sec SdC]T; f and h are nonlinear

functions, generally unknown or linear functions obtained in the linearization process with respect to the runway’s direction; in
this paper, we assume that h(x) is a uniquely invertible function.

Let’s denote with r, — the relative degrees of the system (16) with respect to the variables y, ,i =1,2;y, = ¢,y, = Ay,
y = [y1 yZ]T. The dynamics (16) is equivalent with the system described by the equations:

y® =91z +h, (x,u)i=1,2, (7

where one has separated the derivatives (the components of the vectors Z;) that do not depend on u from the components h,
depending on u. The vectors A; and Z, have the following forms:

ho=Doo 2o a Y= v i =12, (18)
Putting together the two equations (17), one gets the following vectorial equation:
y©) = AZ +h, (x,u), (19)
where
=D n)z =20 2,]Th =|h, = (20)

This system is modeled by the subsystem “Aircraft and actuators’ dynamics” in fig. 3 (having the input u and the output y), where
Hy(s) = [H 0 (s) Hg, ()", with H, (s) — the transfer functions of the linear subsystems with the relative degrees r, ,i =1,2;

Hy (5) = ! 1)

- - 1 4
ST A 18T L AyS + Ay

The pseudo-control (control law) Vv represents the best approximation of the vectorial function v =h, (x,u)=

=h, (x(y),u)= h, (y,u); let us consider that this is V = h,(y,0). Because
u=h(y,v)=d=h?(y,v), (22)

it results that there is an approximation error ¢ =[e, &,]" which acts like a disturbance;

€= hr(y'u)_ﬁr(y1ﬁ)' (23)
If h, =h,, then
h (y.u)=h(y,h?(y,v)=v=" (24)
and the equation (19) becomes:
yO +ATZ =v,v=1; 25)

if ﬁ, # h, , the equation (19) gets the form:



yO 4+ NZ =v=V+¢;

V=V +Vy =V, +V.

(26)
@7

For the calculation of the relative degrees r, and r,, one eliminates §, and &, between the equations associated to
aircraft dynamics and the actuators’ dynamics, this being achieved by derivation of ®, = ¢ and ®, = Ay. Then, one obtains

the equations (17) with Ay, = A, =0,A,, =1and A, =i, =0,A,, =1; the following equations result:

e b b
¢+ ¢ =cV, +C,0, +Co, +C,0+C3, +Cyd, + %8% + T—”Sdc ,
e d
. b31 b32
Ay + Ay =dV, +d,o0, +d0, +d,e +dd, +dd, + T—Sec + T—8dc ,
e d

with the notations:
_ — 2 _
Cp = @ydyy + 88y + 8385 +a,,C, = a5 + 8385 +8y,0; = a3 + 8xpay + Ayl +ay,
Cp = Ay, , Co = Aply + Ay — by /T, + 0, ,C4 = ayby, +ayb, +agby, — by, /Ty + by,
d1 = 8518y T 838y t A8y Ay vdz = Qg8 8583 + 8y lds = Q583 + Apdy + a323 + 833,
d4 = ayndy 'de = a32b21 + a33b31 - b31 /Te + b31 'dd = a31b12 + a32b22 + a33b32 - b32 /Td + b32 :
Thus, the relative degrees are: r, =r, = 3,r = 6. Therefore, the transfer functions H, (s) have the forms:
1 . —=
H, (§)= ———,i=1,2.
o) s2(s +1)

Now, putting together the equations (28) and (29), one obtains:

¢+ | | ¢ ¢ ¢ 0c ¢ X +
Ay +Ay| |d, d, d, d, 0d, d,

o
N
=

b22

T, |[ 3.
by || 3, |

T,

e

e

which has the form:

YO = h,(y.u),h(y,u) =, (v, Ay v)) 2 v =0 +e.
This equation has also the form (26); by identification of the right side of equations (33) and (34), it yields:

~ \71 hrl (y ’ lj) hr1 ((P ’ A\V ’ Sec ' Sdc ) C4 Te Td 8ec
V = R =1 . . =1 A = (P+ b b A
o] |h,(y,0)| |, (e,Av.5, 5, ) Ld by by ||5,
Te Td
or
-1
. by By
N o ~ R T T, ~ | Cy
G=|."|=hy,V)=]|_° d V-
LS(J 09 by by { LJQ}
Te Td
and

(28)

(29)

(30)

(1)

(32)

(33)

(34)

(35)

(36)

@37)

