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The article represents results of H , — optimization of one-dimensional flight control system on
the example of longitudinal flight stabilization system for small UAV using only one sensor —
altimeter. Results of controlled flight dynamics modeling with taking into account the action of
noise in altimeter and stochastic disturbances (modeled by means of Dryden filter) are given.
The possibility and reasonability of practical implementation of considered question is shown
and justified.

Introduction. It is evident that fully autonomous and cheap UAV of new generation
performing take-off from catapult or aircraft-carrier — is the privileged direction for all diverse
applications of UAV in Ukraine.

Thus it is natural that the design cost of UAV should be as low as possible. At the same time
creation of automatic control system with complete state vector measurement for the small UAV
implies usage of expensive inertial system (including inertial sensors: micromechanical
accelerometers and gyroscopes) along with air data system (ADS).

This article exposes quasioptimal flight control system synthesis for small UAV (longitudinal
channel) that uses measurements from only one ADS sensor, notably, barometric altimeter,
interconnecting obtained data with information from GPS receiver. Such approach essentially
simplifies flight control system, decreases the cost of UAV and increases reliability.

Problem formulation. The problem is the creation of a quasioptimal controller that the
closed-loop system «controller-plant» will possess satisfactory dynamic characteristics from the
viewpoint of practical realization. With the purpose of approaching the modeling situation to real
conditions a measurement noise has to act at the altitude channel. In addition to this the action of
the turbulent wind on the longitudinal motion of flying vehicle should be taken into account.

The model of UAV under consideration is given by the quadruple of matrices in the state
space form [1; 2]. Aircraft is flying with true airspeed equal to 250 km/h. Its wingspan is 2 meters,
standard quadratic deviation of noise in altimeter is set to be 2 meters, the control task is to climb on
100 meters.

It easy to mention that matrix A has zero-column and consequently it has one zero eigenvalue.
The object of control is serially connected to an actuator. Actuator is represented by the inertial
element of the 1-st order with the time constant equal to 0,5 seconds.

The stated above task is interesting in the essence of onboard equipment quantity
minimization, and as the result — achieving the reduction of UAV cost, increasing its commercial
load facility, increasing its reliability by means of simplification of the system. Usually, the
stabilization of longitudinal motion in flight control is performed with the help of three, or at least —
two sensors. In addition to altitude the pitch angle and (or) pitch rate are measured. For the task of
stabilization the aircraft longitudinal motion, while measuring above mentioned dynamic
characteristics, algorithms are well-known [3 — 5]. But there is the question: is it possible to control
the longitudinal motion of an aircraft measuring only its true altitude? In order to receive the answer
on this question we would apply the H_ — synthesis approach.
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Quasioptimal controller. Solution of any robust problem lies in finding out the compromise
between the robustness and the performance of a system. Graphically robustness could be
represented by the sensitivity function. Performance could be imagined as the complementary
sensitivity function. Figure 1 shows possible view of aforementioned functions [6].
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Fig. 1. Sensitivity (S) and complementary sensitivity (7)) functions

These functions could be given by the following equations:
S={+PC)", (1)
T=PC(I+PC)". (2)
For sensitivity and complementary sensitivity functions it is true that 7+ S = 1, and it is clearly
visible on the fig. 1 [7].
In our case also weight transfer function for sensitivity of control, that is given by the equality

(3), was used:
KS=C{+PC)". (3)

To achieve some concrete degree of robustness and performance in a system, so-called weight
transfer functions could be applied. Such an approach is the extension of H_— optimization
method. Weight transfer functions play role of filter, filtering out investigated signals to obtain
desired dynamic characteristics of the resultant closed-loop “controller-plant” system after the
optimization procedure. Figure 1 also reveals weight transfer functions view for the considered
above example. W, and W, are weight transfer functions for sensitivity and complementary
sensitivity functions respectively. On fig.1 we can see, that their inverse values form desired shapes
of S and 7. That is how it works.

