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ELECTRODYNAMICS OF HIGH-PRECISION ITERATIVE FEED ELECTRIC DRIVE
OF MACHINING CENTER WITH INERTIAL LOAD
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The kinematical diagram and refined mathematical model of steady motion in machining mode of high-precision itera-
tive multichannel differential-geared electric feed drive of machining center with substantially inertial working tool are
presented. The structural-algorithmic diagram of a three-channel control system of an electric drive, represented by
various options for implementing an iterative algorithm for the interaction of control channels is given. Concretization
of computer model is completed to simulation of movements of iterative two- and three-channel electric drive with sub-
ordinated adjustment of control channels, destined for displacement of working tool feed mechanism in face milling
mode. Comparative assessment in time and frequency areas of quality indicators to improve the feed accuracy using the
proposed multichannel electromechanical system is completed. Comparison is made with similar on purpose, but dif-
ferent on speed of operation, modern single-channel gearless feed electric drives, which traditionally used on heavy
metal cutting machines and machining centers. It is shown that in compensated two- and three-channel electric drive
compared to even broadband single-channel asynchronous feed electric drive with frequency-current vector control a
significant increase not only in speed of operation, but also in the dynamic accuracy of feed control practically in the
entire range of working tool movements can be achieved. It is determined that iterative three-channel electric drive
potentially provides a level of quality control of the working tool, unattainable not only in the corresponding traditional
single-channel electric feed drives of various types, but in a similar construction two-channel differential-reducer feed
electric drive. References 10, figures 5, table 1.

Key words: iterative multichannel electric drive, differential-geared electric drive, bandwidth, static and dynamic accu-
racy.

Introduction. Raise static accuracy and, especially, dynamic accuracy of inertia working tools (WT)
feed mechanisms (FM) servo electric drives (ED) of heavy cutting machines and machining centers (MC) is
one of the important problems facing to designers of program-controlled ED of machining industrial facili-
ties [1, 2]. The multichannel electric drives of FM designed by an iterative [3] or close to it [4-7] principles
have considerable potential advantages on dynamic indexes of WT position control quality compared with
traditional one-channel feed ED of machines and MC [8].

Formulation of the problem. Iterative multichannel FM ED with summing mechanical differentials
(MD) under condition of compensation in such drives of a negative dynamical interference of channels
(DIFC) on loading have all properties of iterative high-precision control systems [3]. Thus, in control chan-
nels of multichannel feed ED can be applied well completed and unified typical tunings of an electrodynam-
ics, for example, by a principle of subordinated control systems (SCS) [8].

It is established in [8], that speed and accuracy of iterative multichannel feed ED including ED with
MD and typical tuning of channels, depend not so much on torque overload capacity, as from bandwidth of the
drive of final precise control channel. Comparative raise of speed and efficiency of corresponding multichannel
differential FM ED will be various depending on type of a drive power part of precise channel. Additional de-
crease of control processes regulation time by multimotor inertia FM with MD is possible by including to dif-
ferential drive mechanism (DM) the readjusted raising gearbox (RRG) and excluding transmission.

It is shown in [9], that compensated multichannel differential-geared feed ED with RRG and SCS-
adjustment of channels with reference to feed of heavy cutting machine WT with numeric control (NC) real-
izes potential advantages of iterative ED on speed and accuracy of control. It is established, that coordinated
use of possibilities of RRG and NC system in each calculated zone of machine WT displacements allows
adjusting effectively a mode of series-parallel interacting of main and refinement drives of multimotor FM
without an essential modification of control channels typical tuning and DM design. It is necessary for pro-
viding of as much as possible accessible control quality of multichannel differential-geared feed ED in all
range of WT feed. Results of computer simulation presented in [9], have shown, that iterative three-channel
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FM ED with RRG potentially provides control speed operation of machine WT feed, which unattainable not
only by traditional one-channel direct-drive feed ED of various types, but also by similar on construction
double-channel differential-geared FM ED.