In order to obtain the control law u with respect to G and &, one uses the Taylor series expansion of the function

u = h:*(y,v) around the pair of variables (y,V) and gets:



Ay, 0) 4 - (02 (y V), o v = 0) = G+ 2 (R (y ,0)e. (38)

u=h(y,v) W

I

Replacing the expression of ﬁ;l(y , \7) (form (36)) into (38), one obtains:

(39)

Fig. 6 Block diagram of the reference models

Taking into account that the transfer functions of the reduced order linear subsystems have the forms (32), one can
choose identical three order reference models with the transfer functions:

yi (S) pmfu 0= ]TZ, (40)

¥ 6) s+ p)ls” + 2005 + 0}

modeled by the block diagram in fig. 6; beside ¥;, from the block diagram in fig. 6, one also gets the components Vv, of the

vector ¥, = [\7r1 O,Z]T, obtained from the condition that y and its derivatives are equal to the imposed ones, i.e. y) = y() and

Z = Z, this being achieved in steady regime when v, = ¢ (the approximation error is compensated by the adaptive
components v, ); thus, in (26), € = 0 and, from this equation, it results:

0, =y N7, (41)

18)

( .
with 2 =[x, A,]" =[0 010 01" Thus, v, =¥, +¥;.
The signals v, from the block diagram in fig. 6 are the components of the vector v, — the output of the PCH

nonlinear model (see figs. 2 and 4), consisting of two subsystems having the architectures in fig. 5 [9]. The PCH block is
introduced when the actuators (the servo-aileron and the servo-rudder) are nonlinear, issue which affects the neural networks;
the neural networks are sensitive to actuator nonlinearities, while the PCH blocks eliminate the NNS’ adapting difficulties.
Generally, PCH “moves back” the reference model, introducing correction responses of the reference models with respect to
the estimation of the execution element’s position. The signals provided by PCH (Vh,) are additional inputs of the reference

models, forcing these to “go back” [9].

A~

and h!

In order to obtain the components h, +-, one expresses the components V, ,i = 1,2 from (35); in the equation of

v, , the term containing Sdc is omitted, while, in the equation of Vv, , the term containing Sec is neglected due to the independence
between the roll and the yaw channels; it yields:
b

R by, 2 . A
v1:c4(p+%866,v2 :d4(p+%8dc. (42)
d

e

Taking into account the notations in fig. 5 (V, becomes v, and Sic becomes §, for the blocks ﬁ,i (y,Si) and §; for the blocks

ﬁ,ﬁ(y WV, ) respectively), the following functions result:



\71 :ﬁr1 (y’al): hrl (y-8e)204¢+%se-vz =1, (yagz): ﬁr2 (y,Sd)=d4(p+?_—6d, (43)

e d

~ . T, /. . Ty (-
B, = h (y Vl) hll ((plvl) = b_e(vl - 04(P)!8 h (y Vz) hj ((P!Vz) = b_d(Vz - d4(P)- (44)
21 32
The system in fig. 3 has the state vector E = [37 y Y] [E E E [y1 y1 y1 Y, y2 yz] having the order r=6.

If we choose a P.D. linear dynamic compensator, itsstate is E = [E, E,|" =y =[¥, V,]" =[¢ Ay]", with ¢ =5 —¢ and
Ay = Ay — Ay. The components of the P.D. dynamic compensator’s output, for the two reduced order systems, and the output
vector of the P.D. dynamic compensator are respectively expressed as:

Vg, = Ky ¥i + Ky, y = [kpi K, 0][% 7 S7i]T =d,E, (45)
where
d, =k, ki OLE =[% ¥ 5| .i=12 (46)
Vo = [Vpd1 Vpdz]T = [dc1E1 ch E, ]T =D, [E1 Ez]T =D.E, (47)
with
[dy 045 [k, ke O 0 0 0
D, _{01% dCZ}_{O 00 kpz kdz 0:|' (48)

Taking into consideration that the transfer functions of the two reduced order systems (having the outputs vy, ,y, = o,
y, = Ay ) have the forms (32), it results that these subsystems may be described by the state equations:

Z,=AZ +By,,i=1, Vg, +V, +V, +g, (49)
with
010 00 00
A=A,=(00 1B =|00{B,=|00] (50)
00 -1 10 01

Putting together the two equations (45), one obtains the vectorial equation of the reduced order subsystem, having the
input v, the output y, and the transfer matrix H, (s);

