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The paper presents the results of studies of the structure of the powers that characterize the state of a specialized brush-
less magnetoelectric motor of return-rotary motion. The calculated curves of the rotor angular speed, the motor torque
and the torques of mechanical resistance, and the curves of the instantaneous values of powers of consumption, useful
mechanical load, and losses are given. The frequency dependences of the efficiency factor and power components are
obtained based on their calculation. Ref. 7, fig. 5.
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Introduction. One of the areas of research on various electromechanical systems is deter-
mining their energy efficiency and calculating the efficiency depending on the changing operating
conditions. For the class of return-rotary motion systems under consideration, such studies have
their specifics, different from the study of traditional electric drives with the unidirectional rota-
tional motion of the motor shaft.

Return-rotary motion systems based on specialized electromechanical devices [1-4] are de-
signed to control the trajectory of the angular motion of the actuator with a given amplitude and
frequency. Features of calculating their energy efficiency are determined by the type of the execu-
tive motor, as well as the structures of power converters and mechanical transmissions, if any.

A feature of the brushless magnetoelectric motor (BMM) of return-rotary motion proposed
for consideration in this paper [5] is the presence in its structure of an additional permanent magnet
in the gap between the coils of a single-phase winding. As a result of the interaction of the rotor
magnet with a fixed magnet on the stator, an elastic connection arises between the stator and the
rotor, which makes it possible to position the motor shaft in the initial angular position. A notewor-
thy circumstance is also that in the initial position, the rotor is forcibly oriented so that its poles are
located opposite the active parts of the winding. Due to this, when the stator winding is exposed to
alternating voltage, direct control of the frequency and amplitude of the mechanical oscillations of
the actuating element is provided without the use of any additional mechanical motion trajectory
converters, which minimizes the mechanical losses of such an electromechanical system.

The purpose of the paper is to study the frequency dependences of the efficiency factor
and the values of the powers that characterize the operating modes of a specialized BMM of return-
rotary motion.

The main material and research results. The structure of the BMM under consideration
was described in detail in [5, 6]. Here we only note that the BMM of return-rotary motion is a spe-
cialized brushless electric machine consisting of a slotless stator with a single-phase winding, a
magnetic circuit external to it, and an additional permanent magnet in the gap between the active
sections of the winding to implement the effect of the elastic magnetic connection between the sta-
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tor and the rotor. A two-pole permanent magnet and an actuating element are installed on the rotor
shaft.
The following equations describe the mathematical model of BMM for controlling the re-
turn-rotary motion
di

LE:—Ri—kma)cosaH,t; (1)

M=k, icosa; M, =k, o; M, =k, sina; (2-4)

MRzMBsign(a)); M, =k o; (5, 6)

T oM M -M-M, g (7, 8)
dt dt

where 7, u are current and control voltage of the stator; @, ¢ are angular speed and angle of rota-
tion of the rotor shaft; M is electromagnetic torque of the motor; M, M ,, M, M, are torques
of viscous friction and elasticity, the reactive torque of the bearings, and the load torque, respec-
tively; L, R are inductance and active resistance of the stator winding; km is motor torque coeffi-
cient; J is rotor moment of inertia; k,, k, are coefficients of viscosity and elasticity of the mo-

tor; M, is the torque of mechanical resistance of the bearings. In this study, it is assumed that the
viscosity coefficient of the mechanical load takes into account the parametric disturbance acting on
the motor shatft.

The control of the reciprocating-rotary motion motor is carried out by exposing the stator
windings to an alternating voltage with controlled amplitude and frequency in the range up to 100
Hz with such variants of its formation [6]

u=U,sin2rf,t; 9)

u=U,sign(sin(27 f,1)), (10)

where U , is stator voltage amplitude; f;, is the frequency of mechanical oscillations of the rotor
shaft.

BMM of return-rotary motion is an object with non-linear dependences of input and output
parameters. When the stator windings are connected to an AC voltage source, the motor can operate
either in the mode of stabilization of the amplitude of the angle ¢, of the rotor oscillations or in the

mode of limiting the effective value of the stator current / . Stabilization of the oscillation angle at
a given level occurs at frequencies not exceeding 20-30 Hz, and in the high-frequency part of the
operating range, the maximum current is limited, which is determined by the motor cooling condi-
tions.

As an object for research in this paper, a low-power BMM with an outer diameter of the sta-
tor body of 34 mm and a length of 120 mm is adopted. This motor is characterized by the following

values of the parameters of equations (1-8): L=0,012H, R=400hm, k,=0]125Nm/A,
kw=6,5‘1(T5 Nms/rad, J =2,4-10° kgm’, k,=00448Nm/rad, M, =2.10" Nm, k, =1,7-10" Nms/rad.
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To illustrate the BMM operating modes, fig. 1 shows the dependence of the amplitude of the
angle of rotor oscillations and the effective value of the stator current on the frequency in the range
from 1 to 100 Hz. The calculations were performed under the condition of limiting the maximum
values of these parameters at the levels a, =7/9 pad and I,=0,14 A. Here, the letters a and b de-

note the variants of the formation of sinusoidal (9) and rectangular (10) stator voltages.

