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Summary. The purpose of this article is to identify and investigate the factors affecting the accuracy of
the control mechanism. The analysis has shown that the accuracy of the structure control is also affected by the
cardan connection, including those associated with its manufacturing error. The analysis made it possible to
propose methods for improving the hexapod design and control accuracy.
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Problem statement. Low level of computing technologies preventing the problem of
control solving has slowed down the active implementation of Stewart platform-based
mechanisms into production and antenna equipment. Stewart platform (hexapod) (fig. 1)
consists of fixed platform (1), pivot joints (2), joining six linear actuators (3) with moving
platform (4). The study of spatial mechanisms of parallel kinematic structure control is very
important for Stewart platform introduction into production and antenna equipment.
Nevertheless, to achieve high dynamic characteristics one should determine the optimal
geometrical packaging of the device, design the control system and provide it with the software
implementing the adequate mathematical apparatus.

Figure 1. Stewart platform Figure 2. Kinematics of a Stewart platform
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Analysis of accuracy control improvement methods of antenna system mechanisms based on Stewart platform

Analysis of the known results of the study. The measurement of accuracy of parallel
mechanisms positioning is possible only due to both the use of embedded into system sensors
and external measurement devices as well.

As embedded sensors one can use:

e linear optical sensors for actuators mechanical elongation measurement,

e rotating optical sensors for actuators engine rotations measurement,

o force (moment) sensors for dynamic calibration.

The repeatable accuracy of the mechanism moving platform positioning relative to the
fixed platform in the structure under consideration depends on the choice of control system and
quality of hexapod actuators: linear actuators (LA), cardan joint.

Paper purpose. The task of the article under consideration is to analyze the publications
dealing with finding the parameters making impact on the Stewart platform (hexapod) accuracy
and determining the ways of their characteristics improvement.

Problem setting. Hexapod dynamics equation is of nonlinear character and depends on
many indices which greatly complicate the mechanism control (fig.2). The method of control
of a mechanism of parallel kinematic structure having six degrees of freeness (6 DOF) is
considered to call the method of motion control in the working space. The above-mentioned
method deals with the solution of the direct kinematic problem which assumes that the defined
vector of actuator motion is X and the vector of hexapod rod length g has to be found. Many
unknown values greatly complicate the solution of the direct kinematic problem and suggest
nearly 40 options of solution. Control methods at inverse problem of kinematics solving when
the actuator motion vector X is found on the basis of vector of hexapod rod length q value is
called motion control in the space of generalized coordinate system [1, 2].

The immediate problem of the Stewart platform is to find forces developed by the
actuators to assure the platform defined motion [12]. Having summarized the coordinates in the
center motion equation

q=1{q} = {x0, Y0, o, 9, 0,9} (1)

q;(t) is defined as a time function, then the equation looks like:
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where m — platform mass with the antenna mirror, g — gravitational acceleration, 72 — radius-
vector of the platform gravity center in the moving coordinate system, #° —acceleration of the
coordinate O, F, —force acting on the platform on the pin core side and moment equation of
relative to the gravity center C in the moving coordinate system:
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where /. — inertia tenser relative to point C, values F° and M, main vector and main moment
of forces acting on the platform on the actuator side are known and we are passing to the
equation (3) to the projection on the fixed coordinate system, so we are writing the system (2)
and (3) as:

Fe(a)xed) =M +12xF'=M° M°=P-M (4)
1

z erl(c)t =F°,

6 6
k=1 k=

As a matrix the system (4) looks like:
AT-F=F F=(F..F), F°=(EES,E,M2, M, M), (5)
where matrix A:

A VO == i, i = (il..iG)T, (6)

where matrix A consists of vectors taking into account the actuators lengthening and
coordinates of their fixing to the platform , and symbol T denotes transposition.

At inverse problem solving taking into account the forces applied to the system by
means of system of equations integration (2),(3) and (6) we obtain the motion of loaded Stewart
platform.

Study outcomes. One of the key factors making impact on the antenna mirror position
accuracy is technical and algorithmic basis of the control system. The analysis of structural
schemes of control systems of parallel manipulators motion taking into account the statements
of automatic control theory makes possible to determine the fact that without regard to their
sphere of usage the mechanisms of parallel structure can be classified as multidimensional
single-or two-circuit tracking systems with or without excitation correlation. As it has been
proved in [3, 4] conventional tracking systems are restricting the possibilities of the defined
trajectory accuracy increase due to the reduction of degree of freeness number at regulator
structure choice as the regulator consists of one element of transfer function W.

The study of methods of motion control system development of mechanisms with
parallel kinematics has proved that all of them aim at optimization of the set of autonomous
PID regulators use in circuits due to their coefficients adjustment [13]. Though, such
optimization restricts the ultimate limits of control accuracy which can be guaranteed under
optimal situation conditions. To obtain the accurate displacement of the rod is possible only in
the systems where the structure and parameters of excitation law and measurement errors will
be chosen in the best way possible.

