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ABSTRACT

When modeling Automatic Control Systems (ACS) of an unmanned aerial vehicle (UAV), it
is often necessary to take into account the nonlinearity of an aircraft's reaction when the
controls drift, as well as the strong influence of various destabilizing factors that make the
system go out of linear mode. When known analytical and numerical methods are used to
analyze dynamic systems, it is problematic to obtain general solutions that are valid for the
variable parameters of the system under study and, at the same time, provide the required
error value. A method has been developed to model dynamic processes in automatic non-
linear UAV control systems based on linear approximation by parts and crosslinking of
partial solutions with consideration of the initial conditions. An example of using the
technique to model the transition characteristics of an ACS UAV with a single non-linear
link is considered. Based on the analysis of errors in the calculation of the transition process,
the effectiveness of the proposed approach is shown.
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Desarrollo de métodos para modelar sistemas de control
automatico no lineal de UAVS

RESUMEN

Al modelar sistemas de control automatico (ACS) de un vehiculo aéreo no tripulado (UAV),
amenudo es necesario tener en cuenta la no linealidad de la reaccion de una aeronave cuando
los controles se desvian, asi como la fuerte influencia de varios factores desestabilizadores
que hacen que el sistema salga del modo lineal. Cuando se utilizan métodos analiticos y
numéricos conocidos para analizar sistemas dinamicos, es problematico obtener soluciones
generales que sean validas para los parametros variables del sistema en estudio y, al mismo
tiempo, proporcionen el valor de error requerido. Se ha desarrollado un método para modelar
procesos dinamicos en sistemas de control automatico de UAV no lineales basado en
aproximacion lineal por partes y reticulacion de soluciones parciales con consideracion de
las condiciones iniciales. Se considera un ejemplo de uso de la técnica para modelar las
caracteristicas de transicion de un UAV ACS con un solo enlace no lineal. Con base en el
analisis de errores en el calculo del proceso de transicion, se muestra la efectividad del
enfoque propuesto.

PALABRAS CLAVE: Vehiculo aéreo no tripulado; UAV; sistema de control automatico no
lineal; aproximacion lineal por partes; proceso transitorio.

Introduction

To ensure flight safety and successfully solve a wide range of tasks based on unmanned
aerial vehicles (UAVs), an effective UAV control system (ACS) is required at the physical
level of the UAV communication network (Advanced Control of Aircraft, 2011; Austin, 2011).
The development of such systems is impossible without an adequate mathematical model
describing the operation of ACS in a wide range of parameters. A large number of studies
consider the linear dynamics of UAVs (Lebedev and Chernobrovkin, 1973; Moiseev, 2013) and
the linearity of their control systems (Zheng, et al., 2014; Kuriki and Namerikawa, 2014). The
task of modeling and analyzing UAV ACS is significantly complicated when the non-
linearity of the aircraft's response is manifested in case if the controls are deviated (Xiang et
al.,, 2017; Raffo et al., 2010). In addition, the nonlinearity of processes in control systems is
caused by the strong influence of various destabilizing factors that cause the system to exit
the linear mode. In most cases, there are no convenient analytical expressions for describing

nonlinear systems. Therefore, we have to use numerical methods for solving differential
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equations that describe the dynamics of UAVs (Marino et al., 2016). This approach does not
allow us to obtain general solutions for the variable parameters of the system under study.
At the same time, the use of linearization of ACS characteristics based on the Taylor series is
convenient for analytical research, but is often unacceptable because of the unacceptably
high approximation error in a wide range of changes in impacts and response.

A promising approach is piecewise linear approximation of the system characteristics
(Balashkov, 2010; Bogachev and Chapliga, 1976). The approach makes it possible to obtain
analytical solutions for dynamic processes in control systems that are valid for individual
linear sections of the characteristics of nonlinear parts of the system. Crosslinking of partial
solutions is performed taking into account the initial conditions for each current section of
the transition process up to the established mode.

