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Abstract — The paper focuses on the automatic control of
aircraft in the longitudinal plane, during landing, by using the
literalized dynamics of aircraft, taking into consideration the wind
shears and the errors of the sensors. The H-inf control provides
robust stability with respect to the uncertainties caused by different
disturbances and noise type signals, while the dynamic inversion
provides good precision tracking. A new robust automatic landing
system (ALS) is obtained by means of the H-inf control, the
dynamic inversion, optimal observers, a dynamic compensator and
two reference models providing the aircraft desired velocity and
altitude. The theoretical results are validated using numerical
simulations for a light aircraft landing; the simulation results are
very good (Federal Aviation Administration accuracy requirements
for Category I11 are met) and show the robustness of the algorithm
even in the presence of wind shears and sensor errors.
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I. INTRODUCTION

Many scientific researchers have applied the intelligent
concepts for the automatic landing of aircraft; they use the
optimal synthesis H,,H_,H,/H_ [1, 2], the adaptive synthesis

based on dynamic inversion theory and neural networks theory
[3, 4] or fuzzy techniques [5, 6]. In the research area of optimal
synthesis, Ochi and Kanai [7] have used the H, control
technique to design aircraft automatic approach and landing. In
this paper, the authors did not analyze the robustness of the
designed controllers in the presence of sensor errors and wind
shears — issue which is considered in our paper. This is achieved
in [8], where a PD-type fuzzy control system is developed for
automatic landing control of both linear and nonlinear aircraft
models; the robustness for a wide range of initial conditions was
demonstrated successfully [9]. The drawback is that the authors
only set up the wind disturbance as the initial condition;
persistent wind disturbance is not considered. The learning
scheme wusing fuzzy controllers with the BPTT (Back-
propagation Through Time), presented in [9], guides the aircraft
to a safe landing and makes the controller more robust and
adaptive to ever-changing environment. By using improvement
calculation methods and high-accuracy instruments, these
systems provide more accurate flight data to the ALS to make
the landing smoother; however, these studies did not include
weather factors such as wind disturbances [9]. Same
conclusions can be drawn from the work of Singh and Padhi
[10] where a nonlinear control has been designed using the
dynamic inversion approach for the automatic landing of
unmanned aerial vehicles (UAVs) along with associated path
planning. The obtained algorithm is not tested in the presence of

wind shears, this being a disadvantage of the algorithm. Other
methods to design the control for aircraft landing involve the
use of neural networks [11], but the weakness of these methods
is that they do not make the aircraft to track the desired flight
path with accuracy. If severe wind disturbances are encountered,
the pilot must handle the aircraft due to the limits of the
automatic landing system.

This paper focuses on the automatic control of aircraft in the
longitudinal plane, during landing, using the aircraft linearized
longitudinal dynamics, taking into consideration the errors of
the sensors as well as the longitudinal and vertical wind shears.
Our aim is to design a new landing control system in the
longitudinal plane by using the H-inf control and the dynamic
inversion concept. The controlled output vector (z) consists of
the aircraft flight altitude and velocity, the disturbances of the
system being the wind shears and the sensor measurement
errors. The reference altitude, velocity, and their derivatives up
to relative degrees of the system are provided by reference
models by means of the landing geometry equations [12, 13].
The system differs from other similar automatic landing systems
from the specialty literature. Our new automatic landing system
consists of: 1) an optimal observer — used for the estimation of a
state error vector in the presence of wind shears and sensor
errors; 2) two reference models providing the desired altitude
and velocity on the landing trajectory, together with the
derivatives of these variables up to the relative degree of the
system; 3) a dynamic compensator which provides one of the
control law components (the pseudo-command signal). The
inputs of the reference models are the altitude and the velocity
calculated by using the landing geometry equations for the two
main stages of the landing (glide slope and flare).