Besides, the study of methods of hexapod actuator motion control system development
has proved that the mechanism division into separate channels according to the number of
parallel kinematics rods is often proposed to simplify the model of control object and control
system design procedures. In this case, the measurements errors and sensors dynamics, the use
of ideal virtual models of parallel kinematics mechanisms to form the correlation signals have
been neglected. Moreover, the real characteristics of the platform have been replaced by
linearized ones and excitation actions — by axes mutual influence with their assessments.
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The dynamic control method based on control signals formation taking into account the
manipulator dynamics equations has been widely used.

In this case the negative impact of non-linearity and crossed couplings can be overcome,
the control quality can be increased, the control stability irrespective to a specific trajectory can
be provided due to the more complex control. The factor restricting the mechanism control
quality deals with the difficult analytical determination of a linearized model of dynamics. This
difficulty is caused by the necessity of taking into account the drives control moments, friction
forces, external forces and moments, centrifugal and Coriolis forces whose values haven’t been
known completely [7]:

- elastic deformations of links, hysteresis in mechanical joints, manufacturing and
joints assembling errors;

- the defined moments of inertia and mechanism mass and load variables.

The object displacement accuracy at linear actuator (LA) independent control depends
both on the Stewart platform-based mechanism (MPS) manufacturing errors of and on correct
calculation of all kinematic parameters introduced into the mechanism control system as well
to solve the inverse problem of kinematics. First of all, the initial link (moving platform with
an object) displacement accuracy is influenced by the linear actuators operation accuracy. All
these requirements to the accuracy of translational and rotational motion of the platform in 10s
of micrometers and 10s of angular seconds respectively results in the necessity of linear
actuators rods displacement with accuracy up to micrometers units at the travel range up
to 200 mm [8].

In hexapod design some hydraulic, pneumatic or electrical actuators are used. Electrical
linear actuators (LA) and hydraulic actuators are the most widely spread among them which
are usually used for big loadings, more than 2500 kg whereas pneumatic actuators are used for
the mechanisms where speed and low load are important. The main disadvantage of hydraulic
actuators is the possible oil leakage, whereas pneumatic actuators are difficult to be controlled
under loading as the air is compressed but the length of the pneumatic actuator depends on its
load.

To reach the highest accuracy of the drives control system one should close a linear
actuator (LA) control loop by a feed-back on the output coordinate, i.e. linear position of its
rod. The use of conventional linear position sensors allows the high accuracy of load
displacement to be reached. The sensors of various operating principles can be used as linear
position sensors. Potentiometer sensing elements provide simple reading of measuring
information by the linear actuators (LA) control system (analogue-digital transformation is used
as a rule), though they have a great disadvantage like low accuracy and reliability. Inductive
and variable-capacitance transducers are extremely reliable and resistant to the external factors
but they possess low accuracy. Interferometric sensors can measure the positioning as accurate
as micrometers particles but they have a complex structure with expensive components and a
special optical-electronic system of information processing. The above-mentioned
characteristics have restricted the linear actuator design [8, 14, 15].

According to the articles [5, 9-11], the own characteristics of mechanical transmission
like ball-screw spindle (BSS) caused by their manufacturing errors are making the greatest
impact on the linear actuator shaft displacement accuracy at continuous static loading.

A change in temperature of the ball-screw spindle (BSS) and other components of the
mechanical transmission and connected with them the linear thermal expansion has also
contributed to the displacement accuracy [4]. Thus, to provide the high accuracy of the rod
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displacement it is necessary to take into consideration two constituents: the own characteristics
of the ball-screw spindle (BSS) and the linear thermal expansion of linear actuator (LA)
mechanical transmission. In this case the linear actuator (LA) calibration is possible by the
following technique: the real linear position of the rod for the whole performance range at the
linear actuator (LA) fixed temperature value with necessary dimensional resolution is
measured, then the rod displacement errors are calculated and discrete array of values
(corrections) are formed. The corrections are recorded in the microprocessor module memory
of the linear actuator (LA) control or in the upper-level control system and are further taken
into consideration at linear displacement.

In the mechanism design the pivoting joints like universal joints or spherical (ball-and-
socket) hinges have been used in most cases. Universal joints make possible larger angle range
to be reached than spherical (ball-and-socket) hinges. Though spherical (ball-and-socket)
hinges have small range of motion their advantages are fixed point of rotation, compact size
and the component price. Control accuracy error will be caused by the pivoting joint
manufacturing error and the system components arrangement in the whole.

Conclusions. The conducted analysis of factors making impact on the mechanism
control quality has proved the difficulty in analytical determination of a dynamic model.
Neglecting the dynamics of information smart sensors, noises accompanying the measurements
and some manufacturing errors of joints has been found to be as the common disadvantage of
the conventional control systems.

