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Abstract: In this report, a longitudinal adaptive flight control law is presented for the automatic landing system of a Japanese
automatic landing flight experiment vehicle (ALFLEX). The longitudinal adaptive flight control law is designed to track an output of
the vehicle to a guidance signal from the guidance portion of the automatic landing system. The proposed adaptive control law in the
attitude control portion adjusts the controller gains continuously online as flight conditions change, in spite of the existence of
unmodeled dynamics. The number of the controller gains to be adjusted is decreased to 1/2 from the previous studies. Computer
simulation involving six-degree-of-freedom (DOF) nonlinear flight dynamics is performed to examine the effectiveness of the
proposed adaptive control law. In order to verify the influence of the dispersion of the initial conditions, the Monte Carlo simulation
is also applied. The initial conditions are more widely dispersed than the previous studies. As a result, except under the unsuitable
initial conditions, the ALFLEX successfully landed on the runway.
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1. INTRODUCTION

In the development of a future space plane, automatic
landing is a key technique that should be established. Since the
space plane is expected to fly in an extremely wide flight
envelope compared with those of conventional vehicles, the
flight control system is required to deal with greater changes
in the dynamics.

A Japanese automatic landing flight experiment vehicle
(ALFLEX) was developed in order to examine and establish
automatic landing techniques for the space plane. However,
many of the studies on the flight control system for the
ALFLEX have focused on the design of the optimal tuning of
the system parameters or a gain-scheduled controller, while
few studies have attempted to employ recent adaptive control
theory [1-3]. This seems to be because of the ideal conditions
imposed on the adaptive theory.

As reported in Refs. 4-6, we designed an adaptive control
law for the ALFLEX longitudinal flight control system, where
the vehicle's dynamics are treated as a discrete time
linear-parameter-varying (LPV) system. In the designs, the
vehicle's dynamics were assumed to be dependent on
observable LPV parameters such as the dynamic pressure [7].
Furthermore, the influence of unmodeled dynamics was
treated by imitating a part of the result reported in Ref. 8.
However, it was reveded that the convergence of the
estimated parameters was not sufficient due to the number of
excess parameters to be estimated.

Therefore, in this study, we attempt to decrease the number
of parameters to be estimated in the adaptive law in order to
be able to treat the ALFLEX as a conventional linear-time-
invariant (LTI) system with unknown constant parameters
from the stand point that the ALFLEX flight envelope is
limited to a part of the whole flight envelope for the space
planes. Namely, the ALFLEX control system is designed to
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estimate unknown constant parameters in the vehicle's
dynamics.

Furthermore, athough in the previous ALFLEX
simulations, the program, provided by the National Aerospace
Laboratory of Japan (NAL), was written in FORTRAN [9], in
this study, we attempted to construct the ALFLEX simulation
program in the MATLAB/Simulink environment.

Finally, in order to verify the effectiveness of the proposed
adaptive flight control law, numerical simulation was
performed. Also, the effects of the initial condition dispersion
were examined with the Monte Carlo simulation method under
a wider initial dispersion than that in the previous studies
[4-6].

T

Altitude

Fig.1 Automatic Landing Flight Experiment.

2. VEHICLE EQUATIONS OF MOTION

In the design of alongitudinal control system, if we choose
z-directional acceleration as a controlled variable, the system
becomes a nonminimum phase system. To avoid this difficulty,
as the controlled variable y(t) , we choose a weighted linear
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combination of the pitch rate q (rad/s), the acceleration
a, (m/s%) at the center of gravity (C.G) of the vehicle, and the
angular acceleration ¢ (rad/s?) as

y(t) =V, -at)—a, (1),
a,t)=a,()-1-9@),

(18)
(1b)

where V_is a weight (which is usualy called a crossover
speed athough, it does not have this meaning here), a, (m/s)
isthe acceleration at a point where the accel erometer is placed,
and | is the distance between the accelerometer and the
vehicle'sC.G.

A command signa u, to the control system is modified
similarly to Egs. (1a) and (1b) as

uc(t) :Voo : qc(t) - azlc(t) ’ (2&)
a,.(t) =a,(t)-1-q(t). (2b)
The continuous time equations representing the

short-period motion can be expressed in state space form as

x(t) = A _x(t) +b.u(t) , (33
y(t) = e"x(t) = —a,(t) +1-q(t) +V, - a(t) . (3b)
Here, the state vector and control input are defined as
x(t) = [w(),q(t),5,(t)]" (30
ut) =o.(t), (3d)
and the associate matrices are
Z, U, Z;
A =M Z,+M,, MU, +M, MZ, +M; |, (38)
0 0 -y
0 I((MZ,+M,)-2Z,
b.=| 0 |, c= I(MWUO+Mq)+VCU (3f, g)

Wy I(MWZ&+M§G)—Z§e

Here, w is the z-directiona velocity, o, (rad) the elevator
deflection, and S, (rad) the elevator deflection command
which is equa to the control input u (rad) to the controlled
system. Also, U, is the vehicle velocity, o, the actuator’s
bandwidth, and Z,,,Z; ,M;,M,,,--- the dimensional stability
derivatives, which are assumed to be constant unlike those in
the previous studies.

