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Introduction. The article is devoted to the search for a method
of reducing the effect of friction links mobility industrial robot
PR (production mechanism PM) with frequency-controlled
electric drive (FCED) on the static error (accuracy) positioning
of the working body (WB) when moving in a low speed zone.
The random character of friction forces changes in the
implementation process start-braking modes of induction
motor (IM) operation create difficulties in performance
specified technological process parameters. The formation of
pulsating moments on the IM shaft, due to the stator IM
current harmonics, combined with the friction torque of the
moving parts in the IR (IM) guide, accompanied by a
deterioration of the WB (IM output link) movement dynamics.
Materials and Methods. To correction the motion of the WB
(PM output link) in the IM start-brake modes, the authors
proposed to use dual-mode control of the Autonomous voltage
inverter (AVI), providing software control of the IM stator
current harmonics amplitudes and the corresponding
regulation of the pulsating moments on the IM shaft by
introducing a multiple "m — submodulation" of the AVI
carrier frequency (CF).

Results. The simplified representation of the FCED block
diagram with local and global negative feedbacks (GNF)
allowed to reveal the features of specific parameters influence
on the static error 6 and the FCED dynamic stability with the
limiting gain of the corrective amplifier K1.

Discussion and Conclusions. The introduction of rotor "micro-
vibration", allows the IM "conditionally reduce" the moving
link friction force in the guides, reduce the drive power to
overcome the friction forces. The use of dual-mode control
AVI expands the scope of use of scalar control in process
equipment, multi-link mechanisms of automated production,

operating in the zone of "low and creeping speeds".

" The research is done within the frame of the independent R&D.

Beeoenue. PaccMatpmBaeTcsi TpeHHE 3BEHBEB IOIBIKHOCTH
npoMsInuieHHoro po6ora (ITP) mpom3BoncTBeHHOro MexaHH3Ma
(IIM) ¢ gacroTHO-ympaBisieMbIM 3JekTponpruBogoMm (HYDII).
Ilexs paGOTBI — MOKMCK METOMA CHYDKEHHMS BIMSIHHS TAKOTO Tpe-
HHS HA CTaTHYECKYIO MOTPENIHOCTD (TOYHOCTH) HO3UIIMOHHPOBA-
Hus pabouero oprada (PO) mpu IBmWKEHNUH B 30HE MAJIOH CKOPO-
cru. City4aliHbIil XapakTep M3MEHEHHs CHJI TPEHHUs IIpU pean3a-
UM ITyCKO-TOPMO3HBIX PEKIMOB PabOThI ACHHXPOHHOTO J[BHTa-
tenst (AJl) co3maroT TPYIHOCTH B JIOCTHKCHHHU 3aJaHHBIX Iapa-
METPOB TeXHOJIOrnIecKoro nporecca. Ha Bamy AJl dpopmupyroT-
Cs MyJbCUPYIOIINE MOMEHTHI, OOYCIOBICHHBIE TapMOHUKAMU
ToKa craropa AJl. O1o siBIeHUE B COYETaHUM C MOMEHTOM TPEHUS
MO/IBIDKHBIX 3BeHbEB B Hampasisiromux [IP (IIM) compoBorkna-
ercsl yXy[AIeHHeM THHAMUKK ABIKeHHs PO (BBIXOZHOTO 3BeHA
IIM).

