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1. Introduction

Since the flight process of an unmanned aerial vehicle 
(UAV) has a high nonlinear characteristic and high sensi-
tivity to external disturbances [5], PID control cannot meet 
technical characteristics of the UAV system as constant gain 
of the PID controller is necessary. An adaptive controller, 
such as adaptive control model sample that could learn and 
adapt to changes in drone dynamics is needed. Each fault, 
such as wing lock, velocity overload or aileron failure, is a set 
of aerodynamic parameters and coefficients that represent a 
new mathematical model of a control object in a spatial state. 
The aerodynamic model of an object can be affected by the 
lift coefficient, drag coefficient, torques [4, 6]. The reference 
model is calculated by computing the coefficients with the 
ANSYS-CFX software and the calculation is confirmed 
experimentally. Errors are also modeled by this software, 
and variation ranges of each coefficient are a set of failures. 
Using this adaptive control, the maximum operating range 
of aerodynamic coefficients of the model is determined.

Development of an automatic control system adjustable 
to changes in aerodynamic characteristics of the vehicle 
based on the synthesized high-order models is relevant, since 
its implementation will increase the stability of both the 
system and the aerial vehicle – unmanned aerial vehicle. In 
addition, the use of this system will ensure maintaining the 

functional properties of the aerial vehicle when performing 
a target task, and the introduction of this system does not 
require significant hardware transformations.

2. Literature review and problem statement

To date, much attention is paid to the implementation 
of various approaches to the adjustment of aerial vehicle 
control systems to changes in aerodynamic characteristics 
[1, 2]. In [3, 4], one of the promising ways to ensure stable 
operation of automatic control systems of aerial vehicles – 
intellectualization of onboard equipment is proposed. At the 
same time, the process of intellectualization consists in en-
abling the system to self-diagnose, and then, by the results of 
the diagnosis, adjust to the real working conditions, thereby 
increasing efficiency.

In [5, 6] it is indicated that the development and imple-
mentation of intelligent control systems of unmanned aerial 
vehicles is a relevant area for both modern and advanced 
unmanned aircraft systems. The achievements are based on 
the fact that adaptability to changing flight conditions of the 
vehicle is ensured by using multi-level control algorithms.

The authors of [7, 8] identify the following necessary and 
sufficient conditions of stability of a control system to uncer-
tainties: the presence of robustness properties in the system 
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го лiтального апарату, представленi варiацiями аеродинамiч-
них коефiцiєнтiв у вiдомих дiапазонах. При цьому змiнюють-
ся аеродинамiчнi параметри, i система стає нестiйкою. Для 
усунення не бажає вiдхилень в систему керування лiтально-
го апарату вводитися адаптивний контур PID-регулятора. 
Використовуючи еталонну модель об'єкта керування, порiвню-
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ний результат ближчий до експериментального. Дослiдження 
вiдмов здiйснювалося через спостереження змiни аеродинамiч-
них коефiцiєнтiв. Завдяки дослiдженню змiни аеродинамiчних 
коефiцiєнтiв можна визначити номiнальнi значення коефiцi-
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експерименти в аеродинамiчному додатку ANSYS-CFX без 
витрат на вiдновлення втрачених пiд час експерементальних 
випробувань апаратiв та його елементiв
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(insensitivity to changes in system parameters or structure); 
reconfigurability (purposeful change of some system param-
eters in order to compensate for uncontrolled changes) and 
tunability (changes in system structure). However, there are 
no accurate aerodynamic data. In [9, 10] there are aerodynam-
ic parameters on the basis of modeling in the ANSYS-CFD 
package, while the synthesis of the adjustable aerial vehicle 
control system does not consider the uncertainty of the 
high-order mathematical model, as well as changes in environ-
mental parameters with the appearance of such natural factors 
as wind, rain, etc. 

In [11, 12], systems capable of countering failures in ac-
tuators by the implementation of algorithmic adjustments are 
presented, but these adjustments do not take into account 
changes in the vehicle motion parameters and changes in envi-
ronmental characteristics.