The purpose of this work is to develop a method for modeling dynamic processes in

nonlinear automatic control systems of UAVs based on piecewise linear approximation.

1. The dynamics of the UAV the longitudinal flight mode

The mathematical model of UAV movement in the longitudinal flight mode is described

by a system of nonlinear differential equations (Gutsevich, 2018):

mz—\::PCOSa—Xa —mgsin 6,

mvi—f:Psin a—Y, —mgcosd,

9=0+a,
|Zd—‘9=|v|2.
dt

In this system, m is the mass of the UAV, V - vector of linear velocity, P is the power of
the engine thrust, a angle of attack, X, is drag, Y, is lifting force, g is the gravitational
acceleration, 9 - pitch, 6 is the slope of the trajectory of the mass center of the aircraft, . is
the moment of inertia of the UAV along the z-axis, M, is the moment of the aerodynamic
forces.

Similar nonlinear differential equations describe other UAV flight modes (start,

landing, coordinated u-turn, spiral descent, etc.), while UAV dynamics in these modes
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generally also have nonlinear properties. In general, the nonlinearity of UAV dynamics should

be taken into account when modeling and developing UAV ACS.

2. Representation of the UAV ACS scheme based on the model of amplitude-phase
signal conversion

The functional diagram of the aircraft height stabilization circuit is shown in Fig. 1

(Gordin, 2000).

Mx,y,Z(t)J

Ureq(t) » Freq(t) » Wreq(t) oDC .
" XY,z f
U(t) > PA SD 6elev(t) » CO W, Y ( )

A
\

T— NA1l

NA2 AVS [«

Figure 1. Functional diagram of the UAV control system

In Fig. 1 the following designations are accepted: ODC - onboard digital computer, PA
— pre-amplifier, SD - servo drive, CO - control object; AS - angle sensor; AVS - angular
velocity sensor; NAL NA2 - normalizing amplifiers; Ureq(t) , Oreq(t) , Preq(t) — the required
values of roll, pitch, and yaw angles; Scev(t) — deviation angle of the elevator; My, (t) -
disturbing effects; U(t) —obtained pitch angle value; wyy.(t) — angular roll, pitch, and yaw
speeds.

To analyze the two-channel scheme (Figure 1), we present each control channel based
on the amplitude-phase signal conversion (APC) model (Vasilyev et al.,, 2011, 2013). The
model of the converter with deviation control (Fig. 2) includes a similar APC™ a control
device (CD), a control path (CP), and a weight distributor (WD). The control device (CD)
controls the amplitude and (or) phase of the input signal. The CP consists of a detector for
deviation of the signal amplitude and (or) phase (D), as well as a filter (F). The values of the

WD transmission coefficients determine the proportions of signal transmission from its
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inputs to its outputs. The diagram shows: Uy, u; 1 Us, u>— input (main, additional) and output

signals, u — control signal.

Us U>
— Cu APC
/'r u
WD CP

ul/l\\l/z

Fig. 2. Model of an amplitude-phase signal converter with deviation control

Transfer functions of APC model blocks (Fig. 2), equivalent to representing the control

scheme (Fig. 1), have the form:
Kapcs= KpaKsp, Kep® = KnarKas, Kcp® = KnarKavs, Kcu = Kwp = L.

3. UAV ACS modeling technique based on the APC model and piecewise linear
approximation

To obtain analytical expressions of the dynamic characteristics (transients) of a non-
linear UAV ACS, we approximate the nonlinear characteristic of the D based on piecewise
linear functions (Kurilov et al. 2010, 2012). After approximation, the characteristic looks like

the sum of M linear sections, where M is the maximum number of the approximation node.
The equation of the approximating line segment for the node m: fpm=Kuy+Bn, Where y is a
parameter (amplitude or phase) of the output signal of the converter, K,, and B, are
approximation coefficients. Let's denote the transfer coefficient of Kapcx as K™ and assume

u=u»=0. The equation of the converter at the section m [Yy; Y]

