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The paper presents the results of studies on the influence of changing the parameters of a specialized brushless magne-
toelectric motor on its characteristics in the mode of return-rotary motion. The frequency dependencies of the amplitude
of the rotor oscillation angle, the effective value of the stator current, the efficiency index of the motor operation mode,
the amplitude of the angular speed of the rotor oscillations, the amplitude of the stator voltage, the total value of losses
in the motor are given. The dependences of the resonant frequency of mechanical oscillations on the changing values of
the elasticity coefficient, the moment of inertia, and temperature-dependent parameters are determined. The depend-
ence of the maximum value of the efficiency of the return-rotary motion motor on the viscosity coefficient of the me-
chanical load is obtained. It is shown that the most economical mode of operation of the motor is provided under the
condition of resonance of mechanical oscillations. Ref. 11, fig. 5.
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Introduction. One of the tasks arising in developing various electromechanical systems is the
study of the influence of changes in the parameters of executive electric motors on their characteris-
tics. Reasons for changing the parameters may be different. Firstly, these can be parametric distur-
bances due to temperature changes or the influence of some other factors. Secondly, the range of
variation of some parameters can be determined by the developer himself in optimizing the device
or its mode of operation. Naturally, the specificity of such studies is determined by the properties
and features of the executive motor, as well as the mode it is controlled.

This paper is focused on studying the influence of changing parameters on the characteristics
concerning systems of return-rotary motion based on electric motors [1-4], designed to control the
trajectory of the actuating element with a given frequency and angular amplitude. An essential fea-
ture of such systems is their inherent effect of mechanical resonance, which appears in a specific
range of changes in the oscillation frequency of the actuating element.

Here, the authors propose a specialized brushless magnetoelectric motor (BMM) of return-
rotary motion in a limited range of changes in the angle of rotation of the shaft [5]. A feature of
such a motor is installing an additional permanent magnet into its structure in the gap between the
winding coils to realize an elastic magnetic coupling between the stator and the rotor, which allows
positioning the motor shaft in the initial angular position. A noteworthy circumstance is also that by
affecting the stator winding to alternating voltage, direct control of the frequency and amplitude of
the mechanical oscillations of the actuating element is provided without the usage of mechanical
transducers of motion trajectories.
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The purpose of the paper is to study the influence of changing the parameters of the special-
ized BMM of a return-rotary motion on its frequency characteristics, as well as to determine the de-
pendencies of the mechanical resonance frequency on those parameters that affect it.

The main material and study results. The structure of the considered BMM was described
in detail in [5]. Here we only briefly note that the BMM of return-rotary motion is a specialized
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 ensure the elastic magnetic coupling between the stator and the rotor, on which a bi-
polar permanent magnet and an actuating element are installed.

The mathematical model of BMM for the return-rotary motion control is described by the
equations [6]:

Lﬂ:—Ri—kma)cosa+u; (1)
dt

M=k, icosa; M, =k, 0, M, =k, o; (2-4)

M, =k, sina; M, =M,sign(o); (5, 6)
do da

J—=M-M,-M,-M,-M,. —=0. 7,8
dt 3} a R L> dt (a )

where 7, u are current and control voltage of the stator; @, « are angular speed and angle of the
rotor shaft oscillation; 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; &, is motor torque coeffi-

m

cient; J is the total moment of inertia of the rotor and load; k,, k, are coefficients of viscosity
and elasticity of the motor; M is the torque of resistance of the bearings. In this study, it is as-

sumed that the mechanical load viscosity coefficient k, takes into account the parametric distur-
bance acting on the motor. The adequacy of the presented mathematical model (1-8) of the BMM
of the return-rotary motion was confirmed as a result of previous experimental studies [7].

Considering the mathematical model (1-8), let's analyze the structure of the motor parameters.

The values of inductance L, active resistance R of the stator winding, and, to some extent,
the torque coefficient k, are determined by the structure and geometry of the stator winding, as
well as the magnetic system of the motor. In addition, the magnitude of the torque coefficient is de-
termined by the properties of magnetic materials [8].

The total moment of inertia J on the rotor shaft is determined by the values of two compo-

nents - the moments of inertia of the motor rotor and the actuator, and the parameters of the latter
can be different depending on its size and weight.

The motor viscosity coefficient k, is determined by the magnetic circuit's eddy current

losses and the stator winding's copper conductors. The value of this coefficient can be influenced by
dividing the winding conductors into several parallel conductors of a smaller cross-section and us-
ing a magnetic circuit made of laminated or amorphous iron [9] or powder material [10]. In addi-
tion, it was shown above (4) that in our case, the mechanical load is modeled by introducing an ad-

ditional viscosity coefficient k, , which does not change the structure of the model (1-8), but leads
to an increase in the overall value of the motor viscosity coefficient k, + £, .

