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SYNTHESIS OF ANGULAR MOTION CONTROL LOOP FOR
UNMANNED AERIAL VEHICLE

Ua CrarTs po3KpHBa€e 0COOIMBOCTI CHHTE3y KOHTYPIB KEPYBaHHsS KYTOBUM PyXOM
6e3nutoTHoro nitaneHoro amapary (BIIJIA). ¥V mexax gaHOro JOCHIPKEHHS pPO3-
paxoBaHi poOacTHI PEryIaTOpH IS BCIX MOKIUBUX BHUCOT 1 MIBUIKOCTEH MOJbO-
Ty. Takox Oynu BU3HaAuUeHi Jiama3oHu 3MiHU mapaMerpiB pyxy BIUJIA, mns skux
SIKICTh KEPYBaHHS 3JIMIIAETHCS MPUUHATHOW. CTaTTS MICTUTh OOME)KEHHS Ha aM-
IUTITYTHO-4aCTOTHI XapaKTEPUCTUKU 1 BaroBl (PyHKIIII.

Ru CraTbst pacKpbIBaeT OCOOCHHOCTH CHHTE3a KOHTYPOB YIPaBJIEHUS U YIIIOBBIM
JBIKEeHUEM OecrnuiioTHoro jeraresnbHoro ammapata (BIIJIA). B pamkax nanHoro
HCCIIEIOBAaHUS PACCUMTAHbl POOACTHBIE PEryIATOPHI Il BCEX BO3MOXHBIX BBICOT
U ckopocTei nosera. Takxe ObUIM ONpeaesieHbl uana3oHbl U3MEHEHUs apameT-
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poB nBwxkeHus BIUUIA, m1st KOTOpBIX KauecTBO YIPABJIECHUS OCTAE€TCS IMpHUEMIIE-
MBIM.

PaccmarpuBaercst paboTa IByX THIIOB peryistopa. IlepBriii u3 Hux popmupyer
YIPABJIAIOLIEE BO3JACHCTBHE M0 OTKJIOHEHHUIO OT 3aJlaHHOro yria. Bropoil umeer
JIB€ OTJIeNbHbIE NepeaToyHble (PYHKIMK: MO 33JaI0LIEMy BO3JEHCTBUIO U IO Te-
KyIIEMY 3HAa4eHUIO yria. Perynarop ¢ AByMs BXOJIHBIMH BEJIIMYMHAMU O0Oecredu-
BaeT 0oJjiee BBICOKOE OBICTPOACHCTBHE, OTCYTCTBHE IEPEPEryIMpOBaHUs B Tepe-
XOJHOM Ipoliecce, 0ojee MUPOKUM Tuana3oH U3MEHEHUs! CKOPOCTH IMOJIEeTa, MpH
KOTOPOM KadeCTBO YIPABJIEHUS OCTAETCS IMPUEMJIEMBIM. 3anachl YCTOWYUBOCTH B
cucremMe, paboTaloIel TOJIBKO MO0 OTKJIOHEHUIO, 3HAUNTENILHO MEHbIIE, YeM B CH-
CTEME C PEryisaToOpoM BTOpOro tuna. I[IpemmyinecTsoM ymnpaBiieHHs IO OTKJIOHE-
HUIO SIBJISIETCS MIPOCTOTA peanu3anuu. B koHTypax 000X THUIIOB acTaTUYECKU IO-
JABJISIETCS MOMEHTHOE BO3MYILICHHE.

JI1st cuHTe3a KOPPEKTUPYIONIUX YCTPONCTB MCTIONB30BaJCs 2-Pukkaru moaxo.
CraTpsl COOEPKUT OTpaHUUYEHUS HAa AMIUTUTYJAHO-YaCTOTHBIE XapaKTEPUCTUKU U
BECOBbIE (PYHKIUH.

