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When designing a stabilization system for highly maneuverable unmanned aerial vehicles (UAVs), one of the relevant tasks is to
study the operation of the steering drive in the frequency band corresponding to the flexural vibrations of the UAV body. To ensure
the stability of the UAV stabilization system, quite conflicting requirements may be imposed on the dynamic characteristics of the
drive. In particular, the requirement for a sharp suppression of the amplitude-frequency characteristic at the frequency of UAV
bending vibrations with minimal phase distortions in the control band of the longitudinal and lateral channels of the stabilization
system can significantly complicate the task of researching the stability of the UAV motion control system. The article discusses an
electric drive prototype with a digital microcontroller, designed for a highly maneuverable UAV. Adaptive algorithms of the digital
controller make it possible to provide the necessary phase delays in the control frequency band and at the same time almost
completely suppress the harmonic components of the control signals at the frequencies of the bending vibrations of the UAV body.
The algorithms are essentially nonlinear in nature and are based on a change in the gain of the direct circuit of the drive depending
on the frequency of the input signal, which greatly complicates the calculation of the transfer function of the steering drive for use
in the frequency model of the stabilization system. Generally, the steering drive is described by a linear minimum-phase system,
presented as a transfer function of one of the typical blocks of the first or second order, but for the specified steering drive with
given dynamic characteristics, this approach is untenable. As a result of the study, a method for obtaining a frequency model of the
steering drive is proposed, which is implemented as a non-minimum phase system, the main property of which is the independence
of the amplitude-frequency and phase-frequency characteristics. In the process of research, the results obtained on the proposed
model are compared with the results of experiments on a drive prototype and its complete non-linear time model. The main
advantage of the proposed frequency model is a fairly simple description of the steering drive in the frequency domain, convenient
for use as part of the frequency model of the stabilization system in the study of problems of ensuring the stability of UAV flight.

Key words: unmanned aerial vehicle (UAV), stabilization system, electric drive, frequency responses, digital controller, non-
minimum phase systems, frequency model, nonlinear model.

INTRODUCTION

The steering drive is the executive device of the UAV stabilization system and is designed to
convert the received input control signals into the proportional flight control turns within the conditions
of significant hinge moments caused by the interaction between the aerodynamic flow and the control
surfaces. The main challenge for the design of the servomechanisms is to achieve their optimum perfor-
mance for the given mass and dimension parameters, which are limited by the UAV design features [1-5].
The task is achieved by the maximum possible use of the drive elements forced properties. The basic
servomechanism design principles are introduced in a great number of papers, particularly [6-9].

The new generation of electrical servomechanisms are subjected to strict yet conflicting re-
quirements for the frequency band pass value, frequency band pass phase lag, and reducing the mass
and dimensions while keeping the power values. Complying with these requirements for the steering
drives in conditions of significant destabilizing factors, considering nonlinearities (voltage and current
saturation, pitch play, dry friction and viscous frequency) and the object of control unsteadiness is a
difficult and multi-objective problem. As a consequence, the electric steering drive control system is
increasingly implemented on the basis of microcontrollers with the maximum functions imposed onto
the algorithmic level.

As an example of such solutions the research introduces the acting model of the electric drive
with the digital microcontroller, which implements the complex nonlinear control algorithms and fea-
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tures non typical frequency response compared to steering drives which use the linear control laws.
The application of nonlinear algorithms for the steering drive control system is explained by the fact that
the implementation of a given abrupt inhibition of the UAV body flexural frequency at tight tolerance for
the range of the band pass value and the given phase of the frequency band pass in conditions of para-
metric disturbances, which is quite challenging and hard to achieve within the minimum linear phase
systems. Some examples of discrete non-minimum phase systems application are presented in [10—11].

The sources having been analyzed have shown, that the steering drive control design process is
almost always brought to the linear system research methods and, for the cases of a single or double
nonlinearity, to the linear approximation of the systems. As the superposition principle cannot act for
the nonlinear systems, there is a limited number of descriptive methods in the frequency range for the
systems with three or more nonlinearities. Consequently, the research of the digital controller steering
drives, which forms the adaptive linear and nonlinear algorithms is mostly performed using complete
nonlinear imitation mathematical models.