II. AIRCRAFT DYNAMICS IN LONGITUDINAL PLANE

The linearized dynamics used in this paper belongs to a light
aircraft (Charlie-1 type) flight. The dynamics of aircraft motion,
in longitudinal plane, is described by the state equation [13]:

X = AxX+Bu+Gu,, (1)

with xeR™ - state vector, x=[u w q 6 H &, & ],
u=[8,. 8]  eR* — control vector, while u, =[V,, V,,]" is
the vector of disturbances; V,, and V,, are the components of

the wind velocity along the aircraft longitudinal and vertical [1];
u is the longitudinal velocity, W — vertical velocity, q — pitch
angular rate, 6 — pitch angle, H — aircraft altitude, while 6, and



8; are the elevator deflection and the thrust command,

respectively; 8, and §;, are the commands applied to elevator

ec

and engine, respectively. The matrices A< R”7,BeR”* and

G e R™ are, respectively [13]:

a, a, 0 a, 0 bn blZ 0 0 —a; -3,

ay a, a; 0 0 21 by, 0 0 —ay —ay (2)

a; Ay Ay 00 b3| 32 0 0 —8; —ay
A=l0 0 1 00 O 0 |[,B=] 0 0 [,G=| 0 0 |

0 a, 0 a, 0 0 0 0 0 0 0

00 0 00-1/T, 0 UT, 0 0 0

0O 0 0 00 0 -1/T; 0 UT; 0 0

The landing procedure involves three phases: initial
approach, glide slope, and flare [14, 15]. During initial approach,
the pilot descends from the cruise altitude to 420 m above the
ground. At 4 nautical miles from the runway, the glide slope path
signal is intercepted; the pitch, attitude and speed must be
controlled while the aircraft maintains a constant speed; the pitch
angle is between -5 and 5 deg. At 30 m above the ground, the
slope angle control system is disengaged and a flare maneuver is
executed.

The equation associated to the glide slope phase (H > H,,
H,— the altitude at which the glide slope phase ends) is

H, = (X - X5 )tan(yc), X =Ucos@+wsin®, where X is the
covered horizontal distance, X o is the coordinate of the point

where the glide slope intersects the horizontal axis, H_ — the
calculated flight altitude, while y, =-2.5deg is the imposed

slope angle during the first landing stage. The equation associated
to the flare is H, = H,exp(~t/t), with t— time constant. In
(1) u,, is a stochastic process defined by means of the velocities’
spectrum; the velocities may be modeled using generator filters
[9] with white noise input type. Here, the disturbances are the
wind shears, their model being described by the equations [1]:
Vix =Vig, sin(o,t),V,, = Vo, [1 —cos(mot)],co0 =2n/T,, where

T, is the flight time period inside the wind shear, while V,, and

V,, are the maximum absolute values of the wind velocities

with respect to longitudinal and vertical axes, respectively.

III. DESIGN OF THE AUTOMATIC LANDING SYSTEM BY USING
THE DYNAMIC INVERSION AND THE H-INF CONTROL METHOD

In this section of the paper, the automatic landing system is
designed. It is based on the dynamic inversion principle and H-
inf method, a dynamic compensator being used in the design
process of the component U of the control law u. The automatic
landing system is more appropriate for the cases when aircraft
dynamics is strongly nonlinear. For the calculation of the
command u_, an optimal H-inf based procedure is used.

0 3

A. Problem formulation

Consider the vector z=[H u]" =C'x that contains the

system controllable output variables, while the vector

Z:[ﬁ U]T contains the reference variables (the imposed
values of the flight altitude and longitudinal velocity). The

system output vector (Y), in the absence of sensor errors, has the
form: y= [H Huue q]T =Cx. If the sensor errors are
taken into account, the output vector is y =Cx+ D,,e, where e

is the vector containing the sensor errors, while Dy, is a positive
defined matrix; the forms of the vector € and matrix D,, will be
presented later. Having in mind the forms of the vectors X, u,
u,, , and the matrices A, B, G - equations (2), it results:

0 000 10 0
0 a, 0a, 0 0 0
C,{0000100}C=1000000.(3)
1000000 a, a, 0 a, 0 b, b,
0 0 0 0
0 0 1 00 0

Now, by using Z and the dynamic inversion principle, we
calculate X (the desired state of the system) and U (the desired
control) with respect to Z and, after that, the vector y is

obtained with the equations: X = AX + Bu,z=C'X,y=CX.

The command law is calculated by using the formula [13]:

u=u_+u, )

0

where U, is the optimal command calculated by means of the

H-inf method, while the component U is calculated by using the
dynamic inversion. We present below the calculation of the two
components of the control law.