At the same time, problems of potentially accessible raise of inertia WT feed control accuracy by
means of iterative multichannel FM ED with RRG and typical tuning of channels demand the further analy-
sis, concretization and a quantitative estimation. Thereby the comparative estimation of control accuracy in-
dexes of such multichannel feed ED with the broadband precise channel and modern one-channel direct-
drive FM ED with control system SCS-adjustment and various types of drive power part is of interest: on the
basis of DC actuating motors (AM) (PWM-DC motor type) and AC motors (FC-IM type). In this sense, such
results are logical prolongation and development of results obtained in [9].

The paper purpose is deriving of the specified mathematical model of three-motor drive (taking into ac-
count DIFC on loading) and a comparative estimation of control accuracy raise potential efficiency of compen-
sated iterative two- and three-channel differential-geared FM ED with RRG and typical tuning of control channels
with reference to inertia WT feed of NC WorkCentre of «Horizontal machining centre UP1600IIM®4» type (ma-
chine mass of 85 tons) [10]. f

Material of researches. The high preci-
sion WorkCentre P1600IIM®4 with a program
control contour-positional system and tool auto-
matic change is made with console less twin-
spindle machine head which located into a longi-
tudinal-mobile rack, moved on a skid (Fig. 1).
Skids, rack and the spindle head have lateral
movement on the frame (axis X, on distance to
SWT:3200 mm)

Proposed iterative multichannel differen-
tial-geared feed ED includes for observed Work-
Centre (on axis X) first channel (main) K-1, sec-
ond (refinement) K-2 and the third (precise) K-3
angle control channels with corresponding subor- Fig. 1
dinated speed loops which have been adjusted on a
symmetric optimum. Variants (¢ and b) of the generalized structurally-algorithmic scheme of a three-channel
differential-geared FM ED control system with system of differentials MD1-MD2, RRG, the coupling muff
CM and the load toque accounting: M;;, My, M3, converted to outputs of corresponded control open loop
channels are displayed on Fig. 2. In addition are marked out on figure: igrrg1+2+3 and Crs — RRG reduction
ratio and a transfer ratio of ball screw lead screw (LS) ; R; () (i=1,2,3) — differential operators of separate

drives position open loops taking into account corresponding control and actuating devices; WTI’[( p) and

E.{p) (i=1,2,3) — differential operators of speed loops on the loading torque 7;; and errors of separate drives
speed loops; p=d/dt — differentiation operator on time. Both structures (Fig. 2 a, b) are equivalent from the
point of view of properties of observed iterative three-channel system.

It is supposed, that electric drives of main K-1 and refinement K-2 channels of double-channel dif-
ferential-geared FM ED, included in three-channel WT feed control system, are designed based on typical
machine transistor DC ED with power parts of PWM-DC motor type. In this case modern modifications of
widely known deeply regulated kit DC ED of Mitsubishi Electric series MR-J2S and MR-J3, for example,
model MR-J3-DU37KA can be used. As M1 AM of main drive and M2 of refinement drive of double-
channel FM ED with RRG is offered to be used great torque reverse DC motors with permanent magnets of
series [IB type II®B160C (P,pm1=7,5 kW; Tom1=143,2 Nm) and series 1B type IIBB160M (P2 = 4 kW)
(Ukraine).