Vi =X — KK 0 M(p)(K 3 + By ),
where x is a parameter (amplitude or phase) of the input signal, M(p) is a transmission

coefficient of the CP filter, p -d/dt isll operator, ¢ isll time, Kcy and Kwp are transmission

coefficients of corresponding blocks.
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We denote DN, =K, n K, -the control coefficient and B =K,n B, . The Laplace image
of the output parameter on the m section will take the form
Y =Xm — K*[M (p)(Nmym + B;)] (1)

This is a linear differential equation of the APC at the interval [m, m+1], presented in

operator form. The general nonlinear equation of the converter can be represented by the sum

of equations (1) for all parts of the approximation. Let's present the filter transfer function as
| S )
M(p)=A(P)/B(P)=> i P' I 2 fip', @)
i=0 i=0

where a;, B; are coefficients of the filter.

Substitute (2) in equation (1), which after the conversion will take the form
I ) I ) d i N
Yn 2 BiP =Xy 2 Bip' —K {Zai p (N + Bm)}-
i=0 i=0 i=0

Let's replace the Laplace operator p with a differential d/dt in the resulting expression

AYn g % [ 4Ny, +8;) 3
Bi at’ _gﬁi qt K|:§ai qt’ } ()

-0
Let's make an operator equation for (3) taking into account the initial conditions:
Y ©) <Y (P). Vi () <= DY (P) =Y (0), ¥y () <= DY, (P) = Y5, (0) =¥, (O,

Y'n(®) < PYn(P) = P Yn(0) = PPy n(0) -

90 = PV (9) - Yy O

k=1
We assume that all derivatives except the first one are null: y®,(0)=0,i>l. Similarly, we
present an image of the impact and its derivatives. Then
xOm (t) < p' X (P) = P, (0)— p' 2y, (0). (4)

Given (4), the expression (3) will take the form

> [0, ()~ 52y, 0) - b2y, O)]=

_Abwmwrm“mmrmHWMmk

I - . .
KN, Y e [p'Y, (p) - Py (0) = pi 2y, (0)]-
i=0
KB <&
— a;p'.
P i
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From the resulting equation, we express Y, (p):

pPB(p)X (p) - K'B, A(p) + pC,, (p) (5)
p[B(p) + K'N, A(p)] |

C.(p) =C¥(p)-C¥(p)-C®(p) - polynomial of initial conditions.

Y, (p)=

C(p)=[B.(p) + K'N, A (P)]y, (0) +
+[B,(p) + KN, A, (D)]y, ' (0)
C®(p) = B,(p)x(0) + B, (p)x'(0) - polynomial of initial impact conditions,

. K'B, A(p),m=m, _ ! _ ! ,
C >(p)={ & B (P)=>. 8P, A(p)=Da;p*.
i=k i=k

- polynomial of initial response conditions,

0,m=m.

Initial conditions for different m take the following values:
1) m=m,, then x, (0)=vy, (0)=0, xm, (0)=ym,(0)=0.
For APC with filters of the second and higher orders (I 2 2) y'm, (0) =0, it corresponds

to zero initial values of the stresses on the reactive elements of the filter (Lebedev and
Chernobrovkin, 1973).

2) For each subsequent section (m = m,;), the APC response values at the border of the

ini
sections are th€ same:

Y () =Yp.q ¥ m (0) =Y mt2g, (ty 1,29 ), Where t, is the end time of a particular solution,
T = AlYm (t—A) -y, (t)] - the direction of the transition process (§,, -1 when decreasing and g,
-0 when increasing), A — 0, q(y) - the CPLF of inclusion, equal to 1 at >0 and 0O at y<0,

ym(t+A)_ym
A

. t . . . .
Ym (t)= ® . To calculate t,,, we must determine the abscissa of the intersection

points yu(t) with Yy, line.
The initial value of the impact and its derivative on the m-th section are determined by

the time shift: t: x.,(0)=x(t,), x,(0) = X' (1,). For each current section, the shift will consist

of the sum of the transition durations for each of the previous sections. Let's denote k=0..K-1
is the number of a particular transient solution, K is the total number of particular solutions
(k=0 corresponds to mg=mo=miy, k=K-1 corresponds to mgi=mend. Thus, the time shift of a

particular transient solution is defined as

~ k-1

tmk = tE > (6)
k=0

t =0.
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4. UAV ACS modeling based on the APC model and piecewise linear
approximation

