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I. INTRODUCTION

The platform of a hexapod is intended for com-
mission of the movement on a spatially set trajectory.
Accuracy of a platform's navigation is largely de-
termined by a structure and parameters of a control
system. As it is known from [1] the highest posi-
tioning accuracy can be achieved only in the optimal
control system. A necessary condition for a suc-
cessful synthesis of such the control system is an
existence of a control object's model, which is ob-
tained under actual operating conditions. The first
step on the way of obtaining this model is identifica-
tion of dynamics of signals in position control circuits
of the hexapod platform.

Analysis of the results [2], [3] showed that the
existing models of dynamics of signals were got as a
result of mathematical modeling of a work of the
hexapod's control system. A main disadvantage of
these models is to ignore the dynamics of the rods
drives. Therefore, the task of studying the dynamics
model of a hexapod together with drives on the base
of an experimental data — is relevant.

II. PROBLEM STATEMENT

The purpose of this research is to identify the
matrix of transfer functions of a system "hex-
apod-regulator”, which characterizes an influence of
a program acceleration vector r on an actual accele-
ration vector X, which is measured with the help of
3D MEMS accelerometer, as well as the matrix of
spectral densities of disturbances, which aren’t
measured.

To achieve the objective has been developed and
mounted the experimental plant (Fig. 1). The plant
consists of the hexapod with an actuator / and a
movable platform 2. An origin of the coordinate
system x, y, z is associated with a center of mass of
the platform. A 3d MEMS accelerometer with sensi-
tive axes oriented along the axes of the base x, y, z is

mounted on the platform. The actuators / are brush-
less DC motors controlled by a computer-integrated
control system 3.

Fig. 1. Machine-hexapod with installed 3D MEMS
accelerometer

In research [4] is shown that the system "hex-
apod-regulator" has two inputs and one output
(Fig. 2). The vector of program signals r acts on the
first input. Its components are equal to the set values
of the projections of the platform center of mass
acceleration on the axis x (r) and y (ry)

rz[rx ry]T, (1)

where T is a symbol of a matrix transposition.
A disturbance vector y acts on the second input of
the system. It also has two components

v=lv. v,]. o
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where v, v, are projections of the resistance forces
on the axis of the coordinate basis x, y, z.
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Fig. 2. Block diagram of a multi-dimensional object
with a sensor

The systems (Fig.2) output is denoted as a
two-dimensional vector x

X= [xx X, ]T , (3)

where x, and x, are projections of the platform’s
actual acceleration on sensitivity axis of the 3D
MEMS accelerometer mounted on the platform.

Noises of the accelerometer form a vector @,
which also has two components

o=[o, o] (4)

Communication between the vectors (1), (2), (4)
and (3) subject to the scheme (see Fig. 2), by analogy
to the monograph [1], is characterized by the fol-
lowing system of ordinary differential equations

Px=Mr+ vy — Po, 5)

where P and M are polynomial matrixes of differen-
tiating operator p = d/dt of 2 x 2 dimensions. After
completing the Laplace transform of the left and right
side of the equation (5) with zero initial conditions
and multiplying the left and right side of this equation
by the inverse matrix P it is formed the following
ratio

X—0=W,r+W,y, (6)

where W, is the matrix of transfer functions of the
system "hexapod-regulator" that connects the vectors
r and x; Wy, is the matrix of transfer functions of the
system that characterizes an influence of the vector y
on the vector x.

With a help of the experimental plant (see Fig. 1)
it is possible to create and store the implementation of
changes in the vectors r and x components as
two-dimensional  centered stationary random
processes. We assume that the characteristics of the
noise vector @ have been found as a result of the
dynamic certification, as in article [5]. In this case,
the identification problem is to find matrices of
transfer functions W;; and the W, as well as the
matrix of spectral densities of the vector y that mi-
nimize the following criteria

J:<£T (t)Re (t)>, (7)
where g(t) is a vector of identification errors, which is
equal to

g(t)=x(1)—x, (t), (8)

Xm(t) is a vector of signals at the output of the system
model; R is the weighting positively-definite matrix;
<*>1 sa symbol of Hermitian conjugation [8].

III. IDENTIFICATION ALGORITHM

It is proposed to carry out three phases of research
in order to solve the problem. The aim of the first
phase of the research is to identify the characteristics
of signals (1) and (3). The second phase is devoted to
identification of transfer functions matrices W, and
Wi, The aim of the third phase is to verify the
obtained models of the signals, the system and dis-
turbances.