In accordance with H _— optimization approach H_ norms of S, KS and T should be less than
some predetermined value y [2; 6], which would influence on performance and robustness indexes
of closed loop system. Thus we can state the following inequality:

S
KS| <v. (4)
T

0
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This method is known as the staked sensitivity problem [7]. After including weight transfer
functions to (4) and taking y = 1 we will obtain:

w.S
wKS| <I. (5)
W, |

The inequality (5) is one of the main rules that should be fulfilled while searching for the
satisfying suboptimal controller. For our case the following weight transfer functions were taken:

W = 0,1s+0,02§ W= 166,7s+11.11 W= 1000s + 4 .
s+2,5-10° s+0,8333 ’ s+40

Synthesis of suboptimal controller is based on the solution of two Riccati equations [6] (one —
is for deterministic controller and another — is for stochastic observer) having the following
structure:

AX+XA+XRX -0=0

where X is the searched solution, 4, Qand R-— are the real nxn matrices, Q and R — are
symmetric. These matrices define the 27 x 2n Hamiltonian matrix of following view:

H = .
0 -4

The H_— controllers that are under synthesis then could be mathematically represented as

follows:
A -M
K — o0 OONE)O
L, 0
where
‘aoo :A+7/_2Br]B;]Xoo+Br2Loo+MooNooC2; (6)

In equations (6) and (7) X, Y, are solutions for each of two algebraic Riccati equations that
are to be solved. Let A be a Hamiltonian function for Riccati equation with solution X_and J —

A A B
is that for the equation with Y solution. "| and ? | — are quadruples of matrices
1 D]2 C2 D2]

for deterministic controller and stochastic observer.

Then for requirement (5) necessary and sufficient conditions for existence of an admissible
controller are following:

1) H_ belongs to Riccati domain and X _— is the solution of Riccati equation for matrices of
H, ;X 20;

2) J_ belongs to Riccati domain and Y — is the solution of Riccati equation for matrices of
J, ;Y >0;

3) p(X,Y,) <7’

4) (4, B,) should be stabilizable and (C, A) detectable;

5) D1z and D;; should have full rank;

6 {A —jol B,

} should have full column rank for all ® € R;
Cl D12
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A—-jol B
7)
C2 D2]
From the practical point of view the most appropriate way for finding controller which would
suit the aforementioned requirements, and therefore quasioptimal one in H _— optimization domain

} should have full raw rank for all ® € R.

we can use hinfsyne.m operator. It has the following structure [8]:
[C, CP, gfin]=hinfsyne(P, nmeas, ncon, gmin, gmax, tol)

where names of variables were assigned for storing matrix of controller «C» in them and also closed
loop system of controled object and controller «CP» which was obtained by means of «gfin» —
estimation H _— criterion. Variable of received object «P» was obtained for optimization procedure;

the number of measured outputs «nmeans» and the number of controlled inputs «ncon» were
introduced. «gmin» and «gmax» variables corresponds to the lower and upper limit where the
procedure of finding suboptimal solution would be performed. For the longitudinal channel the
most appropriate values are 0,1 and 15. «tol» is the operator which is responsible for relative error
of optimization process. In our case it was taken to be equal 0,0001.

As the result, the quasioptimal controller was obtained. Figure 2 represents the total aggregate of
worked out system. It is essential to mention that the optimization procedure doesn’t take into
account the existence of turbulent wind, which is added after the controller synthesis to test the
influence of such disturbance on the designed flight control system, where V, a, 0, g, 4, elevator —
are elements of state vector of the system representing vehicle velocity, its attack angle, pitch angle,
pitch rate and the angle of elevators deflection correspondingly; » — is the signal of noise in
altimeter of standard quadratic deviation (SQD) = 2 meters.
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Fig. 2. Flight control system

Dryden filter. On figure 2 extended plant is the system for which quasioptimal controller has
been designed, but with increased amount of inputs. Additional inputs were obtained by means of
modifying the control matrix. Observation matrix and matrix of transfer were also changed to be
corresponding to new system dimensions. ug, 0g, ¢o and u are velocity of turbulent wind longitudinal
component, turbulent attack angle, turbulent pitch rate and control signal correspondingly.

The Dryden forming filter (Dryden FF) [9] is also given as the system in state space, to the
input of which noises of different power (2 and 1 unit correspondingly) are sent. At the result
turbulent signals of type that corresponds to the task statement were obtained. Referencing of
received signals was provided by the «Dryden filter» block in SIMULINK environment. At the
output of the mentioned block we have longitudinal, lateral and vertical components of the turbulent
wind. From the last one it is easy to obtain turbulent attack angle o, and turbulent pitch rate g,:

a, =arctan(w, /U,), q, =—a,

where w, is the vertical component of turbulent wind, U, is the velocity of flying vehicle.
Atmospheric turbulence SQD: u, = 0,383 m/s, a, = 0,2282 deg, q, = 1,0542 deg/sec.
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Estimation of obtained results. At the result of modeling the following transient processes
were obtained:

velocity pitch angle pitch rate
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Fig. 3. Finally obtained transient processes of a — velocity; b — pitch angle; ¢ — pitch rate; d — true altitude;
e — elevators deflection; f— attack angle of the UAV

From the shown above graphs it is evident that results are quite satisfying. Deflections of
UAV angular characteristics are possible from the practical point of view and lower than the stall
angle. Altitude varies in + 10 meters boundaries.

