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In this paper, the phase of aircraft landing associated to the lateral-directional plane is discussed and a
new automatic control system is developed; it takes into consideration the crosswind and the sensor
errors. H-inf control and the dynamic inversion concept are used because the first mentioned technique
handles very well the system uncertainties providing robust stability, while the good precision tracking is
assured by the dynamic inversion approach. The new automatic landing system for aircraft control in the
lateral plane also includes two reference models and an observer for the estimation of the system state.
To test the correctness of the theoretical control system, we software implemented the new designed
controller for a light aircraft flight in lateral-directional plane and we analyzed the results as well as the
controller robustness with respect to the lateral wind.
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1. INTRODUCTION

In recent years, beside the conventional control laws (proportional-derivative, proportional-integral or
proportional-integral-derivative [1-3]), different command filters, dynamic compensators, or state observers
[4—6] useful for the design of the Automatic Landing Systems (ALSs), lots of scientific researchers used in the
design process of the ALSs different intelligent concepts such as: 1) the optimal synthesis H,, H.,, Hy/H,, [7, 8];
2) the dynamic inversion concept; 3) the adaptive synthesis based on dynamic inversion theory and neural
networks theory [9]; 4) fuzzy techniques [10]. From the optimal control approaches’ point of view, the most
known designed controllers have been obtained by Shue & Agarwal (mixed H,/H,, controller) [11], Ochi &
Kanai (H., controller) [12], the drawback of these controllers being that their robustness is not analyzed in the
presence of sensor errors and crosswind (lateral wind); this barriers are lifted in our paper. There are only a few
papers where both the crosswind and the sensor errors are considered; in [13] a PD-type fuzzy control system is
developed by using or not the BPTT (Back-propagation Through Time) concept, the negative point being related
to the fact that the wind disturbances are considered only as initial conditions, while the persistent wind
disturbance is not considered. In many papers [1, 14], to improve the robustness of the controllers for aircraft
landing in lateral-directional plane, there have also been used different techniques including linear quadratic
optimal control (LQR/LQG), u-synthesis, dynamic inversion approach, neural networks, and H-inf control [15].
In these papers, either the aircraft does not track accurately the desired flight path or the obtained algorithms are
not tested in the presence of crosswind and/or wind gusts. According to this paper’s authors, little progress has
been reported for the flight control systems in the lateral-directional plane by using both the H-inf control and
the dynamic inversion; this is why, we are motivated to design such a new landing control system taking into
consideration the crosswind and the errors of the sensors. The theoretical issues presented in this paper represent
an extension of those in [4]; in this paper, the landing in longitudinal plane is analyzed, while, in ours, the
aircraft motion in lateral-directional plane is studied. Analyzing the specialty literature, we remark that the
system presented in our paper is the only control system based on the dynamic inversion and H-inf control which
uses an optimal observer, two reference models (for the calculation of aircraft desired lateral deviation and
sideslip angle), and two methods for optimal control law’s obtaining. All these new elements increase the
generality, applicability, and simplicity of the control design and make our new control system able to reject the
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sensor measurement noises and crosswind with low intensity, a robustness study with respect to the lateral wind
being achieved. The general control law will consist of two components: 1) a guidance component, for the
imposed landing trajectory, calculated by using the dynamic inversion approach in two variants; 2) an optimal
component which will be designed by means of the H-inf method. The two methods for the calculation of the
guidance component make our control law superior to the one in [4] because there the design procedure is more
complicated since the controller is separated in two subsystems (a stable and an unstable one) which must be
stabilized separately.

2. AIRCRAFT DYNAMICSIN LATERAL PLANE DURING LANDING APPROACH PHASE

If the motion of the aircraft in lateral plane is made without errors (deviation of the aircraft from the
runway direction is zero) the landing of aircraft is safer; to increase the safety of this process, 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. In order to achieve this, one can use
different control systems for the flight direction control with radio navigation subsystem and equipment for
the measurement of the distance between the aircraft and the radio markers [9, 16] or the system which will
be designed in the next sections of this paper.

