COMBINED ADAPTIVE CONTROLLER FOR UAVY GUIDANCE
B.R. Andrievsky, A.L. Fradkov

Institute for Problems of Mechanical Engineering
of Russian Academy of Sciences
61, Bolshoy av., V.O., 199178
Saint Petersburg, Russia
E-mail: {andr,al} @control.ipme.ru; landri@yahoo.com

Keywords: Guidance, adaptive control, feedforward compemguidance system and also depends on the UAV state variables.

sator. Besides, for practical applicability of the proposed scheme
more realistic plant model (in comparison with [1, 5, 9]) has
Abstract to be taken. First of all, it is necessary to take into account

nonlinearities of the UAV model, atmospheric disturbances and
Combined adaptive control law for an autopilot of the ursluggishness of the steering gears.
manned aerial vehicle (UAV) homing guidance system is Prote considered homing guidance system is inheremlylin-
posed. The adaptation algorithm provides prescribed attit

: X . ) " . . (due to nonlinearities in the adaptation/identification algo-
motion dynamics for different flight conditions. Simulation "ithms) andtime-dependerfdue to kinematics of approaching

sults verify efficiency of the combined adaptive controller ig, target). Examination of the overall system is provided by
the case of significant uncertainty of the UAV parameters apd, " ihe computer simulation

time dependence of the guidance loop.

1 Introduction 2 Combined adaptive controller

The d d q ided b , The adaptation algorithm includes the bang-bang controller
e demands on modern guided systems are becoming mgig ¢, ceq sliding motion, parametric identification algorithm

stringent than in the past. The unmanned aerial vehicle (UAY) § 11 parallel feedforward compensatorgbunt[1, 5, 9]).
autopilots have to be able to produce a response that is acfy,

: o _ ) ¢ adaptation control law is an internal part of tébordi-
rate and fast despite severe variations in speed and altltud%{g;f;

. ' o control systemThe main loop of the considered system
the airframe. Hence the challenge for autopilot design is to pFEg'time-dependent. The control action in this loop can be con-

h h K f f the airf q ired as the reference signal for the internal adaptive con-
the nature weathercock frequency of the airirame, and 10 Pffy o The adaptation algorithm provides the prescribed dy-

duce ac_curate and fast response in the face_ of large para_m%tg&ic properties of the internal system when the plant param-
uncertainty [12]. The promising way to fulfill these requirgiars are changed in the wide range

ments is application of thadaptive control techniqueChosen
method of adaptation has to meet the conflicting requiremeBg means of the shunt [1] the UAV attitude angular velocities
on the tuning rate and performance quality under the conditica® not used in the control law.

of lack of the UAV state measurements. Maiable-structure The main loop of the considered system is used for approaching

control technique, utilizing forcesliding motionsensures high target. The kinematic relations effect time-dependence of
adaptability in the some region of UAV parameters [11], but i{his system

the general case can not provide the optimal closed-loop sys-

tem performance. The adaptation methods based opahe Let us consider the general equations of the LTI SISO
rameter identificationnake the optimality easier to secure, bugontinuous-time plant:

have relatively long period of tuning.

The combinedadaptive controller [1—4, 8] uses both variable- Ep(t) = Apap(t) + Bpu(t), yp(t) = Cpap(t), (1)
structure and identification approaches and is able to meet the
claims indicated above. wherez,(t) € R™, u(t) € R, y,(t) € R. The plant transfer

The so-calledpersistent excitation conditiois well known function can be written as:

condition of convergence of the parameter estimates to their

true values [7, 10]. Fulfillment of this requirement is an open W, (s) = C, (sI,, — Ap)‘l B, = 2)
guestion for the considered system, because the UAV control- A(s)

ling input (the rudder deflection) is produced by the autopilot

as a function on current UAV position and the command (refthere s € C stands for the argumentleg A(s) = n,

erence) signal. This signal is produced for the autopilot by tdeg B(s) = m,k = n — m is the plant relative degree In
the considered case of the UAV lateral motion, the model (1)



can be written in the following form: Let us consider now the fictitious systeét(t) = w(t), j(t) =
@(t)"0*(t) + v(t) with the state space vectéf, output sig-

