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Abstract—The problem of design of the intellectual attitude control system for small UAV is considered.
This system is designated for UAV stability and controllability augmentation in the manual control mode.
This problem is solved via combination of the traditional and robust control, and usage of the mod-
el-oriented design approach. The results of design are verified in the processes of multi-stage simulation
and experimental flight tests, their interpretation is given.
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1. INTRODUCTION

Besides the problems of the fully automated UAV
flight control, there is growing interest during the last
time to enhancing of the UAV manual control in
order to alleviate the ground pilot load. In this case
there are efforts of application of UAV attitude con-
trol, which can be used as the stability and control-
lability augmentation system (SCAS) for the ground
pilot. The SCAS design at the modern stage of the
flight control theory requires application of the in-
tellectual UAV control system in order to increase the
flight safety and to improve the UAV handling qual-
ities [1]-[5].

It is necessary to note, that SCAS of this type are
operating, when visual or telemetric contacts between
pilot and UAV exist and human operator is acting on
the reference values of the attitude control and the
reference value speed control, if necessary. In the
modern control theory there are significant amount of
methods for synthesis of the angular stabilization
systems [6]-[11]. These methods create the theoret-
ical background of intellectual SCAS (ISCAS) based
on the estimation of the controlled plant and mini-
mization necessary performance indices, thus pro-
viding suboptimal control of UAV flight.

In this paper the ISCAS design problem is con-
sidered on the basis of the model-oriented design
(MOD) [12]-[14] in order to provide the UAV oper-
ation in conditions of acting of external (atmospheric)
and internal (parametric) disturbances. Mod-
el-oriented design gives possibility to keep the cha-

racteristics of stability and controllability as well as
the performance index of the closed loop
“UAV-ISCAS” at the acceptable levels.

II. PROBLEM STATEMENT

The initial data for design procedure are: given
UAYV and the mathematical model of its dynamics,
given set of sensors and actuators and their characte-
ristics, functions of the navigation and attitude con-
trol systems, and desired characteristics of the
closed-loop “UAV-ISCAS”. Using this information it
is necessary to synthesize the navigation and control
algorithms (ISCAS software), to design ISCAS
hardware and to verify designed software and hard-
ware in accordance with requirements and standards
issued by Federal Aviation Administration and (or)
European Aviation Safety Agency likewise to
ARP 4754 for aviation systems and DO-178B for
airborne equipment [15]-[17]. Aforementioned
MOD approach completely complies with these
standards and requirements. This approach is based
on several stages of system modeling, when each
such stage is using “in-loop-simulation” technology.
This technology supposes embedding of specific
models in the closed loop system (in this case
“UAV-ISCAS”) at each stage of the design process.

III. DESCRIPTION OF THE ISCAS DESIGN
PROCEDURE

The flow chart of the design procedure is
represented in the Fig. 1. As it was stated before the
ISCAS design procedure is starting from the col-
lecting of the initial data, including mathematical
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models of UAV and external and internal distur-
bances, acting on UAV in operational conditions, as
well as models of sensors and actuators. Further
stages of the design procedure include:

1. Synthesis of the control laws and navigation
algorithms for selected modes and conditions of op-
eration;

2. Simulation modeling using the mathematical
models of the UAV dynamics and disturbances along
with control laws and navigation algorithms in the
closed loop “UAV-ISCAS” (Model-in-loop-
simulation). Note that these models will be used in all
further stages of design;

3. Verification and estimation of the simulation
results and correction of parameters of control laws
and navigation algorithms (hereafter we will include
these procedures in corresponding stages by default);

4. Simulation with program realization of the
ISCAS algorithms (Software-in-loop-simulation);

5. Simulation with control laws in micropro-
cessor in the closed loop (Processor-in-loop-
simulation);

6. Simulation with the Field-Programmable
Gate Arrays (FPGA-in-loop-simulation) in order to
develop the interface between microprocessors,
sensors and actuators;

7. Simulation with complete set of hardware
(Hardware-in-loop-simulation);

8. Flight tests along with estimation and veri-
fication of their results and possible correction of
results of the previous design stages.

Physical realization of designed ISCAS consists
of producing of navigation, information and control
parts.