Using the small disturbances’ method with respect to an equilibrium trajectory, the linearization of an
aircraft nonlinear dynamics can be achieved. The lateral-directional dynamics (A) used in this paper belongs
to a light airplane (Charlie airplane) [5]:

a5, s

B=aB+a,p+ayr+a,e+bd, +byd, +7Vvy P = ayP+anp +ayr+b,98, +byd, +7Vvy ’
0 0
F=ayP+a,p + ayr + by8, + bs3,0, +%Vw,(p =p,y=r,Y= VB +Vow +V,,, (1)
0
5, = —isa +i5a .8, :—isr +i5, ,
T e R

where p is the aircraft sideslip angle, ¢ and v are the roll angle and the yaw angle, respectively, p — the aircraft
roll angular rate, » — the aircraft yaw angular rate, ¥ — the deviation of the aircraft with respect to the runway
direction, 8, and §, — the deflection angles of the ailerons and rudder, respectively, 5, and §, - the roll and

the yaw commands (commands applied to the actuators), ¥, — the component of the wind velocity along the
lateral axis of the aircraft, 7/, — aircraft nominal velocity, 7, and 7, — the effectors’ time delay constants of the
ailerons and rudder, respectively. Aircraft lateral motion may be written under the state equation:

X = Ax + Bu + Gw, (2)

where x is the state vector, # — the command vector, while the crosswind w = ¥, is the system’s disturbances

— estimated by the equipment from aircraft’s navigation system; x = [[3 prowyYsd, SV]T, u = [8% S, ]T.

By identification of equations (1) and (2), there are obtained the matrices 4 € R*®,Be R*?, and G € R ¥,

_a“ ap a ay 0.0 by blz_ [0 0] %
Ay Ay ay 0 0 0 b, by 0 0 a:]
a3 ay az; 00 0 by by, 0 0 70
O 1 0 0 00 O O 0 0 as,

4=10 0 1 0 00 0 O|pg_{0 O0|g=|%"|. (3)

¥, 0 0 0 /0 0 0 0 0 0

1
0 0 0 0 00-2 0 — 0 0
T, T, 1
1 1
0 00 000 0 — 0 — 0
i rloo LT 0




3 Control of the aircraft lateral-directional motion during landing using the H-inf control and the dynamic inversion 549

3. DESIGN OF THE H-INF CONTROL

A. Problem’s formulation. For the design of the control law, one considers the vector containing the
system controllable output variables z = [Y B]T = C'x and the vector z = [)7 E]T which contains the

system’s reference variables (the imposed values of the lateral deviation and aircraft sideslip angle,
respectively). The system output vector is y, chosen of the following form:

: T . .
y = [Y YBopw r] = Cx; the sensors’ errors have been not taken into account here. The matrices

CeR7™ and C' € R*® are respectively:

_ - [0 1]
0 0000100
00
-V, 000,000 00
1 0000000
00
cC=| 0 0010000,C’:OO. 4)
0 1000000 Lo
0 0001000
00
0 0100000
- - 100

By means of the equations: X=Ax+Bu,z=C'x, y = Cx, of the dynamic inversion and by using
the vector z, we will calculate X,u and y; a line above a vector denotes that this vector is the desired

(imposed) one. The general control law (lateral plane) will consist of two components: 1) a guidance component
(1/7), for the imposed landing trajectory, calculated by using the dynamic inversion; 2) an optimal component

(u,) which will be designed by means of the H-inf method. The formula of the general control law is:
Uu=u-+u,.

