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The paper describes the structure and mathematical model of a specialized brushless magnetoelectric motor of return-
rotary motion. The analysis of the parameters of the mathematical model is carried out and the methods of their ex-
perimental determination are described. Experimental frequency dependences of the rotor oscillations angle amplitude
and the stator current effective value have been obtained. Based on the obtained parameters, the frequency characteris-
tics of the motor were calculated and compared with the experimental dependences. Experimental oscillograms and
calculated curves of stator voltages and currents are presented. References 7, figures 8.
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Introduction. An important stage in the creation of electric motors is their experimental
studies. At the same time, the purpose of such studies can be to determine the parameters of
mathematical models of motors, as well as to obtain their electromechanical characteristics, which
makes it possible to assess the adequacy of the accepted assumptions.

Return-rotary motion systems based on electric motors are specialized electromechanical
devices [1-4] designed to control the trajectories of the actuators with a given amplitude and fre-
quency. In this case, to study their properties, it is necessary to take into account the features of both
the motor itself and the conditions for implementing the modes of the return-rotary motion.

A feature of the brushless magnetoelectric motor (BMM) of the return-rotary motion [5]
considered in the paper is the setting of an additional permanent magnet to its structure in the gap
between the coils of a single-phase stator winding, which allows realizing magnetic elastic coupling
between the stator and the rotor. This addition provides an important advantage, which is the ability
to position the motor shaft in the initial position. In this case, the return-rotary motion of the actua-
tor in a limited angular range is carried out by acting on the stator winding with an alternating volt-
age. Therefore, the methods for studying the BMM of the return-rotary motion are different from
the traditional approaches to the study of motors of rotary motion.

The purpose of the paper is to develop and study approaches to the experimental determi-
nation of the parameters and characteristics of a specialized BMM of the return-rotary motion.

The main material and research results. The structure of a specialized BMM [5] for con-
trolling the return-rotary motion is shown in fig. 1.

Here, in body 1, there is a slotless magnetic circuit 5, as well as two bearings 2, in which the
rotor shaft 3 with a bipolar permanent magnet 4 and an actuating element 9 are installed. On the in-
ner surface of magnetic circuit 5 there are two coils 6 and 7 of the stator winding, and in the interval
between which an additional permanent magnet 8 is installed to ensure a magnetic elastic coupling
between the stator and the rotor.
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Connecting the stator
winding of the motor to an alter-
nating voltage source with con-
trolled amplitude and frequency
allows the rotor to periodically
deflect from the equilibrium po-
sition determined by the action 3
of magnetic elastic coupling. In A
this case, the amplitude and fre- 1_/ l/ 9
quency of the mechanical angu-
lar oscillations of the actuating Fig. 1
element are determined by both
the parameters of the control voltage and the properties of the motor.

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

Lﬂz—Ri—kma)cosa+u; (1)
dt

M=k, icosa; (2)
M, =k, o; 3)
M, =k,sina; 4)
My=M, Sig”(a)); (5)
M, =k, o (©6)
Jcil—cto:M—Mw—Ma—MR—ML; (7)
da_ (8)

dt

From the consideration of the model, it can be seen that the motor variables are current i
and control voltage u of the stator, angular speed @ and angle « of rotation of the rotor shaft,

electromagnetic torque M of the motor, torques of viscous friction M , and elasticity M ,, reac-
tive torque M , of bearings and load torque M, . At the same time, BMM parameters are induc-
tance L and active resistance R of the stator winding, motor torques coefficient &k, , rotor moment
J of inertia, coefficients of viscosity k, and elasticity k, of the motor, the torque M, of me-

chanical resistance of the bearings. The viscosity coefficient k, of the mechanical load takes into

account the parametric disturbance acting on the motor. In this study, we assume it to be zero.
In this paper, we will restrict ourselves to the study of the characteristics of the return-rotary
motion with such variants of the formation of alternating stator voltage [6]

u=U, sin2rxf,t; )
u=U,sign(sin(27 £,t)); (10)

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

the rotor shatft.
From the mathematical model of the dynamic state of the motor (1-8), it can be seen that the
BMM of the return-rotary motion is described by the same parameters as some other permanent
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magnet motors, however, the difference of this model consists in the presence of nonlinear angular
dependences in (1, 2, 4).

For consideration in this paper, a BMM of the return-rotary motion is adopted, designed to
work in a hand tool with the following basic dimensions and characteristics:

- magnet material is NdFeB (N33H);

- the outer diameter of the rotor-magnet is equal to 14.6 mm;

- the length of the magnet along the axis of the motor is equal to 22 mm;

- air gap length is equal to 3.5 mm,;

- the outer diameter of the stator magnetic circuit is equal to 27 mm,;

- frequency of mechanical oscillations of the rotor shaft is no more than 100 Hz;

- amplitude of mechanical oscillations of the rotor is no more than 30 degrees;

- maximum effective value of the stator current in continuous operation mode is equal to 0.14 A;

- the maximum temperature of the motor body is 30 ° C.