3. DISCRETE MODEL OF THE PLANT
WITH UNMODELED DYNAMICS

By adding a zero-order hold to the input of system (3), then
taking the z-transform of the equations with respect to the
sampling period T , the discrete time state equation and
output equation can be expressed by
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x(k+1) = A x(k) +b u(k), (4a)
y(k) = ¢ x(k), (4b)
A,=er b, =[etdrb, . (4c)

Equation (4) can be transformed into the impulse transfer
function as

_7'B(zY) .
y(K) “TAZY {1+A(Z)}u(k) , (59)
Azh=1+az ' +a,z%+a,z?, (5b)
B(zY) =h,+bz*+bz?. (5¢)

Here, 2 'B(z")/ A(z!) expresses the transfer function of a
nominal portion of the controlled system (plant) expressed by
Eq. (4), and A(z™") expresses an unmodeled portion neglected
in modeling the plant. Furthermore, A(z') , B(z™"), and
A(z™) are assumed to be stable. In addition to them, note that
z is used as a z-transform operator and z*is aso used as a
delay operator throughout this study.
At this point, Eq. (53) can be rewritten as

Az y(k+1) = B(zH)u(k) + v(k) ,
v(k) = A(z1)B(zM)u(k) .

(62)
(6b)

Here, v(k)is regarded as a disturbance signal due to the
modeling error.

4. DESIGN OF AN ADAPTIVE CONTROL LAW

The aim of our study is to generate an adaptive control
input u(k) such that the vehicle's (plant’s) output y can
follow a guidance commandu, in spite of a modeling error in
the vehicle's linearized dynamics.

Next, it is known that the polynomias R(z') and
H(z™) which satisfy the following relationship are uniquely
determined.

D(z) = AZYHR(zY + 2 H(zY), (79)
AzY=1+az'+a,z*+-+az", (7b)
D(z")=1+d,z"+d,z*+---+d,z 7, (70)
RzY=1+rzt+ 0z +-+r, 2, (7d)
H(z")=h+hz'+hz?+.-+hz ", (7e)

In this study, we set them as

D(zY) =1+d,z* +d,z%+d,z°, (8a)

R(zY) =1, (8b)

H(z")=h+hz'+hz?. (8¢c)

By multiplying y(k+1) on both sides of Eq. (7a) and
substituting Eq. (6) into the result, Eq. (7a) can be rewritten as



ICCAS2003

October 22-25, Gyeongju TEMF Hotel, Gyeongju, Korea

D(zMy(k+1) = B(z H)u(k) + H(z M) y(k) + v(k)

(99)
=0"g(k) +A(z H)B(z Y)u(k)
where
0 =[by,by,b,, Iy, 0] =[by,0]" =[6,,0]", (9b)
&(k) =[u(k),u(k —D,u(k - 2, y(K), y(k-1),y(k - 2T (%

=[u(k), &K'
At this point, let us assume that an adaptive control input

u(k) that tracks the vehicle's output y(k) to the command
signal u, (k) generated in the guidance block is obtained by

_D(EMu (k+1) - 07 (E(K) - f (K)

k - , 10:
u(k) 70 (10a)

0(K) = [4,(K), 6(K)]" (100)

g(k) =[u(k), &(K)]" - (10c)

Here, é(k) is a parameter estimation vector (variable gain)
and f(k) is an auxiliary signal generated by a feedback
compensator which is employed to improve the loss of control
performance caused by the second disturbance term in Eq.
(9a). According to Ref. 8, f (k) is generated using an observed
output tracking error,

f(k)=D(z")P(z)e(k) , (11)
where the tracking error signal is defined as

e(k) = y(k) —u, (k) . (12)
From Eq. (10a),

D(z "), (k+1) =07 ()&(K) + f (K). (13)

The error equation is obtained using Egs. (9a), (12), and (13)

D(z etk +1) =y (K)&(K) + A(z )B(z )u(k)

(14
-D(z")P(z")e(k +1)

where y(K) isaparameter estimation error and is defined as
w(k)=0-0(k). (15)

Eq. (14) can be rewritten as

{1+ P(z}D(z ek +1) =y (K)g(K) +A(z)B(z )u(k) .
(16)

The compensator is determined in order to stabilize the
following polynomial

1+P(zY=1+pz". 17
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Thus, the adaptive control input is determined by

D(z)u, (k+1) - 8" (K)E(K) - D(z™) p.e(k)
6,(k)

ALFLEX -
1+ 1 | u| z'B(zMH{1+A(zh)}
- 6,09 T AR

D(zY)P(z )=

L east-squares update +
Double-bounded trace-gain |

u(k) =

.(18)

Fig.2 Block diagram for the adaptive flight control system.