B. Design of the first component (guidance component) of the control law u. To obtain the control
law u, a coordinates’ change is achieved using the transformation matrix 7' € R 8%,

NEEEEEE N )
n n

where & is a state vector consisting of the controlled variables and their derivatives, ie. [4]: & =

= [z1 2o 200 2 2 z, 2, zE,‘P’l)]T, with z"" — the (r~1) order derivative of z, ; for the

aircraft dynamics in lateral-directional plane, z, =Y,z, = z, = B. The states which are not included in the

vector & can be found in the second state vector (1); considering that # is the dimension of the square matrix
P
T, the dimension of vector nis n—7#=n— er ; the values of 7, are deduced below.
i=1
To obtain the values of the relative degrees r, and r, = r,,, we derivate with respect to time the equations
associated to z; and z, until the components of the command vector u, i.e. 5, and §, , are obtained; the

following equations have resulted:

Vb v 3 )
Y = ayﬁB + aypp + ay,.r + aw(p + bya?Sa + byrSr _&6% _FObIZBI‘C + (_ a, + a31)Vvy - allVVy )
a r (6)
. — — 1 1 a, a, -
=a.p+a,p+a.r+a,o+b,8 +b,8 +—>b8 +—5b,0 +-Ly + Ly
B 1P 2P 13 149 + 6,10, 120, T, 1104, T 129, v, vy,

— 5 = _ = _ —  _
where @, = af, + a,a, + apay, , @, = @y, + a0y T apay, a0y = Q05+ G0y + A5ay, 0, = 0,0,
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- 1 - 1 _ _
by, = ayby, + apb,y, + apbs, _T_bll ybiy = ayby, +apby, +apbs, _Fblz slyg = Vo (a31 _all)’ayp =7, (asz - alZ)’

a r

=V, (by —b,,),b, =V, (by, —b,). Thus, according to equations (6), the

a, = Vo (a33 - a13) a,, = Voay,b >0y

> %o ya
relative degrees are ;=3 and »,=2. Hence, one gets: § = [Y Y Y B B]T, n=[e pr]"; the vector n,
having the dimension n — T =3, contains the main states that must be controlled during landing, other than

the ones included in the vector & The matrix 7 is determined from the equations (5); we have:

Y] [ o 0 0 0 01 0 0 B

Y -V, 0 0 0 V7,0 0 0 p

Y =Van —Vean Vy (l - ‘113) —Voay, 0 0 =Voby =Voby, || 7

Bl _ 1 0 0 0 00 0 0 0] 7)
p ay a5 i3 14 00 b, by, vl

0] 0 0 0 00 O 0 Y

P 0 1 0 00 O 0 d,

7] [ O 0 0 00 O 0 |9, ]

T

Considering w =0, by means of equation (5), one transforms the system (2) into the following one:

F} =4 F‘} +Bu; A=TAT™', B = TB. The next step is to partitionate the matrices 4 and B with respect to
n n

the dimensions of the vectors & and n: F’ = 1?“ '?12 s + lfl u, where 4, € RS, 4, € R®3, 4, € R>S,
AZl A22 n B2

A,, € R¥3, B, € R%2, B, e R>2. The previous equation is equivalent with the next ones:

g = 4,6+ 4, + Z§1“ N = A&+ Apn + éz“; 3)

- . = — — - = = =T = - = — = |T . _
imposing £ = £, =&, with £ = [Y YY B [3] , €= [Y YY B [3] , itresults the command vector & as follows:
u= é;E — 4,,& — 4,,m), B; being here the pseudo-inverse of the matrix B, .

Replacing the vector & in the equation of iz, one obtains:
_an ap dyy ay alS_
= = —— =17 . . . R . y Ay A3y Aoy Gy
u = Bﬁ{Y Yy pp _Ang_Alzn}: B {[0 0Yo0 B] _A'n&_Alzn}; Ay =\ay ay ay ay ay |, ©)

Ay Qg Qg3 Ayy Ays

| 451 Qsy ds3 dsq dss |

where a,,i,j=1,5, are the elements of the matrix 4,,, and aj, =a, —1,d5 = a,; —1,a,5 = a,5 —1.

ijoto

Replacing (9) in the second equation (8), with & = € and u = i, one successively gets:
n= 3215 + 1212211 +
A A - =T A=A ~ A A A ~ N - =T
+ BBy {[0 0Y 0 B] -4, & - Alm} = (Azz - BzBfAlz)ﬂ + (AZI - BzBfAn)‘: + BBy [0 0Y 0 B] ,

equation that can be put under one of the two equivalent forms:

n= n+l§’2'+ &SN = n+l§Z,
1= A, 6+ 4, A4, 10

z v
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with 4, = 4,, zBfAlz, A =4, - BB A, B.zV) = BBy [0 07 0 [3] [ ..... |