Let us further consider the possibilities and features of the experimental determination of
motor parameters.

The inductance L and active resistance R of the stator winding can be determined by meas-
urement. Since the motors under consideration are designed to operate in a limited temperature
range (up to 30 ° C), there is no need to identify active resistance R during operation. Besides, the
magnetic permeability of neodymium permanent magnets is close to the magnetic permeability of
air, then for slotless motors with a surface installation of permanent magnets on the rotor, the value
of the inductance L of the stator winding can be assumed to be a constant value. As a result of
measurements, the following values of the parameters of the stator winding were established:

R=46 Ohmand L =0,012 Hn.

The moment J of rotor inertia can be calculated analytically with high precision. Without
taking into account the actuating element 9 (fig. 1) on the motor shaft, we have the moment of rotor

inertia: J =1,15-10" kg m*.
The coefficients of the motor torque k,, and elasticity k, can be obtained from the experi-
mental dependences of the angle &, of deviation of the rotor shaft relative to its initial position on

the external load torque M, applied to the shaft, as well as the dependence of the same angle o,
but only when the rotor shaft deflects by creating an electromagnetic torque M of the motor when
direct current /,, flows in its stator winding. Figures 2 and 3 show the indicated experimental de-

pendences M, (a A) and [, (0! A) obtained for the motor accepted for consideration.
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Taking into account (2, 4) and the data obtained, it is possible to determine the desired con-
stant coefficients

M
k=", (1)
Icosa,
M
k,=— (12)
sina,

As a result of averaging the experimental data, the following results of calculating the coef-
ficients were obtained: k,, =0,129 Nm/ A and k, =0,0561 N m/rad.

The torque of mechanical resistance of bearings can be obtained by determining the devia-
tion angle of the rotor shaft at which the torque of resistance of the bearings is greater than the
torque created by the action of the magnetic elastic coupling between the stator and the rotor (4). In
this case, you can determine such a ratio

M, =k, sina,, (13)
where @, is the value of the rotor deviation angle, which limits the angular range of the indicated
dead zone, equal to twice the value 2¢,,. When &, =3 deg. we have the value of the torque of
mechanical resistance of a pair of bearings M, =2,9-10° Nm .

Direct determination of the motor viscosity coefficient &, turns out to be difficult since it is
impossible to experimentally isolate the magnitude of the viscous friction torque M ,. The diffi-

culty in determining the viscosity coefficient &, of the motor lies in the fact that losses due to eddy

currents in the copper of the winding and the stator magnetic circuit arise when an alternating mag-
netic field appears in the core of the motor. In contrast to a traditional rotation motor, in a return-
rotary motion motor, the angular speed of the rotor is a variable value that changes according to a
periodic law [6]. To determine the viscous friction coefficient, it is necessary to numerically simu-
late the electromagnetic processes occurring in the BMM. Research in this direction is underway,
and at this stage of work, the approach of an approximate indirect estimate of this parameter can be
applied.

Thus, a possible method of identification seems to be the modeling of the mode of the re-
turn-rotary motion of the BMM with the previously known or experimentally determined parame-
ters of the motor L, R, J,

k,, k, and M,. The un-
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simulated experiments, are the frequency f,, of mechanical oscillations, the amplitude ¢, of rotor
shaft oscillations, and the effective value I of the stator current.

Next, an experiment was carried out on a physical object, in which the frequency f, of ro-
tor mechanical oscillations was set in the range from 10 to 80 Hz and the values of the amplitude
o, of the rotor oscillations angle and the effective value / of the stator current were recorded, as a

result of which experimental frequency dependences &, ( fo) and / ( fo) were obtained. Then, as a

result of calculations based on the model (1-8), by varying the value of the viscous friction coeffi-

cient k, , it was established such its value at which the average error of the experimental and calcu-

w

lated frequency characteristics was no more than 9 %. Thus, such a value of the coefficient was ob-
tained: k,=5,5-10" Nms/rad. The experimental and calculated frequency characteristics are
shown in fig. 4 and 5, respectively, for two variants of the formation of the alternating stator volt-
age: sinusoidal (9) and rectangular (10). The amplitude U , of the stator alternating voltage was as-

sumed to be constant and equal to 12 V. The solid lines show the calculated characteristics, while
the dashed lines show the experimental.