Mamepuanst u memoovl. JIns KOPpPEeKTUPOBKH IBWXKeHH PO
(BbIxOzHOTO 3BeHa [IM) B MyCKO-TOPMO3HBIX PEXHMMax paboThI
AJ] aBTOpHI CTaThU MPEIJIAraloT HCIONB30BaTh IBYXPEKUMHOE
yIIpaBlieHHe aBTOHOMHBIM HHBepTOpoM Hamnpsbkenus (AWH),
obecrieunBaroliee MPOrpaMMHOE  YIIPaBJICHHE aMIUIMTYIaMU
TapMOHHK TOKa cTaTopa A/l M COOTBETCTBYIOIIEE PETyTHPOBAHIE
MyJBCUPYIOIINX MOMEHTOB Ha Bayty A/l mOCpeIcTBOM BBEIEHHS
KpaTHOI m-moaMomy iy Hecymieit wactorel (HY) AH.
Pesynomamet  uccnedosanus.  YTIPOIICHHOE MPENCTABICHUS
cTpykTypHOi cxembl UYDII ¢ MecTHOI M riobaibHON OTpHLa-
TenbHBIMUA  0OpatHbME CB3IMH  (OOC) TO3BONIMIIO BBHIIBHTH
0COOCHHOCTH BIIMSIHUSL KOHKPETHBIX IIapaMeTpoB Ha CTaThye-
CKYIO TIOTPELIHOCTh O W JAWHAMUYECKYI0 YCTOWYMBOCTH PaOOTHI
YVYIII ¢ npenenbHBIM KOIQGHUIMEHTOM YCHICHUS KOPPEKTUPY-
fomiero yeumtenst K1.

Obcyorcoenue u 3axnouenus. BeeaeHne MUKpOBHOpAIN poOTOpa
AJ] TI03BOJISIET YCIIOBHO YMEHBIIATH CUITY TPEHHUS JBIDKYIETOCS
3BCHA B HAIPABILIONINX, CHIDKATh MOIIHOCTH IPHUBOJA Ha TIpe-
ononenue cun TpeHus. Ilpumenenne AMH ¢ nByxpexMMHBIM
yIIpaBIIeHHEM pacImpsieT chepy ucnons3oBanus YYOII ckamsip-
HOTO YTIPaBJIEHUS B TEXHOJOTMIECKOM OOOpYIOBAaHWH, MHOTO-
3BCHHBIX MEXaHW3MaX aBTOMATH3HPOBAHHBIX IPOU3BOJICTB, pa-

6OTaIOIIII/IX B 30HE MaJIbIX U MOJI3y1HUX CKOpOCTeﬁ.
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Introduction. When selecting an industrial robot (IR), the most important parameters are its possible technical
characteristics for carrying out transport and technological operations with programmed precision in movement of the
working body (WB) desired when assembling the joint, processing parts, and implementing special work under the pro-
duction conditions and in emergency situations. Such a task is usually considered when designing the kinematic chain
(KC) of the IR (or other production mechanism of the PM) designed to perform complex movements of the WB in the
shortest, most rational way (for example, during processing, assembly, painting of the product in a closed space and
other special cases including technogenic catastrophes). Such capabilities can be expected from IR with enhanced ma-
noeuvrability at seven or more degrees of mobility provided by various combinations of links and kinematic pairs [1-3].
At the same time, components of the reaction force vector and moments for coordinate systems rigidly connected with
movable links are changed in the KC. Here, it is necessary to consider the impact of friction forces in rotating and slid-
ing kinematic pairs, both of an individual link and of the multilink mechanism as a whole, which determine the total
resistance to the movement of the WB of the IR (or the production mechanism of the PM). Since friction forces in kin-
ematic pairs are of random nature, depend on a number of factors and determine the mechanical efficiency, and the dy-
namics of the movement of the multilink mechanism, the search for a way to reduce the effect of friction on the funda-
mental losses in the mechanism and to improve the quality of movement of the WB remains in demand. The need for
solving this problem is also due to the fact that these factors impede stability in the development of the programmable
operating mode of the IR (or of the law of WB motion) by the automatic control system in the low-speed zone. A spe-
cial impact of the friction forces is manifested in a decrease in the positional accuracy of the WB, both in discrete and
continuous IR operation in the form of an error in motion path following of the multilink mechanism. In addition, it is
also necessary to consider the components of the angular and linear errors of motion of the links of the mechanism de-
pending on the actual values of the forces (moments) of dry friction in the joints and of random nature. Unpredictability
of the friction effect on the programmable result of the the output link of the IR (PM) motion significantly worsens the
dynamic processes in the FCD and complicates the task of correcting the nonlinearities of its structural scheme of the
automatic control system.