; the previous matrices’ dimensions are: Aj1 € R, A € RS,

I~

S

)

H@) .
B

S .
wn

@‘)

by b s bys
1

B, e R*,B, e R*7.If BBy =|by, by by, by, by |, then B_ = 1; b,s |. Thus, to obtain the command vector
b31 b32 b33 b34 b35 b33 b35

i, one determines the vector n by solving the second equation (10) and then uses equation (9). From the

~ ~ - - |T A A
expression of Bz, it results: B; [0 0Y O B] = B;B.z"), which, replaced in equation (9) having the form:

A

~ - - |7 A A — ~
u =B [0 0Y 0 B] — Bj A, & — B A,,m, leads to the following expression:

- B[V - B.E - Bm), (11)
where B! = B; B, Bg = B B} AH, = BB A,;B, e Rm,ég € R2X5,1§n e R***. Taking into account all
the issues presented above, one concludes that u can be obtained by using either equation (9) or equation (11).

If one 1mposes two convergence equations: X — x (x is the estimated state) and z") = [Y B] -
[ """ , another form of the control law # is obtained:
=P, 5] =8 - a:-8, 7)) (12)
-1
_ Vobyy _ Vobiy (a _a ) _a
31 11 11
with éu—l — T, T, LA, = {ciyﬁ ciyp i,w ciyw 00 Iiya b—yr},Bv _ a, a,
ﬁ bﬁ ay ay Gy a 00 by by 7 A
T, T 0 0

C. Design of the second component of the control law u. To obtain the expression of the optimal
component (u,), the H-inf method is used; thus, putting together the state equation (2), the equations

associated to z, =Y and z, = B, as well as the equation of the output vector y, one obtains:

x A(8><8) B(8><2) G(le) 0(8><7) X

2| _ Co(xs) Dor(x2) Oy Our) u| (13)
Zy C1(1><8) Dll(le) 0(1><1) 0(1x7) wl

Yy C(7><8) O(7><2) 0(7><1) D22(7><7) e

the matrices 4,B,G have the forms (3), while C,,C,,D,,,D,, are, respectively: C, =[0 000010 0],
C,=[10000000],D, =lc, 0],D,, =[0 c,]; the matrix C has the form (4), while D,, = I, for the vector

containing the sensor errors e = [ey e e e, e, e, er] . It is known that the sensors have sometimes errors;

for example, the most important errors of a gyro sensor are: 1) the bias; 2) the scale factor; 3) the calibration
error of the scale factor; 4) the noise of the sensor. The bias and the noise are the most severe for the control
performance during landing. Usually, on aircraft there are used gyro sensors to measure the angular rates (in our
case p and r); by integration of the obtained values, the roll and yaw angles result. Moreover, on aircraft there are
transducers for the attack angle and for the sideslip angle (f). Therefore, in this paper, we considered sensor
errors for B, p, and r. In the ALS’s software implementation, we will use the general model of the gyro sensors
from [3], but will increase considerably the values of the sensors’ errors to study the robustness of the ALS.

To proof that, in steady regime, the forms of z, =¥ and z, = 8 are the same with the ones in equation

(13), one has used the expansion of z7 = [z]T z7 ] " as function of state (x) and of the system’s command (u);
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for u(=0, there have been successively obtained: 7 = {21 } =z(x,u) = z(x,,up) + (gj Ax + (@j Au =
\—/_—J (X 0)

z, ! Ox ou )y, o)
% % % %
C D C D, —
zzo+ax1 ox, Ax +| O O Ao Azz| P+ "Mz P MuxCx+
% .. % 92 %, ¢ 11 Gl Loy
Ox, ox, (v0.0) Ou, Ou, (x0.0)
Co Doy
[Cl} [Dn]
+ Du, where C, = oz . O ,C, = 9z, . 9z, X, (i - I,_n) are the system’s states (n=38),
ox, ox, v0.0) 0x, 0. (to

— |C,| = |D
Dy, = oY or =[e, 0].D, = Ozy Oz, _| B B =[0¢].C=|"|.D=|""| Here,
o, 05, ou, ou, 35 05 C D,
(xO,O) ("‘an) e (xO,O)

e

¢, and ¢, have small positive values; in steady regime (1 = 0), one obtains z, =Y and z, = B.

