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The robust discrete filter for flight informatiorm@mmeters estimation of Unman Arial Vehicle in
conditions of nonstationary and not additive distamce influence, with unknown parameters, is
synthesized. The filter based on the theory ofyfumeasure and fuzzy-integral calculus. An
estimation of the signal is determined by fuzzygeseof the signal estimated value at the previous
step of the measured signal and by selection thtibn function. The investigations of the
efficiency of synthesized fuzzy filter are perfame

Cunmesosano pobacmuuti OUcCKpemuul Gpinomp 05k OYiHKU napamempis noibomuoi ingpopmayii
0e3nilomHo20 IiMaibHO20 anapama 8 YMOo8ax HeCmayioHapHux, HeaoumusHux 30ypeHb i3
Hegioomumu napamempamu. Qinomp peanizyemvcs Ha OCHOBI BUKOPUCIAHHSA Meopii HeuimKoi Mipu
i Heuimko-iHmezpanibHo20 YUCHeHHA. [ OYiHKU KOPUCHO20 CUSHATY @Iilbmp BUKOPUCTNOBYE
Heyimke 300padiceHHs OYIHKU CUSHATY HA NONEPeOHbOM) emani CUSHANY, WO BUMIDIOEMbCA, mda
0gosumipnoi  ginempyrouoi  @yukyii. Ilposedeno  eunpobysamns  npayezdamumocmi — ma
ehekmusHocmi ¢inbmpa.

Cunmesuposan pobacmmuvili OUCKpemHbIU @uibmp Ol OYeHKU napamempos HNoaemHOl
unopmayuu  GecnuIOMHbIX  I1eMAmMenbHblX  Annapamos 8 - YCIOBUAX — HeCMAYUOHAPHBIX,
HeaoOUmuBHbIX B03MYUeHULl C Heu38eCMHuIMU napamempamu. Quibmp peanruzyemcs Ha OCHOGe
UCNONL306AHUSL MEOPUU HEYEeMKOU Mepbl U HeYemKO-UHMESPANbHO20 UCYUCTeHUs. [ OyeHKU
NONE3H020 CUSHANA PUILMP UCNONb3Yem HedemKUue U300padceHus OYeHKu CUSHANA HA Npeobloyujem
uiaze uzmMepsaemMo20 CUucHaia u 08yxmepnou urompyrowei Gynkyuu. IIposedenvt ucciedosarus
pabomocnocobnocmu u 3ghgexmusnocmu gurompa.

Statement of purpose The usage of these filters significantly
.Increases the accuracy of signals with noises
Nowadays, the use of unmanned aeri

vehicles (UAV) provides an extensive range o easurement. However, to date synthesis of the
P 9€ Apove optimal filter requires a clear knowledge

tasks. The efficient solution to thi_s problem i f the model parameters of signal and noise,
largely depends on appropriate  contrQh,rticularly the correlation characteristics of
formation for autonomous control systems ofyndom signals. In addition, the model assumes
UAV. o stationarity and additiveness of the noises [1]

The control formation is largely depends oihat significantly complicates the application of
the flight accuracy of measurement. Thereforgaese filters in practice. In actual flight
to ensure the accuracy of flight parametesonditions for the real measuring noises are
measurements a complex system of estimatipon-stationary, not additive with unknown
and control optimization combined with filtersparameters, which requires the creation of
is widely used. Particularly, the classical filtersobust filter in the cases of fuzzy information
like Kalman-Bucy filters [1; 2] in a time about the noise. Thus, the development of a
domain, and Wiener based optimal filtefuzzy robust filter for determining the
construction [3] in a frequency domain are usg@prameters of the UAV flight is an important
while creating control systems. scientific and practical challenge.
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Problem Statement In [3] it is shown that fuzzy integral

In this paper the small UAV is considered ggquations cou_ld be used for_the FP descripti_on.
control plant. Generally, the control plant id-€t the true signal of UAV flight parameters is
represented with tuple set given below: described by FP with a fuzzy-integral equation:

