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Abstract—The unmanned aerial vehicle dynamic model is identified with the use of combination of two
different methods called Estimation before Modeling and Estimation after Modeling, using Kalman filter
and available measurements. Tuning of filter is one of the difficult stages of the estimation using Kalman
filter. It can be made easier to tune Kalman filter by using the Estimation before Modeling method
because in this method estimation and modeling of aerodynamic forces and moments are done in two
stages. In the Estimation before Modeling method at the first-stage aerodynamic forces and moments are
estimated without a priori structure and in the second stage estimated forces and moments are modeled
versus suitable state variables. Dimension of augmented state vector for Kalman filter is reduced by using
the Estimation before Modeling method. Combination of the Estimation before Modeling and Estimation
after Modeling methods are suggested to achieve observability and simplicity of filter tuning. Linear
accelerometers out of the center of gravity purposely are used to measure the linear and angular
accelerations to achieve better observability. Bounds of uncertainties for estimated aerodynamic
coefficients are calculated using diagonal elements of covariance matrix. Suggested method can be used
to identify any flight vehicle dynamics and find accurate mathematical models for flight simulators.

Index Terms—Unmanned aerial vehicle; Kalman filter; estimation; aerodynamic coefficient; estimation

before modeling and estimation after modeling.
I. INTRODUCTION

Due to the high nonlinearities, time varying and
uncertainties of the mini unmanned aerial vehicle
(UAV) dynamics, a lot of classical and advanced
control methods have been used to design and
synthesize the control system in the autopilot
systems to guarantee a smooth desirable trajectory
navigation. Attractive features of the robust
controllers are that on-line computation kept to a
minimum and their inherent robustness to additive
bounded disturbances. It must be considered that
robust controllers require a priori known bounds on
the uncertainty. Then it is necessary to model
nonlinear equations of motions and literalized at
suitable operating points and trim conditions for the
purposes of robust control design. The goal of
uncertainty modeling is to improve robust
performance while maintaining the validity of the
model.

Various techniques of system identification find a
nominal model and its uncertainty bound. First
important question is what are the effects of the
particular choice of nominal model and the structure
in which the uncertainty described when dealing
with robust control analysis and synthesis?

The choice of nominal model affects the method
used for the control system design. According to the
nominal model of system, goals and problems of
control, existing limitations, and technical means of
implementation may affect its certain properties.

Thus, in the adaptive use of reference models, the
order of the system and nominal model must be the
same for convergence of adaptation algorithms. For
robust control methods applications, it is important
that control system keeps the stability and
performance properties in the presence of internal
and external disturbances of the system. In this case,
the rule of the nominal model synthesis should be
selected for maximum robustness of control system
with the widest deviations from the nominal
parameters of the object. Thus, in the synthesis of the
nominal model as the procedure of simplification or
reduction of the original model, it is necessary to use
a suitable criterion function. If the synthesis of the
nominal model aims to simplify or reduce model
order, the following known methods to obtain
simplified or nominal models: a comparison
principle, method of singular perturbation, method of
weighting functions, method of matrix inequalities
and the method of approximation or reduction. For
example, for systems with limited resources to
control, nominal model must be chosen with the
energy criterion.

Second section of the present paper deals with
the identification of flight systems dynamics using
Estimation before Modeling (EBM) and Estimation
after Modeling (EAM) combined method. And the
third section, discusses the simulation results of the
case study in this paper. Finally, conclusions and
suggestion for further research and study were
presented.
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II. FLIGHT SYSTEM IDENTIFICATION WITH
THE MIXED EBM-EAM METHOD

It is possible to say that the aerodynamic model
of flight vehicles is the most difficult part in the
identification of flight vehicle dynamic system.
Therefore, identification of flight vehicle dynamic
system converted to the identification of the
aerodynamic model. The aerodynamic coefficients
estimation of flight vehicles from flight-test data, as
post flight analysis has been an active topic since
last three decades, [1] — [4].

There are four important principles known as
Quad-M that must be considered in the identification
of flight vehicle: good Maneuvers or persistent
excitation, sufficient Measurements, selection
suitable Model, and Method, [1], [2], [4]. In general,
estimation of aerodynamic coefficients can be done
in two ways:

1) Estimation before Modeling: in this method
for aerodynamic forces and moments are not
considered structure priori. They are totally
estimated at first and then they are modeled versus
suitable state variables. That is the problem of
estimation at the first stage is converted to the model
or unknown inputs estimation. For the aerodynamic
forces and moments at the first stage stochastic
Gauss-Markov models are used, [2], [4], [5].