Based on the developed method, the simulation of the transition characteristics of the
UAV ACS was performed. Accepted Ky-1, n,-2, K™=1. The characteristic of the filter F, which
describes the inertia of the feedback circuit of the control loop of the system, is given by the
expression M(p) = 1+ p)™. The characteristic of the detector D, describing the non-linearity
of the ACS, is approximated by two and three straight lines (Fig. 3a and 3b). The calculated
transient characteristic of the UAV ACS when approximating the D with two and three
linear sections is shown in Fig. 4. A solid line highlights the component formed by the initial
section of the characteristic D and described by the expression y, (t) =e™ . The dotted line
marks the next section of the transition characteristic described by the expression

Yo(t—t,)=0125+0,375e ™", where ; - 0.34 s is the time shift of the second partial solution.

The result of calculating the transition process for three parts of the D approximation is
shown by a dashed line (time shifts of the second and third partial solutions (t, = 0.087; t; =

0.43). The figure shows that the error in the representation of D by three sections is

significantly less, especially at the end setting stage.

Flm Flm
1 1 ///
0.75 0.75 //
0.5 J 0.5 //
0.25 / 0.25 /
0 0.25 0.5 0.75 1 Yim O 0.25 0.5 0.75 1 Yim

Fig. 3. Approximation of the characteristics of a nonlinear UAV ACS link: a)

two linear sections: b) three linear sections
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y(t)

0.8 "‘\
0.6 \

e
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0 0.1 0.2 0.3 0.4 t

Fig. 4. Transient characteristics of a UAV ACS when approximating a nonlinear link

with two or three linear sections

Conclusions

The task of modeling and analyzing UAV ACS is significantly complicated by factors
such as the nonlinearity of the aircraft's response when the controls are deviated, as well as
the strong influence of various destabilizing factors that cause the system to exit the linear
mode. Known numerical and analytical methods do not allow us to obtain general solutions
for the variable parameters of the system under study and at the same time provide the
required error value.

A method for modeling dynamic processes in nonlinear UAV automatic control systems
based on piecewise linear approximation is developed. The approach makes it possible to
obtain analytical solutions for dynamic processes in control systems that are valid for
individual linear sections of the characteristics of nonlinear parts of the system. Crosslinking
of partial solutions is performed taking into account the initial conditions for each current
section of the transition process up to the established mode. In the framework of the
proposed approach, a representation of the ACS scheme that performs the function of UAV
height stabilization is performed on the basis of a model of amplitude-phase signal
conversion with deviation control. Analytical expressions describing dynamic processes in
UAV ACS with a single nonlinear link are obtained based on the signal conversion model and
piecewise linear approximation.

Based on the developed method, the UAV ACS with a nonlinear link represented by

two and three linear sections is simulated. It is found that the error in calculating the
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transition process when presenting the link characteristic by three approximation sections
is significantly less, especially at the end setting stage. Thus, the effectiveness of the proposed
approach is shown. When analyzing the dynamic modes of a specific UAV control system,
approximated by the signal conversion model with deviation control, its characteristics can
be obtained by substituting the corresponding numerical coefficients of the device into

general expressions of the dynamic characteristics of the converter.

Acknowledgments
The work was supported by REBR grant 19-29-06030-MK "Research and development
of wireless ad-hoc network technology between UAVs and smart city dispatch centers based

on adaptation of transmission mode parameters at different levels of network interaction’

References

Advanced Control of Aircraft, Spacecraft and Rockets Ashish Tewar, 2011 John Wiley &
Sons, Ltd. ISBN 978-0-470-74563-2, 454 p.