Thus, the use of the known approaches and tools when 
creating aerial vehicles insensitive to changing flight condi-
tions and failures does not allow the aerial vehicle to perform 
target tasks at the required level. This is confirmed by the re-
sults of the literature review and open statistical information 
on operation duration, as well as laboratory facilities of the 
Department of Mechatronics and Electrical Engineering of 
the National Aerospace University “Kharkiv Aviation Insti-
tute”, Ukraine (Fig. 1).

Fig. 1. Statistics of pilot and laboratory studies [1]

Consequently, the relevance of the implementation of 
automatic control systems with the properties of adjust-
ing to actual flight conditions is growing. This should be 
taken into account when designing the automatic control 
system of an unmanned aerial vehicle, in particular, in the 
absence of accurate aerodynamic data. Thus, the extension 
of the approach [13, 14] to designing automatic control 
systems, adjustable to changes in aerodynamic parameters 
is promising. In this case, the implementation of adaptive 
PID controller on board the aerial vehicle with high-order 
models and changing coefficients previously obtained in 
the ANSYS-CFX simulation package can be considered 
reasonable.

3. The aim and objectives of the study

The aim of the study is a synthesis of an adjustable PID 
controller on high-order models of the UAV automatic con-
trol system, which will provide the required quality indica-
tors of vehicle motion in changing environmental conditions 
and object parameters.

To achieve the aim, the following objectives are set:
– to determine UAV mass-inertia characteristics in the 

SolidWorks environment;
– to determine UAV aerodynamic characteristics in the 

ANSYS CFX environment;
– to investigate the influence of deflection of the control 

surfaces on UAV aerodynamic parameters;
– to perform a simulation of the synthesized adaptive 

PID controller in the Matlab environment and conduct its 
experimental testing on the operating UAV model.

4. Characterization of the investigated unmanned  
aerial vehicle

4. 1. Determination of UAV mass-inertia characteris-
tics in the SolidWorks environment

In order to obtain the parameters of the inertia tensor of 
UAV of the presented dimensions necessary for determining 
the parameters of longitudinal and lateral motion models, we 
use the SolidWorks automated design system.

The process of building a model is based on creating 
elementary geometric primitives and performing various 
operations between them. The model is built of standard ele-
ments and can be modified by either adding/removing these 
elements or changing the characteristic parameters of the 
elements. In the process of modeling, it is not the part that is 
developed, but the algorithm (sequence of operations) of its 
creation. Thus, the dimensions and geometric relationships 
between the elements that determine the shape of a particu-
lar product are set [3].

The modeling process begins with a sketch or cross sec-
tion. Then the sketch with the help of a specific structural 
element acquires a three-dimensional form (Fig. 2).

Fig. 2. Modeling of the control object in SolidWorks

Using the generated 3D model, the inertia tensor param-
eters were determined in SolidWorks:
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In order to obtain the parameters of the models of lateral 
and longitudinal motion of SAV, it is necessary to conduct 
studies of its aerodynamic characteristics.

4. 2. Determination of UAV aerodynamic characteris-
tics in the ANSYS CFX environment

The aerodynamic characteristics of the studied UAV 
are obtained using the ANSYS CFX software package 
based on solving Reynolds-averaged Navier-Stokes equa-
tions in a wide range of flight parameters. Further, the 
results of modeling will be estimated by comparison with 
experimental data.
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The layout of the studied UAV is presented in Fig. 3.

Fig. 3. Modeling of the control object in ANSYS-CFX 

UAV geometric dimensions are assumed to be equal to 
those of the physical model used in wind-tunnel tests. The 
program module that performs calculations is based on the 
finite volume method. With this approach, to achieve the 
required accuracy and convergence of the solution, it is im-
portant to build a rational computational grid.