Additional third precise channel K-3 in three-channel differential-geared WT feed ED it is offered to
design based on an AC-drive. Thus, the servodrive of precise channel K-3 can be realized based on induction
motor M3 with the squirrel cage rotor (a slip-ring motor), matching on the torque and power to AM of base
ED. For example, ABB corporation IM type M3AAI80MLA (Pom3 = 11 kW; T3 = 143,7 Nm) or Sie-
mens IM type 1LAS5186-8AB (Puoms = 11 kW; T,om3 = 144,9 Nm) are suitable for WorkCentre
HNP1600TIM®4. For M3 control it is offered to use broadband kit AC ED (FC-IM type) with frequency-
current vector control on the basis of a modular frequency converter (FC) corporation Invertek Drives series
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Optidrive Plus 3GV models OPD-52220-IN, 200-240 V, 3AC (Pomrc = 22 kW) or Siemens series Sinamics
G120 model Sinamics G120, 380-480 V, 3AC (Pomrc = 30 kW).
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Comparison is made with analogous to destination typical one-channel (autonomous) direct-drive
feed ED of PWM-DC motor and FC-IM type. At simulation of electrodynamics characteristics in one-
channel ED as WorkCentre FM drive AM are used accordingly great torque DC motor with permanent mag-
nets [I®B160S type and IM M3AA180MLA type.

The simplified design scheme of three-motive FM with RRG for three-channel differential-geared
WorkCentre WT feed ED is observed in [9]. The matching kinematical scheme of three-channel differential-
geared ED with three-motive WT FM (a working rack with a sled) is resulted on Fig. 3 where gear ratios are
marked out: i1:1,9988, i2:2,0004, 13:2,924584, iMD1=iMD2=2; iRRG,1:031250753 Z'RRG,HZZO,S, iRRG,1+2+3:1;
C1s=3,1831-107 m/rad. The operating principle of three-motive FM with RRG is easy for understanding
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from figure taking into account given designations (in corresponding iterative double-channel feed ED with
RRG are not used motor M3 and gear ratio irrg,1+2+3=1).
The specified mathematical model of three-channel FM ED with RRG in steady modes of the metal
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working (face milling), obtained from Fig. 3 at an assumption of absolute stiffness of mechanical links of a
drive kinematic scheme and static character of the reactive load torques on motor shafts, looks like:

where
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. +1 with coincident rotation of M2 relatively M1;
SENPu = {- 1 with opposite rotation of M2 relatively M1;
Signg, = {4‘ 1 with coincident rotation of M3 relatively MD1; 9)
M3 7121 with opposite rotation of M3 relatively MD1.

Let us note that precise execution of drives motion equations in (4) corresponds to the steady-state

static operating modes of three-channel ED.

In equations (1) — (9) and in Fig. 2 indicate: Fyr and Syr are the resulting axial feed force and the

corresponding machine WT movement (feed); kF, and F), are the horizontal (X-axis) and loading (along the
vertical Y-axis of the spindle) components of the steady-state value of the circumferential cutting force F'
(kF3,max=25500 N; F), max 234425 N); k is the safety factor, taking into account the distortions in the FM, k= 1
+1,2; F'1s the total axial feed force, reduced to SN and determined by the forces kF}, F, and rolling friction

force of WT sliding carriage: F';= kF), + (m 'WT, N8 T F))f vois 100,01 (F 4max=30000 N); /. 7 sy 1s the steady-

