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Introduction

Unmanned aerial vehicles (UAV) have
become an important tool in many areas due
to their versatility, accuracy and technological
capabilities. This has led to the rapid develop-
ment of technologies for creation and deploy-
ment of UAVs. The development of UAVs
opens up new opportunities for the military
sector and expands the scope of their civilian
application in such industries as: oil and gas
industry, transport, construction, energy, agri-
culture, communications, etc. Therefore,
nowadays the task of creating new unmanned
aerial vehicles (UAVSs) of various purposes
and configurations is an extremely relevant
and promising research topic. The effective-
ness of UAV task performance is largely de-
termined by the ability of the automatic con-
trol system (ACS) to perform its functions
[1-3].

Thus, the quality and reliability of the
automatic control system (ACS) will depend
on [4-6]:

e control accuracy: the ACS must en-
sure accurate following of the given route, ex-
ecution of maneuvers and stabilization of the
vehicle in difficult conditions. This is critical
for reconnaissance, cargo and military UAVS;

e autonomy: a higher level of auton-
omy (artificial intelligence algorithms, event

prediction) allows performing complex mis-
sions without active operator intervention;

e adaptability: the ACS must take
into account changes in environmental condi-
tions and adapt the behavior of the UAV in
accordance with these changes.

The quality of the operation of the
UAV's ACS depends on many factors, the key
of which is the selection and adjustment of the
correction device. The correction device is the
main element that increases the accuracy, sta-
bility, speed and reliability of the ACS opera-
tion. Its usage allows to significantly improve
the efficiency of UAV task performance and
adaptation to complex and changing condi-
tions.

Taking into account the development of
computing hardware, digital correction de-
vices (digital controllers), calculation of
which is carried out according to analog
mathematical models, became widespread
[7].

Usage of digital controllers in UAV
systems is an urgent task for the following
reasons [7, 8]:

o digital controllers allow to provide
high accuracy of UAV control, which is criti-
cal when performing complex maneuvers and
tasks.
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e digital controllers can be adjusted

and adapted to different flight conditions and
tasks. This allows you to quickly react to
changes in the environment and increase the
overall efficiency of the UAV.

digital controllers are easily inte-
grated with other digital systems on board of
the UAV, such as navigation systems, com-
munication systems, data processing systems,
sensor systems, etc.

the reliability of controls is critical
for the safety of UAV and the avoidance of
emergency situations. Digital controllers can
include systems of automatic detection and
correction of errors, which increases the over-
all reliability of the control system.

digital controllers allows the appli-
cation of complex control algorithms, such as
adaptive, optimal and intellectual methods,
which increases the overall efficiency and au-
tonomy of the UAV.

Therefore, the synthesis of digital con-
trollers is a key stage in the development of
modern UAV control systems, which ensures
their reliability, accuracy and efficiency in the
conditions of real operational tasks, and the
adjustment of controller parameters is an ur-
gent scientific task.

In this article a method for synthesizing
a digital controller for pitch angle control

Controller

Digital-to-analog
converter

system of an aircraft-type UAV based on the
use of the desired transfer function method.

Problem Statement

The solution of the problems of auto-
matic control of the UAV flight is carried out
by separate circuits of automatic control sys-
tems. Angular movement control circuits are
designed to control and stabilize the angular
position of the aircraft, which is characterized
by the angles of roll, pitch and yaw. Angular
movement control circuits and altitude stabi-
lization circuits are traditionally called auto-
pilots [1, 8]. As the initial data, we will con-
sider the pitch angle circuit. The pitch autopi-
lot provides control and stabilization of the
angular position of the aircraft, deflecting the
corresponding control surfaces. These con-
trols create control moments relative to the
transverse axis, changing the pitch angle. To
develop a mathematical model of the auto-
matic control system of pitch angle of the
UAV, standard mathematical models of the
longitudinal movement of an aircraft-type
UAYV were used in the work [1, 8].

Based on the selected typical mathemat-
ical model of the UAV and its parameters [1],
the transfer functions of all elements included
in the structural diagram were determined.
The structural diagram of the automatic con-
trol system of pitch angle of the UAV and its
simulated mathematical model are shown in
fig. 1.
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Fig. 1. Structure of the pitch angle ACS a— block diagram of the ACS, b-imitation model of the ACS
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The simulated mathematical model of
the UAV (fig. 1, b) consists of the following
blocks: Gainl — a digital controller, presented
by a proportional link; Gain2 — a power am-
plifier, Transfer Fncl — a transfer function of
the servo drive; Transfer Fnc2 — a transfer
function that connects the pitch angular veloc-
ity and the elevator deviation; Gain3, Gain4 —
transfer functions of the pitch angular velocity
sensor and pitch angle, presented by propor-
tional links The automatic control system of
pitch angle (Fig. 1) includes two control
loops: the inner loop — angular velocity con-
trol loop; the outer loop — pitch angle control
loop. The ACS ensures that the UAV's speci-
fied pitch angle is achieved through the inter-
action of these two control loops, changing
the elevator deviation angle, which allows the
UAV to achieve the required position [9, 10].

