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This paper is dedicated to the synthesis of condbamatrol structure. The architecture of the
controller is divided into two loops. The inner ppaontroller is based on robust static output
feedback design under linear matrix inequality aggmh with H-infinity method in order to
attenuate the external disturbances at pre-deteedhilevel. The outer loop controller is designed
using fuzzy Takagi-Sugeno inference system. Theieefly of the proposed approach is
demonstrated on example of lateral channel cordf@mall Unmanned Aerial Vehicle.

Pozensnymo cunmes bazamosumipHoi cucmemu ynpasninms noibomom 3 060Ma KOHIMYPAMU YNPAGTIHHSL.
s eHympiuHb020 KOHMYPY YNPAGIIHHA MEmOOOM JNIHIUHUX MAMPUYHUX HEPIGHOCMel CUHIME308AHO
podbacmuULL CMamuyHuLl pe2yisimop 3a 8UX000M, KUl 3a6e3nedye NpUeHiYeH s 306HIUHIX amMochepHUx
30ypersb. 306HIWMHIL KOHMYP YIPAGTIHHA PO3POONIEHO HA OCHOBI HEeYIMKOL MOOe JI02IHHO20 8UB0QY MUNY
Taxazi — Cyeeno HY106020 nOpsoky. J{ocniodcents nposedeHo Ha NpUKIaodi YNpasiiHHs OTYHUM DPYyXom
0e3NninomHO20 TMAIbHO20 anapama.

Paccmompen cunmes mrocomeproti cucmemvl ynpagienusi NOIEMoM ¢ 08yMs KOHMYpamu YnpagieHusl.
s eHympenne2o0 KOHMYpa YNpagieHus MemoooM JUHEUHbIX MAMPUYHbIX HEPABEHCME CUHME3UPOBaH
POOACMHbIL CMAMUYECKUll pe2yiisimop no 6bIXx00y, 00eCneuusarouull 2aueHue 6HeHUX ammocepHbix
803MywjeHul. Buewnuii KoHmyp ynpaeneHus paspaboman HA OCHOBe HeuemKou Mooem Mmuna
Taxaeu—Cyzeno Hyneeoco nopsaoka. Hccnedosanue nposedeHo Ha npumepe YnpaeieHus OOKO8biM
08uUdICEHIEeM OECNUIOMHO20 IeMAamelbHO20 annapama.

Statement of purpose Moreover, to reduce the weight of the UAV

.the components of the state space vector are not
Recently, the usage of unmanned aerlgln measured

vehicles (UAVs) has gained a great attention 1o sqution to this problem various methods

from the control system society, since thesg fight control system are proposed in the
vehicles are able to perform different taskferature. Among them, it is possible to mark
starting from civil missions as agricultureq; the works related to the robust PD controller
ecological and metrological, to military gesign proposed in [1]. Another attractive
operations. Mostly, the UAVs are used ijpnroach is proposed in [2; 3], where the state
dangerous and inaccessible region in order 0 av@jdserver in combination with linear quadratic
physical injuries in case of manned vehicleggulator is used. In these references, to
utilization. Therefore, the remaining challenge iRreserve the required level of performance
this area is to design a control system with last cqyithout loosing the robustnessf the flight
and less power consumption  withoutontrol system (FCS) H,/H.— robust
compromising the flight mission. : optimization procedure is used. To increase the
To satisfy the aforementioned requirement$pp stness of the closed loop system in [4; 5]
the robust control theory could be applied. Thgnother structure of control law is synthesized.
designer of such control law needs to take inip comprises a combination of fuzzy and crisp
account several objectives to meet the desirg@ntrol theories. The usage of fuzzy control
performance and robustness of the closed logRes an opportunity to supply the FCS with
system. The UAVs are subjected to variougrificial intelligence and in such a way improve
disturbances within the flight envelope. Thesge desired flight requirements.
perturbations could be internal and/or external This paper is devoted to the static output-feedback
as well as structured and/or unstructured. (SOF) design combined with fuzzy control.