state load resistance force during feeding (in metal working mode), created by WT on the LS axis and re-
duced to SN; Ty, Thz, Thss and Tuspy, Tups are the torques developed by M1, M2, M3 and differentials MD1,
MD2 when they work together; T,.; (i = 1, 2, 3) and T,.+, are the reactive torques on shafts, respectively,
M1, M2, M3 and RRG; T, up> is the steady-state torque of load resistance (in the metalworking mode), cre-
ated by machine WT moving and reduced to MD2 shaft (determined by the rolling frictional forces of the
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work rack supports along the frame guides, friction in a screw-nut pair and friction in the bearings of the LS
supports, as well as the components of the cutting force F) (7., vp2,max=139,944 Nm); T7.; (i =1, 2, 3) are the
load resistance torques, reduced to the shafts, respectively, M1, M2, M3 (T7.; nax=15,028 Nm; 7.5 015,016
Nm; T4 319,828 Nm;); Qusr, Oar, Oass, Paini, Oup2 and @5 are the angles of rotation of shafts M1, M2, M3,
differentials MD1, MD2 and LS; m gy is the mass of WT reduced to SN: m yrsy=my+m;=45000 kg;
Jup1a+243> S up2a+2+3 and S 14043, 14243, J us.142+3 are the moments of inertia of DM, reduced, respec-
tively, to the shafts of the differentials MD1, MD?2 and to shafts of M1, M2, M3 when they work together as
part of a three-channel ED (at iggg12+3=1): Jn.14243=0,284573 kgmz, J1425=0,332434 kgmz,
J3.14243=0,240153 kgmz; Jun and Jg yp, are the own moments of inertia of the motor M1 and the output shaft
MD2: J,1=0,194 kgmz, Jump=0,015 kgmz; Jsd g RRG> J5g RRGs Js.gmp2 AN J ‘cag 14243, mp2 are the moments of iner-
tia of the DM, elements: the driving gears of the RRG, driven gears of the RRG, MD?2 first sun gear and re-
duced one of CM; y is the density of gear material, for steel y=7,8-10° kg/m’; g is the acceleration of gravity;
Nsg» NMup and n, are the efficiency of a spur gear reducer, bevel MD and a screw-nut type helical gear:
Ns2=0,985, Map.=0,98, n, =0,85.

The generalized functional diagrams of three-channel FM ED with RRG and compared single-
channel gearless feed EDs of the PWM-DCM type and the FC-ID type are presented in [9].

Mathematically taking into account the influence of DIFC cross connections on the load on the
movement of iterative ED is determined by the system of equations (4) taking into account (6) — (9).

Research results. Computer simulation of electrodynamics of iteration multichannel FM ED with
RRG and compared single-channel feed ED is carried out on the basis of the developed mathematical models
of the drives motion, in particular the model (1) — (9), taking into account the corresponding structural-
algorithmic schemes (Fig. 2, a), technical characteristics of the machine UP1600[IM®4 and requirements for
ED with SCS-adjustment. For all cases, the machine WT feed was simulated in the mode of product face
milling (WT position overshoot is not allowed) at the maximum static load of the feed drive. Comparative
diagrams for calculating the ED electrodynamics characteristics are shown in Fig. 4 and 5, and the results of
a comparative assessment of the obtained drives quality characteristics are in Table.

Given WT . Phase lag decrea§e in three-c.:hannel ED in comparisqn with one-channel ED ‘
zone (with various types of drlYes) apd with double-cha.nnel machine WT feed ED at working off
and displacement operating sinusoids Ups(t)ZUl?s)maxsm2nﬁ (Ups max=Var, f=var),
times
30 Hz 364 Hz
Ss One-channel ED type Double-channel ED One-channel ED type Double-channel ED
(0,1 pm) PWM-DCM FC-IM PWM-DCM FC-IM
45,7 1,35 2,97 - 1,54 2,36
27,5 Hz 160 Hz
(0,00§Smm) PW]\OAI}gél;innel E]%(t:y_};;[ Double-channel ED Pwﬁ?gélﬁnnel EI;tCy_I;:A Double-channel ED
14 1,463 3,26 2,95 1,17 1,48
31 Hz 55Hz
(0,0?fnm) Pwﬁ?gé}ﬁnnel EDF(t:y_II)EA Double-channel ED Pwa?gé};innel Eggﬁ)ﬁ/l Double-channel ED
5,39 3,21 1,135 1,355 1,234 1,209
1 Hz 1,6 Hz
Si One-channel ED type Double-channel ED One-channel ED type Double-channel ED
(20 mm) PWM-DCM FC-IM PWM-DCM FC-IM
6,27 4,69 1,416 1,31 1,185 1,139

On Fig. 4 and 5 are marked out: by digits «1», «2» and «3» — drives performances graphs of basic K-1,
refinement K-2 and precise K-3 control channels operating at iterative mode; by digits «1+2», «1+2+3» and
«1DCMp, «1IM» — performances graphs of optimized two- and three-channel differential-geared ED and com-
pared one-channel (autonomous) ED with a power part accordingly PWM-DCM type and FC-IM type; by dig-
its «1+2*» — performances of double-channel ED, operating as a part of optimized three-channel differential-
geared ED. In table are specified: Ss, Sy and Sy are the zones matching to small, middle and large displace-
ments of WorkCentre WT. Zones of displacements are calculated separately for each variant of a feed drive.