Modern UAV automatic control sys-
tems uses digital controllers due to their high
accuracy, flexibility of adjustment and ability
to adapt to various flight conditions. The pres-
ence of the digital controllers in the system al-
lows you to carry out the optimal transient re-
sponses without overregulation for a finite
and minimal time. To obtain such a process in
the system, it is necessary to determine the re-
quired transfer function of the digital control-
ler.

This paper proposes a method for syn-
thesizing a digital controller for the longitudi-
nal movement control system of an aircraft-
type UAV based on the use of the desired
transfer function method.

Problem Solution

The synthesis of a digital controller us-
ing the desired transfer function method con-
sists in finding the structure and parameters of
the digital controller and the desired transfer
function of a closed-loop digital ACS [7].

The method of synthesizing a UAV
pitch angle digital ACS controller based on
the use of the desired transfer function
method is as follows:

1. At the first stage, the polynomial
equation of the controller synthesis is calcu-
lated in the general form.

2. Atthe second stage, the polynomial
equation of the synthesis is constructed in the

form that ensures the given quality of the con-
trol object control process.

3. At the third stage, the coefficients
of the digital controller are synthesized.

Move on to the reviewing these stages.

Stage 1. To determine the polynomial
equation of synthesis, we find the transfer
function of the generalized continuous control
object (GCCO). To do this, consider the struc-
ture of the mathematical model of the ACS
presented in Fig. 1, a, in which the open part
is a serial connection of the controller and the
generalized continuous control  object
(GCOC). The generalized continuous object
of control according to Fig. 1, b, is a serial
connection of the power amplifier and the
servo drive and the dynamic model of the
UAV.

The corresponding transfer function of
the generalized continuous control object pre-
sented in Fig. 1, b will have the form

Wecoc(s) = 1)

Let us define the transfer function of a
closed-loop ACS (fig. 1, b) for the output sig-
nal, which will have the following form:

2,01s+1,05
2,45340,352+0,01s"

X(s) D(s)-Wgcoc(s)

Hy(s) = E - 1+D(s) Wgcoc(s) 2)

Let us assume that the transfer function
of the closed-loop ACS for the output signal
is equal to the desired one desired
Hx(s) = Hxp(s).

Then the transfer function of the con-
troller, i.e., the automatic control algorithm,
can be calculated by the formula

1 . _Hxp(s)
Wecoc(s) 1-Hxp(s)’ 3)
Let us represent Wgcoc(s) in the form
of zeros and poles:

D(s) =

Wecoc(s) = Z‘;—g - e’ 4)
where Py(s), Qy(s) — polynomials with re-
spect to a variable s, 7, — nominal delay that
exists in the control object and depends only
on the physical principle of functioning of this
object (in this model 7,=0).

Let us perform the operation of factor-
ing polynomials Py(s), Qu(s), that is, we
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represent them in the form and represent the
desired transfer function of the closed-loop
ACS Hyp(s) and 1 — Hyp(s) respectively in
the form:
M(s) _
Hyp(s) = A(s) - 55 €™
N
and 1 — Hyp (s) = B(s) % (5)
where A(s) = Py (s) - Py_(s), B(s) =
= Qo+(s) - Qo-(s), M(s),N(s), G(s) — poly-
nomials with respect to a variable s; 7, — de-
sired delay.

Substituting equations (4), (5) into ex-
pression (3), we obtain the transfer function
of the regulator in the general form

_ Qo+(S)  Qo-(5) A M(S) ,—(tp-10)s
DO =35 rw 5o v o (6
which should have been obtained during the
execution of this stage of the method.

Substitute the expression for Hyp(s)
into the expression for calculating 1 — Hyp(s)
and obtain the polynomial equation for the
synthesis of the controller transfer function in
the general form

G(s) = A(s) - M(s) + B(s) - N(s), (7)

which should have been obtained during the
execution of this stage of the method.

Stage 2. Factorize the polynomials of
the numerator and denominator of the transfer
function of the generalized continuous control
object.

Py(s) e~
Qo(s)

Wecoc(s) =
_ 2,01s + 1,05
"~ 2,453 + 0,352 4+ 0,01s
. e—Os,

Py(s) = Py (s) - Po—(s)
= (2,01s + 1,05) - 1;

Qo(5) = Qo+(5) - Qo-(s) = (2,45* +
0,3s' 4+ 0,01)s. (8)

Substituting the obtained expressions
(8) into equation (6), we write down the gen-

eralized transfer function of the controller
_ 2457403514001 SA(S) M(s)
D(s) = 2,015+1,05 1B(s) N(s)

The polynomials A(s), B(s), M(s), N(s)
are set in such a way that the expression for

calculating the transfer function of the regula-
tor D(s) has a simple form and, at the same
time, the transfer function D(s) could be phys-
ically implemented:  B(s) =s, A(s) =
1, M(s) =mgyand N(s) =ny - s + ny.