© Marta M. Komnatska, 2010



68 ISSN 1813-1166. Proceedings of the NAU. 20@8.

The structure of the control law is divided intgarametric  disturbance thanH, optimal
two loops, namely inner and outer. The inngechniques. Therefore, numerous works are
controller is designed using the SOF and the ouigvoted to the H-infinity design for the static
loop controller is based on fuzzy Takagi-SugengprFB. Among them it is possible to cite the
(TS). Notice, that the static output — feedbagig|lowing work [8—13].
control design is obvious and simple be 0 |y addition to the aforesaid, it is necessary to
implemented since it requires only available S'@”%oint out that control systems with combined

for measurement. Regardless the simplicity of thigrcture have received a wide application in the
method, it remains one of the most researched afd, of UAVs in the last years [4; 5 14]. It is

open problem in control theory and applicatioréxplained by the fact, that such combined

Thﬁ aim of static OPFB is to design a Contm;:%rchemes give an opportunity to equip the system
wit bl deglred orderd .A 65urvey devoted to thig;y, necessary flexibility, enhance performance
problem is presented in [6]. and robustness, decrease the cost design of FCS.

. In 7] the_ solution to the problem is baseq Mhat is why, in this paper the combined control
Linear Matrix Inequalities (LMI) approach USING<tcture is considered

powerful software, namely Matlab LMI Toolbox. The outer loop of this scheme is devoted to

In [8] the existence of OPFB control law Sthe TS fuzzy controller design of zero type. This

given in terms of solvability of two coupled : o )
Lyapunov  inequalities.  Many theoreticalmethOd permits to stabilize the heading angle

conditions have been offered for the existenc\,’&ith a simple fuzzy controller. Furthermore, th?
of OPFB, nevertheless there are few go rameters of the fuzzy controller membership
solution algorithms. Most existing algorithm ur;\clz\}lons ﬂa]lre a]fjJUSted t(.) relmovg ttk?e ertrorl
require the determination of an initial stabilizing?©"Ve€n e Treterence signal an € actua
gain, which can be extremely difficult. utput of the UAV applying the gradient

The method used in this paper is based &q:scent method. The combined control structure

H-infinity approach, which allows to attenuatdS 9iven on fig. 1. N
the external disturbances with pre-determined N order, to prove the efficiency of the
level y. It is well known, that H-infinity design proposed technique, the lateral channel of UAV

provide a better response in the presence igfcoordinate turn is used as a case study.
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Fig. 1. Block diagram of the overall closed loogteyn
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H-infinity static output feedback Bounded L, gain design problem
design approach

This section presents the,FSOF controller The systeml_.z gain is said to be bounded or

design with disturbance attenuation. Thattenuated by if [11 —13]:

controller design is formulated in the context of N
the convex analysis via LMI [11]. The LMI H|Z(t)||2dt j(xTQx+uT Ru)dt

approach permits to obtain a constant OPFB »o _0

ain K for a set of linear models received by = 2 °
tghe linearization of the nonlinear model fo¥ ”|d(t)” dt I(de)dt
different operating conditions. 0 0

2

<y,

Therefore, it is necessary to find constant

System description output feedback gain matriK that stabilizes
The model of the controlled plant could béhe control plant such that the infinity norm of
represented as follows: the transfer function referring exogenous input

to performance output z(t) approaches

(1)  minimum. The minimum gain is denoted ly.

{)’(=Ax +B,u+B,d;
In order to find constant output feedback gain

y=CX,

wherexOR" is the state space vector; K the following theorem is needed.
udR™is the control vector; Theorem: Necessary

ORP is the output vector andOR" is a and Sufficient Conditions .
diszjrbance vector P for H_ Static OPFB Control Design

Besides that, the state space matrices of the pggyme thaQ=0 and (A \/6) is detectable.

controlled plant have the following dimension Then the system defined by equations (1) is
AOR™, BOR™", COR™. output-feedback stabilizable withL, gain

ounded by y, if and only if (A,B) is

It could be seen, that number of measurirg% o .
variables pis less than number of all phasétabilizable andA,C) is detectable. Therefore,

coordinate n. Hence, our control law is such matricek”andL exist that
designed taking into account only variables that ,« ~_ .1/ o7
are available for measurement. K'C=R (B P+L) 3)

The control law is given by: where P> OP' =P is a solution of the

u(t)=-Ky(t)=-KCx, (2) following equality:

where Kis a constant output feedback gain, pa+aATP+Q+L PB B P- PBR' B P+
that minimizes performance index: VR

o , = +L"R*L=0. (4)
J= O =[({x d RY d,
J;HZ( )H J;( e L) The Proof see in the reference [12; 15].