B. Design of the first component of the control law

If the state equation (1), the equations of the variables
z,=H,z,=u, and the equation y=Cx+D,e are put
together, the following equation is obtained:

X A(7x7) Birx2) G(7x2) 076 X

Z | _ C0(1x7) D01(1x2) 0(1><2) 0(1><6) u |, (5)
Z, Cl(l><7) D, 1(1x2) 0(1><2) 0(1><6) uy,

y C(6x7) O(ze) O(6><2) D,, (6x6) €

C,=[0 00010 0c=[100000 0LD,=[c, 0]
D, =[c, 0], the matrix C has the form (3), ¢, and c, are
positive constants, while D,, =k -1, is the weights’ matrix for

> . a— T. ;
the sensor errors’ vector: e—[eH e, € € & eq] ; Kis a

small positive constant.

The optimal control law has the form [13]: u, =-K ()? — i),

K,=R'B'P,,R =D/D,; K
while u_, minimizes the cost functional:

is the controller gain matrix,

©

J:%lzlgdt:%j x"(crc,)x+ul (D}D,, Ju, [dt.  (6)

0 Qi Ry

The symmetric and positive defined matrix P, e R™7 is the
solution of the Riccati matriceal equation [6, 13]:



AP, +P,A-P,(BR'B" -GG )P, +Q, =0.  (7)

To obtain the system estimated state (X) and A% = X - X,
we use the observer [13]: AX = AAX + Bu + L, (Ay - CA)?). The
observer gain matrix L, €R™ is calculated by using the

formula: L, = PO:CT(D;2 D,, )_l, with P, — the solution of the
Riccati matriceal equation [6, 13]:

AP +P/AT —P:(CTC-py’Q,)P. +GGT =0. 8)

C. Design of the second component of the control law

The calculation procedure of the control law’s second
component (U ) starts from the general equation associated to the
aircraft linear or nonlinear dynamics: X = f(X,U),Z = h(x),
which is given by the hypothesis in [13]:

d'h _ oh . — oh

2" =h, (x,7),h, = =0,i=0,r, =20 (9)
u

AT Cou

equation (9) states that all the derivatives 20 = hi(x,ﬁ): h®,
i= (ﬂ, do not depend on U (the control law’s first component),
while z=h (x,T)=h") depends on T; r is the relative
degree of the system. In this case, the vector containing the main
controlled variablesis z=[H u]" =[h/(x) h,(x)]"; also,

Z(r) _ [Zl(ﬁ) Zng)]T _ [H U]T _ [hl(ﬁ) héfz)(x)]T .

Let ﬁr (X,Cl) be the best approximation of the function
h,(x,UT); our aim is to design the pseudo-control control law:

V=h,(z,0) (10)

which interferes in the expression of the component U. The
equations (9) and (10) are equivalent with:

V)0 =h(z,v); (11

then, according to the equations (9) and (10), it

u=h'(z

if h =h,

results: z") =v=V; otherwise,
2 =v+e, (12)

where ¢=h (z,T)- ﬁ, (Z,L]) is the approximation error of the
function h,

disturbance of the system. Equation (12) expresses the presence
of r ideal integrators between the pseudo control v and the output

z. Imposing z > 7,2 > 1Z,...,

(the inversion error) which can be seen as a

2" 57, the pseudo-control v
may be chosen of the following form [13]:
=z +Vpy TE,

V=V+g=
where V,, is the output of the dynamic

compensator (used for the stabilization of the dynamics (12)).
The linear subsystem (12), having the input V= v+s and the

output z, has the transfer matrix H, [H Hdz (s)]T,
with H, (s),i =1,2, having the form:

b,
H, (s)= ' . 13
d'() i LSt A S A (13)

Z(r-l)]T _

Now, by using the notations: Z = [Z 7 ..