The 1% one is designated mainly for the UAV at-
titude determination as necessary information for the
UAV attitude control. The simplest way for such
system creation is the usage of the 3-DOF rate gyros
and accelerometers and their fusion via simple com-
plementary filter [ 18], which must be implemented in
the separate navigation microprocessor.

The 2™ part consists of the module of Global
Positioning System (GPS), barometric altimeter and
magnetometer for providing pilot with necessary
information about UAV current position and heading
angle. These sensors were not included in the attitude
control loop. Besides them we used airborne teleme-
tric equipment and airborne system for flight data
records.

The 3™ control part includes microprocessor for
implementation of ISCAS control algorithms, flight
simulator for Windows and Linux platforms, Ground
Control Station (GCS), and Remote Control Panel
(RCP). It is necessary to note separately, that this part

includes algorithms for GCS operation, which
provide the displaying of the UAV current attitude,
position and the flight director information for pilot.
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Fig. 1. Flow chart of the design procedure
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Intellectual attitude control requires the
development of the dynamic library of control laws
for different flight missions and conditions of
operation. Achieving of this goal requires multiple
executing of procedure of the control law synthesis.

It is expedient to describe briefly the content of
each stage of the design procedure.

IV. MODEL-IN LOOP-SIMULATION

The dynamic characteristics of the UAV as a
controlled plant are necessary for starting of the 1%
stage of design procedure (Model-in-loop-
simulation). Authors have chosen UAV with low-
wing monoplane aerodynamic scheme. Analytical
evaluation of its dynamic characteristics and their
linearization are extremely difficult processes due to
some specific peculiarities, which are immanent to
UAYV as controlled plant [6], [7], [14]. These include:

— the significant influence of the interconnections
between the UAV longitudinal and lateral motions
due to the aerodynamic, kinematic, and inertial cross
couplings;

— the essentially nonlinear properties of the UAV
aerodynamic characteristics at the high angles of
attack, which appear in the process of the automated
take-off;

—the impact of the wind shear, non-stationary
flight dynamics due to the influence of the earth
proximity during the UAV automated landing;

— the presence of delays and abrupt disturbances
(for instance, some critical values of delay can des-
tabilize system );

— the navigation errors (attitude estimation errors,
true air speed and ground speed estimation errors, etc.).

Therefore the most valid data of the given UAV
dynamic characteristics could be obtained with the
experimental study. Authors developed the method of
experimental estimation of the UAV dynamic cha-
racteristics, which are based on the usage of logic
elements, the rule base, and consideration of the
controlled plant from the “black box” point of view.
It makes possible performing of the simulation based
on Monte-Carlo method [19], [20] and usage of the
expert estimation of the UAV pilot-operator as well
as the estimations of the experimental team, which is
could be considered as the expert group also. It was
developed the set of programs in the Matlab/Simulink
environment for computing based on the aforemen-
tioned method. On the basis of the developed ma-
thematical model authors created methods of evalua-
tion of errors between the real and model data in the
on-line verification procedure (using telemetric data
with sampling rate 30 Hz).

The next step is the development of the dynamic
library of algorithms for ISCAS. They are designated
for execution of the following functions:

—the UAV stability and controllability augmen-
tation ;

— the avoiding of the UAV flight parameters from
exceeding the operational restrictions;

— the transformation from the UAV arbitrary initial
position to the position of the horizontal flight mode;

— the automatic control of the UAV angular and
spatial position at all modes from the take-off to the
landing in the presence of the parameters uncertainty;

— the maximal alleviation of the influence of the
external as well as the internal disturbances, which
could be structured and unstructured as well;

— the improving and simplification of the pilot’s
operations during the UAV manual piloting;

— the possibility of effective performance of the
flight mission by the human pilot especially, when it
is associated with precise piloting.

The stability and controllability requirements are
based on the standard MIL-F-8785B [21], taking in
account results of the ground and flight tests. The
bump-less transfer from the manual to the automated
mode is provided in order to avoid abrupt changes of
the UAV motion parameters, as well as to provide
soft transfer from semi-automated mode (with IS-
CAS) to the manual mode in a case of the ISCAS
failure. ISCAS in combination with GCS provides
the indication of the current and required (or director)
UAYV position signals.