To improve the accuracy one should make some certain measurements and perform
calibration if necessary. A set of additional high accurate sensors and devices which make
possible to assess the moving platform position in space and other geometrical parameters of
the system have been used in the measurements under discussion. One should also use a test
signal approximate to the real one.
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AHAJII3 METOJAIB NIABUINEHHA TOYHOCTI KEPYBAHHA
MEXAHI3SMAMU AHTEHHUX CUCTEM HA
OCHOBI IVIAT®OPMMU CTIOAPTA

Muxaiisno [Tanamap; FOpiii [lacrepnak; Bipa Ilacrepnak; Ctenan Mamrauasip;
Cepriii llleBuyk

Tepnoninbcokuu HayionanrbHuu mexHivHuu ynigepcumem imeni leana Ilynios,
Tepnonins, Ykpaina

Pe3tome. Mema oanoi cmammi nonsieae y 6u4erHi pakmopie ma YUHHUKIG, SIKI NIUBAIOMb HA MOYHICTb
KepyBaHHs AHMEHHUX CUCmeM HA OCHO8I NapaneibHux KIHeMamuyHux JaHOK i3 CMAmuyHO HeGU3HAYEeHUMU
38 askamu. Ilposedeno ananiz cucmem Kepy8aHHs pyxom O03epKAIad AHMEHU 3 ONOPHO NOBOPOMHUM NPUCTPOEM
Ha ocHogi naam@popmu Cmrwoapma (eexcanood). Busnaueno, wo mounicmov i no8mMopoeanicms NO3UYIIOBAHHS
PYXOMOI niam@opmu Mexanizmy ujooo to2o HepyXoMoi OCHO8U 8 OaHill KOHCMPYKYIL 3anexicams 6i0 moyHOCi
BUKOHAGUUX e/leMeHmMI8 CUcmemMu: JHIHUX NPusooie ma KapoaHuo2o 3 €OHanus. Ilpu ybomy Haulbinbuiull 6nius
Ha MOYHICMb NepemMiljeHHs: WMOKA JIHIH020 NPU8ooa npu NOCMIUHOMY CIAMUYHOMY HABAHMAICEHHI MAOMb
611ACHI XAPAKMePUCMUKU MEXAHIYH020 nepeoasants. Ik nokazano 6 ananisi, NPOeKmy8aHHs cucmem KepyeaHHs
pyXom pobouozo opeany cekcanody NooilAomucs HA 08d OCHOBHUX HANPAMKU. MEMOO Kepy8aHHS PYXOM Y
poboyoMy npocmopi npu po36’A3Y6aHHi NPAMOI 3a0aui KIHeMAMuKu ma Kepy8aHHAM DYXOM Y NpOoCmopi
V3a2anbHeHol KOOPOUHAMU NP PO38 s13Y8AHHI 360POMHOT 3a0aYl KiHeMamuKu. K 6UC8IMIeHO 8 AHANI3 Memooig
DPO3POONEHHS cucmeM, Kepy8aHHs 2eKcanody NOKA3VE, Wo 3 Memol CHPOUjeHHsA MOOeli 00 €Kkma KepysauHs ma
NPOEKMYBAHHS CUCTEMU KePYBAHHS YACMO NPOROHYEMbCS NOOLL MEXAHI3MY HA OKpeMi a6MOHOMHI KAHAIU 3d
Kinbkicmio wmate niamgopmu Cmioapma, HeXmywuu ROXUOKAMU GUMIPIOBAHHS U OUHAMIKOK OamMyuKie,
BUKOPUCMAHHA [0€aNi308aHUX GIDMYATIbHUX MOOeNel MeXanismy napaneivbhoi Kinemamuku O01s (opmysanis
cueHanie Kopexyii. Aumaniz nokasas, wo HA MOYHICIbL KepYBAHHA KOHCMPYKYIl MAKONC 6NIUBAE KAPOAHHE
3’ €0HANHSA, 30KpemMa NOXUOKU, NO8 SA3aHI 3 11020 8UCOMOGNEHHAM Ma MOHMYSAHHAM. OOHUM I3 HAUBANCTUBIUIUX
emanie po3pooaeHHs € HeOOXIOHICMb NIOMBEPOAHCEHHS MOYHOCE NO3UYioHy8anHs cucmemu. IIpogedenuti ananiz
00360118 3aNPONOHYBAMU MeMOOU NOKPAWEHHS MOYHOCII KOHCMPYKYIl Ma Kepy8aHHs CUCEMOIO.

Knruosi cnosa: cexcanoo, cucmemu Kepy8anHts, TiHIUHUL AKMyamop, NOXUOKU UMIDIOGAHHSL.
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