Fig. 4 shows the dependences of lift (Cy), drag (Cx) 
coefficients of the UAV on the angle of attack α for a num-
ber at a velocity of 10 m/s compared to the experiment and 
modeling [9–14].

Fig. 4. Comparison of lift (Cx) and drag (Cz) coefficients with 
the NASA model

On the basis of the obtained UAV characteristics, UAV 
reference linear models were formed, which became the 
basis for the subsequent synthesis of the adjustable PID 
controller of the UAV automatic control system with the 
fourth-order model.

The resulting reference model with unchanged charac-
teristics was implemented in Matlab and brought to the level 
of 10 % coincidence with real flights. Further, research will 
be focused on the synthesis of one loop of the adjustable PID 
controller.

Based on the synthesized reference model, it is necessary 
to synthesize the model of a parametrically perturbed UAV 
motion – with varying coefficients [8, 11].

The simplified reference model of UAV motion has a 
number of input and output parameters. Input parameters 
are propeller velocity, deflection angles of UAV aerodynamic 
surfaces, for example, v-tail. Output parameters are velocity, 
pitch rate, pitch angle, flight altitude (Fig. 5).

The model, perturbed by parametric changes, as well as 
the reference model, has the same structure and the same 

order, with the additions related to the modeling of an ab-
normal situation.

Fig. 5. Reference model of an unmanned aerial vehicle 

Further, we consider the effect of aerodynamic angles, as 
well as the tail (v-tail) and aileron deflections of the studied 
UAV on the UAV longitudinal velocity (Fig. 6). 

Fig. 6. Object of the study

4. 3. Study of the effect of deflection of control surfac-
es on changes in UAV aerodynamic parameters 

It is known that by changing the angle of attack and 
velocity, the lift coefficient changes. On the basis of the 
conducted research [10], the table of influence of these pa-
rameters was formed (Table 1).

The obtained results reflect statistical correlation close 
to unity 0.99888, 0.99925 (Table 1). These values are used 
to adjust the UAV velocity depending on the angle of attack 
in order to maintain a certain value of lift coefficient or 
desired altitude by changing thrust or stabilizing the UAV 
velocity by correcting the angle of attack. This cross-impact 
allows countering a number of failures associated, for exam-
ple, with the locking of aerodynamic surfaces. The results of 
influence of some parameters on others at an SAV velocity of 
10 m/s are shown in Fig. 7, 8.

Table 1

Variation of the lift coefficient depending on flight velocity 
and angle of attack

Angle of attack, deg.
Velocity, m/s

10 11 12

2.9 0.383247 0.387452 0.391001

3 0.387189 0.391090 0.394538

3.1 0.391333 0.395321 0.398468

3.2 0.395297 0.39901 0.402313

3.3 0.399053 0.403084 0.406262

3.4 0.402564 0.40655 0.410049

3.5 0.405816 0.410116 0.413663

3.6 0.408912 0.413538 0.417167

3.7 0.411742 0.416477 0.420417

3.8 0.414074 0.419456 0.423313

3.9 0.418218 0.421981 0.425962

4 0.420574 0.42366 0.429292

Correlation coefficient 0.99888 0.99925
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Fig. 7. Variation of lift coefficients

Fig. 8. Variation of drag coefficients

The values of lift and drag coefficients depend not only 
on the aerodynamic angles, but also on the area of deflecting 
aerodynamic surfaces:

21 ;2z zF V SC= ρ 	  (1)

21 ,2x xF V SC= ρ 	  (2) 

where Fx and Fz are the forces of influence on the UAV, Сz and 
Cx are the lift force variation coefficients, V is velocity, S is 
area, ρ is air density.

In order to study the influence of deflection angles of 
aerodynamic surfaces on the values of forces, we expand (1), 
(2) into a Taylor series to obtain linearized analytical depen-
dences for the aerodynamic coefficients:

21 ( ) ;2 2z L Lq L e e

C
F V S C C q C

v δ
 = ρ α + + δ  

	 (3)

 	  (4)

where eδ  is deflection; q is the effect of variation of the 
object deflection angle on the lifting force and drag; CL(α), 
CD(α) are the values of drag and lift coefficients in the mini-
mum angle of attack of the object.