) ) Notice that according to the above stated
where Q=0 and R>0are diagonal matrices, gefinition the pair (AB) is said to be

weighting each state and control variablegiapilizable if there exists a real matrix K such
respectively. that (A-BK) is (asymptotically) stable. The
Output signal 2(t) used for performance pair (A,C) is said to be detectable if there exists
evaluation is defined as follows: a real matrixL such tha{A -LC) is stable. The
@ o Ix system (2) is said to b_e OPFB stabilizable if
Z{ \/ﬁ}[ } there exists a real matriX such thatA -BKC
0 is stable.
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Our goal is to find SOF controller that 4. Terminate: seK =K ,,.
simultaneously stabilizes a set of autonomous The following Lemma 1 states the

problem [11 ]. Thus, it is possible to transforné|gorithm described in the above section

the equality (4) into the LMI form. On the neéxteqnyergences, then it provides the solution to
stage, we have used the following change A uations 3), (4).

variable X =P™. Pre-multiplying and post-
multiplying right and left sides of the equality
(4) by X, taking into account it's transformed Quter Loop Controller Design basing

form, and basin on Schur's complement, we on Takagi - Sugeno fuzzy inference system
obtain:

For the Proof of Lemma see [13].

The efficiency of fuzzy control theory has

T_ 1T 12 T i . - .
AX+XAT-BRB' B, XQ" XL gained a great attention in the area of automatic

By -yl 0 0 <o (5) control, especially for unmanned aerial vehicle.
Q"*X 0 -l 0 Fuzzy control approach attempts to represent a
LX 0 0 -R human way of thinking understandable for

_ _ computers in a set of ‘IF-THEN’ rules. The
wherei=1...,N in (5) denotes a set of modelgyzzy control approach to unmanned aerial
associated with certain operating conditiongehicle control facilitate the procedure of
within the flight envelope. controller design. The addition of fuzzy

SOF Design Algorithm controller in the control loop together with

traditional controller allows to increase the

In the following the steps of SOF design arg,p siness of the closed loo
. . : 2 p system and meet
given. This is the algorithm dfi,, SOF design, the required flight performance [4-5]. This

which uses the solution of Riccati equation iBection is devoted to Takagi-Sugeno fuzzy
contrast to Lyapunov equation, at each step fQntroller (TSFC) design for outer loop.

solve the H, problem for a specified The TSFC considered in this paper is of type

admissible disturbance attenuation. zero, where the rule base is embedded in
1. |Initialization: set n=0, L,=0, specify following form:
v,Q,R.

o , IFeis X! THENuisb,
2. Solve forP, the following inequality:

where X! is the linguistic values of the rule

PA+ATR+Q RB RB [ antecedent;
B'P -R 0 0 <0 b, is the output me_mbershipfunct.ion. .
BTP 0 - 0] We use the Gaussian membership functions
an that are specified with the centers and
Ly 0 0 R spreadsc’ for the premise part of control rules
UpdateK '

the output is considered as singleton
Kn+1=R_l(BTPn+Ln)CT (CCT)_l. membership function. The expression of the

Gaussian membership function is given by:
UpdateL

\2
L,..=RK,,C-B'P,. u(e(1), ¢ o) = ex _%(e(tc);—i_cj
3. Check convergence: iflK, -K,.<¢,

namely if K,,,and K,, are close enough to each Using product for the premise, implication
other, go to 4, otherwise set= n+1 and go to and center-averagdefuzzification, the overall
step 2. output of the TSFC is computed as [16]:
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—¢ ) OE
ZiR:lbi n?_lexr{_;[e(t)de J b =B _Ala_bt ; (7
o i
—— (t)-c'’ oE k
n 1(eft)-c i =d )\ =t .
z'RlI_IIlexp[_Z{gl] J Cer1=C — A ac |’ (8)
wherek=n+R; _ _ oE
=1,....n; Ot = Oy _)\SG_GI i 9)
S § k
i=1,...,R. In (7), (8) and (9)\,, 1 =1,2,3 is a step size