['121222]_[HHHuu]k[kk]T
:[ . knfu] , the subsystem (12) is written as:
2" 4 0TZ =, (V+¢),b, = [by, by]" (14)

Customizing the above equation for z") =z, the error
s:[sl 82]T becomes [0 0]"; for b, —[1 I]T
V=9, =[5, V] and ¥, =247 = [H T H u]. For
z,=H(r,=3) and z,=u(r, =2),

we obtain

the following transfer

functions result: H, (s)= by, Hg, (s)= b—(’zz, this leading
s

s (S + Ay, ) ’
to null stationary errors (H w=Hy=u,=ly = ()),
The left side term in equation (14) has now the expression:

e )
M2z = H+H :[351 asz ass as4 0 asa 357:|X+
oy ’
u a, a, a; a, 0 a, a;

aszbzl aszbzz (15)
+ T, T; +[951 g%2:|uw +|:gg1 g;,z:|uw’
h b172 9 9n 9n 9
T, T:

s " ’ " ’ " r
with as; =85 +85,8y,85, =85, 85,8y, ,853 =853 + 854 +85,8p3,

’
a _a54’a56 _a56+g21’ 57 _a57+9225951 g51+921’

J: =04, +0,,; we have chosen A, =b, =1.

Introducing AN/ (the form is given in equation (15))
into equation (14) and identifying the terms of the pseudo-

control V and g, we get: V= [ } { E ))1 ( u)

a= [Aec 81, T; thus, it result Gz[Sec 81 :ﬁ,’ (2,9)=

-1

a52b21 a52b22
| % (\7—[35"1 al’l][l:l lj]Tj and
by by
T, T;
gz{sl}z[ag, a; ap ay 0 a aﬂ[a q6 s, ST]T+
82 all alZ al3 al4 0 a16 a17 (16)

[951 952} {g;ﬁ g;’z}u :
9 9n 9 9] "
H and G are two of the seven components of the estimated
ie. H,0,W,4,0,5,
series of the function h/ l(Z,v),

state X, ,ST. Also, using now the Taylor

we successively obtain:



0= (2.0 =R (2.9)+ Sl @v)). - (-9)= ()=

"(z,0)+ % (ﬁ[ '(z, \7)) ¢ and, replacing the controlled vector
\"

z with its estimate (2), according to (11), it results:

U:OH;%(&’ 1(2,\7)), Now, replacing ( in the previous
Y

equation, we obtain the following control law:

-1

_ a52b21 a52b22
— 8 N N T T. ” ' q AT
u:[iﬂ:h,'(z,v)— bi i (v—[a51 all][H u] j amn
T, T;

The calculation method for U differs from other methods by
a greater degree of generality, applicability, and simplicity.

IV. STRUCTURE OF THE NEW AUTOMATIC LANDING SYSTEM

The structure of the new automatic landing system, using a
dynamic compensator, the dynamic inversion principle, and the
H-inf method is presented in Fig. 1; it uses the two reference
models in Fig. 2 (the three order reference model for H and the
second order reference model for u). The vectors V, = 742z

and Z are provided by the two reference models, while the
calculated aircraft altitude (H,) is obtained from the landing

geometry equations: H, = (X - X5 )tan( .) for glide slope and
H, = H, exp(~t/1) for the flare. The command V is obtained
using the output V, of the reference models block and the output

V,q of the dynamic compensator; this signal (\7 ) is obtained

pd
by using the vectors z=[H u]",z= [ﬁ u ]T, the proportional
coefficients (kpl’kpz ), and the derivative coefficients (kd],kdz)
of the dynamic compensator. For the calculation of the

coefficients k_,k .k, ,k, , we use the characteristic equations
P2 Py hd o dy

associated to the closed loop system (with negative unitary
feedback) which has on its direct way the linear system with the
transfer matrix H,(s) and the dynamic compensator (the

command signal u_ is neglected); these equations are:

§* " 4Bk 5By K, = 0,57 + By, +p, Js+byk, =05 (18)

choosing A,, =b,, =b), =1 and A, =0, the 4 coefficients of

the dynamic compensator are determined such that the solutions
of the equations (18) have negative real parts. The solutions of
the equations (18) may be chosen as the poles of the transfer
functions associated to the reference models.

The obtaining of the aircraft desired trajectory mainly
involves the same two variables’ control: the forward speed (U)
and the altitude (H); the ALS must also assure the conver-
gences: Ay — 0(y =Cx — ¥ =CX),Az - 0,A% — 0()2 ->X—> X).

V. NUMERICAL SIMULATION RESULTS

To study the performances of the new obtained automatic
landing system, we consider the landing of a Charlie-1 aircraft.