5. PARAMETER ADJUSTMENT LAW

The parameter é(k) is estimated by the least-squares
update formula,

8k = 0k —1) - kDK ~D{6" (k-D&(K-1 - D(Z")y(K}
1+&7 (k-DII(k-De(k-D

(19a)
M(K) = ——| M(k-1) - N(k-Dg(k-DE"(k -k -1
AR 1+ & (k- DIk —DE(k-1)
l !
= WH (k)

(19b)

Where, A(k) is a forgetting factor and is obtained using a
double-bounded trace-gain algorithm [10],

tri'(k)/y, ; A < tril'(k)/y,

Ak =1 4 Ky, <A<UIK)/y,,  (209)
trin'(k)/y, ; tril'(k)/y, < A
M) =" (0)>0, O<y, <trl(0)<y,, 0<i<l. (20b)

6. NUMERICAL SIMULATIONS

In order to examine the effectiveness of the proposed
design, numerica simulation was performed in the
MATLAB/Simulink environment. In the simulation, the stable
polynomialsin Egs. (8a) and (17) were selected as follows:

D(z') =1-0.2375z* +0.0206z > +0.0489z°, (21)
14 P(z%) =1+ 0.77882. (22)
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First, aflight ssmulation with nominal initial conditions [9]
was carried out. The ALFLEX isreleased at a level speed of
46.0(m/s), a height of 1500(m), and a downrange of -2782(m).

Figures 3-4 show the behaviors of the controller gains
(parameter estimation) adjusted by the adaptive agorithm.
The gains manage to follow their true values on the whole.
Figure 5 shows the time responses of the output y(t) and the
command signal u.(t) generated in the basic guidance
system provided. A glance at Fig.5 reveds that the ALFLEX
output coincides well with the command signal. Figure 6
shows the time responses of the elevator deflection
command S (t) and elevator deflection d,(t) . The magnitude
of the control is within the alowable range of +25(deg) and
-35(deg) except that the vehicle is on the runway. Figure 7
shows the flight path and the reference flight path. The
ALFLEX follows its reference flight path well from
approximately 2000(m) ahead of the runway and successfully
touches down on the runway. Figure 8 shows the vehicle
velocity and the reference velocity. The vehicle velocity tracks
its reference velocity well.

Finally, the influences of theinitial condition dispersion are
examined using the Monte Carlo method [1, 2]. In Refs.4-6,
the initial condition was dispersed while satisfying a trim
condition. However, the actual flight path is considered to be
part of the trajectory of a space plane. Therefore, the trim
condition of the horizonta flight in the initid state was
relaxed in this study. Table 1 shows the initial conditions and
the values of each 3o used in the simulation.

Table 1 Initia condition and each 3o .

Nominal 30
Downrange -2782m 300 m
Altitude 1500 m 300 m
Velocity 46 m/s 30m/s
Flight path angle -30 deg 15 deg
Angle of attack 7 deg 15 deg

Figures 9-11 show the dispersed initial positions, the initial
velocities, and the initial angles, respectively. Figures 12 and
13 show the dispersion of the vertical and horizontal tragjectory
profiles after 100 repetitions of the Monte Carlo simulation.
Figure 14 shows the dispersion of the velocity profiles of the
Monte Carlo simulation.

Figure 15 shows the result of the percentage of success
after 100 repetitions of the Monte Carlo simulation. The
results indicate that in 93% of the examined cases, the
ALFLEX could successfully touch down on the runway. Also,
note that the common feature in the unsuccessful cases tends
to be the initial condition of a low speed which results in an
unacceptably large magnitude of acceleration command for a
limiter in the guidance block.

Figure 16 shows the touchdown positions after 100
repetitions of the Monte Carlo simulation.
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7. SUMMARY

In this study, we presented an adaptive control law for an
ALFLEX model, which has unknown but constant parameters,
for tracking a guidance signal. The obtained controller allows
estimation error and a certain kind of modeling error. In the
numerical simulations of an automatic landing, we applied the
present method for the control of the longitudina motion of
the ALFLEX. The 6-DOF-simulation results revealed that the
ALFLEX output follows the reference command very well,
the adjusted parameters estimate their true values quite well,
and the ALFLEX successfully touched down while satisfying
landing conditions with a percentage of success of 93%
against initial condition dispersion.
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Fig.8 Velocity and reference velocity.
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Fig.16 Touchdown positions.
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