The input to the TSFC is the errat) of the gradient descent algorithm.
between the reference yaw angle signal and theThe block diagram of the overall closed loop
actual output of the UAV: system is given above on fig. 1.

e( t) = I'I'Iref(t) —[_IJ('[). (6) On fig. 2 the procedure of adjusting

The output of the outer loop Controllermembershlp functions parameters is depicted

corresponds to the reference sigral, (t) for (p is a vector of adjustable parameters of the

the inner loop. In order to adjust the shape of tfigzzy controller). _

membership functions we have used approach It Is necessary to p0|nt out, that reference
described in [14]. According to [14] themodel generates the desired performance of the
parameters of the fuzzy controller are adjusteayerall system. In general, the reference model
by applying gradient descent method. Thuspay be any type of dynamical system.

tuning of the input and output membership The performance of the overall system is
function parameters of the TSFC is realizegyaluated with respect to its outpup by

under gradient descent method, which uses th . .
partial derivatives of the error with respect tg.g nerating an error signal between the reference

the input and output membership function§'9nal and actual UAV output (6). _
parameters. Solving this optimization problem [N our case, the reference model is
gives the following equations for adjusting@Pproximated with the second order model with

Takagi-Sugeno Fuzzy
Controller

parameters of the TSFC: settling time in 30 s and without overshoot.

,____________Out;LO:p_,
I I
| | Reference Model I\I]ref |
Gradient .

I Descent - I
I Optimization I
r) Procedure !