To reduce the static error in the drive operation due to the dry friction, the following is used: local negative
feedbacks (NFB), increase in the gain constant of the pre-amplifier (to a critical value of the entire system considering
the system order) and other known approaches [4,5]. A real change in the forces (moments) of friction in the joints of
the multilink IR mechanism determines the search for the best decision to reduce the effect of dry friction on the most
important indicators of the WB motion, to increase the energy efficiency of electric energy conversion in the frequency
drive system during the process.

The key objective of the paper, according to the authors, is to familiarize a reader with the possibilities of using
controlled “micro-vibration” in the joints of the rubbing parts of the IR under special control of an autonomous voltage
inverter in a frequency electric drive based on a three-phase squirrel-cage induction motor (IM). The possibility of pro-
grammatic influence on the level of the oscillatory IM shaft torque (under the introduction of the “m—submodulation”
mode of the carrier frequency of the AVI) provides changing Mrp value, improving the static and dynamic indices of the
FCD.

Materials and Methods. The authors of the paper see a solution to the problem in the method of using oscilla-
tory rotor shaft torques formed by the stator current harmonics in the FCD to introduce controlled “micro-vibration” of
the rubbing movable links of the IR mechanism under consideration. At that, in the low-speed zones, the breakaway
torque of the movable IR link can be programmatically changed to the torque creep, which is due to a decrease in the
effective friction coefficient K, to the minimum level [5, 6]. Such a state between the rubbing surfaces of the mecha-
nism links can be created through controlling the amplitude of oscillatory IM rotor shaft torque and changing the effec-
tive coefficient of friction K¢ under the bimodal control of the AVI [7,8].
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The above guidelines are considered in the paper in relation to the structural diagram of the multilink IR mech-
anism (in any coordinate system), where it is possible to distinguish a kinematic pair of horizontal displacement of the
movable output WB link, for example, an extended arm with a gripping device (GD). The link is moved by an individu-
al FCD running on the “AVI-IM” system with bimodal control of the AVI [9]. Validation of the possibility of “chang-
ing” the friction force in the joint of the links (guides) can be obtained through analysing the design FCD model with
the output mobile link IR (or PM) WB by indicating the forces acting on it (Fig. 1). The following notation is intro-
duced in the model: M} is engine torque; € is rotational speed of the IM rotor; c is stiffness of the connection PM with
IM; M3y is moving torque at the link input (resistance torque “minus” Mzp) at the IM shaft; o, is the angle of rotation of
the PM (IR) input link; @3 is output IM shaft angle; F(¢) is total (external) driving force; Frc is friction force in the
guides; Fr is process resistance force; N is normal pressure force of WB with mass m, @ is vibrational component of the
total driving force F(?).

The equation of the IR (PM) link motion along the longitudinal axis x can be written in the following form:

m = F(t)— Fy — Frc.. (1)
AN
Qn -Mn ¢
c
@ = 1M cD]:(t)—i 1Por FTx
Mo o Mo ;:Tc T iy >
v mg

Fig. 1. Calculation model of the production mechanism mobility link

The friction force Frc in the expression (1) can be represented by the components:

Frc =Frn =Fun + e, 2)
where Fry is static friction force, Fyy is Stribeck friction force [10], F¢ is Stribeck friction force. Graphical dependenc-
es corresponding to these concepts are shown in Fig. 2.
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Fig. 2. Friction characteristics: a) with a break near zero speed of the link in the guides, b) without a break near zero speed