We have used a combination of a form filter me-
thod [5] and the Blackman—Tukey algorithm [6] in
order to fulfill the first phase of the research. In ac-
cordance with this on the first stage of the research
first of all it is necessary to synthesize the matrix of
transfer functions G of a filter-former. As shown in
[5] for the synthesis of the matrix G it must be per-
formed a factorization of the transposed matrix of
spectral densities of the vector r

GG, =5, . )

One of factorization algorithms is described in
detail in the article [9]. Than with the help of the
filter-former G it is necessary to form the vector r
(see Fig. 2) and to get records of the vectors (1) and
(3) components.

After this as a result of usage the Black-
man-Tukey algorithm one should find unbiased and
consistent estimates of spectral and cross-spectral
densities of all components of the vectors r and x.
Than one should run approximation method of loga-
rithmic frequency characteristics of the estimates [1]
in order to form transposed matrices of spectral and
S, S and S..

In the framework of the second phase of research
one should be used the method of structural identi-
fication of linearized models of the dynamics of the
multidimensional object contained in the monograph
[1]. In accordance with this method, a block matrix of
transfer functions W

W= [Wn W]z]a

.. /
cross-spectral densities S

rr?2

(10)

that minimizes the quality criteria (7) can be found
from the equation



M.M. Melnychenko, S.1. Osadchy, V.A. Zozulya Identification of the Signals in Position Control Circuits ... 53

W=R;(K,+K,)D", (11)

where Ry is a numerical matrix, which is found as a
result of the Cholesky decomposition of the weight
matrix R; Ky + K. is a rational matrix of complex
variable s, which is a result of the Wiener separation

[9] of the following matrix product
K, +K, +K_=R,S,, D!, (12)

D is analytical in the right half of the complex varia-
ble matrix, which is found as a result of the Wiener
factorization [10] of the transposed matrix of spectral
densities

=-Q/ .
DD. =S, ; (13)

S;y is the transposed matrix of spectral densities

which is found as a result of the first phase of research

/! _ Sl/‘l‘ 02
Syy_ 0. E. |
2 2

0, is a zero matrix of 2 x 2 dimension; E, is the

(14)

identity matrix of 2 x 2 dimension; S;x is the trans-

posed matrix of cross-spectral densities, which is
formed in accordance with a rule

Si=[SL Sk] (15)

in which the matrix S/, is equal to the transposed

result of the Wiener factorization of the following
sum
S.S

Xrorrorx”

SxASAx = Sxx - S

A theoretical basis of the third phase of the re-
search is the method of simulation [11] implemented
using the Simulink Matlab package tool. The usage of
this method is possible due to the results of the first
and second phases of the research, as well as the
block diagram of the modeling process (Fig. 3).
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Fig. 3. Block diagram of a simulation model of the system

The simulation model of the system has three
inputs and one output. Model inputs consist of r and x
vectors records obtained on the first step and stored in

Z, and Z, blocks, as well as a generator of "white
noise", presented by NG unit. The output of the
model (Fig. 3) is an estimate of the criteria J, obtained
by the calculator Q.

IV. RESULTS

In accordance with the developed algorithm for
the problem solution on the first phase of the research
it was carried out the identification of control signals
in the system (see Fig. 2).

The vector of program signals r with components'
records shown in the Fig. 4 has been formed with the
help of a computer-integrated system using a fil-
ter-former, whose matrix of transfer functions is
given in the article [4]. Records of the acceleration
signal vector’s components obtained by the 3D
MEMS accelerometer are shown on the Fig. 5.

25
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Fig. 4. Records the changes of two components
of the vector r
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Fig. 5. Responses of the vector components x

As a result of applying the Blackman—Tukey al-
gorithm and subsequent approximation of spectral-
and cross spectral densities’ estimates are formed the
following blocks of transposed matrices (14)

S/ — Sll SlZ (16)
i SZ] SZZ ’
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where

0.03[s” (s +0.04)

‘2

Sy = 5
‘(s2 +0.0165 +2.56-10~* )‘

1
‘(s2 +0.015+0.1)

2 b

0.0135 (s - 0.04)(s” - 0.065 +0.0036)

12 —

‘(SZ +0.1s + 0.1)‘2

1
' (s2 ~0.0165+2.56-107 )(s2 +0.04s + 0.0025) ’

—0.035(s +0.032)(s —0.04)(s + 0.006)

0.03|(s +0.0001)[

222‘

(52 +0.045+ 0.0025)‘2

|52 +0.054s + 0.0036‘2

Szl = Slz*-

‘(s2 +0.01s + 0.1)‘2

Similarly to the matrix (16), the expression for
blocks of the matrix (15) was obtained in the fol-

lowing form
S - S rxl S rx2
" S rx3 S rx4 ’

(s> —0.0015625 +3.368¢ —05)