Complex simulations in Matlab/Simulink environment have
been performed; thus, we designed the optimal observer, the H-
inf controller, the dynamic compensator and, after that, we
validated the proposed automatic landing system. The values of
the coefficients for aircraft dynamics have been borrowed from
[12,13]: a, =-0.021,a,, =0.122,a,, =—-0.322,a,, =—-0.209,

a,, =-0.53,a,; =2.21,a,, =0.017,a,, =-0.164,a,; = -0.412,

a;, =-l,a;, =V, =70m/s,b, =0.01,b,, =1,b,, =-0.064,b,, =-0.044,
b,, =-0.378,b,, =0.544,T, =0.35,T; =2s5,0=V,,V,

vx0

V,,, =5m/s, T, =10s. The sensor errors’ vector has been chosen

=5m/s,

as e= [lm ldeg/s 1m Om/s> ldeg ldeg/s]T, while, for
the reference models, we have chosen: p=25,& =&, =0.7,
®, =, =2rad/s. For first landing phase, we used the values:
H, =H(0)=420m,X(0)=0,X, =-H,/tan(y,),y, =-2.5deg.
The initial value of the state vector has been chosen as:
x(0)=[71m/s -7.0m/s -2grd/s —ldeg 420m ldeg Odeg|.
In order to obtain the proportional coefficients (k . kpz) and the
derivative coefficients (kd] , kdz ) of the dynamic compensator, the

characteristic equations (18) are solved after replacing the
complex number “s” with its desired values; we have chosen the
set (0.5, -1.2, -0.9) for the first characteristic equation and the
set (-10, -1) for the second characteristic equation.

In Fig. 3 and Fig. 4 we represent the time characteristics for
the glide slope landing phase and flare landing phase,
respectively; the characteristics have been represented for the
ALS affected by wind shears in the presence or in the absence of
sensor errors (the sensors are used for the measurement of the
states). The last four mini-graphics in Figs. 3 and 4 represent the

deviations of the forward speed (u), sink rate (H ), slope angle
(y), and altitude (H), with respect to their nominal values, i.e.

u-u,H- I—T,y —v.,H —H. 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). The time origin for the flare trajectory is chosen zero
when the altitude is H=H;=30 m (the altitude at which the glide
slope phase ends). From last graphics in Figs. 3 and 4, we can
see that the final error between the desired path and the actual
path is less than 0.3 m during the glide slope phase and 0 for
flare. These errors are very good if we analyze the Federal
Aviation Administration (FAA) accuracy requirements for
Category III (the best category); according to FAA Category III
accuracy requirements, the vertical error (altitude deviation with
respect to its nominal value) must be less than 0.5 m, while the
final altitude at the end of flare must be 0 m. The reason that our
design meets the requirement and achieves the design goal is that
we used the H-inf robust control technique.

The problem of landing has also been discussed in other
papers, different types of ALSs being designed [9, 10, 12-15]. If
we make a brief comparison between our ALS and the ones
based on an Instrumental Landing System or conventional/fuzzy
control of flight altitude by using the system’s state [12], we
remark that from the system transient regime period and
overshoot point of view, the ALS based on H-inf technique and
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Fig. 4. Time characteristics for the flare phase

dynamic inversion works slightly better. Improvement of the
performance was obtained by replacing the conventional
controllers with fuzzy ones [14], but those ALSs cannot be used
for strongly nonlinear dynamics. Our new ALS uses the H-inf
technique, this having the advantage of applicability to problems
involving multivariate systems with cross-coupling between
channels; the only disadvantage is related to the non-linear
constraints such as saturation that are generally not well-handled.

VI. CONCLUSION

The ALS designed in this paper represents an improved
version of the one in [1] differing from other similar automatic
landing systems from the specialty literature; our new ALS is
designed for the control of landing in the longitudinal plane but,
with some changes, it can be applied to the lateral-directional
motion of the aircraft during landing or other flight trajectories.
Our new ALS has some additional elements with respect to the
one presented in [1]: an optimal observer, two reference models
providing the desired altitude and velocity, and a dynamic
compensator which provides one of the control law components.
The simulation results are promising and show the robustness of
the designed control system even in the presence of wind shears
and sensor errors; 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 from sensors and wind shears having low intensity.
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