I I
I I
I I

L Inner Loop 3

Fig. 2. Procedure of adjusting membership functjgenrameters
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Case study [ -125 319 ]
To demonstrate the efficiency of the -10984 198
proposed approach a lateral channel of the g =| - 433 -2018|:
Unmanned Aerial Vehicle (Aerosonde UAV) is
0 0
used as a case study. The state space vector of
the lateral channel isx=[v, p, r, ¢, U], Y 0 |
where v is the lateral velocity component, is i .
the yaw rate,p is the roll rate,¢is the bank 064 -151 2295
angle andy is the heading angle. The control 419 2063 -993
input vecto =[5, &, is represented by B, 4=|-068 268 104 |;
ailerons and rudder deflections, respectively. 0 0 0
The nonlinear model of the Aerosonde model 0 0 0
is linearized for three operating conditions to L .
form a nominal model at true airspeed of 26 m/s ) )
and two parametrically perturbed models at -083 057 -2999 978 0
23%:“ 3IQ m/s. i stat el ~-548 -2698 1298 0 O
e linearized state space models are _ B _ _
represented by matrices A, B, C. Disturbamnice Apz =| 089 350 136 0 0
is affecting the lateral speed componentthe 0 1 0019 0 0
yaw rate r and the roll ratep, so that 0 0 1.0002 0 O]
d=[v p 1" ] ]
) i -213 545
-072 107 -2598 981 O ~18735 337
-473 -2331 1122 0O O .
B, =| —739 -3441(;
A,=| 077 -302 -117 0 O}, 0 0
0 1 004 0O O 0 0
e 0O 10009 0 O] i i
[ - 159 408 ] [ 083 -057 2999 |
14033 252 548 2698 -1298
B,=| —-553 -2578; By =| ~ 089 35 136
0 0 0 0 0
0 0 | | 0 0 0 |
072 -107 2598 The measured variables for the inner loop
473 2331 -1122 areX =[p, r, ¢|, hence the observation matrix
Bep =|—-077 302 117 |; is given as follows:
0 0 0
0 0 0 | 0100
[-064 151 -2295 979 O] N R
' ’ ' 0 001
-419 -2063 993 0O O
Am=| 068 -268 -104 0 O The atmospheric turbulence used in the
0 1 0066 0 O simulation is represented by the Dryden filter.
| O 0 1.002 0 O] Ilts state space description is given as follow [17
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1 The computation of these values depends on
T 0 0 0 the altitude at which the aircraft is flying.
Op 0 1 0 The inputs to the Dryden Filter are white
A, = 1 2 noises corresponding to the lateral wind gust
' 0 2 _E 0 component and vertical one; the outputs are the
0 kv kA, 1 lateral turbulent speed componenty, the
| T, T, T, turbulent yaw rate; and turbulent roll rat, .
Kk - The attenuation levey for theH, problem
-+ 0 for the inner loop is found to be equal to 0,5629.
Tp The obtained inner loop gain matrix is defined
Bo=| © ?; as follows:
0 T, [ 00494 -01150 0488
|0 0] -00161 0.1465 0.0193]
1 0 0 0 Table reflects standard deviations of the
UAV outputs in a stochastic case of nominal
Car=|0 ki kyA, 0 |, and parametrically perturbed models.
0 ke koA, ke As stated above, the outer loop controller is
T T T, designed using TSFC for yaw angle hold mode
h at the reference signal. The error between the
where reference signal and actual position of the UAV
T, =4b/nv ; is removed through fuzzy controller by
adjusting parameters using gradient descent
- ys, Igorithm. TSFC comprises one input and one
k,=lo,/08/V (mab)®)/L, " ; algorithm. p p :
P ( " (r/4b) )/ " output. Three Gaussian shaped membership
T, =L,/V; functions are utilized to represent the “crisp”
value on the universe of discourse and
A, =3/Vv, singletons for output. The initial position of the
Gaussian shaped membership functions are
ky =0,L,/mV; chosen to be uniformly distributed; with the
K, =YV ; centersc' and spreadss', where the centers
have been located at: [-8,2 0 8,2] and the
T, =L,/V; spreads have been chosen equalote 3,68,
L, and L, represent the turbulence scal&eSpectively. ,
lenaths: The total number of control rule is 3.
gins, th | ¢ twurbul The following figures show the simulation
Ow» Oy are he ‘r.m.s Va.l_JeS of turbulentegyts with the yaw angle reference signals (see
wind lateral and vertical velocities. fig. 3).
Standard deviations of the UAV outputsin a stochastic case
Standard deviation
Plant o, ° op degl/s o deg/s Cor Oy, ° Gaily ° Orudy *
Nominal 0.0503 0.3483 0.1266 | 0.1170 0.2031 0.1547 0.0164
Perturbed 1 0.0671 0.3199 0.1144 | 0.1334 0.2640 0.2063 0.0173
Perturbed 2 0.0305 0.3953 0.1334 | 0.1300 0.1235 0.0974 0.0155
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Fig. 3. Simulation results of motion nominal andtpeed models in the presence of turbulence:
a —heading angle;
b -bank angle;

c —yaw rate;

d —roll rate;

e —sideslip angle
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Conclusion 7. Ghaoui L.E. A cone Complementary
: . inearization Algorithm for Static Output-Feedback
The simulation results of the lateral channéand Related Problems / LE. Ghaoui, F. Oustry,

of the UAV prove the effectiveness of th . AitRami // IEEE Transactions on Automatic
proposed control method. The required flight o'~ 1997 —\ol. 42 N. 8— P. 1171 — 1176

performances are respected as well as theg Prempain E. Static Output Feedback

robustness of the closed loop system. It can Repjjization with H Performance for a Class of
seen that the handling quality of the nomingbois / E. Prempain, |. PostlewaifeSystem

and the perturbed models are satisfied. T%d Control Letters. — 2001. — Vol. 43. N 3. —
heading of the UAV is held at the reference 159 _ 166. ' ' S '

signal the other angle deflections for such UAV g Prempain E.Static H, Loop Shaping

are also respected. Control / E. Prempain // Control 2004
University of Bath UK, 6 —9 September, 2004.

10. Toscano R Design of a Robust Static
Output Feedback Controller in the Case of Multiple
Parametric Uncertainties / R. Toscano, P. Lyorinet /
Transactions of the Institute of Measurement and
Control. — 2007. — Vol. 29, N.1. - P. 71-75.

11. Linear Matrix Inequalities in System and
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