Z=AZ+Bv,v=Vy +V, +¥, +¢, (51)
with
00
10
-10
00

00
0 00 -1

T
001000} (52)

0
A: Ai 3x3 — B:[Bl BZ]T —
0ps A, 000001

O O O O o o
O O O © O -
O O B O O O

O O O O

The stabilized state Z of the system (51) verifies the equation Z =0 ifand only if AZ =0 (in steady regime, one has
¥ = ¢ = v = 0). Subtracting from equation AZ = 0 the equation (51), one obtains the state equation of the error model:

E=AE-Bv,v=vy, +V, +¥, +¢, (53)
with E =Z - Z =[E, E,]". Replacingin (53) v,, = D,E, this equation gets the form:

E=AE-B(V, +0, +¢),V, =V -v,, (54)



with
A=A-BD,,B =B. (59)

The linear observer estimates the vector E by using only the deviation of the system in fig. 3; the input of the linear
observer is:

~ ~ - c, 0
Z; EyEe:[y1 yz]T :[ClEl C, Ez]T :|:S C:|E:CE1 (56)
2
with
c, O
cz{ol Cj,clzczz[l 0 0] (57)

The equation of the observer has been borrowed from [8]:

é:KE+L(z ~2.),z, =CE, %, =CE; (58)

c

its equivalent form is:
E=AE+Lz,A=A-LC, (59)

where L is the gain matrix of the observer; this matrix is to be obtained such that the matrix A is asymptotically stable. As an
alternative for the observer used here we can use the fuzzy state observer designed in [29].
The adaptive control law is calculated by using the formula [13]:

v, =WTo(VTn); (60)
in (60) W and V are the weights of a neural network (NN,), their dimensions being (n, +1)x n, and (n, +1)x n,, respectively;
the elements of W are the weights of the links between the n, neurons of the hidden layer and the n, neurons of the output layer;
V has as elements the weights of the links between the n, neurons of the input layer and the n, neurons of the hidden layer. We

considered that NN, is a feed-forward type neural network having 3 layers: an input layer, a hidden layer, and an output one. In
(60), the vector m is the input vector of the neural network, while G(Z) = c(VTn) is a sigmoid function with the form [16]:

olz)=l+e=)  a=la .. anﬁl]T , (61)

a;,j=1, inl +1), being the activation potentials whose values are different for each neuron.
The matrices W and V are the solutions of the differential equations’ system [9]:

W = —k, [2(c - o'V T1) ETPB + kW — W, )W, =w(0),

. N (62)
V =k, [ZnETPBWTc’ +k (v —vo)],v0 =V(0),
with ¢’ = 2—0 .k, .k, — positive constants, while P(r x r) is the solution of the Lyapunov equation:
z =1
AP+ PA = -Q, (63)
with Q — positive defined matrix.
The input vector of the neural network (n) has the form [13]:
1'1:[1 Vi YJ]T ol LI PR P L (64)
=) 9-a) 912 vi =[y) ye—d) .yl -r-3)a)], ©5)
where |, j = 1_nl , are the outputs of the neural network, while d — the sample time.
The robustness component of the control law is calculated by means of the formula [9, 12, 13]:
ETPB

k(] + F)”EH ”ETPB“ +k ETPB, (66)



W 0
with k, and k, — positive gains, F = { 1||F||2f = trace {FTF} < F;|[F|, is the Frobenius norm of the matrix F, while
0V

F is the ideal matrix of the neural network. The robustness component (66) ensures the boundedness of the neural network’s
matrices W and V. This equation has been deduced by Calise et al. and used in the adaptive control of different aerospace
vehicles, using the dynamic inversion and neural networks [9, 12, 13].

Now, we make a brief stability analysis of the system in fig. 4:
1. The stability of the inner loop (the system having the input ¥ and the output y ): the adaptive control law v, (form (60) with W
and V described by (62)) and the robustness component v have to compensate the approximation error ¢; the form of the control
law resulted from the condition that the system is global asymptotically stable is V, < 0, where the chosen Lyapunov function
have the form V, = ETPE + f(W,V). The system having the input (v, — (v + ¢)) and the state E is described by equation (54),
with the function f(W V) borrowed from [11] imposing that f(W ,V ) = 0; it resulted the equations (62) and V, = -ETQE < 0,

Q having the form (63). By composing the function h, with ﬁ;l and by introducing the approximation error ¢, the inner loop

system (having the input (v, — (V + €)) and unitary negative reaction after y ) becomes linear; it has on its direct way the transfer

matrix w
s2(s +1)

is presented below and involves stability conditions for the linear system.