Austin, R. (2011). Unmanned aircraft systems: UAVS design, development and deployment
(Vol. 54). John Wiley & Sons.

Balashkov, M. V. (2010). Development of methods for the analysis of piecewise linear systems
and minimization of phase instability of transistor amplifiers: PhD thetis. - Moscow, Russia,
- 148 p.

Bogachev, V. M., & Chapliga, V. M. (1976). On the calculation of periodic modes in systems
with piecewise linear characteristics under harmonic influence. Radio engineering and
electronics, 21(4), 906.

Gordin, A. G. (2000). Unmanned aerial vehicles as control objects. Ucheb.stipend. - Kharkiv:
State aerospace university 'Kharkiv. aviation institute’, - 140 p.

Gutsevich, D. E. (2018). Modeling the behavior of an airplane-type aircraft with automatic
control in various flight modes. Mathematical modeling, computer and field experiment in
natural Sciences, 1.

Kuriki, Y., & Namerikawa, T. (2014). Formation control of UAVs with a fourth-order flight
dynamics. SICE Journal of Control, Measurement, and System Integration, 7(2), 74-81.

Kurilov, I. A., Vasilyev, G. S., & Harchuk, S. M. (2010). Dynamic characteristics analysis of
signal converters based on continuous piecewise linear functions. Nauchno-tekhnichesky
vestnik Povolzhya, (1), 100-104.

146



REVISTA DE LA UNIVERSIDAD DEL ZULIA. 3? época. Ano 11 N* 30, 2020
G.S. Vasilyev et al. // Development of methods to model UAVS nonlinear ...137-147

Kurilov, 1. A., Vasilyev, G. S., Kharchuk, S. M., & Surzhik, D. I. (2012). Vasilyev G. S.
Investigation of the stability of a signal converter based on continuous piecewise linear
functions. Radio Engineering and telecommunication systems, 1, 4-7.

Lebedev A. A., Chernobrovkin L. S. (1973). Flight Dynamics of unmanned aerial vehicles. -
Study book for universities. - Moscow: Mashinostroenie,. - 616 p.

Marino, M., Gardi, M. A., Sabatini, R, Watkins, M. D., & Watkins, M. R. (2016).
DEVELOPMENT OF A VALIDATED DYNAMICS MODEL FOR THE STOPROTOR UAV
REPORT 2: Rotary Wing Configuration Experimental and Numerical Methods.

Moiseev, V. S. (2013). Applied theory of control of unmanned aerial vehicles: monograph.
Kazan: GBU «Republican Center for Monitoring the Quality of Education»(Series «Modern
Applied Mathematics and Informatics»).~768 p.

Raffo, G. V., Ortega, M. G., & Rubio, F. R. (2010). An integral predictive/nonlinear H= control
structure for a quadrotor helicopter. Automatica, 46(1), 29-39.

Vasilyev, G. S., Kurilov, I. A., Kharchuk, S. M., & Surzhik, D. I. (2013, September). Analysis of
dynamic characteristics of the nonlinear amplitude-phase converter at complex input
influence. In 2013 International Siberian Conference on Control and Communications
(SIBCON) (pp. 1-4). IEEE.

Vasilyev, G., Kurilov, L., & Kharhuk, S. (2011, September). Research of static characteristics
of converters of signals with a nonlinear control device. In 2011 International Siberian
Conference on Control and Communications (SIBCON) (pp. 93-96). IEEE.

Xiang, X., Liu, C., Su, H., & Zhang, Q. (2017). On decentralized adaptive full-order sliding
mode control of multiple UAVs. ISA transactions, 71, 196-205.

Zheng, E. H., Xiong, J. J., & Luo, J. L. (2014). Second order sliding mode control for a
quadrotor UAV. ISA transactions, 53(4), 1350-1356.

147