The paper presents the digital controller drive frequency model obtaining. The digital controller
implements the nonlinear adaptive algorithm. The frequency model obtained is convenient for the use
in the UAYV stabilization system.

RESEARCH METHODS

Let us consider the acting model of the UAV electromechanical steering drive, the dynamic
characteristics of which should meet the following requirements

— the frequency band pass not less than 20Hz and not more than 30 Hz;

— frequency band pass phase lag not more than 45°;

— for the frequency band pass more than 35 Hz the values of the Bode amplitude plot should
not be less than minus 10 dB.

The main components of the steering drive are: the digital microcontroller, the power actuator,
the speed sensor (rate generator), the electric motor, the actuator deflection sensor, the gearbox.

The special features of the mathematical model for the adaptive controller synthesis are shown
in [12]. The functional diagram of the full nonlinear model of the electric servomechanism is shown in
Figure 1.
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Fig. 1. The functional diagram of the digital servomechanism nonlinear model

The mathematical model presents a system of nonlinear differential (the electromechanical part
of the drive) and finite-difference (microcontroller) equations, which connect the drive body input and
output. The equation parameters (the microcontroller stroking frequency, the electric motor and rate
generator electromagnetic constants, mass moments of inertia, dry friction and viscous frequency, the
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gearbox play etc.) correspond to the parameters listed in the steering drive component nameplate data.
The equations are integrated using the first order Euler method. This temporary model considers the
following essential nonlinearities of the electric drive:

- battery voltage and current saturation,

- microcontroller nonlinearities (digitization, phase lag, nonlinear correction, control signa limi-
tations),

- moments of dry friction and tooth ripples of the executive electric motor,

- play, the gearbox dry friction and viscous frequency moments.

As mentioned above, the superposition principle does not act for nonlinear systems. According-
ly, for the system with three or more nonlinearities there are few descriptive methods in the frequency
area at present. The necessity in actuator response relationship from input to output obtaining results
from the fact that the frequency characteristics of the UAV actuator stabilization are non-standard. The
frequency characteristics being non-standard were described using the database formed by means of
experimental data. The frequency characteristics were lain into the frequency model of UAV stabiliza-
tion system to estimate the stability margin using the classic frequency methods. These peculiarities
significantly hindered the modelling and UAYV stabilization system analyses for UAV actual tests.

The experimental frequency response was obtained sending the harmonic signals from the genera-
tor onto the actuator model input. The harmonic signals were adherent to the control amplitude Usppu(?)
with the frequency range 1200 Hz (with the step of 1 Hz). The servoing signal was fixed by the feedback
potentiometer — the angular position transducer of the drive electromechanical unit output arm. Continuous
control and servoing were sent as database using the analog to digital converter with the sampling frequen-
cy 4000 Hz. The database was sent to the personal computer, which calculated the actuator dive model
frequency characteristics using the discrete Fourier transformation. The nonlinear frequency response was
obtained similarly - using discrete Fourier transformation for the functions Ujpu(?) and Usupu(?).

The comparison of frequency response for nonlinear drive model (L3 model,
phase3 model) and the experiment results for the drive model (L3 exp, phase3 exp) for the mode of
small input signals (Usnpu(t) = 3°) is shown in Figure 2.
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Fig. 2. Comparison of the frequency response of the drive prototype with frequency response
of the nonlinear model

It is worth mentioning that the given abrupt inhibition of the amplitude-response curve at fre-
quencies exceeding 30 Hz is explained by the clock domain of the first-bending frequency of the UAV
body. (39+50 Hz).
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The small control signal servoing mode (0,5°+3°) does not provide the electric drive character-
istics using the linear regulators. The shown frequency response characteristics are obtained using the
digital regulator which implements the nonlinear algorithms with the master model when paired with
combined control for the control signal.

Within the frequency range below 20 Hz the regulator structure is almost linear: during the
control signal servoing the system follows the master model quite accurately. At the same time, for the
frequency range above 20 Hz with the given abrupt frequency response inhibition, the system becomes
ineffective. It is worth mentioning that the use of combined control increases the pass band for the
small input signals below 70-100 Hz, which can impact the drive interference immunity and the “steer-
drive” system stability for the control surface flexural-torsional instability range.

In order to provide the required frequency response in the frequency band outside the band pass
(with the UAV body flexural mode frequency range being most important) the digital controller uses
the algorithms of changing the forward-path gain depending on the input signal frequency [12], which
is being estimated using the structure shown in Figure 3.