(17)

where

S

rxl

(s? +0.0042s + 4.9¢ — 05)

(5% +0.0165 + 0.000256)‘2 (5% +0.15 +0.01)\2 ;

_ 0.023094(s —9.981e-05)(s +0.0001002) (s> =0.013s +8.5¢ —05)(s” +0.0265 +0.0003)

rx2

) 2
(s +0.1s +0.01)

(s> +0.00425s +4.9¢ — 05)(s* +0.016s + 0.000256)

(s? +0.055 +0.0029)(s> — 0.057s +0.0035)
2 2
\(s2 +0.04s + 0.0025)\

_ ~0.004(s +0.059)(s = 0.04)(s — 0.058) (s —0.016)(s —0.0008)(s +0.029s +0.0017)

™ (s> +0.00655 + 4.2¢ — 05)

~0.019 (s —0.0001) (s +9.9¢ —05)

(s> +0.04s +O.0025)‘(s2 +0.1s +o.01)\2

1
(5% +0.0165 +0.000256) ’

(5> =0.001s +2.3¢-05) (s* +0.023s +0.0005)

S =
" (52 +0.00655 +4.2¢ — 05) (s° +0.016s +0.0002)

and

/

Since components of the vectors r and x have the
same nature the weighting matrix R is equal to unit
matrix, so the following equation is valid

e [0
"o 1|

Usage of the equation (11) together with the re-
sults (18), (19) made it possible to find a solution of
the problem in the form of

(19)

(572 + 0.04s + 0.0025)]

(5* =0.0525 +0.0035) (s* +0.05912s +0.004048)

S 0.42 0.19
M (s+0.6)(s+2) 0 028]

B

(5% +0.1s + 0.01)\2

(18)

Wi Wy Wy Wy
W21 W22 W23 W24

W' = (20)

B

where
=L

~(-0.23333-(5-0.007) (s - 0.03))
P (57 4000425 + 4.9 -05)
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042
B (5+0.6)(s+2)
019
* (s +0.6)(s+2)°

) (0.37477 x(s? ~0.02xs +o.0004)) |

Wy = 2

(s +0.0065xs+4.225e—05)
Wy, =0.6;
Wy;=0;

0.28

Outi
Ini
Dut2
w1z

=

22

Za
NG
Ini
Out] ——p Fix

\L’—Plr' Qut1 B+,
Ay -
W11 72 A

The resulting matrices (20) and (21) make it
possible to start the third stage of research — validat-
ing the results of the identification with the help of
the simulation method.

In accordance with the block diagram (Fig. 3) is
developed a simulation model of the system "hex-
apod-regulator" (Fig. 6). It consists of the following
elements: NG-generator of white noise; Z,y, Z,, are
vector software signals that act on the system input;
Wi is the matrix of transfer functions "hex-
apod-regulator"; Wy, is the filter-fomer matrix of
transfer functions; Z,;, Z, is the measured vector x;
Q is the computer; J is the result.

Q

Fig. 6. Simulation model platform-hexapod Sense

As a result of the simulation is set that the system
model has been estimated correctly since the identi-
fication errors do not exceed 0.3 m\s’of a longitudinal
acceleration and 0.3 m\s® of a lateral acceleration.

V. CONCLUSION

Thus, the use of the frequency identification me-
thods allows to obtain not only the linearized models
of complex mechatronic objects with several degrees
of freedom, but also disturbances, hindering their
movement along a predetermined path.

These dynamics models make it possible to for-
mulate and successfully solve the synthesis problem
of an optimal hexapod platform control system. Re-
viewed in the article approach to the identification of
useful signals, the disturbance, the noise and the
system "hexapod — regulator" provides the data ne-
cessary for the further synthesis of the optimal
structure of the control system for a multidimensional
movable object.

REFERENCES

[1] V. Azarskov, L Blokhin, and L. Zhytetskiy, Engi-
neering Methodology of Optimum Systems of Sto-
chastic Stabilization, Kyiv, NAU, 2006. (in Ukraine)

[2] U. Mamaev and L. Ribak “Construction of mathemat-
ical and simulation models of the dynamics of hex-
apod.” Vibration technology, mechatronics and con-
trolled machines, Kursk, 2014, pp. 294-300. (in Rus-
sian)

[3] M. Melnychenko and S. Osadchy, “Trends of MEMS
Technology in UAV,” in Proc. IEEE 3rd Int. Conf.
Actual Problems of Unmanned Aerial Vehicles De-
velopments, APUAVD, Kyiv, October, 13-15, 2015,
pp. 66—68.