B(t) = wy(t) + af B(t) — alré,(t), nal j, white noise disturbances(t), v(t), zerosystem matrix
Wy(t) = —ap, B(t) — amt,wy(t) — ap; 0:(1), (3) and theoutput matrix@(t)”. Applying the Kalman filtering
Y(t) = wy(t), technique to this system one gets the identification algorithm
. . . as follows:
wherey(t), w, (t) stand for the yawing angle and its velocity;
B(t) is an angle of slidezir( ) is an angle of the rudder deflec- é(t) = -T(t)o(t)o(t), ®)
tion; a?, af}, , azt,, a% andal; are the UAV model parame- T'(t) = —~T(1)d(H)p(t)TT(t) + al(t),

ters. The|r values depend on the flight conditions and assumed

to bea priory unknown. Let us also neglect the time lag ofyhere 0(t) € R* stands for the vector of the UAV
autopilot servo and consider the rudder deflectip(t) as a
control action The yaw angle)(¢) only (without the yawing
ratew,) is assumed to be measurable by means of the UAV obid) = [ — 5% , —5"),alV), 4] € R* is the regressory > 0
board sensors. Note, that Eq. (3) corresponds to the tranésdhe algorithm parameter.

function (2), whereleg A(s) = 3, deg B(s) = 1 the relative

~ ~ T
model parameter estimatesf) = [&1,&2,b0,b1} ;

degree: = 2 and the matricegl, B, C are as follows: 2.2 The sliding-mode controller
a? 1 0 —al The sliding-mode control law is used to ensure an ideal track-
A= —aﬁy —am, 0|, B= —af,;y , ing of the UAV yawing angley(t) after thereference signal
0 1 0 0 r(t) and has a following form:
C =10,0,1]. 0,(t) = —kso(t) — ysigno(t), 9)
2.1 The identification algorithm wherek,, v are the controller parameters, ttracking error

o(t) is founded asr(t) = () — r(t). The signakj(t) is a
To obtain the identification algorithm, let us rewrite the plarfum of UAV yawing angley(¢) and theshunt(parallel feed-

model (2) in the following form: forward) outputy,(t), i.e. ¥(t) = () + y.(t). The shunt
k—2
Yy () + ary™ V() + -+ any(t) @) transfer function [1V.(s) = % for the consid-

(s+ A
ered example turns into the function of the first-order inertial

For the considered UAV model (3) it is valid; = ayy, —a?, unit.

= bou™(t) + - - - + bpu(t).

— 4B _ 4Ba% — Oy — 4B 49 . .
a2 = O, ‘fzamyy’ az = 0. bo = —ap; . b1 = ap, 4"+ The reference signal(t) is produced by means of then-
ay a?, Equation (4) can be rewrtitten as follows: able pre-filterto provide the prescribed dynamics of the inner
(n) . closed-loop UAV attitude control system [1]. Pre-filter adjust-
y = p(t)"6, () ment is produced on basis of parameter estimétes The
where thaegressora(t) — [7y(n71)7 g™, T input command signal of the pre-filter*(¢) is generated by

and the vector of parametefs ¢ R***1, Note, that for the means of thguidance system

considered system, becausge = 0, the number of unknown _
plant parameters can be reduced dhdtan be taken ag* = 2.3 The guidance law

T 4 ; f a(n) ~
lav, a2, b, br]* € R Introducing the signalg™™/(t), 4(t) as g proportional navigationguidance law is widely used for