2) Estimation after Modeling: in this method for
the aerodynamic forces and moments a priori
structures are considered and after that process of
parameters estimation of these structures are
conducted. Then these aerodynamic parameters
augmented to state vector and estimated with them.

Different approach to the EAM methods can be
listed as follows [1] —[3], [5]:

1) Equation error method.

2) Output error method.

3) Filter error method (mixed state and parameter
estimation).

4) Using neural networks.

To estimate the aerodynamic forces and moments
acting on a flying object using EBM method, the
following methods can be used [2], [3]:

1) Singular systems theory.

2) Stochastic models for aerodynamic forces and
moments.

3) Use a combination of Kalman filter and neural
networks.

4) Combination of stochastic models and an
optimization method.

There are many aerodynamic coefficients that
must be estimated in the identification of flight

vehicle dynamics. Therefore, the size of augmented
state vector becomes very large, if the EAM method
is used. So it becomes difficult to achieve a good
observability and simplicity using only EAM
method. On the other hand, there are some
aerodynamic coefficients that are not estimated well
by using only the EBM method and this bad
estimations affect the other aerodynamic coefficients
estimations. Here it is introduced a combined
method that uses the EBM and EAM methods with
each other.

The proposed mixed EBM-EAM method for
identification of the UAV dynamics is presented in
Fig. 1. In the first step aerodynamic forces and
moments, along with the state wvariables are
estimated by the extended Kalman filter. In the
second step, estimates of forces and moments are
modeled as functions of estimated state variables.
Neural networks can be used for aerodynamic model
fitting in the second step, [5].

In the next section for a given UAV, aerodynamic
coefficients for longitudinal channel are identified
by using the introduced combined method.

III. ESTIMATION OF THE LONGITUDINAL MODEL
OF THE UAV

It is possible to separate the linearized equations
into longitudinal equations and lateral-directional
equations for flight vehicle. This is possible because
the two sets of perturbation motions are uncoupled
for a symmetric aircraft in steady cruise, climbing or
descending flight. For steady flight, in the

longitudinal channel assumed that ¥, 4,0, and &

derivatives of air velocity, pitch angular acceleration
and rate and angle of attack rate, respectively are
zero. The longitudinal state, control, and disturbance
vectors are:

AX,, =[Au Aw Aq A0 Ax Az],

{MW} (1)
=AS,, AW, = .

Lon
Aw,,

AU

Lon

The linearized longitudinal equations of motion
take the general form:

A>(Lon = ALonAX + BLO”AU + ELonAW‘ (2)

In this linear model, it is necessary to estimate
these aerodynamic coefficients:

X, X X2 200 Z,ys My MM, X Zg M. (3)

Using the following five available measurements
and their standard deviations:
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Fig. 1. The proposed two stage mixed EBM-EAM method for the UAV dynamic model estimation

We used linear accelerometers out of the center
of gravity purposely to measure the linear and
angular accelerations to achieve better observability.
It is assumed that the control system inputs
sufficiently dominate the motion in comparison with
the effects of the turbulence and other unknown
disturbances. In addition, all the measurements are
without biases. Here the aerodynamic coefficients,
forces and moment are appended to the state vector
to create a bilinear system with these augmented
states:

Xoe =[0u Aw A¢ X Z M, M, (5
where X =X Au+ X Aw+ X Aq+ X;AS,,
Z=ZAu+Z Aw+Z,Aq+ZAS,,

M =M, Au+M, Aw+M, Aq+MAS,

=M, + MAS,,
and w, and u, are nominal linear velocities in body
frame, X, Z, M are aerodynamic forces and moment,

M, is the part of the aerodynamic moment, M; is
elevator aerodynamic moment coefficient. We used

stochastic Gauss—Markov models for them in
augmented Kalman filters; it is clear that we
estimated aerodynamic forces and part of
aerodynamic moment with the EBM method and M
with the EAM method. In the second stage all other
aerodynamic coefficients calculated using the least
square method. The estimated aerodynamic forces,
moment and coefficient, X,Z,M, and M, for all
aerodynamic coefficients are shown in Fig. 2. We can
conclude that, good-quality reconstruction of the
signals can be obtained using the combined method.

It is very important to find correctly bounds of
uncertainties for the purposes of robust control
system design to prevent instability and overdesign.
Comparing estimation error of each state with the
bounds created with positive and negative square
roots of diagonal elements of the covariance matrix
of Kalman filter shows filter performance, [6]. That
means estimation errors must be located in *£3c.

These 3o bounds are considered as the bounds of
uncertainties for estimated aerodynamic coefficients.
For example the bound of uncertainties for elevator
aerodynamic moment coefficient, M, is * 17%.