The value of the motor elasticity coefficient k, is determined by the parameters of the addi-

tional permanent magnet in the gap between the active sections of the stator winding and, of course,
the structure and parameters of the magnetic motor system. The influence of this coefficient's value
on the motor's characteristics is also to be studied in this paper.
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Note that the values of the active resistance R of the stator winding, the torque coefficient

k, ,and the coefficient of elasticity k, of the motor depend on temperature changes [11]
R= (1 + aT(TT _Tro))Ro; k, = (1 _bT(TT _TTO)) ko s ky = (1 _bT(TT _TTO))kaO ) (9-11)

where T;,, R,, k,, k,, are initial temperature, active resistance, torque coefficient, and coefficient

m 9

of elasticity of the motor; 7, is motor temperature; a,, b, are temperature coefficients of the wind-

ing conductor (for copper) and reversible changes in magnetic induction (for modern high-
coercivity permanent magnets based on the NdFeB intermetallic composition). In this paper, we

assume b, =0,0012 1/C°.

Thus, temperature and load viscosity changes determine the parametric perturbations affect-
ing the return-rotary motion motor.

The return-rotary motion motor is controlled by effecting its stator windings to an alternat-
ing voltage with controlled amplitude and frequency. We restrict ourselves to studying the charac-
teristics of the motor with a sinusoidal variant of the formation of the stator voltage and a frequency
range from 1 to 100 Hz

u=U,sm2rx f,t, (12)
where U , is the stator voltage amplitude; f, is the frequency of mechanical oscillations of the ro-

tor shaft.
Operating modes of BMM of return-rotary motion are characterized by several parameters [6]:

- amplitude &, of the rotor oscillation angle;
- an effective value I of the stator current;

a
- performance index k, = ]—; of the BMM operation mode with a given frequency and ampli-
tude;
- amplitude @, of the angular speed of the rotor oscillations;
- the total value of losses in the motor P = P, + P, + P, while taking into account losses in
the active resistance P, of the stator winding, losses to overcome the torque of viscous friction P, ,

and the torque of resistance of the bearings P, [12]. The indicated losses are determined by the
17, 175 17

formulas P, =—|i"Rdt | P,=—|wM _ dt P,=—|oM,dt

ormulas £ 4 T ‘([ T -(‘)‘ B T ‘([ R

- efficiency 77, defined as the ratio of useful power P, , consumed to overcome the mechani-

cal load, and the consumed power B
i 13
n R (13)

1 ¢ 1
where £} :?_(‘).G)ML dt and F, =?:‘;uldt,

If we analyze the operation of the motor in a wide frequency range of mechanical oscillations
from 1 to 100 Hz, then two main modes should be noted:

- stabilization of the amplitude of the rotor oscillation angle &, in the low-frequency range of
operation (up to 20-30 Hz);

- limitation of the effective value of the stator current / at oscillation frequencies of more
than 20-30 Hz according to the conditions of the thermal state of the motor.
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In this study, we assume such maximum specified values of the amplitude of the rotor oscilla-
tions angle &, = 7z/9rad and the effective value of the stator current I, = 0,14 4. We also assume

the basic values of the motor parameters: L =0,012 Hn, R=400hm, k,=0125Nm/ A,
k,=6,5-10" Nms/rad , J=2,4-10"° kgm®, k,=0,0448 Nm/rad, M,=2-10" Nm.

The given values of the parameters characterize a low-power BMM with an outer diameter of the
stator body of 34 mm and a length of 120 mm.

This paper is supposed to study the operating modes of the BMM of return-rotary motion for
given basic values of the motor parameters and change only one parameter or several of them. Fig-
ures 1-4 show the study results in the form of families of frequency dependences. As a result of
numerical modeling, families of frequency dependences of the main indicators of motor operation
modes were obtained according to the accepted values of the variable parameters: elasticity coeffi-

cient k, (Fig. 1), total moment of inertia J (Fig. 2), motor temperature 7, and parameters de-
pendent on it (Fig. 3), as well as the sum of the viscosity coefficients k, and k, (Fig. 4). The table

shows the values of all variable parameters that were used in the calculations, where N is the char-
acteristic number.