The ISCAS control laws block consists of two
components: the first one is determined by the me-
thod of the robust control synthesis for unstable and
nonlinear plants using PD-controllers [22]; mean-
while the second one is the knowledge base of the
control laws (dynamic library). All these measures
provide the ISCAS operation in conditions of influ-
ence of structured and unstructured, external and
internal  disturbances, and  sustaining the
“UAV-ISCAS” closed loop performance and ro-
bustness indices at the desired level [7], [22], [23].

It is necessary to note that in the dynamic library
of developed ISCAS algorithms the classic methods
of decoupling are used [7], [8], [23]. For instance, the
cross-coupling in the lateral motion control law be-
tween roll and yaw channels compensates
side-slipping during turns and banks. The signal,
which is proportional to the roll angle, is introduced
in the pitch angle control law, thus avoiding the alti-
tude variation during maneuvers in the horizontal
plane. The signal, which is proportional to the posi-
tion of the engine thrust control, being introduced in
the yaw control loop, compensates the misalignment
of engine.

Therefore designed ISCAS significantly decreases
the influence of the human factor and simultaneously
allows essential improving of the handling qualities
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and decreasing the pilot’s load during flight control,
using the advantages of the automatic stability and
controllability augmentation system in combination
with the knowledge base of the intellectual system.

V. SOFTWARE-IN-LOOP-SIMULATION

At this stage the language C/C++ code is gener-
ated automatically, using the Simulink/Embedded
Coder and the Simulink block diagram instruments.
This code is the realization of the program code of
microprocessor [24], [25]. Compiled code is executed
in the closed loop along with developed mathematical
model of UAV. It allows even at the stage of simu-
lation detecting the abundance of the syntax, seman-
tic, and logic errors, which appears during the pro-
gramming process. Usage of this approach allows
decreasing the code volume on programming text
language as well as the creation of the formal and
clear description of the program behavior. It permits
prompt modification of this program, if necessary.
The realization of the entire design project is simpli-
fied essentially.

VI. PROCESSOR-IN-LOOP-SIMULATION

At the stage “Processor-in-loop-simulation” the
verification of the program code in the chosen mi-
croprocessor is executing. For this stage of the IS-
CAS design the following basic qualitative and eva-
luative parameters are used: effective speed of mi-
croprocessor, the volume of the address memory,
possibility of the address extension and forming of
the additional address domains, command system of
the microprocessor [25]. As to the choice of the mi-
croprocessor operating system, it is expediently to
give preference to real time operating system, des-
ignated for UAV module Avionics, possessing file
system certified by standard DO-178B [26].

VII. FPGA-IN-LOOP-SIMULATION

The stage “FPGA-in-loop-simulation” is desig-
nated for design and verification of scheme, printed
circuit board, and physical ISCAS structure, based on
usage of the multiple programmed logic gate arrays
[27]. Using this verification it is possible to evaluate
how much resources must be used for printed circuit
board design. The following possibilities appears:
variations of the printed circuit size, amount of lay-
ers, amount of inputs/outputs of the pulse-width
modulation (PWM) blocks; the variation of allocation
of the navigation system main components and
MicroSD slot for airborne flight data acquisition
system. It is possible also to determine ports for
connection the wireless telemetry, GPS module, ad-
ditional sensors and, eventually, to achieve decreas-
ing of the mount/dismount complexity.

It is obvious, that usage of “FPGA-in-loop-
simulation” shortens time of development, adjust-
ment, and errors detection on the earlier design
stages.

VIII. HARDWARE-IN-LOOP-SIMULATION

At the final stage “Hardware-in-loop-simulation”
the simulation is executing using all “UAV-ISCAS”
hardware and software in the closed loop. During the
process of this testing the designer can choose the
method of differential equations solving and method
of model time changing (fixed or variable steps). Itis
possible also to simulate the navigation measure-
ments errors, to take into account diverse distur-
bances acting on UAV, to observe all processes in the
closed loop (i.e. to realize the visual programming
principle) and to represent the simulation results in
forms of tables and plots. In order to illustrate the
efficiency of the practical usage of the designed
ISCAS, the 3D-modelling on the basis of the “Flight
Simulator” is performed.