Results of computer researches have displayed considerable potential advantages of iterative mul-
tichannel FM ED with RRG not only on comparative decrease of transients time on WT position (first of all,
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at the most responsible static modes) [9], but also on WT moving control accuracy at feed dynamic regimes
that is expected for iterative systems. High dynamic and precise indexes of three-channel feed ED are caused
by essential relative expansion of its bandwidth at operation in the most responsible WT feed range (until
SWTZZO mm)

Fig. 4 shows comparative frequency characteristics of compensated three-channel ED and optimized
double-channel and one-channel (autonomous) feed ED of PWM-DCM type and FC-IM type at working off
of sinusoidal inputs of given amplitude in a zone small (a, b), middle (c¢) and large (d) WT displacements: a
= Swr=0,1 pm; b — Swr=0,001 mm; ¢ — Swr=0,02 mm; d — Swr=20 mm. Researches have shown, that already
in a zone of average displacements (0,02 mm < Swr < 0,1 mm) expansion of a bandwidth of double-channel
ED in comparison with both types one-channel ED is ensured: for ED of PWM-DCM type — not less than
over 1,4 times and for ED of IM type — not less than over 1,2 times. On the first section of a large displace-
ments zone (0,1 mm < Syt < 20 mm) comparative expansions of a bandwidth of double-channel ED are ac-
cordingly: over 1,38 times and over 1,27 times.

At the same time, it is established, that in a zone of small displacements (until Swr=0,001 mm) a re-
produced bandwidth of three-channel ED can be not less than my,;+,+5=1060 rad/s (168,7 Hz), that provides
bandwidth expansion of three-channel ED not less than over 1,4 times even in comparison with broadband
one-channel ED of FC-IM type. In comparison with similar double-channel feed ED with RRG its band-
width extends on the specified section more than over 2,5 times. Indexes of admissible expansion three-
channel ED bandwidth (in comparison with direct-drive one-channel feed ED of both types) sequentially
increase in a zone of middle displacements and on the first section of a zone of the large WT displacements.
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Fig. 4

The greatest effect of control accuracy raise by means of proposed multichannel differential-geared
feed ED can be attained at working off varying refinement stimulus (Fig. 5 and Table). For example, at
working off a signal of fixed acceleration Ups(1)=0,2¢* [V] (Sq(£)=0,064¢") position error (at feed Sy1=500
mm) for three-channel drive is only &,,+,:3=0,22 mm. There are analogous errors of double-channel ED
€y112=5,15 mm and one-channel ED of PWM-DCM type &, pcm=143,76 mm and FC-IM type &, 1m=53,32
mm, that ensures three-channel ED accuracy advantage over 23,4 times, 653,5 times and 242,4 times accord-

ingly.
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Potential accuracy possibilities of multichannel feed ED are manifested in the fullest measure at
working off of more complicated small amplitude sinusoidal signals (within 0<Syr<20 mm) (see Fig. 5 and
Table). On Fig. 5 working off graphs (at steady modes) of sinusoidal signal Ups(f)=UpsmaxSin2mft
(Upsmax=Var, f=var) by compensated three-channel ED and compared one-channel (autonomous) feed ED in
the given WT displacements zones are resulted: a — Ss=0,1 um (/=30 Hz; 364 Hz); b — Ss=0,001 mm (=27,5
Hz; 160 Hz); ¢ — S\=0,2 mm (/=31 Hz; 55 Hz); d — 5:=20 mm (=1 Hz; 1,6 Hz). Comparative estimation re-
sults of operating sinusoids working off accuracy by compensated three-channel machine WT feed ED are
presented in Table.