62

ISSN 1990-5548 Electronics and Control Systems 2017. N 4(54): 59-63

Estimated
==-==Actual
2 i
-2
0 2 4 6 8 10 12 14 16 18 20
20
N 0 f 1" 4 ™ vV UA \v e v
-20
2 4 6 8 10 12 14 16 18 20
10
_ 0 P M P‘...
> Nt inaof \ ,
10 ‘__,son—i o ™
[
0 2 4 6 8 10 12 14 16 18 20
-30
=° -40
-50
2 4 6 8 10 12 14 16 18 20
Time [sec]

Fig. 2. Estimated and actual aerodynamic forces and moment and coefficient with using combined method

IV. CONCLUSIONS

This paper aimed to find the nominal longitudinal
model of the UAV by using the EBM-EAM
combined method. It shown that it is possible to
make easier to tune Kalman filter by using this
method. Bounds of uncertainties for aerodynamic
coefficients were calculated diagonal elements of the
covariance matrix. We used linear accelerometer out
of the center of gravity purposely to achieve better
observability. This verified software package in
simulation environment will be used for processing
real flight data, identifying flight vehicle dynamics
with introduced EBM-EAM combined method in the
future works. In the second stage, Neural Networks
can be used for aerodynamic model fitting as
functions of state variables.
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P. M. ®apxani. Inentudikania nuHamidyHoi Moaesi 0e3NMiIOTHOrO JITAJIBHOr0 anapata 3 BHKOPUCTAHHAM
3MIIIAHOr0 MeTOAY OLIHIOBAHHS /10 i MicJIs1 MOJEJIOBAHHS

JluHamiuHa Mogenb Oe3MiJIOTHOrO JIITATBHOTO anapaTy iIeHTH(IKYEThCS 3 BUKOPUCTaHHSIM KOMOIHAIl JBOX pi3HUX
METO/IIB OLIHIOBAHHS: 10 MOJEIIOBAHHS Ta OLIHIOBAHHS ITiCJS MOJEIIOBAHHS 3 BHKOpPHCTaHHsIM (QinbTpa Kammana i
JOCTYMHUX BUMIpiB. HanamryBaHHs (QiIbTpY € OJHUM i3 CKJIQJHMX €TaIliB OLIHIOBAaHHS 3 BHKOPHCTaHHSAM (inbTpa
Kanmana. MoxHa copocTuTd HajamrtyBaHHs ¢inbTpa Kanmmana 3 BUKOPHUCTAaHHSM METONY OIL[HIOBAHHS 10
MOJICTIOBaHHS, OCKUIBKM B IOMY METOJi OILIHIOBAaHHS 1 MOJEIIOBAHHS aepoJUHAMIUYHMX CHJI 1 MOMEHTIB
3IIHCHIOIOTBCS B JIBa e€Tami. Y METOJl OIIHIOBaHHS /10 MOJEIOBaHHS Ha IepIniid craaii aeponnHaMidyHi CHIH i
MOMEHTH OLIHIOIOTHCSI 0€3 anpiopHOi CTPYKTYPH, a Ha JPYroMy €Tarli MOJENIOIOTHCS CHITM 1 MOMEHTH SIK (DYHKIIT BiX
3MiHHHX cTaHiB. Po3Mip BekTopa crany aist po3mmpeHoro ¢inprpa KammaHna 3MEHITYeEThCSI 3 BUKOPUCTAHHAM METOY
OLIIHIOBAHHS JI0 MOJICNIOBAHHS. 3alporOHOBAaHO KOMOIHAIiI0 METOAY OLIHIOBAaHHS JO 1 MiCIs MOJAETIOBAHHS IS
3a0e3MeueHHs] CIIOCTEPEXKIIMBOCTI 1 MPOCTOTH HajamTyBaHHS (inbrpa. JIiHIHHI aKkceIepoMeTpH, SKi PO3MILIYIOTHCS
JIAJIEKO BiJ IIEHTPY Baru, HaBMHCHO BHKOPHUCTOBYIOTHCS JUIsSl BUMIpPIOBAaHHS JIIHIHHOTO i KyTOBOTO HMPUCKOPEHb s
JIOCSITHEHHSI Kpamol croctepexiarBocti. OIiHIOBaHHS HEBU3HAYEHOCTEH ISl OLIHEHWX aepoIUHaMIYHUX KoeillieHTiB
OOYHMCITIOIOTBCS 3 BUKOPHCTAHHIM J[larOHAJIbHUX €JIEMEHTIB KOBapialiiiHOI MaTpulli. 3arpornoHOBaHUH METOJl MOYKHA
BUKOPHCTOBYBATH JUIsl 1IeHTU(IKALI] JUHAMIKY JTITAIFHUX anapaTiB i 3HAXOPKEHHS TOYHHX MaTeMaTHYHUX MOJENeH
JUISL CHMYJISITOPIB TIOJIBOTY.