IX. FLIGHT TESTS

This final stage provides the experimental inves-
tigations of stability and controllability of the
“UAV-ISCAS” closed loop system, and the algo-
rithms verification of the designed ISCAS. Results of
the flight tests are background for the decision mak-
ing concerning the performance of ISCAS operation
in real time. The qualitative and quantitative estima-
tions of stability and controllability of the
“UAV-ISCAS” closed loop are made on the basis of
the set of special maneuvers made under given con-
ditions (different deflections of each control surface
in some predetermined sequence). It is the obligatory
content of the human pilot flight mission [28].

For estimation and final parameters adjustment of
the designed ISCAS the flight series were performed
in the different modes of its operation with speeds
from 11 to 20 m/sec at the altitudes up to 200 m. The
UAYV model with low-wing monoplane aerodynamic
scheme was chosen for the flight tests. The COTS
(Commercial-Off-The-Shelf) RC model Cessna®
350 Corvalis® [29] is the example of such UAV. The
photo of this UAV is represented in the Fig. 2;
meanwhile the geometric and mass-inertial characte-
ristics are given in the Table. In the process of the
designed ISCAS flight tests authors have used port-
able GCS [1]. Figure 3 shows the visual information
on the GCS display, which determines UAV current
attitude, altitude, velocity, heading, rotation rate of
engine and other flight parameters.

The results of one test from the flight tests series
during the period equal 1150 sec from the take-off
moment to the landing moment are represented in the
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Figs 4-9. Figures 4-6 represent: the plots of the
transient processes of two UAYV attitude angles (roll
and pitch); the plot of the UAV ground velocity and
altitude under conditions of the external atmospheric
disturbances, which were characterized by ground
wind having velocity r.m.s about 3.5 m/sec.

Fig. 2. UAV test model

UAV CHARACTERISTICS
Wingspan (m) 1.45
Length (m) 0.965
Wing area (m?) 0.233

Take-off weight (kg) 1.5
Wing load (kg/m?) 6.4
Max speed (m/sec) 20

Moments of inertia:

Iy, Iy, I, I, (kg*m?) 0.08, 0.129, 0.163, 0.041

MAP:

Fig. 3. UAV Ground Station
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During this experiment authors tested different
modes of the UAV operation, such as automated con-
trol of the UAV attitude, transforming the UAV arbi-
trary initial spatial position into the horizontal flight
position, and automated flight altitude control. It was
done in order to make general testing of the flight
modes, the ISCAS performance in these modes, as
well as to perform further improvements and adjust-
ments of the mathematical model of the controlled
plant as well as the designed ISCAS control laws.

Figures 7 represent the plots of the angular rates
measured by the navigation system (roll rate and
pitch rate); and the control surfaces deflections. In
these plots the period from 750 sec to 805 sec is
marked with vertical lines. During this period the
ISCAS was switched off and human pilot performed
UAV flight control in the pure manual mode.

Results of the UAV flight tests in the turbulent
atmosphere show that the maximal spans of the mag-
nitudes of the pitch rate signals in the manual mode
control without ISCAS usage equals: +35deg/sec,
-50deg/sec. For the roll rate signals these spans are:
+110 deg/sec, -75deg/sec. Meanwhile the same spans
in a case of ISCAS usage are +10, -28 deg/sec for pitch
rate and +48, -25 deg/sec for roll rate.

Figure 8 shows the deflections of elevator and
ailerons, which are essentially less than in a case of
manual control without ISCAS (at least more than
two times). So the control power is decreasing, thus
causing of the energy saving of the UAV engine
battery and decreasing of the actuators wearing. The
3D plot shown in the Fig. 9 demonstrates 3D flight
path during experimental flight, where sign “triangle”
denotes take-off moment and sign “circle” denotes
landing moment. It could be seen from this Figure,
that ISCAS can be successfully used for manual fol-
lowing of the arbitrary complicated flight paths. So
all given Figures show that the stability and control-
lability characteristics are improved and the re-
quirements of the UAV flight safety are satisfied.
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Fig. 4. Plots of UAV attitude angles: a is the roll angle; b is the pitch angle
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Fig. 9. 3D flight path of UAV in the topocentric frame

CONCLUSION

In this paper authors described their practical ex-
perience and vision of the solution of the intellectual
attitude control design problem for UAV. Designed
control system can be considered as intellectual sta-
bility and controllability augmentation system
(ISCAS) for UAV in a case of visual or telemetric
contact between ground pilot and UAV.