N ka’ J’ TT’ R’ km’ ka’ ka)’ kL’
Nm/rad | kgm®* |°C | Ohm | Nm/A| Nm/rad | Nms/rad | Nms/rad

1 0,0138 1,2:10° | —60 | 27,5 0,137 0,0491 1,625-107° 0

2 0,0249 24-10° | +20 | 40,0 0,125 0,0448 3,25-107 0

3 0,0448 3,6-10° | +120 | 55,6 0,11 0,0394 6,5-10° 0

4 0,0806 - - - - - 6,5-107 6,5-107

5 0,1452 - - - - - 6,5-10° 1,95-10"

Fig. 1 Fig. 2 Fig. 3 Fig. 4

All figures show families of graphs of frequency dependences of the rotor oscillation angle
amplitude & A(a)) (a), the effective value of the stator current / (a)) (b), the performance index

k, (a)) of the motor operation mode (c), the amplitude @, (a)) of the angular speed of the rotor os-
cillations (d), the amplitude U , (a)) of the stator voltage (e), the total value of losses in the motor
P(a)) (f). In addition, all figures marked with the letter g show families of dependences of the am-
plitude of the rotor oscillation angle &, (a)) , calculated under the condition of limiting the effective
value of the stator current at /; = 0,14 A . Fig. 1, 2, and 3 (h) show the dependencies of the reso-
nant frequency f, on the changing values of the elasticity coefficient &k, , moment of inertia J ,
and temperature 7, respectively. Fig. 4 (h) shows the frequency dependencies of the efficiency

77((0) calculated for 4 and 5 calculation variants, that is, for those cases when a mechanical load is
simulated on the motor shaft. All characteristics in the figures are numbered with numbers corre-
sponding to the number N indicated in the table.

Fig. 5 shows the dependence of the maximum value of the efficiency 77,,,, on the viscosity

coefficient k, of the mechanical load, through which the parametric perturbation affecting the mo-
tor is taken into account. The maximum value of the coefficient 77,,, was determined based on the
frequency characteristics 77((0) (Fig. 4 h). The dependence is calculated at a fixed value of the mo-

tor viscosity coefficient k, =6,5-107 Nms/rad.
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Conclusions. Considering the obtained characteristics, it follows that changes in the elasticity
coefficient k, and the total moment of inertia J on the motor shaft significantly affect the magni-

tude of the resonant frequency f, (Fig. 1,2 b, ¢, and g). And if the value of the moment of inertia

is determined by the dimensions and mass of the actuating element installed on the shaft, that is, it
is a given value, then the elasticity coefficient is a parameter whose value can be set when develop-
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ing the motor. The latter is an essential circumstance since, in the vicinity of the resonant frequency,
the motor is characterized by the best energy performance (Fig. 1, 2 ¢ and f), and it is under the
condition of mechanical resonance that it is advisable to set the main operating mode of the return-
rotary motion motor.
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The temperature change 7, has practically no effect on all the presented in Fig. 3 depend-

ences, except for the frequency dependences of losses in the motor, which is due to a significant

change in the active resistance R of the stator winding (Fig. 3 €), as well as frequency dependences

of the stator AC voltage amplitude U , (Fig. 3 ).
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Fig. 4

Changing the overall value of the viscosity coefficient k, +k, of the motor does not affect
the value of the resonant frequency. However, with an increase in this coefficient, a significant
weakening of the resonant effect is observed (Fig. 4 b, ¢, and g). The dependence 77, (k, ) (Fig. 5)

shows that the maximum value 77, of the efficiency of the return-rotary motion motor remains at
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a relatively high level of about 40% in a wide range of
changes in the mechanical load on the motor shaft,
modeled by introducing an additional viscosity coeffi-

cient K, .

Dinancyemoca 3a 0epacodxcemuor memor «Pozpobumu nay-
KO8I 3acadu ma NpuHyunu no6yo00su Keposamux n-CMeneHesux

i, 107 Nms/rad

MASHIMOCNEKMPUYHUX CUCTNEM 3 eKCIPEMATbHUMU XAPAKMEPUC- 0 . \ :
muxamuy (wudp «Excmpemym»), wo suxonyemocs 3a Ilocmano-
6010 biopo BOTIIE 29.05.2018 p., npomoxon Ne 9. Jlepocasnuii 0 4 8 1216 20 24 28 32
peecmpayitinuti Homep pobomu 0119U001279. KITIKBK 6541030. Fig. S

1. Smeliahin A.Y. The structure of mechanisms and machines. Moskva: Vysshaia shk., 2006. 304 p. (Rus)

2. Yusofl A.S., Che-Ani A.l,, Hussain Z., Hmzah N., Boudvill R., Rahman M.F.A. Back-Drivability of Powered

Knee Free Swing and Knee Extension. 7th IEEE International Conference on Control System. Computing and
Engineering (ICCSCE 2017). 24-26 November 2017. Penang. Malaisia. Pp. 331-335. DOI:
https://doi.org/10.1109/ICCSCE.2017.8284429

3. Lukovnikov V.Y. Electric drive of oscillatory motion. Moskva: Energoatomizdat, 1984. 152 p. (Rus)

4. Zahrivnyi E.A., Havrilov Yu.A. The method of excitation and regulation of autoresonance oscillation in the
electric drive of the return-rotary motion. Patent RF No 2410826. 2009. (Rus)