Considering the expression (2), when the static friction force Frp under the operating conditions of the IR can
vary over a wide range, i.e. Frp/Fc = (0.1 ... 2.5), the required value of the external (total driving) force F(¢) (for dis-
placement of WB) should correspond to the relation F(¢) > Fry + Fr[10]. In reality, the nature of the static friction force
Fr dependence on the speed (V) of the mobility link displacement (in the low-speed zone) is different, and there is a
good reason to consider it as an example of a continuous function (Fig. 2, b). Here, the friction force F'ryy law complete-
ly reflects physical processes in the mechanical contact distributed in the plane between the bodies — movable links of
the IR in a small area of speed where V' — 0. The Stribeck friction characteristic Fj;; has a negative slope in the low-
speed zone (Vyun — V) relative to the displacement of rubbing bodies. The sum of the forces Fiy + F¢ at the boundary
of the low-speed range (0 — V) (or near linear zero speed) forms the static friction force Fry (“stall friction force” [11-
13]. To disturb the state of relative rest of a solid body (in the motion guiding connections), “vibrations” of the body are
often used. They are provided by an external force F(¢) > Frp due to oscillatory torques from the IM shaft harmonics
[14-17]. If the bimodal control of the AVI in the simplified block diagram of the FCD (Fig. 3) with speed feedback is
used, then the controlled “micro-vibration” of the IM rotor can be programmatically specified, and the longitudinal
(transverse) pulsating force @ (or vibrational component) (Fig. 1) of the total driving force F(¢) can be generated.
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Fig. 3. Simplified block diagram of FCD movable PM link

In Fig. 3, the following notation is used: Uj is the task control signal for the output coordinate; W:(p), W,(p),
Wi(p) are transfer functions of the compensating amplifying link (device), autonomous inverter AVI, asynchronous
motor IM, respectively; Koc is the gear ratio of the speed feedback link; Upc is the speed feedback signal; Q is the
angular IM rotor speed; My, M are moments of propulsive forces and resistance forces on the IM shaft, respectively,
including the friction torque Mrp.

Research Results. It is known that closed-loop automatic control systems (ACS) covered by the feedback
(FB) are prone to unstable operation [18], which requires a careful analysis of the parameters of each element of the
control loop when searching for the motion control law of the WB as a transmission link including mechanical movable
links considering various components of the friction torque Mrp (from the rest force Fry and dry friction force F) [19].
In the multilink mechanisms with an individual drive, Mrp can vary over a wide range, which generally complicates the
system. It is possible to improve the quality of the transient process in the drive through introducing a local NFB from
the inertial link output (IM) to its input (Fig. 4) by switching on the link with the transfer function Wy(p) [4]. In the
global NFB, the signal is fed by speed to the input of the compensating amplifier with the transfer function W,(p)
through the comparator (node X,).

X
o A )
T
Wo(p)[¢
Fom

We(p)[*

Fig. 4. FCD transformed block diagram of PM mobility link

Having selected a straight section of the control system circuit with IM covered by the link Wy(p) of the local FB in the
block diagram, we will replace it with an equivalent link with the transfer function [4.19] of the form:

W (p) = Wip)-m,(p) ___ W(p)m,(p)
1+W'(p)  1+W.(p)-W,(p)-W,(p)
where W (p)=Ws(p)- Wi(p)- Wy(p) is the open-loop transfer function of the inner circuit.
With the simultaneous action of all disturbances (according to the input and load control when mrp changes), the result-
ing value Wpgpix(p) in the linear control system can be represented (by the superposition method) as the sum of individu-
al reactions from external actions separately. If we accept the correspondence of the input signal Xpx(p)—f1(p) as the
specification of the frequency of the IM stator current, and Xppix(p)—nx(p) is the output frequency of the mechanism
shaft speed, then the resulting operator expression with respect to the output quantity can be written in the form

_ M) - M (p)- W (p)-Ws(p)-We(p) Wa(p)-m,(p)
Ko (1) = 1+ W (p) ﬁ(p)+1+W3<p)-W4<p>-Wo(p)’

where W(p)=W(p)- Wr(p)- W~(p)- Ws(p): Ws(p) is the open-loop transfer function of the outer duct.

While investigating the control block diagram with the given parameters of the power circuit elements, simpli-
fied relations can be used for the transmission links [20, 21]:

— AVI transfer function

kl'[P
Wy(p)=—7"—,
Tllp . p + 1
. . . . Ulqn 1 . .
where kpp is the transmission coefficient of the frequency converter, kiw = —; Tw = — 1is the time constant of the tran-
1

K

sistor frequency converter (AVI); fx is the value of the modulation carrier frequency (3-50 kHz); Uy, f; are the voltage
and frequency of the IM current phase, respectively;
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— IM transfer function by control action
k
Ws(p) = A

n
a1
AP TunTomp’ +Typp+17

where the parameter f(p) is determined from the ratio f; = % Hz for the calculated range of D — regulation of the IM,