The “skeleton” of the design procedure for such
system is proposed. It is based of multistage proce-
dure of “in-loop-simulations”, providing design of
ISCAS, which is able to withstand the influence of
the external and internal, structured and unstructured
disturbances. This approach essentially decreases
design time and project expenditures.

Results of simulation and flight tests confirm the
correctness of the design stages, operability of IS-
CAS algorithms, and demonstrate satisfying of the
design requirements.
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Hageneno ix iHTepIpeTariizo.

Karou4oBi ciioBa: 0e3misioTHE MOBITPSHE CyAHO; CUCTEMa MOKPAILIEHHs CTIMKOCTI 1 KepOBAaHOCTI; CUCTEMa OpieHTalii;
crcTeMa KyToBoi cTabinizanii; podacTHe yrpaBIiHHS; iMiTalliiiHE MOJIEITIOBAHHST; JTHOTHI BUIIPOOYBaHHS.
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Tynik Anartoniii A3apiiioBud. JlokTop TexHiuHMX Hayk. [Tpodecop.

Kadenpa cucrem ynpasiiHHs JTiTallbHUX anapariB, HamionanbHuii aBianiiiHuil yHiBepcuTeT, XapkiB, YKpaiHa.
Ocgira: XapkiBcbkuii [TomitexHiunmii iHCTHTYT, XapkiB, Ykpaina (1961).

HamnpsiMm HayKoBOi JisUTBHOCTI: CUCTEMH KepyBaHHs Ta 00poOku iHdopmaii.

Kinpkicts myoOmikarii: 347.

E-mail: aatunik@mail.ru

Kapoas Pumiro. Acmipasr.

Kadenpa xomm’rotepHoi rpadiku ta MmynsTumernia, TexHiunuid yHiBepcuter bpHo, bpho, Yexis.
Ocgira: YVuisepcuter Macapuxa, Bpro, Uexis (2011).

HamnpsiMm HayKoBOi JisUTbHOCTI: TIOPHIHI CUCTEMH KEPYBaHHS MOJILOTOM.

Kinpkicts myoOmikariii: 2.

E-mail: rydlo@fit.vutbr.cz

Caguenko Ounexkciii BomomumupoBny. Kanauaar TeXHIYHUX HayK.
HaykoBo-mocnigHa yactuna, HarionansHuii aBianifiauid yaiBepceutet, Kuis, Ykpaina.
Ocgita: HanioHanpHul aBiamiiHuil yHiBepcureT, Kuis, Ykpaina (2004).

Hamnpsm HaykoBOI AisUTBHOCTI: CUCTEMU HEMiHIIHOT 00poOKu rpadivHoi iHdopMarrii.
Kinpkicts myomikarii: 16.

E-mail: savskiev@gmail.com

Mensauk Koctssarua Boroguvupoud. Kannuaar TeXHIYHUX HAYK.
Haykoro-mocnigHa yactuna, HarionansHuii aBianiiiauid yHiBepcutet, Kuis, YkpaiHa.
Ocsirta: HanionanpHuit aBiariinuii yHiBepcuter Ykpainu, Kui, Ykpaina (2006).
Hamnpsim HaykoBOI AisUTBHOCTI: poOacTHE Ta aJalTHBHE KePYyBaHHSI

Kinpkicts myomikarii: 21.