Fig. 9 shows the range of aerodynamic coefficients 
depending on deflection of one or another aerodynamic 
surface [7, 8].

Based on the variation of aerodynamic coefficients, the 
mathematical model of the control object in the spatial state 
with varying coefficients in the obtained intervals was syn-
thesized:

( ) ,

,

X A X BU

Y CX DU

 = D +
= +

i

 	  (5)

where V is the velocity in the X axis, v is the pitch rate, va is 
the pitch angle, y is height, δtail is the tail effect on the UAV, 
δe is the engine effect.

Fig. 9. Variation of the range of aerodynamic coefficients 
(failures) relative to the weather balloon (Aerosonde)

The variation ranges of the coefficients are shown in 
Fig. 10.
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Fig. 10. Variation of the range of aerodynamic coefficients 
of the matrix ΔA and Δb: a – the first row of matrix 

parameters; b – the second row of matrix parameters

Based on the nominal values of the UAV, the reference 
mathematical model was constructed:

;

;
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Numerical values of the UAV reference model:

2.515 0.9784 2.662 9.656

1.092 3.995 15 1.741
;

0.09325 0.712 3.193 0

0.1775 0.9843 0 15.24

a

− − − − 
 − − − =
 − − −
 

−   

0.5528 229.7

5.528 0
;

26.69 0

0 0

b

− 
 − =
 −
 
 

1 0 0 0

0 1 0 0
;

0 0 1 0

0 0 0 1

c

 
 
 =
 
 
   

0 0

0 0
.

0 0

0 0

d

 
 
 =
 
 
 

  3.7375 + 3.0927i

  3.7375  3.0927i
eig(uav.NominalValue) .

  0.0037 + 0.0000i

  2.2244 + 0.0000i

 
 
 =
 
 
 

Calculation of the nominal model was 
carried out at a flight velocity of 10 m/s, lift 
coefficient of 0.19, drag coefficient of 0.05.

4. 4. Synthesis of the adjustable PID 
controller of the UAV automatic control 
system with the fourth-order model

The structure of the synthesized adap-
tive automatic control system with the 
fourth-order reference mathematical mod-
el [11, 12] is shown in Fig. 11.

Fig. 11. Block diagram of the model adaptive control system 
(MRAC)

In longitudinal motion, velocity, pitch rate and pitch 
angle control can be performed using three types of feed-
back. In the first form, the PID controller manages the axial 
velocity (thrust control by changing the engine velocity). In 
the second form, the PID controller in the internal feedback 
stabilizes the pitch rate, while the external feedback loop 
controls the desired pitch angle [15] (Fig. 12).

By simple transformations, for the subsequent synthesis, 
on the basis of the reference model, the transfer function (9) 
was synthesized:

3 2
1 2 3 4

4 3 2
1 3 3 4

.m m m m m

c m m m m

y b s b s b s b
U s a s a s a s a

+ + +
=

+ + + +
	  (9)

Similarly, the transfer functions of the PID controller 
and the adjustment loop were obtained:

2

;d p ik s k s k
pid

s

+ +
=  

3 2
1 2 3

;
bs c

plant
s a s a s a

+
=

+ + +

1 1 ;m da a k= +  

3 2 ;m d pa a k c k= + +  

3 3 ;m p ia a k c k= + +  

4 .m ia ck= 	  (11)

On the basis of the obtained analytical dependences, the 
block diagram of the reference model of the adaptive control 
system in the velocity channel is shown in Fig. 13.