For example, a diminution of a phase lag in three-channel ED at Sy1=20 mm and /=1 Hz are: in com-
parison with one-channel ED of PWM-DCM type — over 6,27 times; in comparison with one-channel ED of
FC-IM type — over 4,69 times, in comparison with double-channel ED — over 1,416 times. When oscillations
frequency raises, accuracy are diminished, remaining thus more than one (Table).

In summary we will note, that negative effect of DIFC on loading (without connection CCL) no-
ticeably affects on control quality of multichannel differential-geared FM ED only in a zone small, middle
and, fractionally, the large WT displacements (0<Swr<50 mm). CCL introduction into feed range
50<Swr<3200 mm for raise of control operation speed at static modes is not necessary as practically does not
effect on position transients quality in multichannel ED. Connection CCL to system at reproduction of sinu-
soidal specified stimulus by multichannel ED may be useful at working off of high-frequency sinusoids (f
>50+100 Hz) and only in a zone of small WT displacements (amplitude until Sy1=0,02 mm).
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Conclusions. 1. The kinematic scheme is obtained and the specified mathematical model of the
steady drive moving (taking into account DIFC on loading) of iterative three-channel feed ED on the basis of
three-motor FM with RRG for WorkCentre with an inertia loading is presented.

2. On an example of a comparative estimation of potential efficiency of double-channel feed ED
with channels feeds on base of large torque DCM and three-channel feed ED with the IM drive of the third,
precise control channel it is established: at operation at the most responsible zone of small, medium and,
fractionally, large machine WT displacements (0<Swr<20 mm) operation speed and a dynamic accuracy of
iterative feed ED, including proposed FM ED with RRG, depend both from torque overload capacity, and
from drive bandwidth of the last (precise) channel of a multichannel control system. Therefore, it is recom-
mended at selection of the drive power part type of last, precise channel of iterative feed ED to prefer asyn-
chronous ED on the basis of IM and frequency-current vector control.

3. It is established, that the greatest effect of control accuracy raise by means of iterative three-
channel differential-geared feed ED of machine WT is attained at working off varying reference signals.
When working out signals of constant speed and constant acceleration, the accuracy of three-channel ED in
comparison with corresponding modern one-channel feed ED of various types can be raised over 10 times at
working off a fixed speed and fixed acceleration signals, and — over some times at working off sinusoidal
signals (see table). Thus, depending on the given amplitude of WT sine-wave oscillations the accuracy of
three-channel ED in comparison with analogous on design double-channel feed ED can be raised to 1,14 +
3,26 times.

4. When informational-measuring system of heavy cutting machines iterative multichannel feed ED
has devices with demanded precision resolution, then quality of control (operation speed and accuracy) can
be implemented, satisfying to the highest technical requirements and unattainable in traditional one-channel
feed ED. The assumption that for effective functioning of proposed three-channel differential-geared FM ED
with RRG and with essentially inertia loading AM power of the second, refinement DC-drive should be not
less than 50 + 75 %, and AM power of the third, precise AC-drive — not less 100 % from main (base) ED
motor power is confirmed.
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EJEKTPOJIJMHAMIKA BUCOKOTOYHOI'O ITEPAIIIMHOI' O EJTEKTPOIIPUBOIA
MOJAYI OGPOBHOI'O IIEHTPA 3 IHEPIIIMHUM HABAHTAKEHHSIM

O.A. XynsieB, kauj. TexH. HayK, [[.O. [TmennynnkoB, kaua. TexH. Hayk, B.b. KienikoB, TOKT. TeXH. HayK,
B.B. Bopob6iioB