Jin is the nominal voltage frequency of the IM; &y is the transmission coefficient of the IM; ky = 60/p , where p is the

number of pairs of the IM poles;

— transfer function of an induction motor in a disturbing action from a static load moment mc

60 1
0 L ap
W (p)_ n]:[(p) _ 27'5 k}KB( ’ p )
3(p)=— =- ; ,
mc(p)  TwnTomp +Tvpp+1
where
2 2 Rz
SZ
ko = s

AT [(R +R

1106

R, )
+-—2)+ X,
Sz) o

where R’ is the reduced real resistance of the rotor to the stator, S is the design slip, Xk is the total inductive resistance
of the stator and rotor, R, is the nominal real resistance of the IM stator winding phase, R, is the design real resistance

T . . AT f*IpRy .
of the IM stator winding in the voltage-frequency correction mode characteristics [18,19]; Ty5 = % is the
wP
Ny . L . X
electromechanical time constant of the IM, J), is the reduced moment of inertia of the drive; Ty = 5 fKR’
W)

— electromagnetic time constant of the IM.

The transfer function of the IM under the impact of the (external) frictional torque Mrp can be represented by
the conformance of the generation of the electromagnetic torque of the IM to the rotor current (at the constant stator
magnetic flux (@ = const) as the transfer coefficient &y, calculated from the relation:

W(p)=k,, =Lt
2n

Given the reduced moment of load inertia, the developed dynamic moment My on the IM shaft in the transi-
tion mode of the FCD operation can be represented by the relation:

oQ
JD. atﬂ:Mq_(Mc—i_MTP)’ (3)
where M) is the IM electromagnetic torque. In the node X3, the right-hand side of the equation (3) is conditionally
solved through introducing the AVI control in the “m— submodulation” mode, which enables to programmatically
change the set frictional torque My (or the breakaway torque) by the amplitude variation of the pulsating moment on
the IM shaft. It should be noted that in the multilink IR mechanisms, the frictional (breakaway) torque can vary by 1.5—

2.5 or more times in comparison to the moment of dry friction. The conversion of the shaft speed measurement units

(from rad/s to rpm) is carried out through the transfer function
Wp) =k, =

nO

Q

0

>

where ng, Q is the IM shaft rotation frequency, rpm, rad/s, respectively.
Link 6 of the structural diagram is an instantaneous link characterizing the natural feedback on induced coun-
ter-EMF of the IM. In this case, the design transmission coefficient &'5 will be

We(p)= k',
where
Ky = ho_p
&f, 60
p
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The transformations performed provide the overall gain of the FCD system ky through the corresponding coefficients of
individual links:
ky =k - kyp - kz[ kv - ket k.

It is known that the static error § caused by the dry friction moment My in closed systems can be reduced by
introducing local parallel and sequential high-speed feedbacks into the system which can be seen from the relation
[4,5,20]

5 Mok,
k k7
where k is the amplifier gain of the compensating link (for example, when the PID controller is turned on); &' is the
speed sensor gain. However, an increase in k; greater than a critical value is accompanied by an increase in ky, and at
ky > kgp, a critical value in the drive, self-oscillations, loss of stability can occur.

In this case, kgp is in (14 ky) times higher than in a system without feedback, which reduces the static error of the sys-
tem O additionally with a decrease in the moment My when introducing a controlled micro-vibration of the IM shaft
in the “m—submodulation” mode of the AVI operation.

Discussion and Conclusions. The studies performed allow us to conclude:

1. The application of bimodal control of an autonomous voltage inverter in the FCD provides the improve-
ment of an industrial robot (or RM) in the low-speed zone of the working body.

2. The use of program-controlled “micro-vibration” of the FCD IM rotor provides a predetermined decrease in
the frictional (“breakaway”) torque in the multilink movable mechanisms, reduces the level of static error of the system
by 1.5-2.5 times at an underestimated gain of the compensating amplifier, and increases system stability under the dy-
namic control modes.

)
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