Table 1 represents results of SQD calculation for each of investigated signals.

Table 1
V, a, 0, q, h, elevator,
m/sec deg deg deg/sec m deg

0,5290 | 0,2297 | 0,5787 | 0,2920 | 3,5916 | 0,0420

It is important to mention that the standard quadratic deviations were calculated for the period
from the beginning of the steady state of estimated transient process till the end of simulation. From
above given data we can conclude that noisy deviations of useful signals are quite low. Thus the
obtained results are very good and satisfactory.

Conclusion. This article covers the method of single-variable flight control system synthesis.
Finally robust controller for longitudinal channel of small UAV was synthesized. It is essential to
underline that flying vehicle was in the mode of climbing, using only one sensor and influenced by
wind disturbances and noise in that sensor.

Theoretical base of proposed method is formulated through the A — optimization procedure.
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Synthesized suboptimal controller realizes the control of small UAV, providing stability of
UAV-autopilot system in straight-forward motion under the action of longitudinal turbulent wind
and adequate usage of its control surfaces (elevator).

The content of this article — results of mathematical modeling of control processes in
SIMULINK environment — substantiates the reasonability of implementation of this approach in
practice.
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K. B. Menbnuk, E. A. XapueBka, A. B. CaBuenko

CuHTe3 PpoO0ACTHOrO YNpaBJeHHs MNOJETOM C YHPOUIEHHOW CTPYKTYPOH /sl MaJjioro
0eCIUJIOTHOIO JIETATEJIbHOI0 aNNApPaTa NPH JAeiicTBUM TYPOYJI€HTHOI0 BeTpa

[IpencraBieHsl pe3ynbTartbl H  -ONTUMHU3ALMKA OJHOMEPHOM CHUCTEMBbl YIpPaBJIEHUS MOJETOM Ha

MpUMepe CUCTEMBI CTAOMJIM3AIMU TIPOJIOJIBHOTO JIBIXKCHHS Majoro OeCHUIIOTHOTO JIETaTeIhLHOTO
ammapara ¢ MCIOJIb30BaHUEM BCETO JIMIIb OJHOTO JaT4YuKa U3MEPEHHs — BeicoToMepa. [IpuBeneHbt
pe3ynbTaThl MOACIUPOBAHUS JUHAMUKH YIIPABJISEMOTO ABMKEHUS TPY HAIMYUW IIIYMOB B JATYHKE
BBICOTBI M CTOXAaCTHYECKHUX BO3MYyIIeHUU (Monenmupyembix (uinbrpom [paiinena). Ilokazano u
000CHOBAHO TOJIHYIO COCTOSATEIBLHOCTh MPAKTUYECKOTO0 MPUMEHEHUS W Pealn3alud TOTHATOTO
BOIIpOCa.

K. B. Menpnuk, €. O. Xapuepka, O. B. CaBuenko

CuHTe3 po0ACTHOIO KepyBaHHS MOJbOTOM i3 CIPOUIEHOI CTPYKTYPOI [Jisi MaJjoro
0e3MiJI0THOr O JIITAJBLHOI0 anaparta y pasi aii TypOy/jeHTHOro BiTpa

[Tomano pesynpTaTH H  -ONTUMI3alli OJHOBUMIPHOI CUCTEMHU KEPYBAHHS MOJBOTOM HA MPUKIIAAL
CUCTEeMHU cTaluTi3amii TO3I0BXHBOTO pyXy Majoro O€3MUIOTHOTO JITAaIbHOTO amapara 3
BUKOPUCTAHHSM JIMILIE OJHOIO JaT4yMKa BHUMIPIOBaHHA — BHUcoToMmipa. HaBeneHo pesynbratu
MOJICJIIOBAHHSI JMHAMIKM KEpPOBAHOI'O pyXy 3a HAsBHOCTI IIYyMIB Yy JaT4YUKy BHUCOTH Ta il
CTOXacTHUYHUX 30ypeHb (MojaenboBaHuX QiibTpoM [paiinena). I[lokazano i oO6rpyHTOBaHO MOBHY
CIPOMO’KHICTh IIPAKTUYHOT'O 3aCTOCYBaHHSI 1 peasiizallii IopyIIeHOro MUTaHHS.