HamionanbHuii Texniuynmii yniBepcurer «XapkiBcbKHii MoJiTeXHIYHUI iIHCTHTYTY,

ByJ1. Kupnuyosa, 2, Xapkis, 61002, Ykpaina. E-mail: pshenichdm@gmail.com

Hageoeno xinemamuuny cxemy i no0aHo ymouHeny Mamemamuyty Mooeib YCmaieHo2o pyxy 8 peicumi Memaioo6poo-
KU BUCOKOMOYHO20 TMepayitinoco MpUKaHaibHo20 OughepeHyianbHo-pedyKmMopHO20 ereKmponpusood nooadi oopooHo-
20 YyeHmpa i3 cymmeso iHepyiuHum pobouum opeavom. Haeedeno cmpyKmypHO-aicopummiyHy cxemy mMpUKaHaibHOL
cucmemu KepyeamHs eleKmponpusood, aKa no0aHd pisHuMU eapianmamu peanizayii imepayiliHo2o anzopummy 63de-
MOoOii kananie kepysanna. Konxpemusayito xomn tomepHoi mooeni BUKOHAHO CMOCOBHO 00 MOOENI08AHHA PYXie imepa-
YiliH020 080- MA MPUKAHATILHO2O eNeKMPONPUEo0d 3 NiONOPAOKOBAHUM HANAUIMYBAHHAM KAHANIE Kepy8aHHs, NPU3HA-
YeHo2o 071 nepemMiujeHtsi MEXAHI3MY nooadi pobo1020 Op2any 8 pedcumi mopyesozo gpeszepysanns. Buxonano nopis-
HANIbHY OYIHKY Y YACOGIll Ma 4aCMOMHIlU YAPUHAX NOKA3HUKIG AKOCMI NIOGUUEHHSI MOYHOCMI KePYSAHHSI no0ayero i3
3ACMOCYBAHHAM 3aNPONOHOBAHOI ba2amoKkanaibHol erekmpomexaniunoi cucmemu. TIopieHsHHA NPOBOOUMbCS 3 AHANO-
SIUHUMU 30 NPUSHAYEHHSM, alle DISHUMU 30 WBUOKOOIEI0, CYHACHUMU OOHOKAHANLHUMU 0e3De0YKIMOPHUMY eLeKMPOnpU-
600amu noOauyi, 5IKi MPAOUYIIHO 3ACMOCO8YIOMb HA GANCKUX MEMANIOPI3AIbHUX 8epCmamax ma oOpoOHUX YeHmpax.
Toxazano, wo 6 KOMREHCOBAHOMY 080- MA MPUKAHATLHOMY €IeKMPONpUSoOi y NOPIGHAHNI HABIMb 3 WUPOKOCMY206UM
OOHOKAHANbHUM ACUHXPOHHUM NPUBOOOM NOOAYL 3 YACTOMHO-CIMPYMOBUM GEKIMOPHUM KEPYBAHHAM Modice Oymu 0ocs-
SHYmo cymmeee Nio8UUeHHs He MilbKu WEUOKooii, are i OUHAMIYHOI MOYHOCMI Kepy8aHHA Nnooayero NPAKmuiHo 6
ycbomy Oianasowi nepemiwyerv pob6o4o2o opeary. Bcmarnogneno, wjo imepayitinuii MpUKAHATbHULL e1eKMPOnpuUeoo no-
meHyiliHo 3a0e3neuye pigeHb AKOCMI KepyB8aHHs POOOYUM OP2AHOM, HEOOCAN’CHUL He MINbKU 3 O0NOMO2010 8i0N0BIOHUX
MPAoUYiiHUX 0OHOKAHANLHUX eleKMmpOnpugooie nooayi pisHux munis, aie ti 3a 00NOMO02010 AHANO2IYHO20 3a N06Y00-
6010 0BOKAHAILHO20 OUDEPEHYIATbHO-PEOYKMOPHO20 eleKkmponpugooa nooayi. biom. 10, puc. 5, tabd. 1.