Karwudosi cioBa: OesminotHuil niTanbHuil anapar; ¢ineTp KanmaHna; oOIiHIOBaHHS; aepoJMHAMIYHHNA KOeQili€eHT;
OLIIHIOBAHHS 10 MOJICJIOBAHHS Ta OLIHIOBAHHS ITiCJISl MOJICITIOBAHHSI.
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P. M. ®apxagun. HUpentnpuxanus JUHAMHYECKOW Mogeau OeCNMJIOTHOIO JeTaTeJqbHOr0 ammapara ¢
HCNOJIb30BAHHEM CMEIIAHHOI0 METO/Ia OLlCHMBAHMSA 10 U MOCJe MOJeJIMPOBAHUS

JluHamuueckasi MOZENb OECITMIIOTHOTO JIETATENILHOrO arnapara WASHTUQHUIUPYETCS C UCIIONb30BaHUEM KOMOHHAIMN
JIBYX pa3HBIX METOJOB OIIEHMBAHHS 10 MOJICTUPOBAHUSA U OIEHUBAHHS IIOCIIE MOJEIUPOBAHUS C HCIIOIb30BaHUEM
¢mbTpa Kanmana u moctynHbIx usmepenuid. Hactpolika ¢puinbTpa SBIsSETCS OJHUM U3 CIOXKHBIX 3TAlOB OLIEHUBAHUS C
ucronp3oBanueM ¢Quibrpa Kanmmana. MoxHO ymnpocTtuth HacTpoiiky ¢uibTpa Kammana c ucrosibp3oBaHHEM MeTona
OLIEHUBAHMA 10 MOAEIMPOBAHUS, IOCKOJIBKY B 9TOM METO/I€ OLICHUBAaHUE U MOJAEIHPOBAHNE a3POJUHAMUYECKUX CHI U
MOMEHTOB OCYILIECTBISIOTCS B JBa JTama. B Merome OIEHHMBAaHUS [0 MOICTUPOBAHMSA Ha IIEPBOM CTaIuU
a’pOJIMHAMHUYECKHE CHUIIBI 1 MOMEHTHI OLIEHHBAIOTCS 0€3 allpuOpHOW CTPYKTYPBHI, @ Ha BTOPOM 3Tare MOJASIUPYIOTCS
CHJIBI 1 MOMEHTHI KaK (D)YHKIIMH OT MEpEeMEHHBIX COCTOSHUNA. Pa3mep BeKTOpa COCTOSIHUS ISl PACIIUPEHHOTO (DUIIbTpa
Kanmana ymeHbInaeTcst ¢ HUCIOJIb30BAaHMEM METOJa OIECHHMBaHHS N0 MojenupoBaHus. [IpemnokeHa komMOuHanms
METO/Ia OLIEHUBAHUA A0 U II0CIIe MOAEIUPOBAHUS Ul 00ecIieueH s HaOII0JaeMOCTH U IIPOCTOTHI HACTPOUKU (UIIBTpa.
JIuneliHble akcenepoMeTphl, PaCcONIOKEHHbIE JaJIeKO OT LIEHTpa TSHKECTH, HAMEPEHHO MCHONB3YIOTCS AT U3MEpPEHUs
JMHEHHOTO U YIJIOBOI'O YCKOPEHHH IS HOCTHXEHMS JTyulnel HabmonaeMocTd. OlLieHUBaHHE HEONPEAENeHHOCTEH s
OLIEHEHHBIX a’POJAMHAMHUYECKUX KOI()(UIMEHTOB BBIYUCISIOTCS C MCIOJIb30BAHHEM JMArOHAJIBHBIX DIIEMEHTOB
KOBapHallMOHHOW Matpuupbl. [IpemiaraemMplii MeTO MOXET OBITh HCIOJNB30BaH ISl MIACHTH(OUKAIMU JUHAMUKA
JIETAaTEeNIbHBIX alllapaToB U HAXOXAEHHUS TOYHBIX MaTEMAaTUYECKUX MOJIENeH U1 CUMYNATOPOB IOJIeTa.

KnaroueBbie cioBa: OecIWIOTHBIA JIeTaTelbHBIN ammapar; ¢(uibTp KajiMaHa; oueHWBaHWE; a’pOAMHAMHYECKHA
K03((HIMEHT; OlIEHUBaHKE 0 MOCIUPOBAHNS U OLIEHUBAHUE T10CIIE MOJIEITHPOBAHHSI.
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