::1&{:"' f ___ K
Z{x(nT)}=X() — H()j;— Bl

Fig. 3. The generation organization of the gain compensation

Figure 3 shows: Z{x(nT)}=X(z) — the discrete input signal from the controller analog to digital
converter; H(z) — response relationship of a part of controller algorithms for the input signal frequency
estimation; ay, b;,, M, N — the coefficients and parameters of z- response relationship H(z), f— the fre-
quency evaluation signal; K — the controller gain signal.

The main essential nonlinearity of this structure is the nonlinear property K, aimed at the con-
troller gain reduction at frequencies exceeding 20Hz. The introduction of this structure allows to form
the required frequency response inhibition above 30 Hz. It is the significantly nonlinear K that results
in difficulty of the controller frequency band description.

Another considerable feature of the nonlinear systems is the change of frequency response at
different input amplitudes; thus, the frequency description should be introduced for strictly predeter-
mined range which is critical for the research. For this case the critical input amplitudes are within the
range of 0,5°+3°, which characterizes the main UAV actuator modes in flight.

As the experimental frequency response characteristics show in Figure 2, for the small input
signal processing (0,5°+3°), the band pass for the level -3 dB is 20 Hz, and the phase lag for the band
pass ~40°+45°. This frequency characteristics is typical for the first-order block:

P
Tp+1"  2xf 27-20Iy

W(p)= =0,00796.

For the higher frequencies the frequency response is inhibited abruptly and the phase lag becomes
significant. The oscillatory link has the closer approximation to such frequency behavior which provides
log-magnitude and phase diagram slope -40 dB/decade for frequencies above the band pass. It is easy to
notice that at frequencies above 20 Hz (band pass) the frequency response of nonlinear model and experi-
mental characteristics have a much steeper log-magnitude and phase diagram slope (approximately -
80 dB/decade), accordingly, the given slant range will require at least two, connected in sequence second
order blocks, i.e. the system of at least fourth order. As all the typical inertial lags are minimum phase in
character, the second order block within the band pass has the lag of approximately -90°, and the fourth-
order system has the lag of -180°. It becomes obvious that within the minimum-phase typical lag it is im-
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possible to implement the system which has the frequency response adequate to the fourth-order system,
keeping the phase lag within the band pass the same as that of the first-order block.

At present the question of nonminimal phase system application for the dynamic characteristics
description remains disputable. Meanwhile, there exists a definition that states that the system character-
istics is a function that shows the system feedback to the impact. This definition is chosen as the elemen-
tary [13] for the solution of the problem. The system feedback depends on the impact and the properties
of the system itself. As follows, let us consider the Fourier integral and the Duhamel integral:

y() = izK(w)Sx(W)e””’dw,

t

y(t) = jx'(r)h(t —7)dt.

0

In the Fourier integral the impact is shown using spectrum Sy(®), and in the Duhamel integral
via the function x() itself. In the Fourier integral the system properties are expressed via the transition
factor K(w), which is a transfer function plot, in the Duhamel integral — via the function 4(?), which is
a time response characteristic. As we can see, the system properties can be described in a number of
different ways: different characteristics can be applied, as every characteristic expresses the system
properties from the certain, convenient and natural for these circumstances point of view [13]. In our
case we have the characteristics of the working drive prototype and its mathematical time domain for-
mulation as a complete nonlinear model, i.e. we have a physically implemented system, which pos-
sesses strictly predetermined properties. Considering this, the research of the drive operation within a
time domain and its time response characteristics should be carried out by means of its complete non-
linear model, comparing the modelling results to the results of the experiment. Therefore, the steering
drive frequency model must be implemented in a convenient form, which is necessary to be contained
within the stabilization system frequency model to evaluate the gain margin using the descriptive and
tried-and-true frequency tools. Thus, we shall further consider the given steering drive dynamic prop-
erties only in the frequency area.

Frequency response function W(jw) is the Fourier figure for its impulse response w(?) and is
expressed using the integral transformation:

W(jw)= Tw(t)e-fmdt = A(w)e” =U(w)+ jV (o),

where A(w) — frequency response function block, y(w) — the functional argument or the phase, U(w)
and V(w) — the real-definite and imaginary frequency response function components [14].