Fig. 13. Structure of the reference model of adaptive control, 
velocity control system

Using the second Lyapunov law or the MIT rule, it is 
possible to synthesize the control law that ensures the as-
ymptotic stability of the system. For the synthesis, we use 
the MIT rule:

21
,

2
V e=  

,V ee=
i i

	 (12)

 

 

Fig. 12. Structure of the PID loop system and comparison with  
the reference model

3 2

4 3 2
1 2 3 3

( ) ( )
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( ) ( ) ( )
p d d p p i i
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21
,

2
J e=

.J ee= γ
i

 	  (13)

The difference between the Lyapunov method and the 
MIT rule is the way the error is determined. In the Lyapun-
ov method, the input signal is compared with the output 
signal of the object, while in the MIT rule the output sig-
nal of the model is compared with the output signal of the 
object [11, 12].

Using the MIT gradient rule:

;

;

;

p p

p p

i i

p i

d d

p d

dk dydJ d
dt d dy dk

dk dydJ d
dt d dy dk

dk dydJ d
dt d dy dk

    ε =      ε    


   ε  =      ε   
    ε  =       ε   

 	  (14)

;
dJ
d

= ε
ε

 1;
p

d
dy

ε
=

we determine the parameter values of the PID controller:

Thus, analytical dependencies of the adjustable coeffi-
cients of the adaptive PID controller, which minimize the 
effect of changes in UAV aerodynamic characteristics and 
increase the stability of the control system of the unmanned 
aerial vehicle are synthesized [11, 13].

5. Modeling of the adaptive PID controller in  
Matlab and experimental testing on  

the operating UAV model

The block diagram of modeling in the Matlab program is 
shown in Fig. 16, and the coefficient of regulation of adaptive 
control GAMMA=0.001.

Each block presented in Fig. 14 was synthesized and 
implemented as follows:

3 2

459 187
;

12 476 18
UAV

7
s

s s s
+

=
+ + +

	  (17)

2

4 3 2

459 187
;

44.02 443.1 1005 184.6p

s s
Y

s s s s
+

=
+ + + +

 	 (18) 

4 3 2

459 187
44.02 443.1 1005 184.6i

s
Y

s s s s
+

=
+ + + +

; 	 (19)

3 2

4 3 2

459 187
.

44.02 443.1 1005 184.6d

s s
Y

s s s s
+

=
+ + + +

 	 (20) 

3 2

4 3 2

34.52 416.1 1005 184.6
.

44.02 443.1 1005 184

Reference model

.6
s s s

s s s s

=
+ + +

=
+ + + +

 	 (21) 

Fig. 14. Structure of the reference model system of adaptive 
control of the PID controller

The results of modeling of adaptive PID 
control of the UAV in the velocity channel 
are shown in Fig. 15.

Analysis of the results of modeling the 
adaptive PID controller showed that the 
output signal of the object almost coin-
cides with the reference model, if there are 
two disturbances at 10 s and 10.1 s. These 
disturbances were associated with tail de-
flection, and it affected the velocity of the 
object (Fig. 15).

Fig. 16 shows velocity control of the 
UAV. The velocity value was compared 
with the control results of the standard 
PID controller and the adaptive PID 
controller. The value of the reference 
model is displayed in green, control using 
the adaptive PID controller is displayed 
in blue, control using the standard PID 
controller is displayed in red. The values 

of the adaptive PID controller are closest to the reference 
value, and control through it is optimal. Disturbance 
is present at 10 s and is associated with tail deflection.

Fig. 15. Adaptive PID control and PID control for velocity
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Variation of aerodynamic coefficients of the nonstationary 
model in the specified range of values that were calculated in 
ANSYS and results of the adaptive system is shown in Fig. 17. 
These changes in aerodynamic coefficients are failures.

Fig. 17. Control of the unmanned aerial vehicle under 
changing aerodynamic characteristics and flight parameters

Fig. 18 shows control of the UAV pitch angle. The angle val-
ue was compared with the control of the standard PID control-
ler and the adaptive PID controller. The value of the reference 
model is displayed in green, control using the adaptive PID 
controller is displayed in blue, control using the standard PID 
controller is displayed in red. The values of the adaptive PID 
controller are closest to the reference value and control through 
it is acceptable in terms of minimizing the mismatch error.