Besides, to demonstrate the adequacy of the adopted model (1-8) of the motor of the return-
rotational motion, as well as to confirm the correctness of the experimental determination of its pa-
rameters, fig. 6 and 7 show the calculated curves and experimental oscillograms of alternating cur-
rents I and stator voltages u for sinusoidal (fig. 6) and rectangular (fig. 7) voltage options. Oscil-
lograms were obtained at two frequency values of 10 Hz (fig., 6 a, fig. 7, a) and 40 Hz (fig. 6, b,
fig. 7, b). Comparison of the calculated curves and experimental oscillograms shows their good cor-
respondence.

The considered motor of the return-rotary motion is characterized by parameters that can be
assumed to be unchanged during operation. However, if an actuating element with its moment of
inertia is installed on the motor shaft, the total moment of inertia of the rotor with the load turns out
to be unknown. In this case, to determine the changed total moment of inertia, an algorithm for its
identification can be applied by the short-time supply of a reference variable input signal of the type

u=U,sin2x f,t to the stator winding and fixing a new value of the amplitude of the rotor oscil-

lations angle. The frequency value for such signal should be selected from the low-frequency part of
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the operating range, for example, f,=10, Hz . The signal amplitude is chosen so that the ampli-
tude of the rotor oscillations angle in the assumed range of possible values of the moment of inertia
does not exceed 20-25 degrees. For the maximum value of the moment of inertia
J=9,2-10"° kgm’, we assume U, =5V .
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Fig. 8 shows the calculated dependence of the amplitude &, of the rotor oscillations angle

on the value of the moment J of inertia on the motor shaft. Thus, the sought dependence for an ap-
proximate determination of the moment of inertia can be represented by the expression

JI_JO

Ay —CQyu

J= (a,—a,)+J,, (14)

where J,, J| are the values of the moment of inertia on the rotor shaft without an actuating ele-
ment, as well as one of the selected values from the characteristic o, (J ) (fig. 8), a,,, @, are

the values of the amplitude of the rotor oscillations angle corresponding to the values J,, and J,.
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For substitution in (14), the following values of the parameters were taken:
J,=115-10° kgm®, J,=4,6-10° kgm’, a,,=10,7 deg. and a, =14,2 deg. In this case, for a

given for example the maximum value of the amplitude o, =18,98 deg. of the rotor shaft oscilla-

tions angle, the value of the moment of inertia is determined with an error equal to 1.21%. The need
to determine the unknown value of the moment of inertia on the motor shaft may arise in the case of
the implementation of the mode of active compensation of reactive sign-alternating moments of the
return-rotary motion motor rotor [7].

Conclusion. As a result of the studies, the adequacy of the adopted mathematical model (1-
8), describing the BMM of the return-rotary motion, was confirmed. Also, on its basis, with ex-
perimentally determined parameters, it is possible to calculate any operating mode of the investi-
gated BMM and synthesize systems for automatic control of the return-rotary motion of the rotor.
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EKCIIEPUMEHTAJIBHI JOCJIAKEHHS BE3KOHTAKTHUX MATHITO-EJIEKTPUYHHUX ABUI'YHIB
3BOPOTHO-OBEPTAJIBHOTI'O PYXY

B.I'. KipeeB, xang. texs. Hayk, K.II. AKuHiH, 10KT. TeXH. HayK, A.A. Diiomenko, B.A. JlappuHeHnko
I8-1 emexrpopnuaamixku HAH VYkpainuy,

mp. ITepemoru, 56, Kuis, 03057, Ykpaina

e-mail: kvg2016@ukr.net

Y ecmammi onucano cmpyxkmypy ma mamemamuuny mooens cneyianizosano2o 6e3KOHMAaKmHO20 MACHIMOeIeKMpPUiHO-
20 08U2YHA 360pOMHO-00epmanbHo20 pyxy. [Ipogedeno ananiz napamempie MamemMamuyHoi MoOeli ma Onucamo cno-
cobu ix excnepumenmanvrHozo euznauenns. Ompumano exCnepumMenmantbHi YacmomHi 3a1elcHOCmi amMnaimyou Kyma
MEXAHIYHUX KOIUBAHbL pOMopda i 0ilouo2o 3HavenHss cmpymy cmamopa. Ha niocmagi ompumanux napamempis 6uKoHaHo
PO3PAXYHOK YACMOMHUX XAPAKMEPUCTIUK 0BUSYHA MA NPOBEOEHO X NOPIGHSIHHSL 3 eKCHePUMEHMATbHUMU 3ALeHCHOC-
mamu. [Ipedcmasneno excnepumenmanvii OCYuLOZpamMy ma po3paxynkosi kpuei nanpye i cmpymie cmamopa. bion. 7,
puc. 8.

Kio4oBi ci10Ba: 0e3KOHTAaKTHUI MarHITOGNEKTPHUYHHUIN JBUTYH, 3BOPOTHO-00EPTOBHIl pyX, YACTOTHA XapaKTePUCTHKA,
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