[4] S. Osadchy, V. Zozulya, and A. Timoshenko. “The
Dynamic Characteristics of the Manipulator With
Parallel Kinematic Structure Based on Experimental
Data,” Advances in Intelligent Robotics and Colla-
borative Automation. Chapter 2, River Publishers,
2015, pp. 27-48.

[5] M. Rosyn and V. Bulygyn, Statistical dynamics theory
and the effectiveness of control systems. Moscow,
1981, 312 p. (in Russian)

[6] R. Otnes, and L. Enokson, Applied time series analysis.
Moscow, 1982, pp. 410-415.

[7] Bendal J S & Piersol A C. Random data: analysis and
nteasurelnenz procedures. New York: Wiley, 1971,
pp. 296-305.

[8] F. Gantmacher, Matrix theory Moscow, Nauka, 1988,
552 p. (in Russian)

[9] F. Aliev, V. Bordug, and V. Larin, Time and frequency
methods of synthesis of optimal controls. Baku, 1988,
46 p. (in Russian)

[10] M. C. Davis, “Factoring the spectral matrix.” IEEE-
Trans. Automat. Cointr. 1963, AC-8, no. 4,
pp. 296-305.

[11] V. Tomashevsky, Simulation systems. Kyiv, 2005.
352 p. (in Ukraine)

Received October 05, 2016.



56 ISSN 1990-5548 Electronics and Control Systems 2016. N 4(50): 51-57

Mykola Melnichenko. Post-graduate student.

Manufacture Control Automatization Department, Central Ukrainian National Technical University. Kropyvnytskyi,
Ukraine.

Scientific activity: automatic control system.

Total Articles: 15.

E-mail: mel mm@ukr.net

Sergey Osadchy. Chief of Production Process Automatic Performance Department. Doctor of Engineering Science.
Professor.

Manufacture Control Automatization Department, Central Ukrainian National Technical University. Kropyvnytskyi,
Ukraine.

Scientific activity: experimental and analytical methods to create optimal automatic control of multidimensional objects,
including unstable when stochastic effects.

Total Articles: 150.

E-mail: srg2005@ukr.net

Valery Zozulya. Associate Professor, Production Process Automatic Performance Department. Candidate of Science
(Engineering).

Manufacture Control Automatization Department, Central Ukrainian National Technical University. Kropyvnytskyi,
Ukraine.

Scientific activity: Methods of designing control systems multi moving objects with parallel kinematics mechanism.
Total Articles: 40.

E-mail: irish38@ukr.net

M. M. Meabnivenko, C. 1. Ocaguuii, B. A. 303yas. InenTudikanisi curHajaiB B TpakTax KepyBaHHA Iu1aTgopMu
rexkcamnoaa

[Iporeneno imenTH(diKAIIO KOPUCHUX CUTHAJIIB, 30yPEHB 1 3aBaJ, 10 IiFOTh Y CHCTEMI KepyBaHHS IIaT(GOPMH reKkcanoaa
TIPY MOJIEITIOBaHHI IPOCTOPOBOT KAYKH KPYIMHOTOHA)KHOI'O MOPCHKOT'O Cy/IHA.

Karwu4oBi ciioBa: cTeHI-CUMYIATOP; YaCTOTHI XapaKTEPUCTUKH; T'€KCAIOM; aKCEeJIepOMETp; CHEeKTpajbHi MIIJIbHOCTI;
aMIUTUTYIHO- 1 ()a304acTOTHI XapaKTEPUCTHUKH.

MenbHiveHK0 Mukosia MukosaiioBud. AcmipaHt.

Kadenpa aBromartuzanii BHpoOHMYMX mpoleciB, lleHTpaabHOYKpaiHCKUI HalliOHAJIbHBIA TEXHIYHHH YHIBEPCHUTET,
KpomuBaunpskuii, Ykpaina.

HampsiMok HaykoBOI isSUTBHOCTI: aBTOMAaTHYHI CUCTEMHU KEPYBaHHSI.

Kinpkicts myoOmikarii: 15.

E-mail: mel mm@ukr.net

Ocamqunii Cepriii IBanoBuu. /lokTop Texniuaux Hayk. [Ipodecop.

Kadenpa aBromartmzanii BHpoOHMYMX mpoleciB, lleHTpaabHOYKpaiHCKUI HalliOHaJIbHBIA TEXHIYHHH YHIBEPCHUTET,
KpomuBuunpskuii, Ykpaina.

HamnpsiMox HayKoBOI AisTIBHOCTI:€KCIIEPUMEHTAIBHO-aHATITHYHI METOIU CTBOPEHHSIONTUMAJIBHUX CHUCTEM aBTOMAaTH4-
HOT'O KepyBaHHs 0araTOBUMipHUMH 00’ €KTaMH, Y TOMY YUCIII HECTIHKHUMU, TPH CTOXaCTHYHHX BIUIABAX.