As it has already been mentioned, we have a physically implemented system with the frequen-
cy characteristics obtained experimentally which match the modelling results from the complete time
response nonlinear model (fig. 2). The important feature of Fourier transformation is the fact that it is
applicable only for the steady modes. The system frequency response presents a complex plane vector
tip geometric locus (hodograph diagram) of the frequency response function W(jw)= U(w) + jV(w) at
changing of the frequency from zero ad infinitum. As follows, if the frequency response function of
the nonminimum phase system matches the experimental characteristics well, mathematically, the fre-
quency model obtained will show the frequency properties of the real system for the steady modes
with the control input harmonic signals with a certain amplitude. As it was mentioned above, the main
mode of the drive is considered to be the control signal frequency band within 0,5°+3°.

The graphical approach is used to find the frequency model parameters due to its ostensiveness.
The drive frequency response shows that the amplitude component inhibition starts in the frequency
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band close to 20 Hz, and the transition factor is approaching 1. Accordingly, the constants of time will
match these frequencies and will fit the range of 0.006-0.008 s.

Consequently, the first block of the second order must prove a well-defined resonance peak for
the frequency band 20 Hz (¢ < 0.5). The second block of the second order must compensate the oscil-
lability of the first one by means of a higher response time and less transition factor. The derivative
unit in the negative feedback must compensate the significant phase lag, amplification coefficient must
determine the final frequency response value to the level of -3 dB. By combining the blocks, the nega-
tive feedbacks and the parameter varying, the frequency model transfer factor was obtained and it ap-
proaches the frequency properties of the electric drive in question:

w2(p)
W,.(p)=k-wi(p)- ,
! w2(p)—w3(p)
wl(p) =—— K , k1=0.99, T, =0.0063516, & =0.2075;
I'p +2T¢p+1
W2(p)=#, k2=0.15, T, =2.601-107, T, = 0.663;
Lp +Tp+l

w3(p)=T,p, T, =1.5915-10"°; k =0.91.

The frequency response within the band pass and the frequency band of the UAV body first-bending
frequency, obtained using the given frequency model (L_freq model, Phase freq model), is shown in
Figure 4.
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Fig. 4. The frequency response of the drive frequency model

In order to obtain the digital controller frequency model z-response relationship let us apply the
Tustin’s method transformation (bilinear transformation) [15]:

2zl
P T z+1

N
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In order to form the structure of the control signal which is sent to the steer drive actuator input,
the system uses the controller 1887BE1, with the stroking frequency 7,3728 MHz, and the sampling
frequency 1000Hz (7,=0,001s). At the given value 7,=0,001s we will obtain the digital controller fre-
quency model z-response relationship:

W () =kewl(p)—22_| iz — 22D
! w2(p)—w3(p)|r>7 o w2(z) —w3(z)
wi(z) = _K , k1=0.99, T =0.0063516, & =0.2075;
12 3271 _,_2715 EL—I +1
Lz+1 T z+1
k2 5
w2(z)= , k2=0.15, T, =2.601-10™, 7, =0.663;

Using the known relators z = &7 = &7 = cos(2xf-T;) + j-sin(2xf*T;), we will obtain the fre-
quency range description of the digital system and will equal the frequency response from the continu-
ous frequency model (L analog, Phase analog) with the frequency response z-response relationship
of the digital controller frequency model (L_digital, Phase digital). The comparison of the given fre-
quency responses is shown in Figure 5.
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Fig. 5. Comparison of the frequency responses of the analog and digital frequency models

Figure 5 shows that the classic way of obtaining the digital system applying the bilinear trans-
formation using its analogue prototype does not provide amplitude and phase distortions into the fre-
quency characteristics within the drive band pass and within the UAV body first-bending frequency.
As for the higher bending frequencies of the UAV body, the frequency response inhibition for the ana-
logue and digital systems matches the experimental characteristics shown in Figure 2 quite well. Ac-
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cordingly, the obtained steering drive description in the frequency band has a rather convenient for use
within the UAV stabilization system frequency model.