D(p>g(n) () = y(n)(t), DP)a(t) = u(t), homing guidance systems [12]. In spite of this fact, in the
present paper a purpursuit methodand adirect pointing
wherep = d/dt; D(s) = s" + d1s"! + --- + d, is some method are used, because the focal point of the present study is
Hurwitz polynomial, one gets the following equations: examination of the efficiency of the combined adaptation law
(n) _ 2T in the closed-loop guidance system. The guidance reference
g =g(t)"er, (6) signaly* () for an adaptive autopilot has one of the following
forms:

The signalgj(t), ¢(t) can be produced by means of the filters:
£(t) = Ag(t) + bay(b), @ V= kg (U = W), (10)
(1) = Aqp(t) + bau(t), Y=k (U — ), (11)

where{(t), ¥(t) € R™; Aq, by have the phase space canonicavherek, is the guidance gainf (t) = ¢ (t) — 3(t) is the UAV
form, det(sI — Ay) = D(s). In the present study it is taken:track angle ¥ is the azimuth angle of line-of-sight to a tar-
d1 = 2wy, dy = 2w?%, d3 = w?, where parameter; > 0is get (one can notice that — ¥; means theighting angleto a
chosen bandwidth of the filters (7). target in the UAV body-frame axes). To describe the guidance
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Figure 8: Flight path; the guidance law (11), (Ex. #2).



process, the following kinematic model is used: 4 Conclusions

The combined adaptive control law for an autopilot of the UAV
_ homing guidance system is proposed. The adaptive algorithm
xz=Vt, . . .
. . for UAV attitude control includes the variable-structure con-
2y = Do+ Vp,t, 2= 20+ Vo1, . - . . o
- o troller with forced sliding motion, parametric identification al-
Ar=xy —x, Az=12z —2, .
D= VAZ A2 (12) gorithm and the parallel feedforward compensator. The adap-
. ’ tation algorithm provides the prescribed dynamic properties
z=-VU, g . ; "
U, — — arctan(Az/Az) of the attitude control system for various flight conditions of
¢ ’ the UAV. Simulation results verify efficiency of the combined
adaptive controller in the case of significant uncertainty of the

. UAV parameters and time-dependence of the main loop.
whereV,, andV,, are the components of the target velocity P P P

vector, so that/,, = Vicosq;, V., = —Vising; ¢ is the w(t)-y(t), deg
target azimuth (in some Earth frame)(t), z(t), x:(t), z:(t) T
are, correspondingly, the UAV and target lateral coordinate

V' stands for the UAV ground speed. 0

3 Numerical examples Py E i i ts

In this section some numerical examples and simulation rest

are presented.
Figure 9: Tracking erroy(t) = ¢*(t) — 4 (t) time histor
Example 1. For this example the following parameters of th?E?(_ #2). g vt =90 = () Y

hypothetical UAV model have been takeanﬁw = —1.3 572,
a? =—-0.4571 a‘sry =9.855"2,a% =2.6-1073 57! am, = Er(f), deg

0.37 s—! (one can notice that the unstable UAV model ith th
set of eigenvalue&, 0.75, —1.53} is presented). UAV ground Of———
speedV = 500 m/s, V; = 20 m/s, ¢ = 90 deg. Desired ; : .
closed-loop attitude control system eigenvalues are picked -2f-----f-------i---moomemmnaed freemme e e
as follows: s = {—10,—2.1 £2.144, —0.8}. Initial distance ' '

between UAV and target is taken equal tokifi -4

The time histories of the UAV parameter estimate&), as(¢), _ _ _

bo(t), b1 (t) are shown in Figs. 1, 2. It can be seen, that the Figure 10: Rudder anglg.(¢) time history (Ex. #2).

transient time of estimation processes is approximaeiys,

and, therefore, the estimation rate is close to that one of tﬂ%knowledgements

UAV attitude dynamics. In Fig. 3 the flight paths in the rela-

tive coordinate§ Az, Az) for two variants of the guidance lawThe work was partly supported by Russian Foundation for Ba-
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demonstrates the tracking error time history. It gives an idea of

Qynamlc pro_pertles of_the_lnner control loop. The rudder anqigeferences

time history is shown in Fig. 5.
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