Knrouosi cnoea: itepamiiinuii OaraTOKaHAJIBHUI EIEKTPONPUBO, MUGEPEHINIATBHO-PEAYKTOPHHMA EIEKTPOIPUBO/I,
cMyTa MepemnycKy, CTaTHYHa 1 JMHAMIYHA TOYHICTb.

1. Huang W.-S., Liu C.-W., Hsu P.-L., Yeh S.-S. Precision Control and Compensation of Servomotors and
Machine Tools via the Disturbance Observer. IEEE Transactions on Industrial Electronics. 2010. Vol. 57. No 1. Pp.
420-429. DOI: https://doi.org/10.1109/T1E.2009.2034178.

2. Yamazaki Taka nori. Experimental Study on Dynamic Behavior of High Precision Servo Motor for Machine
Tools. Applied Mechanics and Materials. 2017. Vol. 863. Pp. 224-228. DOI:
https://doi.org/10.4028/www.scientific.net/amm.863.224.

3. KyznenoB b.U., Hoocenos b.B., boraeako W.H., Promuma H.A. TIpoekTrpoBaHre MHOTOKaHATIBHBIX CHCTEM
ontuMaibHoro yrpasnenus. K.: Texnika, 1993. 245 c.

4. Hemi Jae Park, Dong Sung Lee, Jong Ho Park. Ultra-precision positioning system for servo motor-piezo ac-
tuator using the dual servo loop and digital filter implementation. International Journal of Machine Tools and Manufac-
ture. 2001. Vol. 41. Issue 1. Pp. 51-63. DOL: https://doi.org/10.1016/S0890-6955(00)00061-4.

5. Shingo Ito, Juergen Steiniger, Georg Sc hitter. Low-stiffness dual stage actuator for long rage positioning
with nanometer resolution. Mechatronics. 2015. Vol. 29. Pp. 46-56. DOI:
https://doi.org/10.1016/j.mechatronics.2015.05.007.

6. Kuznetsov B.I., Nikitina T.B., Kolomiets V.V., Bovdui I.V. Improving of Electromechanical Servo Systems
Accuracy. Electrical Engineering & Electromechanics. 2018. No 6. Pp. 33-37. DOI: https://doi.org/10.20998/2074-
272X.2018.6.04.

7. Yang M., Li L., Zhang C., Huang Y., Wu H., Feng B. Research on Continuous Error Compensation of a
Sub-Arc-Second Macro/Micro Dual-Drive Rotary System. Micromachines. 2022. Issue 13. Pp. 16-62. DOI:
https://doi.org/10.3390/mi13101662.

8. Knenukos B.b., XynseB A.A., Ilonenox B.B. MrepannoHHbIl IBYXKaHANBHBIM 3JEKTPOIPUBOA TMOMAYM IS
MPELM3UOHHBIX CTAHKOB M MEXaHU3MOB. Texniuna enexmpoounamika. 2015. Ne 5. C. 26-35.

9. Khudiayev A.A., Pshenychnykov D.O. High Operation Speed Iterative Multichannel Feed Electric Drive for
Heavy Cutting Machines. Proc. 20th IEEE International Conference on Modern Electrical and Energy Systems MEES2021.
Kremenchug, Ukraine, September 21-24, 2021. Pp. 1-6.

10. I'pynma CTAH (I'pymma cTaHKOCTPOUTENBHBIX 3aBOIOB). OOpabaTteBaronuii ieHTp moxenu MP1600M D4
(Pazmen Tsokensie oOpabateiBatomme meHTphl). URL: http:/stan-group.com/productions/tyazhelye-pyatikoordinatnye-
obrabatyvayushchie-tsentry/obrabatyvayushchiy-tsentr-modeli-ir1 600mf4 (nara 3Bepaenns 29.10.2022).

Hapi#inwra 17.11.2022
Ocratounwuii Bapiant 16.02.2023

ISSN 1607-7970. Texn. enexmpoounamira. 2023. Ne 3 59