The polynomial synthesis equation
takes the form

G(s)=1-my+s-(n;-s+ny). (9

To ensure the stability of the closed
control loop and the ability to uniquely solve
the polynomial synthesis equation, we assume
that

G(s) =(s+a)?|g=p = S*>+4s +s.

Using the polynomial synthesis equa-
tion (9), we find the unknowns my, n,, ny, n,
by the method of undetermined coefficients:

s?+4s+4=1-my+n;-s>+ny-s—

m0=4‘
- Tl1=1
n0=4

Let us find the generalized transfer
function of the controller

2,4s% 4+ 0,35 + 0,01
(2,01s + 1,05)(s + 4)

Stage 3. Based on the generalized trans-
fer function of the controller, we will find a
discrete model of the digital controller. The
discrete model of the DC can be obtained
from the continuous model using various
methods such as the method of triangles, the
method of trapezoids and other methods,
which are given in the works [foreign, Lan-
dau, and another article].

It should be noted that the determina-
tion of the transfer functions of the DC for
systems with a control object of the third or-
der and higher is a labor-intensive task.
Therefore, in this work, it is proposed to use
the special function c2d of the computer
mathematics system MATLAB to determine
the discrete model of the digital controller and
selected discretization step T = 0,05 c.

As a result of applying the special func-
tion c2d, we obtain the transfer function of the
digital controller

D(s) =4
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1.194z% — 2.333z + 1.14 Computer mathematical model of the

Dr(z) =4 — 33793, 10,7965 pitch angle ACS with a synthesized digital
controller and the results of computer model-
ing are shown in fig. 2, 3.
Wegele)
0 1 0675 +035
’ E} 24540354001 ;
0 Stepl Gain? Gaind Tranafer Fon2 wokl Integrator!
‘ Ga/ﬂ'u.‘ angular velocity of pitch angle
/ﬂ pitch
\J'
Waeools)
1942 - 23332 + 1. 0.67s +0.35 0, N )
w ¢) > u_u1sls+1 245+ 035 +0.01 1'3
[ Gaing wapd woks
— L
~J
d
\J"

Fig. 2. Computer mathematical model of pitch angle ACS with a synthesized digital controller
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Fig. 3. Results of computer simulation

Conclusion

Based on the results of simulation mod-
eling, it can be concluded that the proposed
method for synthesizing a digital controller
allowed to improve the quality of the transient
response, namely, to ensure the smoothness of
the transient response, reduce overshoot and
the time of the transient response, which is
critically important for the accuracy of UAV
flight control.

Since the main indicators of the quality
of the pitch angle automatic control system in
a steady state are the accuracy of stabilization
of the given parameter, and the results of sim-
ulation modeling showed that the steady state
operation of the automatic control system

fully satisfies the requirements for the auto-
matic control system of the UAV, this indi-
cates the feasibility of using the proposed
method for synthesizing digital controllers for
such systems.

The synthesized digital controller can
be integrated into the software or hardware of
the UAV automatic control system.

The proposed method can be used to de-
sign digital controllers for automatic control
systems of any type of UAV.
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METHOD OF SYNTHESIS OF DIGITAL CONTROLLER FOR UAV AUTOMATIC

CONTROL SYSTEM

In this article the method for synthesizing a digital controller for an unmanned aerial

vehicle (UAV) automatic control system is proposed. The suggested method is simple to use
and enables rapid parametric tuning of the digital controller for a specific loop of the UAV
automatic control system. The synthesized digital controller can be integrated into the software
or hardware of the UAV automatic control system. The proposed method can be used to design
digital controllers for automatic control systems of any type of UAV.

Keywords: UAV; optimal control; digital controller; control system.
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METOJZ, CHUHTE3Y HOU®POBOI'O PEIYJATOPA JIA
ABTOMATHYHOI'O KEPYBAHHS BILJIA

B oaniii cmammi 3anpononogano memoo cunmesy yughposozo pe2ynsaimopa 0Jisk cucmemu
aemomamuunoco kepysants BIIJIA. 3anpononosanuii memoo € npocmum y 6UKOPUCMAHHI i
00360J151€ BUKOHYBAMU 3 KOPOMKUU 4acC napamempuyte HalaumysanHs yughpoeozo pezyis-
mopa 0/l OKpemMo20 KOHMypy cucmemu agmomamuunozo kepysants BIIJIA. Cunme3osanuii
yughposuii pe2ynamop ModiCHA IHmMe2pysamu y npoepamue abo anapammue 3a6e3neyeHus cuc-
mema aemomamuuno2o KepysanHsa BIIJIA. 3anpononosanuii memoo modHce 8UKOPUCTOBYEA-
mucy 0Nl NPOeKMY8aHHs YUPposux pe2ynramopie OJisl cucmem asmoMamuyHo20 KepyeaHHs
BIIJI4 6yov-axozo muny.

Knrwouoei cnoea: BIIJ/IA; onmumanvhe Kepy8anHs, yu@dposuil pe2yiamop, cucmema Ke-
DVBAHHL.
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