(@ X, U, T, Y,p,v. 8, @ s@=Ir©o-g. 0. @
r

whereQ is the state space;
X are the set of characteristics, attributes, th@here W (at) : QxT - [01] - fuzzy relation that
describe the states frofn control plant;
U is control space;
T is a time (discrete or continuous);
Y is a space of the output values; |
p(QxT)xUxT - Qisa map that state space of signdd, r(«) is the FP -
describes the changes in dynamics state sifnilar to the Wiener process that defines
controlled plant; uncertainties of FP in time domain.
y: Q x T-Y is output mapping that |tis considered that fuzzglationis known.
describes the parameters observation process ofyrthermore, the signal model is known and

the control plant; described with the fuzzy-integral equation:
¢ is some uncontrollable external factors,

conditions and disturbances. s (w)=1hw,h)o g 0, @3
This set of characteristics takes its values Y T fr ()
each in its own set of values f{V ) _
For the given control plant the estimatioyvhere het) is the fuzzy model relation
problem of the current state 0 Q (filtration (transient function of FP) that differs from real
problem) in general is possible to formulate dsP h{wt). For the real FP equation (2) may be
follows. rewritten in the following form:
Let the plant is described by (1). It is .
necessary, basing on the observation state Su((*)) =n* h(w,)e 9¢ (w)(Dl
dynamics of the plant and its model under T r

disturbance influencé to find such mapping: . .
OxT - Q.0 =0 under which the estimatedWhere” IS some non-additive component of FP,

plant state « O Qbrings maximum that describes its variation connected with

coincidence under the criteri&] with the true OPServation plant errors (for example, wing
state. gusts);

Let's consider the statement of the problem meanwhile [) is unknown operator that
in detail. Accordingly to the stated aboveonnects) and model equation.
reasons we will consider the problem of filtering Real state space) with defined fuzzy
in terms of fuzzy noises. To describe the pla’pﬂeasureg([ﬂ is connected with state space of

state we will use the fuzzy-integral model o bservation Q' = O via conditional fuzz
signals and noises [3], which provide the - y

possibility to represent data in the form of fuzzgpeasureRs(ﬂ?p). Mapping of spaced to the

measures distribution. It allows to represent tHservation spac€' is specified by measure

signal state by fuzzy mappirsg(w):Q - [01], in RY/p) . It induces to the observation spaze

the form of fuzzy measures distribution [4]. the fuzzy measureP that is connected with
The efficiency of this approach to describeneasure g by the following relation:

the fuzzy processes (FP) in real conditions with

uncertainties is confirmed by a number of P(QI= ] RP(EDS)O q. 4)

researches [4; 5]. Q

(w

shows the signal dynamics under the fixed initial
conditions.’(«):Q - [01];
g(0r2® —[01] is the fuzzy measure in the
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Taking into account a fact that there is a Synthesis of fuzzy discrete filter
relationship between spac€sand Q' then 0 | et's observe a continuous fuzzy filter. In
the real state FB,(«) in Q' corresponds an order to synthesis the discrete fuzzy filter with

image given below: some initial decisions of continuous fuzzy
_ _ observer obtained in [2] would be given below.
pu(w)—gfzsu(w)o RS([IJF)— R( Slf‘*))| p. Block-scheme of the fuzzy observer can be

depicted as shown in fig. 1.
However, the FP observation is disturbed by On this scheme the operatf(f) provides
some noiseg thus, instead opy(w) we obtain such estimation of signa@([) in the space of

the following equation: observationQ' under the information about the
model py and measurementg,, that with
PpA@= DU(C@[E:EDRS(SJC@ | D, known conditional fuzzy meaSUreRp(C1s),

_ _ conjugated to measurRglp), that satisfies
where (J is unknown operator that defines theriteria (5).

character of measurements errors influegce, As [2] shows in order to satisfy the
Thus, instead of real FB(w) we observe optimality criterion (5) the true state of FP fuzzy

some procesga(w). Besides, it is possible to €stimate should provide the following condition:

observe the statg,(w) of FP model, given in | g(w)o | 8(w) o g - max, (6)

(3). Therefore, it is necessary to form a state © Q s(@)

estimation$(%) of FP as close as possible to th/Nere functioro(w) is specified by a relation:

real states,(w) of FP. o(a) = sy (@) LR (Pala)ls)- (7)
n g
T S y
] h(a RO P
Iy | R ] 10 PR L