2. The stability of the intermediate loop (the linear system having the input Ay, and the output Ay ): the system has unitary

negative reaction after Ay and on its direct way the series of the following systems: a proportional one (having the transmission

ratio k), the reference model with the transfer function (40), and the linear inner loop system with the transfer function

Hi(s)

the value of the transmission ratio k, -

3. The stability of the outer loop (the linear system having the input A and the output Ay ): following the same procedure as

above, e.g. imposing negative roots for the afferent characteristic equation, one obtains the coefficients of the direction controller
(k. ,t; and 1,). [

. The determination methodology of the dynamic compensator’s coefficients k , = [k kpzj and k, = [kc,l deJ

Py

kK, +kgys . . - . . - .. .
P2 . Choosing negative roots for the characteristic equation of this system (stability condition), it results

s 4k, s+K
2 P2

Concluding, the synthesis (the design) of the system in fig. 4 involves the calculation of the controllers’ coefficients in
conditions of stability.

4., Numerical Simulation Results

To study the functionality of the new designed adaptive system for the control of aircraft lateral-directional motion, we
consider a light aircraft (Charlie type) having the matrices (15) of the following forms [2]:

[-0.089 0 -67 981 0] [0 1
-133 -098 033 0 0 023 0.06

A =| 017 -017 -0217 0 0/,B, =|0.026 -0.5]. (67)
0 1 0 0 0 0 0
0 0 1 0 0] 0 0

By using the elements of the two matrices, we calculate the coefficients (30) and (31); T, =T, = 0.4s,T = 0.01s.
The coefficients of the reference models have the following values: p = 05,0, =09 rad/s , &, = 0.7; the control limits of

the servo-actuators are +5deg and +5deg/s, respectively. The values of the dynamic compensator’s parameters are calculated
by using the characteristic equations of the linear subsystems (closed by unitary negative feedbacks) having the inputs ¢ and
Ay, the blocks (kpi + kdis) on the direct ways of these two systems in series with the blocks which have the transfer

functions H (s) (equations (32)); imposing for the characteristic equations:

s3+52+kdis+kpi =0,i=1,2, (68)

negative roots (e.g. -0.1, -0.2, -0.3 and -1.1, -0.7, -0.6, respectively), it results: k, = 0.0193,k, = 0.27,k, =0.77,k,, = 0.8.



With these, the matrix D, is calculated by using equation (48) and, then, by means of (52) and (55) the matrices A and B are
determined. Using these matrices, choosing for the matrix A=A-LC the eigenvalues: -1,-0.5,-0.3,-6,—7,-0.5, the
gain matrix of the observer is obtained; then, choosing the matrix Q = 0.11,_,, the solution of the equation (63) is determined.

Contraller
directie

[ >
wac
s (EAT
ve brad | delta_e
. (e o w
TS e [Ed e va
i [(io=d w2 defta_d
LEL—, _"El HMeural network
Subsysternv_h Subsyster eps

Fig. 7 Matlab/Simulink model for the new adaptive control system

With this matrix, we calculate E — solution of equation (59) and, then, the matrices of the neural network (W and V) —
solution of the system (62), with k, =0.05,=k, = 0.5,W, =W(0)=0,,,,V, =V(0) = 0,.,, , k = 20. Using these, we
calculate the adaptive signal v, by means of equation (60), with n of form (64), and ¢ having the form (61). For the neural
network (NNc) we have chosen: n, =9,n, =10,n, = 2,d = 0.05; the vector of activation potentials is chosen of form:
a=[1 09 08 07 06 05 04 03 02 0.1]; V is determined by using (66), with k, = 0.01,k, = 0.05, F = 10.
To calculate the parameters of the direction controller (see fig. 4), we impose negative roots for the linear subsystem which has on
feedback way the direction controller in series with the subsystem (closed by unitary negative feedbacks) having the input Ay,
and the output Aw; in turn, this subsystem has on its direct way one of the two reference models and the adaptive control
subsystem; it resulted: t; =100s,t, = 0.1s,k, = 0.5. For the navigation system, k, =1V/deg,R, = R(0) = 6700 m.