Introduction

The requirements for the quality of unmanned aerial vehicles (UAVsS) mo-
tion control can be significantly different depending on the performed
tasks [1, 2]. For highly maneuverable UAVs, the requirements for response
speed and dynamic accuracy are especially strict. Moreover, their motion pa-
rameters, which determine the main aerodynamic characteristics, can quickly
change during flight [2]. The control laws of such aircraft must quickly change
their parameters or be insensitive to parametric disturbances due to rudeness.
Robust regulators can best meet these requirements, as well as ensure ease of
control laws implementation and high system reliability [3, 4].

Formulation of the problem

We will consider the problem of synthesizing roll angle robust control
laws for an unmanned aerial vehicle and studying their performance over a wide
range of speed changes.

Control object

The aircraft is equipped with a solid fuel engine and aerodynamic con-
trols. To stabilize the roll angle of the UAV, the corrective device generates a
signal that controls the servo using the deviation of the measured angle from the
set angle (fig. 1).
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Fig. 1. Block diagram of the roll angle control channel

In fig. 1 W, is the transfer function of the aircraft for a roll angle y; Wyis
the transfer function of the corrective device; & is the rotation angle of the aero-
dynamic control surface; 5" is a disturbance; Y, is a reference signal. The

transfer function of the servo drive W, is a second-order unit with a time con-

stant of 0,01 s and a pure time delay of 0,005 s.
The same parameters of the control object transfer function W. can take

values that differ many times depending on the choice of trajectory. In addition,
they change rapidly during a flight. For altitude of 11500 m and speed of
629 m/s

1657 .
" s%°+0,9726s (1)
where S is the Laplace variable. For speed of 314 m/s w =273¢, and in
" s°+0,667s
the first second of flight w_ = Zli.
" s*+0,4971s

Synthesis of the corrective device for the roll angle control loop

The corrective device W should provide a transition time of not more
than 0,5 s, overshoot up to 30 %, as well as first-order astatism with satisfactory
stability margins and limited deflections of control surface. In addition, it is nec-

essary to fend off the disturbance 5" reduced to the dimension of the control
surface rotation angle.
It is possible to satisfy all these requirements, as well as provide the nec-

essary robustness with respect to parametric perturbations, using the H_ theo-

ry [5].
The regulator for the roll channel ensures that the inequality
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= %{;’(S) ; W, ,W,, W, are weight functions.
s

The search of W, was carried out using the 2-Riccati approach [5]. For
object (1), a representation of the corrective device in the state space is obtained:
X = AX +BU;
©)
Y =CX + DU,

where X is the state vector; Y is the output value of the corrective device (con-
trol signal); U is the input value of the corrective device.

For the nominal point (1), we obtain the parameters of the equations (3) of
the roll angle channel corrective device:

-1367 5786 -1.5-10* -1127 2.623-10°

-667 7,501 —1712 1295 2,996-10°
A=| 0,5386 -3,934 13,04 4,653 —2668
—0,5028 4,636 -10,58 —4,501 1824
—32,14 4,216 -61,52 4731 —2,691-10°

2,273-10* (4)
2596
B=| -246 |;
12,31
304,7
C=(-2,579 1116 -29,48 -2,215 5156); D-44,69.
In this case, weight functions
707,9s + 1,413-10* 94,87 s + 1,897 -10*
1000s + 1413 2= 054875 + 6.10°
and the quality criterion (2) turned out to be 0,9704.
A significant influence on the synthesis process of W, is exerted by the

Wj, (s) =

need to disturbance &' suppress (Fig. 3). For W, those satisfying criterion (2),
the transition process in the roll angle control channel ends in 0,4 s and has the
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overshoot of 23 % (Fig. 4). At the same time, the aerodynamic control body is
able to react correctly on reference signal of up to 35° (Fig. 5).
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Fig. 3. Frequency response of the roll angle control channel on
disturbance
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Fig. 4. Transition process in the roll angle control channel



29
Po3zoin 1. IndpopmangiidHI cHMCTEeMH

o
=
co

rotation, rad
= =
E R

oy
(=)
%)