RESULTS AND DISCUSSION

To estimate the frequency response adequacy to the acting prototype characteristics, let us
compare the modelling results for the complete non-linear real time model (L real time model,
Phase real time model) and the experimental frequency response (L real actuator,
Phase real actuator) shown in Figure 6.
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Fig. 6. Comparison of the frequency responses

The comparison of the frequency responses shown in Figures 2 and 5+6, demonstrates that the
results obtained from the nonlinear real-time model have a good convergence with the frequency re-
sponse results obtained from the acting prototype.

Consequently, the given way of the considerably nonlinear drive with a digital controller de-
scription using the nonminimum phase system in the frequency area is quite informative as for the sake
of gain margin evaluation within the UAV stabilization system frequency model.

CONCLUSION

The research process for the maneuverable UAV stabilization system gain margin considered the
problem of significantly nonlinear drive with a digital controller dynamic characteristics description. For
linear nonminimum phase structures the solution of such problems is quite challenging, as for the sys-
tems with three or more nonlinearities there are very few adequate methods in the frequency area.

As the application of nonminimum phase systems supposes their physical implementation, the
physically implemented system was considered, and the research object was the drive acting prototype,
which possessed strictly predetermined properties. The frequency characteristics were obtained exper-
imentally and have a good convergence with the modelling results, obtained from the full real-time
model. As a result of the research, the frequency response description was suggested with substantially
nonlinear algorithms of the digital controller using the nonminimum phase system which has the im-
portant feature of amplitude frequency response and phase-frequency independence. The computed
results obtained from the given drive frequency model have a good convergence with the experimental
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frequency response data from the acting drive prototype and the results obtained from the drive com-
plete nonlinear model.

The main advantage the suggested frequency model is its simple and convenient form that is
applicable to be used as a component of the UAV stabilization system frequency model. Also, it is
necessary to mention that the frequency model was implemented in two variants: as the response rela-
tionship of the continuous system and as z-response relationship of the initial analogue prototype,
which allows to estimate the stability of both continuous and digital UAV stabilization systems using
reputable classic frequency methods.
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YACTOTHASI MOJIEJIb CYIIECTBEHHO HEJIMHEHHOT O PYJIEBOI'O
HHPUBOJA C HUPPOBBIM MUKPOKOHTPOJVIEPHBIM PEI'YJIATOPOM

C.B. l“pm:wml’2

! Toneonpyonencroe nayuno-npouseodcmeentoe npednpusmue, 2. JJoneonpyonsii, Poccus
Mockosckuil aguayuoHHbIL UHCMUMYM (HAYUOHATIbHBIL UCCTIE008AMENbCKULL YHUBEPCUmMEN),
2. Mockea, Poccus