E-mail: flight.control.system@gmail.com

A. A. Tynuk, K. Poiggio, A. B. CaBuenko, K. B. Meabnuk. IlpakTudeckuii onbIT KOMNBIOTEPU3UPOBAHHOIO
NPOEKTUPOBAHUSA NHTEJJIEKTYAJbHONH CUCTEMBbI YIJIOBOH CTA0MIM3aAMH 0eCITUIOTHOT0 BO3AYIIHOT0 CYy/IHA
Paccmorpena 3a7aya npoeKTHPOBAaHUST MHTEIUIEKTYaJIbHOM CUCTEMBI YITIOBOH CTAOMITM3aLUH JJIsl MAJIOTO OECITUIOTHOTO
BO3JYIIHOIO CyAHA. JTa CUCTEMa MpeAHa3HAa4yeHa Ul YIYYIIEeHUS YCTOMYMBOCTH M YNPABISIEMOCTH OECIUIIOTHOTO
BO3/YIIHOTO CyJHA B PEKUME PYUHOTO yIpaBieHHs. PemieHne moctaBieHHOMN 3aa4i OCYIIECTBIEHO 3a CUET COYETAaHUS
AJIEMEHTOB TPAJAUIMOHHOTO W POOACTHOrO YIPABJIEHUS C HMCHONB30BAHUEM METOIOB MOIEIBbHO-OPHEHTUPOBAHHOT O
MIPOCKTHPOBAHUA. Pe3ynbTaThl MPOCKTHPOBAHUS BEPU(DUIUPYIOTCS C MOMOIIBI0 MHOTO3TAIIHOTO MOJICIUPOBAHUS U
SKCIIEPUMEHTAIILHBIX JIETHBIX UCTIbITAaHUM. [[pUBeieHa UX MHTEpIIpETAIHSL.

KaroueBsbie cioBa: GeclIMIIOTHOE BO3YIIHOE CY/IHO; CHCTEMa YIY4YIIEHHs] YCTOMYMBOCTH U YIIPaBISIEMOCTH; CHCTEMa
OpPHEHTAIINH, CUCTEMA YIJIOBOW CTaOWIIU3aIMi, POOACTHOE YIpaBJeHHE; MMUTAMOHHOE MOJIEITHPOBaHKE; JIETHBIE HC-
TIBITAHUSA.

Tynuk AHatonuii A3zapbeBud. JIokTop TeXHUYECKHX HayK. [Ipodeccop.

Kagenpa cucrem ynpasiieHus JeTaTeIbHBIX alnapaToB, HaloHa bpHBIN aBHAIIMOHHBIA YHUBepcuTeT, Kues, YkpanHa.
Oo0pasoBanue: XapbkoBckuii [Tonurexanueckuit Macruryr, XapokoB, Ykpauna (1961).

HamnpaBnenue HayqHOH JESITENFHOCTH: CUCTEMBI YIPaBIICHNs M 00paOOTKH HH(pOPMAIHH.

KonmuecrBo nmyoiukanmii: 347.

E-mail: aatunik@mail.ru

Kapoas Peigio. Acniupasr.

Kadenpa koMmmbrorepHoii rpaduku 1 MynbTumeana, Texuuueckuii yausepcurtet bpao, bprao, Uexwus.
O0pa3oBanue: MacapukoB yHuBepcurer, bpro, Uexus (2011).

HamnpaBnenue Hay4HOH NeSITENBHOCTU: THOPHUIHBIE CUCTEMBI YIIPABJICHHS MOJIETOM.

KonmuectBo myonukanmii: 2

E-mail: rydlo@fit.vutbr.cz

CaBuenko Anexceii Bnagumuposuy. Kanauaatr TeXHHUECKUX HayK.

Hayuno-uccnenoBarensckuit otaen, HarmonansHeI aBHalinoHHbIN yHUBepcUTeT, Kues, YkpauHa.
O0pasoBanue: HarmoHansHbI aBUalMOHHBIH yHUBEPCHUTET, Kues, Ykpanna (2004).

HamnpaBnenue HayqyHOH ESITENBHOCTU: CUCTEMBI HETMHEHHOW 00paboTKH rpadryeckoi HHGOpPMAaIUH.
KonmuectBo nmyoiukarnwii: 16.

E-mail: savskiev@gmail.com

Meabauk KoncranTun Baagumuposny. KanaunaT TeXHUYECKUX HayK.
Hayuno-uccnenoBarensckuit otaen, HarmonansHbIM aBHalinoHHbIN yHUBepcuTeT, Kues, YkpauHa.
O0pasoBanue: HarmoHanbHbIi aBUaMOHHBINA yHUBEpcuTeT, Kues, Ykpauna (2006).
HamnpaBnenue HaydHOH NESITENBHOCTU: pOOACTHBIE U aJalITUBHBIE CUCTEMBI YIIPABJICHHUSI.
KonngectBo myonukanuii: 21.

E-mail: flight.control.system@gmail.com