5. Antonov A.E., Kireyev V.G. Massage device. Patent UA 74668. 2006. (Ukr)

6. Kireyev V.G., Akinin K.P., Filomenko A.A. Features and principles of the development of brushless magne-
toelectric systems of the return-rotary motion. Tekhnichna electrodynamika. 2021. No 3. Pp. 19-27. DOI:
https://doi.org/10.15407/techned2021.03.019

7. Kireyev V.G., Akinin K.P., Filomenko A.A., Lavrinenko V.A. Experimental studies of brushless magneto-
electric motors of the return-rotary motion, Pratsi Instytutu elektrodynamiky NAN Ukrainy. 2021. No 58. Pp.
74-81. DOI: https://doi.org/10.15407/publishing2021.58.074

8.  https://ukrms.com.ua » products » neodimovye-magnity

9. Antonov A.E., Petukhov L.S. Tape magnetic circuits made of amorphous iron in electric machines of the mag-
netoelectric type. Pratsi Instytutu elektrodynamiky NAN Ukrainy. 2016. No 44. Pp. 78-81. (Rus)

10. Antonov A.E., Filomenko A.A. Powder magnetic cores for magnetoelectric machines. Tekhnichna electrody-
namika 2014. No. 2. Pp.44-46. (Rus)

11. Koryakin-Chernyak S.L., Shustov M. A. et al. Electrotechnical reference book. Practical application of modern
technologies. St. Petersburg: Science and Technology, 2014. 592 p. (Rus)

VIK 621.313.8

JOCJII’)KEHHA BIIVIMBY 3MIHU ITAPAMETPIB BE3KOHTAKTHHUX MATHITOEJEKTPUYHHUX
JABUI'YHIB 3BOPOTHO-OBEPTAJIBHOI'O PYXY HA IXHI XAPAKTEPUCTUKHU

K.II. AkuHiH, 10okT. TexH. HayK, B.I'. KipeeB, xana. texn. Hayk, I.C. IleTyxoB, ZOKT. TeXH. HayK, A.A. DiloMeHKo,
KaHJ. TexH. HayK, B.A. Jlappunenko, O.M. Mixaiinuk

Iu-t enextponuHamiku HAH Ykpaiuu,

np. Ilepemoru, 56, Kuis, 03057, Ykpaina

Y cmammi npeocmasneno pezynomamu 0ocniodtcenv @nauGy 3MiHU NAPAMEmMpI6 Cneyianizoeanozo 6e3KOHMAKMHO20
MASHIMOENeKMPUUHO20 O8USYHA HA U020 XAPAKMEPUCUKU 8 PelCUMi 360pomno-obepmanvHo2o pyxy. Hasedeno uac-
MOMHI 3ANeAHCHOCMI AMNAIMYOU KYMA KOAUBAHb POMOPA, 3HAYEHHSI CIMPYMY CIAmopa, NOKA3HUKA eqheKmueHocmi pe-
JHCUMY POOOmMU OBUSYHA, AMNLIMYOU KYMOB0T WEUOKOCMI KOIUBAHb POMOPA, AMAIIIMYOU HANpyau cmamopa, CyMapHoi
GeUYUHY empam V 08ucyHi. Busnaueno 3anexcHocmi pe3oHaHCHOI 4acmomu MeXaHiYHUX KOAUBAHb 8i0 3MIHIOBAHUX
3HaueHb KoeqhiyieHma NPYICHOCMI, MOMeHmY IHepyii, a MmakKodiC napamempis, wjo 3anexcamov 6i0 memnepamypu.
OmpumaHo 3a1excHicms MAKCUMANbHOL 8euyuHU Koeiyienma KopucHoi Oii 08ucyHa 360pOMHO-00epMAIbHO20 PYXY
810 Koegiyicuma 6's3xocmi Mexaniuno2o Hasanmasicents. Ilokazano, wjo HAuOINbUL eKOHOMIMHULL pedcum podomu 08u-
2yHa 3a06e3neuyemvcs 3a YMOGU PE3OHANCY MeXaniuHux koaugans. bioin. 11, puc. 5.
Kuro4oBi cjioBa: 0€3KOHTAKTHHH MarHiTOCIEKTPUYHHUI JBHUTYH, 3BOPOTHO-00EpTAIBHUI PyX, YACTOTHA XapaKTepHUC-
THKA, TapaMeTpH JBUT'YHA, PE30HAHCHA YacTOTa.

Haniitnuia: 01.07.2022

ITpuiinsra: 11.07.2022

Submitted: 01.07.2022
Accepted: 11.07.2022