The optimal control law has the form [5]: u, = -K_ (% — )?), K, =R'B"P, R, = D"D; u, minimizes

the cost functional: J = _.[Z zdt = —I CTC)x +u (DT_)um dt. P, € R®® a symmetric and positive
Q1 Rl

defined matrix, is the solution of the Riccati matriceal equation [4]:
ATP, + P, A-P,(BR7'B" — u2GG" )P, + 0, = 0. (14)

Here, R, must be a positive matrix, while p, is a small enough positive scalar for which the Riccati equation
(14) has a stabilizing solution. To obtain the estimated state ¥ and Ax = x —x, one borrowed the observer
presented in [5], i.e.: A% = AA% + Bu + L, (Ay - CAfc). The observer gain matrix L, € R* is obtained by using
the formula [11]: L, = P;CT (D%BD22 )71, with P, — the stabilizing solution of the Riccati matriceal equation:
AP + PPAT - P! (C T'C-p2C’C )P; +GGT =0, p, has the same significance with the one associated to p, .
D. The structure of the new automatic landing system. The structure of the new automatic system for
the aircraft guidance during landing approach phase, using the H-inf control technique, the dynamic inversion

method, two reference models, and an optimal observer is presented in Fig. 1. The subsystem for the
calculation of the command # and of the vector y is represented in Fig. 1 with dashed line if the control law

(12) is used.

Reference model - Fig. 2

7 o
7> - [F ] e-fivEil v
e B -
-Z z u :[5114 541]T AIRCRAFT x {B}
g—>» 7 »| DYNAMICS [—pp—> C'l—»
= -t ______ (eqs. (2) and (3))
p —>» y T
z=[r B’ : w=V,
Brrovys,s,]

Fig. 1 — ALS for the aircraft control in lateral plane using the H-inf control and the dynamic inversion.
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YL(S) (S + p)(sz + 2808 + 0)12) Y )
HB B
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> Bs) _ 3 —
B(,(s) s+ 28,0,8 + ®3 i,
a. b.

Fig. 2 — Block diagrams of the three order and second order reference models: a) simplified block diagrams; b) detailed block diagrams.

The automatic control of the aircraft in lateral-directional plane, during landing approach phase, is mainly based
on the dynamic inversion and H-inf method. The vector Z may be calculated by means of two reference
models (Fig. 2), the former being a three order reference model (associated to Y), while the latter, a second
order reference model, is associated to the angle B [5].

The desired landing trajectory of aircraft involves two variables’ control: the sideslip angle () and the
aircraft lateral deviation with respect to the runway (Y). The optimal control system associated to aircraft
flight during landing (lateral-directional plane), based on dynamic inversion and H-inf method, assures the
convergences: Ay —>O(y —>¥,x —))_c),AZ —>0,(z:C'x -7z :C’)'c),Afc —>0(fc—>x—>)'c),uo0 —>0,u >0,u—>0.

4. NUMERICAL SIMULATION RESULTS

To study the performances of the new obtained automatic landing system (lateral-directional plane), we
consider the landing approach phase of a Charlie airplane. Complex simulations in Matlab/Simulink environment
have been performed; thus, one designed the optimal observer, the H-inf controller, and, after that, validated the
proposed automatic landing system in lateral-directional plane using real flight data.