The study of energy characteristics involves the calculation of the consumed and useful me-
chanical powers, the determination of the relationship between them, and the analysis of the struc-
ture of power losses in the motor. As a result of previous experimental studies [7], the adequacy of
the mathematical model (1-8) of the BMM of return-rotary motion was confirmed. In this case, re-
search can be performed based on the specified motor model. In addition, the experimental determi-
nation of many parameters and variables of such a specialized motor is difficult or impossible.
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First, we define the general structure of instantaneous powers, which characterizes the state
of the BMM of return-rotary motion

pi=uis py=oM; p,=oM,; p,=oM,; (11-14)

Py =@My p,=0M,; p,=i’R, (15-17)
where p, is the power consumed by the stator winding from the power source; p, is power on the
motor shaft; p, is the useful power of the mechanical load, which is modeled by introducing the
coefficient of viscous friction k, ; p,, is power, the value of which is determined by the torque of

viscous friction of the motor K,; p, is the power expended to overcome the friction of the bear-
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ings; p, is power due to the action of an elastic magnetic connection between the stator and the

rotor; p, is power losses on the active resistance of the stator winding.

Fig. 2 shows graphs of instantaneous values of the angular speed and the number of torques
used to calculate the powers. Fig. 3 shows graphs of instantaneous values of powers that describe
the state of the BMM of the return-rotary motion at an oscillation frequency value of 10 Hz. The
letters a and b indicate the power supply modes of the motor with sinusoidal and rectangular stator
voltage, respectively.

It can be seen that the influence of the elastic magnetic connection between the stator and
the rotor does not cause active power consumption; that is, a periodic process of energy accumula-
tion and return is observed.

Based on the formulas for instantaneous powers (11-17), respectively, their average values
can be determined

175 175 175 17
EZ?_!.Pldl; Pz:?_([pzdt; F)L:?.!pLdt; Pw=?gpfudf3 (18-21)

15 15 175
PBz?idet,Paz?ipadt,PAz?_([pAdt. (22-24)

Finally, we can determine some relationships between the average values of the obtained
powers

B=P+P; B=F+P,+F; P,=0 (25-27)
and determine the efficiency as the ratio of useful P, and consumed F powers
5
=—=. 28
= (28)

For two variants of the formation of sinusoidal (a) and rectangular (b) stator voltage, fig. 4
shows the frequency dependences of the average values of consumption power B, losses of power
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P, in the active resistance of the stator winding, useful power P, , and power of viscous friction of

the motor F. The dependence of the power P, consumed to overcome the bearing friction is not

shown in the figure due to the smallness of its value.

Fig. 5 shows the frequency dependences of the efficiency of the motor for the variants of the
formation of sinusoidal (a) and rectangular (b) stator voltages.

Conclusion. The BMM of the return-rotary motion under consideration is a low-power de-
vice; therefore, the value of the efficiency factor turned out to be relatively small. The motor control
mode with a rectangular voltage seems to be inefficient (fig. 5); however, in this case, the forced
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operation mode of the motor with relatively
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seems inappropriate since the feedback with the viscosity coefficient &, covers one of the two inte-

grating links (5, 6) with external feedback &, thereby contributing to the improvement of the sta-
bility of such an electromechanical system.
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YV cmammi npedcmasneno pesynomamu 00CHiONHCeHs CIMPYKMYPU NOMYAHCHOCEN, WO XAPAKMEPUsyioms cmau cneyia-
Ni308aH020 OE3KOHMAKMHO20 MACHIMOETEKMPUYHO20 08USYHA 360POMHO-06epmanvhozo pyxy. Hasedeno pospaxynrosi
Kpugi Kymogoi weuokocmi pomopa, MoMeHmy 08UeyHa ma MOMEHMI8 MEXAHIUHO20 ONOpY, d MAKOIC KPU MUMIMEGUX
3HAUEHb NOMYHCHOCMEN CNOMCUBANHSA, KOPUCHO20 MeXaHuiuno2o nasanmaxcenus ma empam. Ompumano 4acmommi
3anexcHocmi Koeghiyichma KopucHoi 0ii ma cKiad08ux NOMYHCHOCMel, HA OCHOBI AKUX OO0 BUKOHAHO U020 pO3Paxy-
Hok. Biomn. 7, puc. 5.
Kiro4oBi ciioBa: 0e3KOHTAKTHUH MarHiTOENEKTPUYHHUN ABHUIYH, 3BOPOTHO-O0EPTOBHH PYX, MOTYXHICTh, KOE]ILli€HT
KOPHCHOT JIil.
Hapiiinora: 16.02.2022
Received: 16.02.2022