Control surface

0.02¢ : : -
0 0.2 0.4 0.6 0.8
Time, s

Fig. 5. Control body work with a stepped reference signal of 0,1 rad

Such a corrective device satisfies the requirements for control quality
when flying at the altitude of 11500 m for Mach numbers M = 1,55-3,9. With an
increase in speed within the indicated limits, the transition process ends faster,
however, overshoot increases and stability margins decrease (Fig. 6). When fly-
ing at the speed of 1151 m/s, the transition process ends in 0,3 s and has an
overshoot of 29 % (Fig. 6).
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Fig. 6. The transition process in the roll angle control channel at
M=39
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Roll angle control loop without overshoot in transition process

The roll angle transition process has overshoot in all sections of the possi-
ble flight paths. Its presence is undesirable if the yaw angle is controlled through
the roll loop. To eliminate overshoot, it is necessary to change the structure of
the control system (Fig. 1).

In the roll angle control loop with a monotonic transition process (Fig. 8),
the corrective device has two transfer functions: from the reference signal and

from the current roll angle (Fig. 7). Then in equations (3) U =(y,, 7)'.
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Fig. 7. The block diagram of the control channel without overshoot

For such a block diagram, at the nominal point (1), we obtain a sixth-order
regulator with parameters:

4413 2701 -287.6 7699  1.405-10* 3.079-10°
-560.6 -27.19 -3534 860.3 1666 3.423-10°
22,34 7,493 -2.692 3824 78,06 1,622-10%

A 5106 0,5942 835 -46,63 -70,96  —1,455.10" ;
-2,837 2,261 1,36 -419 -6,321-10°  330,7
-5,062 -0,4851 66,69 -112,1 1,277-10° —1,408-10" ®)
_(0,008854 —0,001318 -0,4443 151 —0,2449 —80,09)T_
0,7135  —1,342 1,746 6,547 0,4319 1488 )’
C=(0,755 -0,5094 0,5665 -1513 -27,64 —6052);
D=(0, 0).

Thus, the quality criterion (2) turned out to be 0,8767.

At the nominal point (1), the regulator (3) with parameters (5) provides a
transition process of 0,16 s duration without overshoot (Fig. 8) in the control
loop (Fig. 7).

This corrective device provides the required control quality when flying at
the altitude of 11500 m in the range of Mach numbers of 1,06 — 4,33. An in-
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crease in flight speed compared to the nominal leads to a decrease in response
speed and in stability margins. In this case, the transition process remains mono-
tonic. For lower speeds, starting from M = 1,55, an overshoot appears (Fig. 9).
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Fig. 8. Monotonic transition process in the roll angle control channel

In addition to higher response speed, in comparison with the
regulator (3), (4), the regulator with parameters (5) provides a stronger ampli-
tude suppression of disturbance. However, the process of suppressing disturb-
ance is longer in time (Fig. 10).
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Fig. 9. The transition process in the roll angle control channel
atM =1,06
Thus, control laws were calculated for all trajectories of the aircraft: for
horizontal flight at altitudes of 300 — 14000 m for climb, and for descending. To
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calculate the parameters of the regulators, as well as to obtain the amplitude-
frequency characteristics and transition processes, Matlab was used.
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Fig. 10. The process of disturbance suppression

Conclusions

Synthesized corrective devices provide the required control quality of the
UAV motion from the time of launch to the end of the flight in the entire range
of permissible altitudes and speeds.

The astatic suppression of disturbance in the control loop, which works by
deviation, leads to low stability margins, as well as the presence of transition
process overshoot. For a horizontal section of the flight path at a given height,
such a regulator must be calculated at least at two points.

The use of the control loop, which has separate transfer functions from the
reference signal and from the current roll angle, allowed to eliminate overshoot
and increase response speed. In addition, such a regulator can provide the re-
quired control quality over a wider range of model parameters than a deviation
regulator.

The number of points at which it is necessary to carry out the synthesis
procedure to ensure the required control quality from the start to the completion
of the UAV flight depends on its trajectory. In this case, for the UAV under
study, it is necessary to use the regulators obtained in at least four points. More
often points have to be taken in areas with low efficiency of control bodies.

Obtained weight functions and restrictions for the amplitude-frequency
characteristics can be used as initial values for the synthesis of control systems
for other similar aircraft.
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