The coefficients’ values for the dynamics of a Charlie light airplane landing have been borrowed from [5]:
a,, =-0.0013,a, =0,a,; =-1,a, =0.15,a,, =-133,a,, =-098,a,;, =0.33,4a,, =0.17,a,, = 0.17,a,; = -0.217,
by =0,b, = 0.015,b, = 0.015,b,, = 0.23, by, = 0.06,b,, = 0.026,b;, = —0.15,V, = 67m/s,T, = 0.1s,T. = 0.1s,
 =10,p, =10,¢, =105,c, =0.72,¥ =0m, B =0deg, ¥, =10m/s, f0)=0,,,; the vector containing the sensor errors is

e=[0m 0m/s 1deg Odeg 1deg/ s 0deg 1deg/s]”, matrix G has been obtained with equation (3), while the

initial state is x(0) = [0.1deg Odeg/s —ldeg/s Odeg 2deg 15m Odeg Odeg]”; for the reference models,
we have chosen: p = 25,&, =&, =0.7,0, = ®, = 2rad/s. The sensor errors’ values have been chosen very large

because it is important to use strong disturbances instead of small ones when designing a robust ALS.

In Fig. 3 we represent the time characteristics for the flight direction control system (Fig. 1); before the
start of the two landing main stages in longitudinal plane, the pilot must cancel the aircraft lateral deviation with
respect to the runway. The characteristics have been represented for the ALS affected by crosswind in the
presence or in the absence of sensor errors (the sensors are used for the measurement of the states). The presence
of the sensor errors is not visible — the curves with solid line (obtained for the ALS without sensor errors)
overlap almost perfectly over the curves plotted with dashed line (obtained for the ALS with sensor errors).
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Fig. 3 — Time characteristics of the lateral-directional control system, with or without sensor errors.

The landing approach begins at 67 m/s nominal speed; this should be maintained constant. To test the
robustness of the designed ALS, in simulations, we have taken into consideration the crosswind, because low-
altitude crosswind can be a serious threat to the safety of aircraft in landing. From the 4™ mini-graphic in Fig. 3,
we can see that the stationary value of the aircraft lateral deviation is very close to zero; this error is very good
if we analyze the Federal Aviation Administration (FAA) accuracy requirements for Category III (best category)
[17]; according to FAA Category III accuracy requirements, the lateral error (lateral deviation with respect to
the runway center line) 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 Il Precision standards, while, if the lateral error is between 4.6 m and 9.1 m, it meets
Category | Precision standards. The reason that our design meets the best requirement for lateral-directional
motion during landing and achieves the design goal is that we used the H-inf robust control technique; this
method can handle the plant with measurement noise (sensor errors) and crosswind. If the crosswind is stronger
than its maximum accepted value, the pilot must avoid having the aircraft enter into this wind shear. From the
sideslip angle point of view, the errors are less than 0.1 deg.; we conclude that B —[3.= 0 deg.

5. CONCLUSIONS

The purpose of this study was to design a new ALS using the H-inf control and the dynamic inversion
techniques. The H-inf method can handle both robustness and exact tracking problem, being very suited for the
ALSs’ design. The new obtained system represents an extension of the ALS designed in [4] where only the
landing in longitudinal plane is analyzed; here, the aircraft motion in lateral-directional plane is studied. In the
specialty literature, the system presented here is the only control system based on the dynamic inversion, H-inf
control, which takes into consideration the crosswind, the sensor errors and uses an optimal observer, two
reference models, and two methods for the obtaining of the optimal control law. The two calculation methods
for the optimal control law give the ALS a greater degree of generality, applicability, and simplicity. The
simulation results are promising and show the robustness of the new landing architecture with respect to the
crosswind; moreover, the very good errors meet the FAA accuracy requirements for Category III. On the other
hand, the designed control law has the ability to reject the measurement noise produced by the sensors and the
crosswind. Compared to other existing approaches in the field of ALSs, our method achieved higher tracking
precision. The use of the dynamic inversion makes our control system more general and, therefore, it can be
used both for the case when aircraft dynamics is nonlinear and for the case when aircraft dynamics is linear;
thus, the dynamic inversion’s usage increases the generality character of our new automatic landing system.
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