R (p)

Observer

Fig. 1. Block-scheme of fuzzy observer

In this case, an optimization criterion of a According to the equations (6) and (7) a
fuzzy filter can be written as follows: structure of the fuzzy observer is determined via

ITs the following relation:
=l[s0y@ e me © e o @), ®

In [3] a general form of the fuzzy observegyhere
for a continuous FP was proposed. It satisfies
the criterion of optimization (5). However, its _ IRl By(w), Rs JU[01]
application is difficult in practice. In order to ¢R(w)_{ " wOB(w),$R" <R
provide discrete control systems that are used in
control loop of UAV it is necessary tois a filtering function on the state space for the
synthesize a discrete fuzzy filter. current state of the FP (fig. 2).
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11 di(a) Then for the discrete FP fuzzy observer (9) in
general form it is possible to represent as a
¢iM fuzzy-integral convolution of previous states
J /," estimation process:

R |/ \<0“" S(@ =140 020, (), 1)

|
P min where $(@.t') . defined as a cut of FP
> e estimation in a discrete time momeftkt—nA
N Biw) 0 from the interval of time window;
B su = K, and Z-(1&1) is a discrete fuzzy
measure on the time interval
Fig. 2. The family of filter functions For the discrete fuzzy filter synthesis only

gne previous evaluation of FP that differs from
the current value at time interval O T is
considered.

Then the fuzzy filter (11) would be:

CMECORNC

The continuous fuzzy observer when
function f(LI)} is usedin the fuzzy integral
expression (8) takes the following form :

(@ =1qw o0 ((w ), (©)

where

2. Qwt) 277 L [0 - conditional {ét (W) 00_(t-1 |oo,t)} 0
- =T T
fuzzy measure, that specifies a level of trust to
the state of FP estimation on the previous time t
momentt’< t, t 07T for fixed «i1Q. D{[Gt(m) D(I)R((Jo)] DOT(t | w’t)} -
In equation (9) the measurement at the time
|

A

§ () 010, 0L}

To obtain an estimation of fuzzy process it is

moment ] T taking into account the state
filtration function a valug(c,t) is specified and

given below: o3 1L
necessary to know the parameters of filtration
S(,1) =0, (w) OdpL(w), function (10), particularly function
where g («)is determined by (7). J, A wt),pr(w) _

The time moment can be uncertain. Thus,
the expression (9) defines the fuzzy Obsel’VﬂE
constructed basing on the fuzzy integral. At
every time momentt O T two dimensional 0 ([I]a),t),¢t (w)
filtration function is realized. It is determineg b r R

Cartesian product let's, firstly, consider the fuzzy integral on a
— pt % two-point space (i.e., when C&d= 2).
W@ T) = gr(w) x o, @) (10) According to definition in the case when
In particular time momentIT the filtration Card2 = 2 the value of fuzzy integral given
function W («,7) determines some subset in &€low:
space Qx7 and specifies the filter J =1 u(w)od, (D
characteristics. _ @ _
To synthesis of discrete fuzzy filter let'sis defined by a density value of fuzzy measure
assume that the sampling interval of FP is thé ([) in a pointwlQ, such thai(w) = p(w),
fixed interval of time windowr. j#, @0Q, namely:

To obtain the estimates of the unknown
nctions
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min(u(@), u(w,)), (@) < U(w,); The following notations are used:
J=1 dw), pw)<dw)<pu@), (12) ay(a) = &_q(a) Lo _y(a);
max(u(@), u(w,)),d(@) > u(@). a, (@) = g (@) 07, (w);

_ _ 3y(e) = P () 0§41 (w).
The dependence of function J fraf(i., ) is : _ L
' Basing on these notations the estimation

shown on fig. 3. process could be described by the following
1A equation:

s(a) = a(a) C{ok (@) C(a(a’) T ala))}.