Kinpkicts myomikarmii: 150.

E-mail: srg2005@ukr.net

3o03yas Banepiii AnaromiiioBnu. Kannunat TexHiyHUX HayK. JIOICHT.

Kadenpa aBromartmzanii BHpoOHMYMX mpoleciB, lleHTpaabHOYKpaiHCKUI HalliOHaJIbHBIA TEXHIYHHH YHIBEPCHUTET,
KpomuBuunpskuii, Ykpaina.

Hamnpsimok HaykoBOI HisuTbHOCTi: MeToaMKa MPOEKTYBaHHSI CHCTEM YNPABIiHHS 0araTOBUMipHHUX PYyXOMHX 00’ €KTIB 3
MeXaHi3MOM MapaiesbHOI KiHEMaTHKH.

KonmuectBo myoimkarmii: 40.

E-mail: irish38@ukr.net

H. H. Measanuenko, C. . Ocagunii, B.A. 303yaa. UneHTHHKaNus CHTHATIOB B TPAKTAX yNpaBJeHHS IUIAT-
(¢opmbl rekcanoga

[IpoBenena uneHTH(UKAIMS TOJNE3HBIX CHTHAJIOB, BO3MYIICHHH M TIOMEX, JIEHCTBYIOIIUX B CHUCTEME YIPaBIICHUS
TUIATQOPMBI TEKCAIoa MPU MOJIETUPOBAHUN POCTPAHCTBEHHOM KaYKH KPYIMHOTOHHA)KHOT'O MOPCKOT'O CY/THA.



M.M. Melnychenko, S.1. Osadchy, V.A. Zozulya Identification of the Signals in Position Control Circuits ... 57

KuarwueBble ciioBa: CTCHA-CUMYJIATOP, YaCTOTHBIC XapaKTCPUCTUKH, I'CKCAIIOA; aKCCICPOMETP, CHCKTPAJIbHBIC ILIOT-
HOCTH,; aMIUIMTYAHO- U q)aSO‘IaCTOTHI)Ie XapaKTCPUCTHUKU.

Menbuudenko Huxonaii HukonaeBuu. Acnipasr.

Kadenpa aBTOMaTH3ammu NpOM3BOACTBEHHBIX MpOLECCOB, LleHTpaIbHOYKPAMHCKUI HAI[MOHAIBHBIA TEXHHYECKUH
yHuBepcuteT, KponuBHunkuit, Yxpausa.

Hanpagienue HaydHOHN A€ATENIBHOCTH: aBTOMAaTHYECKUE CUCTEMBI YIIPaBIICHUS.

Konngectro myOnukanuii: 15.

E-mail: mel mm@ukr.net

Ocaqunii Cepreii UBanoBu4. /lokTop TexHnueckux Hayk. [Ipogeccop.

Kadenpa aBTOMaTH3ammu NPOM3BOACTBEHHBIX MpOLECCOB, LleHTpaIbHOYKPAMHCKUI HAI[MOHAIBHBIA TEXHHYECKUH
yHuBepcuteT, KponuBHunkuit, Yxpausa.

HanpaBienue HayqHOH NESATEIBHOCTH: HKCIEPUMEHTAIBHO-aHAIUTUYECKUE METOIbl CO3JIaHHsS ONTUMANIBHBIX CHUCTEM
aBTOMATHUYECKOT0 YIPABIIEHUs] MHOTOMEPHBIMH OOBEKTaMH, B TOM YHCJIE HEYCTOWYMBBIMH, MPU CTOXACTUYECKHX BO3-
JIeHCTBUAX.

KommuecrBo myoimkanwii: 150.

E-mail: srg2005@ukr.net

3o03yas Banepuii AnatonbeBu4. Kanauaar rexuHuyeckux Hayk. JIOIeHT.

Kadenpa aBTOMaTH3ammu NPOM3BOACTBEHHBIX MpOLECCOB, LleHTpaIbHOYKPAMHCKUI HAI[MOHAIBHBIA TEXHHYECKUH
yHuBepcuteT, KponuBHunkuit, Yxpausa.

HampaBnenue HaydHOW HESITENBHOCTH: METOAMKA MPOEKTHPOBAHHS CHCTEM YHPABJIECHHS MHOTOMEPHBIX MOABMKHBIX
00BEKTOB C MEXaHU3MOM IapauIeIbHOH KHHEMATHKU.

KonmuectBo myomiukarmii: 40.

E-mail: irish38@ukr.net