[Tpyr pOEKTHPOBAHUH CHCTEMBI CTaOMIN3aLMM BHICOKOMaHEBPEHHBIX OECITMIIOTHBIX JieTaTenbHbIX armapartoB (BJIA) oxHol 13
aKTyaJIbHBIX 3aj1ay SIBJISIETCSl MCCleoBaHKWe (DYHKLIMOHMPOBAHHS DYJIEBOTO IPUBOJA B II0JOCE YacTOT, COOTBETCTBYIOLICH
M3ruOHbIM KosieOanusiM koprryca BJIA. Jlns oOecriedeHHss yCTOWYMBOCTH CHCTEMbI cTadbwmm3aimu BJIA k auHamudeckum
XapaKTepUCTHKaM TIPHBOAA MOTYT TPEIBSBIATHCS IOCTATOYHO IIPOTHBOPEYMBHIE TpeOoBaHms. B wacTHocTH, TpeOoBaHHE K
PE3KOMY TIO/IAaBJICHHIO AMIUTUTYAHO-YaCTOTHOW XapaKTEePUCTUKHM Ha YacTOTe M3THOHBIX KojebaHuii BJIA mpm MUHMMAaIbHBIX
(ha30BBIX HCKAKEHMSIX B TIOJIOCE YACTOT YIpaBJICHHS MPOMOJIBHOTO W OOKOBBIX KAHAIOB CHCTEMBI CTaOMIM3AIA MOXET
CYLIECTBEHHO YCJIOKHUTh 3aJady HCCIECIOBaHUsl YCTOMUMBOCTM CHUCTEMBl yrpaBieHus 1pwxkeHueM bJIA. B cratee
paccMmarpuBaeTcs ISUCTBYIOIIMI MaKeT 3JIEKTPONPHBO/IA C LM(PPOBBIM MUKPOKOHTPOJLIEPHBIM PETYIISITOPOM, IpeHA3HAYEHHBIH
JUISL ICTIONIb30BaHMsI Ha BBICOKOMaHeBPeHHOM BJIA. AnanTrBHBIE alTOPHTMBI IM(POBOTO PETYIATOPA TO3BOJBIIOT 00ECIIEUHTh
HeoOxomuMble (a3oBble 3ama3AblBaHMs B MOJIOCE YACTOT YMPABJIEHHS M HPU 3TOM IOYTH TOJHOE IMO/IaBIeHHe TapMOHUYECKHX
COCTABIISIFOIIMX CUTHAJIOB YIIPABJIEHUS HA YacTOTAaX M3THOHBIX KonebaHwmii kopryca BJIA. Vcnosnb3yeMble alropuTMbl HMEIOT
CYILIECTBEHHO HENTMHEHHBIA XapakTep W OCHOBaHbI HA W3MEHEHHH KOA((UIIMEHTa YCUIICHHS NPSIMOIL 1IeNM KOHTYpa MPHBOJA B
3aBHCHMOCTH OT YacTOThl BXOJHOTO CHTHAJIA, YTO 3HAYMTENHHO YCJIOXKHSET TMONy4YeHHE MepelaTouHol (YHKIMH pYJIEBOTO
TIPUBO/IA JUTS UCTIONB30BAHUS B YaCTOTHOM MOJIeNH cHUcTeMbl cTabmmmsarmi. OOBMHO PyJIeBON TIPHBOII OIHICHIBACTCS JIMHEHHOMH
MHHHMAITLHO-(a30BOI CHCTEMOM, MPEICTABICHHON B BUJIE TIEPEAATOYHON (PYHKIIMM OHOTO W3 THUIIOBHIX 3BEHBEB IIEPBOTO HITH
BTOPOTO TIOPSIIKOB, HO IS YKa3aHHOTO PYJIEBOTO MPHBO/IA C 33JaHHBIMH IMHAMUYECKIMH XapaKTePHCTHKAMH TOI00HBIH MOIX0
OKa3bIBacTCsl HECOCTOSITETLHBIM. B pesynbrare mcciaenoBaHusl MPEUIOKEH CIIOCO0 TONYYeHHsT YaCTOTHOW MOJIENHM PYJIEBOTO
NPUBO/A, KOTOpas pealn30BaHa B BHIEC HEMHHHMAIbHO-(A30BOW CHCTEMBI, OCHOBHBIM CBOMCTBOM KOTOpPOH SIBISIETCS
HE3aBUCHUMOCTh aMILTHTYIHO-4YaCTOTHOHM M (pa30-4acTOTHOM XapakTepucTHK. B mporecce mccnenoBaHuii MpoBeeHO CpaBHEHUE
Pe3yJbTaToB, TOMYYEHHBIX Ha IPEIOKEHHOM MOJIEH C pe3ysIbTaTaMy SKCIIEPUMEHTOB Ha MaKeTe 3JIeKTPOINPHUBOAA U €0 TIOJTHON
HEJIMHEHHOW BpEMEHHON MOAEeN!. [ JIJaBHBIM MIPEUMYILIECTBOM MPEUIOKEHHON YaCTOTHOM MOJIEIH SIBIISIETCS JOCTATOUHO IIPOCTOE
OIMMCaHWE PYJIEBOTO MPHBOJA B YaCTOTHOM oOmacTH, yHOOHOE IS MCIOJB30BAHMS B COCTaBE YACTOTHOM MOJETH CHCTEMBI
CTaOMITI3AIH TIPH FICCITIEOBAaHHUH 3a/1a4 00eCTIeUeHust yCToHarBoCTH mostetra BJIA.

KnioueBble ciioBa: OecrmnoTHbIA JnetatenbHblil ammapar (BJIA), cucrema crabwnm3aiyy, SJEKTPONPUBOJ, YaCTOTHBIC

XapaKTePUCTUKY, IU(PPOBOH MHUKPOKOHTPOIUIEPHBIA PEryJsTOp, HEMHHHUMAIBHO-(DA30BBIC CHCTEMBI, YaCTOTHAs MOJIENb,
HeJIMHEWHAs] MOJENb.
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