For discrete FPok(w) is described by
relation:

H( @) o (W) = Rp(nﬁ(w)IS)D f r(6060)0 d=
> = | [R(K(w)]sw)D r(C«J,C‘J') o d0.
M @) M ay) 1 A @) SK—l(w)[ P Fﬁ ]

M Y Y Substituting this equation in to relation for
a=1 al[01 =0 § (w©) We obtain the following expression:

(@)

Fig. 3.Dependence between function J @id) S« (09) = a(«) D{o, () O( 3 () 0 g(u))} =
={§() D)} D{ o () D)} =
This dependence corresponds to relatlon{ 09(e8 } 0
(12). The value of integral for Card2 = 2 () D0 (w)
(fig. 3) is possible to approximate with the helm[ [R (P () | s69) O Hw w)] qy0 ﬁd)]
of some defined parameter Sca1(®)
J=(1-o)u(w) +ap(w,)ado].  (13) Taking into account a fact thafw) does not
Coefficient a defines the contribution of plepend ong()/ accqrding to thg properties' of
every component in the value of integral. Byntegral we can derive the following expression:
using function (13) let's show that the discrete
fuzzy filter, which determines the estimated F%(_l(a’) ={5_y(a)Cd(a")} C

S (w) with Card7 = 2 (only one previous value B [R (@) sw) 0 b (@, w’)] o0,
is considered) is described by fuzzy-integral s« 1(w)Da(co)
equation: Accordingly to (12) the
§ (69) =(§.,(w) 03(W)) O Aa')=0,.(a)=0,(a) _ _
= , and equation for the fuzzy discrete filter can
D%_W(w{Da(w){hK (@6) DR (H(®) [sW)} o ¢ be represented as follows:

where R, (pg (w) | s, &) is cylindrical extension (@) =(1- a)s<_1(a))+a[aK(a)) Ofr (@) '(14)

of the functionR_ (pg (w)]s), In the case of restrictions absence in the state
< < space of fuzzy dynamical systend]wj1Q,
a(w) :{¢R (o) D0”'(60)} D{%—l(w) Dew (CJ)}, o({ a}) = 1 and with absence of process model
ion I«(@) | '
Xa')=d, ,(a)=0, (@), m:asﬁjrgﬂggt. is defined only by
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The fuzzy discrete filter may be represented The elements of this vector express fuzzy
as follows: measure of input information correspondence u
to a certain set of an a priori defined fuzzy

$@ =003 @+ RO BOOSW]  easures

aJ[01] determines the convergence rate of the Q(Q)OF(Q),
filter. Equation (14) can be transformed to a

A _ oA N fuzziness oM.
S (@) = 54 (@) Every measure}:2® - [01] defines the fuzzy

“ 1 :
+a{[R(F 19005 ] - 3@} ) variable 6]
Vector of the fuzzy image of input signal is
The block diagram of the discrete fuzzyiven by:

observer that implements the relation (15) is - o
shown on fig. 4. ul] g{.Uu (@w)°q, ([P7) (16)
Ro( pk( w) £5) |
/ - S w
mn = — a —»®—> ! k( ):
PR ) ] ‘ 1
Fig. 4. Block diagram of discrete fuzzy observer
The fuzzy filtration algorithm Basing on (15) we obtained fuzzy image of
of signal sensors flight information input sensor signal that in the discrete fuzzy

Processing algorithm with fuzzy discretdilter, with accordance to notations in paragraph.
filter (15) in a loop can be represented as showln designated by function
on the block diagram (fig. 5). A

To implement the fuzzy filter (fig. 4) input Ro(P (W) 8)).
from the sensors must be converted into a fuzzy The current value of estimated]Q signal
image [3] (input signal fuzzyfication). Vector yn the state spac® is obtained basing on

u[77], that is called the fuz;y map puts in_to th'ienverse transformation of the fuzzy image
correspondence to the input informatian (defuzzyfucation procedure)

(sensor measurement).

Ro( P'( ) £5) Sk(w)
| @ oo
Fuzzyfication Fuzzy filter Defuzzyficatior
—— —_— r—
Input Output
signal signal

Fig. 5. Block diagram of the fuzzy filter
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The inverse transformation of FP estimatiofhere Pe(w) would be determined as fuzzy
is performed by applying the algorithm for.