The new designed architecture in fig. 4 is software implemented in Matlab/Simulink environment — fig. 7; we obtained the
time characteristics in fig. 8 (case 1: linear servo-actuators) and in fig. 9 (case 2: nonlinear servo-actuators). If the actuators are
nonlinear, it is good to use a PCH block (v, = 0) because this allows the system to work in the linear zones of the nonlinearities.
As we already stated above, the signal provided by the PCH block is a reference model’s additional input. Thus, in this paper, we
analyze the influence of Pseudo Control Hedging usage on the variables describing the new designed control system for aircraft
motion in lateral-directional plane during landing.

From figs. 8 and 9 we remark the cancel of the following variables: the lateral velocity (\/y) the lateral deviation (Y) the
roll angle and angular rate (¢, ®, ), the yaw angle and angular rate (Ay, ®, ), and the deviation of aircraft longitudinal axis with
respect to the runway direction (1); this confirms the fulfillment of the equations (10) and (12). Also, in steady regime, the
command variables (u; =3, and u, =&, ) as well as the deflections of the ailerons and direction (5, and 3, ) cancel. There are

also stabilized to zero: the components of the approximation vector ¢ (¢, and ¢, ), the components of the pseudo-command V
(¥, and V,), the components of the pseudo-command v (v, and v,), the components of the pseudo-command v, (v, and
V42 ), the components of the pseudo-command v, (v,, and v,,), the components of the pseudo-command v (v, and v,), and
the components of the pseudo-command v, (V,, and ¥,,).

The convergence errors in figs. 8 and 9 are very good if the Federal Aviation Administration (FAA) accuracy requirements
for Category 1l (the best category) [30] are analyzed; according to FAA Category Il accuracy requirements, the lateral deviation
(Y) must be less than 4.1 m; if the lateral error is between 4.1 m and 4.6 m, the aircraft meets the Category |1 precision standards,
while if the lateral error is between 4.6 m and 9.1 m, the aircraft meets Category | precision standards. In our case, the stationary
error is very close to zero after 30 seconds; this transient regime is good taking into account that the canceling process of aircraft
lateral deviation with respect to the runway takes place long before the start of the two landing main stages in longitudinal plane

(the glide slope phase and the flare phase). The reason that the design in this paper meets the requirement and achieves the design
goal is that the neural networks have been used.



All the characteristics prove the new architecture’s stability and its small overshoots; on the other hand, the differences
between the two cases (with and without PCH block) are visible. The usage of a PCH block (when the actuator is nonlinear) does
not modify the final values of the variables, but it decrease the transient regime period. For the same aircraft type, same direction
controller, and radio-navigation system but with a proportional-derivative type control after the roll angle and a proportional type
control after Ay [6], there have been obtained performance inferior to those obtained with the new adaptive system for aircraft
landing in lateral-directional plane (fig. 4), both from the transient regime and the overshoots’ point of view; also, the results in
this paper has been compared to the ones obtained in [28] where the authors have designed two new ALSs by using the H,,
control, dynamic inversion, optimal observers, and reference models. The time regime period is better in [28] (almost 15 seconds)
but the lateral deviation’s overshoot is much larger (between 6.15 and 6.32 m for the first designed ALS (depending on the cross
wind’s velocity) and between 1.10 and 1.31 m for the second designed ALS); therefore, we can conclude that the neural networks-
based adaptive controllers are more efficient than the conventional ones for aircraft landing in lateral-directional plane and, by
using PCH blocks, the non-linear constraints are better handled.
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Fig. 8 Dynamic characteristics for aircraft motion in lateral-directional plane during landing (case 1: linear actuators)
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Fig. 9 Dynamic characteristics for aircraft motion in lateral-directional plane during landing (case 2: nonlinear actuators)
5. Conclusions

The automatic control system for aircraft guidance during landing (lateral-directional plane), consisting of an ILS and
DME subsystems, is designed in this paper such that the angular deviation of aircraft with respect to the runway direction and
the deviation of the flight direction relative to the runway are canceled. Also, the automatic control system cancels in steady
regime the aircraft lateral deviation, its lateral velocity, the roll and the yaw angles, as well as their corresponding angular
rates; the control of aircraft lateral-directional motion is achieved by modifying the calculated roll angle and the aircraft
deviation with respect to the runway direction. The adaptive control system uses the dynamic inversion concept, a dynamic
compensator, a neural network trained by the system’s estimated error vector (signal provided by a linear observer), and a
Pseudo Control Hedging block. We designed and software implemented all the components of the new landing system and we
obtained the time histories of the main variables; the obtained characteristics prove the new architecture’s stability and its
small overshoots; there have been obtained better results than the ones in [6], especially due to the usage of neural networks-
based adaptive controller and PCH block.
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