Fig. 19 shows control of the pitch angle of the unmanned 
aerial vehicle under changing aerodynamic characteristics 
and flight parameters. Angle control was performed using 
adaptive PID control.

Fig. 19. Pitch angle control of the unmanned aerial vehicle 
under changing aerodynamic characteristics and flight 

parameters

Thus, the studies allowed synthesizing the adaptive PID 
controller of the automatic control system of the unmanned 
aerial vehicle, providing the required flight parameters 
under changing aerodynamic characteristics and flight con-
ditions.

6. Discussion of the results of adaptive control study

The advantage of this study is the synthesized adap-
tive PID controller of the automatic control system of an 
unmanned aerial vehicle, which ensures non-sensitivity of 
the system to changing aerodynamic characteristics and 
flight parameters, and, consequently, functional stability. 
The basis of the synthesis is the synthesized models with a 
sufficient degree of accuracy obtained using both numeri-

cal methods and real experimental testing. 
Such a result is explained by the fact during 
the controller synthesis that real ranges of 
aerodynamic parameters were considered 
and implemented.

The advantage of the proposed imple-
mentation of the adaptive PID controller is 
that it uses the fourth-order model, which 
ensures astatism of a higher-order system. 
The impact on the quality of controlled mo-
tion of the UAV with higher-order models 
requires additional research.

The use of the synthesized PID con-
troller on board the UAV provides con-
trolled motion with the required quality 
indicators under changing parameters of 

 

Fig. 16. Adaptive control system of the unmanned aerial vehicle at a velocity of 10 m/s

 

 
Fig. 18. Pitch angle control at a velocity of 10 m/s
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both the environment and the object. In case of locking of a 
certain aerodynamic surface, by redistributing the control 
between the remaining ones and adjusting the PID control-
ler, the UAV controlled motion with the required quality is 
achieved.

Restrictions on the use of the proposed PID controller 
are the aerodynamic configuration of the vehicle and the 
energy of the controlled surfaces, as well as their sectional 
distribution. If the criterion of spatial formation of the con-
trol action at a given frequency of an emergency situation in 
the executive subsystem is not provided on the UAV, then 
the synthesized PID controller will provide controlled UAV 
motion with the required quality only when changing the 
environmental parameters. It should also be noted that for 
the operation of the synthesized PID controller, it is neces-
sary to obtain reliable information about flight parameters, 
which determines the need to fulfill the criteria of functional 
stability for the measuring subsystem.

However, in the absence of all specified restrictions and 
possible flaws, as evidenced by the results of modeling and 
experimental testing, the synthesized PID controller en-
sures the UAV motion with the required quality indicators.

Further, extension of adaptation loops with preservation 
of the order of the reference model, and also order increase 
is planned.

7. Conclusions

1. Using SolidWorks and ANSYS CFX tools, mass-in-
ertia and aerodynamic characteristics of the UAV are de-
termined, the adequacy of which is confirmed by real pilot 
studies on the operating UAV model.

2. The influence of deflection of control surfaces on UAV 
aerodynamic parameters was investigated, which made it 
possible to reasonably form ranges of their variation when 
changes occur both in environmental and UAV parameters.

3. UAV models adequate to real processes were devel-
oped, allowing to determine parameters affecting the con-
trollability and stability of the UAV control system. Their 
adequacy in a wide range of input and output motion param-
eters is proved. The mathematical models of the UAV, de-
scribing both nominal and parametrically perturbed motion 
were obtained. These models were used to solve the problem 
of synthesizing a standard and adjustable adaptive PID con-
troller. The form of the models is convenient for obtaining 
various representations of dynamic properties of objects.

4. The results of modeling are confirmed by the results of 
real flights, which showed that the proposed adaptive control 
method is effective for motion control of an unmanned aeri-
al vehicle under changing aerodynamic characteristics and 
flight parameters. This provides functionally stable control.
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