. image of input disturbed signal of sensor
calculating the center of mass of a fuz g P g

z :
distribution [4] given below: ccording to dependence (16). .
To represent performance of fuzzy discrete
o DS (W) (17) filter as fuzzy variables (q2-[01] measures)
% D S(w) we have used the simplest distributions of

_ _ measures shown on fig. 6.

Thus, relations in (15) _and (17) allow Us 10 | grger to investigate the efficiency and
obt_am . the sensor signals measureme%nvergence of synthesized fuzzy discrete filter
estimations.

. _ ... _the input useful step signal is taken with the
Note that given above fuzzy discrete fllte? . i
. . fallowing constant values:
does not need the requirements for the a priori
knowledge of the noise parameters. This fact U1=0, T;=[20,21] s,

allows us to state about its robustness in a pretty,.—0.29 T,=[21,22] 5
wide range of input noise measurements. ’ ' '

L . us=-0.29,T5=[22,25] s
Investigation of efficiency

and convergence on the discrete time domain
of fuzzy discrete filter estimation T=[20,25],At=0.2 s.

Let"s make some‘assumptions to investigate Fuzzy image of the useful input signal is
the discrete fuzzy filter. We assume that thtgﬂhOWn on fig. 7.

state space a_nd the space of measurements ABisturbed signal is submitted on the input of

|dent|_cal Q= _Q' According to the . Q'Ve” the filter with constant but with unknown for
notations for discrete spade the conditional

¢ hich s th filter parameters. The usage of filter (15) allows
buzzgl Tea:jsurey; tct connef:sﬂges;el s_?sces WS to obtain the estimated signal. Filtration
© defined as | entlty_matan(_ )=!. U5 results are shown on fig. 8.

we obtain the following relation for input

m ement: Filter convergence as a root-mean-square
easurement deviation of real and filtrated signal on the
R, (pg (w)]s) = pg (@), first time intervalT1 is shown on fig. 9.
do(tl 7) m s e s s Tk
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Fig. 6. Distribution of fuzzy variables measurestfee fuzzyfication procedure
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Fig. 7. Fuzzy image for a useful input signal
Q 08 Real signal
0.6 —— Disturbed signl
04 — Estination
0.2
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-0.2 \A
- , I
0.4 U v ruv
-0.6
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20.0 204 20.8 21.2 21.6 22.0 224 22.8 232 23.6 240 2434 724.

Fig. 8. Operation of fuzzy discrete filter with anknown stationary noise

In the case of rapid change of measured Investigation of discrete fuzzy filter
signal noise parameters the filter continues to operation with uav’s flight parameters
operate prgperlﬁ. g f o wh ) measurments

It can be observed on fig. 10, where the S
intensity of noise is increaset?in comparison to T_he model Of_ longitudinal channel UAV
the previous noise to 86% (on the 23.1 s). motion is considered as a case study.

This investigation confirms the robust!Ne results of application and usage are giver) Bi[
properties of the synthesized fuzzy discrete AS the investigation element we will consider
filter, its stability and efficiency in practice. ~ the UAV'’s sensor of pitch angle.
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ANg1a Conclusion
0.12- Thus, a robust fuzzy digital filter synthesized
o1 in this paper allows to obtain robust estimates of
' \ the UAV flight signals parameters and thereby
0.08 improve the handling process of UAV in real
0.06- flight conditions.
0.04 In further studies it is reasonable to define
R optimal parameters for two-dimensional
0.02 TN filtering function, taking into account the
O+———T—— T T possibility of considering the depth of the time
200 200 201 201 202 202 202 203 298 window more then two. This possibility enables
Fig. 9. Root-mean-square deviation tq enhance the estimation quality of the useful
of the true and the filtered signal signal.
Q 08 Real signal
0.6 t f — Disturbed signg
0.4+ —— Estimation
o2 A NIy
0 / ; ‘v‘ LA 1
-02 ' I T v “ \
0.4 |
The moment of a noisq u ! \ "' '
-0.6 parameters change | u i | U
0.8 ™S\ , !
_1 I I I I I I I I I I I I I I I I I I I I I I I I I
1200 204 208 21.2 21.6 220 224 22.8 23.2 236 24.0 2 P4a.

Fig. 10. Operation of fuzzy discrete filter with anknown stationary noise
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