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The paper reviews the results of studies of brushless magnetoelectric systems of return-rotary motion, carried out for
many years at the Electrodynamics Institute of the National Academy of Sciences of Ukraine. Structures of specialized
brushless magnetoelectric motors with elastic magnetic coupling between the stator and the rotor are presented. An
example of structural optimization of the motor is given. The electromechanical characteristics of the motors of the re-
turn-rotary motion are described and the indexes of their efficiency are proposed. An example of the formation of func-
tional dependences for motor control in an open-loop system is given. Structures of the system for automatic control of
the rotor oscillations angle amplitude and stator current limitation, as well as a system for vector control of the auxil-
iary winding current for active compensation of reactive alternating torque of the main rotor are presented. Examples
of calculation of transient responses of the main parameters of the motor are given. References 11, figures 9.
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Introduction. There is a special class of actuating electromechanical devices designed to realize the
return-rotary motion (RRM) of the instrument in certain types of devices. Such devices are used in special
polishing equipment, medical instruments for the treatment of post-operative scars, apparatus cosmetology
for lymph drainage, dermotonia and skin micropolishing, in thermal imaging scanners, etc.

The main factor determining the choice of the structure and control method for the electromechani-
cal system of return-rotary motion (RRM) is the range of regulation of the amplitude and frequency of actua-
tor shaft oscillations. For example, when building a RRM system that operates at a constant mechanical load
and controlled frequency, it is advisable to use a standard electric drive, at the output of which a special me-
chanical transducer of rotational motion into return-rotary motion is installed [1, 2]. This solution is deter-
mined by the simplicity of implementation and high efficiency of the electric drive, since the rotor of the mo-
tor rotates in one direction, and in the motion conversion mechanism, as a rule, there are no parts with a large
moment of inertia. There is also a class of devices, the operation of which is based on the use of the reso-
nance effect of the RRM, in which a standard electric motor can also be used, for example an asynchronous
[3] or a double-feed motor [4], with a special control system. This solution makes it possible to realize the
maximum amplitude of oscillations with a minimum power consumption of the electric drive, however, such
RRM system is designed to operate only at the resonant frequency.

The use of a traditional electric drive in combination with various electromagnetic, magnetoelectric,
mechanical or other motion converter for simultaneous regulation of the amplitude and frequency of oscilla-
tions of the output shaft of the RRM system is not effective and difficult. In this regard, to solve this prob-
lem, it is necessary to use special devices that best combine the advantages of both drives with conversion
mechanisms and those based on the resonance effect.

The development of specialized electromechanical RRM systems presupposes, on the one hand, the
construction of special structures of actuating motors, on the other hand, it is necessary to implement effec-
tive methods of controlling their operating modes. This paper examines the structure of an electromechanical
system based on a special brushless magnetoelectric motor (BMM), which controls the frequency and ampli-
tude of mechanical oscillations of the actuating element.

The paper is devoted to the research carried out at the Electrodynamics Institute of the National
Academy of Sciences of Ukraine in the direction of creating brushless magnetoelectric RRM systems.
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Features of magnetoelectric systems of the RRM. The considered class of magnetoelectric sys-
tems is characterized by the following features:

— BMM of the RRM is the structure [5] shown in Fig. 1, a, where the body / contains a cylindrical
slotless magnetic circuit 2 and two bearings 3, in which the rotor shaft 4 with a bipolar permanent magnet 5
and a actuating element 6 is installed. On the inner surface of the magnetic circuit 2 there are two coils 7 and
8 of the stator winding, and an additional permanent magnet 9 is installed in the space between the coils to
realize the effect of elastic magnetic coupling between the stator and the rotor;

— control of BMM of the RRM is carried out by acting on the stator windings with alternating current
with controlled amplitude and frequency in the range up to 100 Hz;

— the main output controlled parameter of the system is the amplitude &, of the oscillations angle of
the main rotor relative to the device body;

— the controlled coordinate of the system is the stator current effective value / under the conditions of
motor cooling;

— regulation of the oscillations angle amplitude of the main rotor is carried out in the range of no more
than 40 degrees;

The principle of engine operation is as follows. In the initial state, the rotor is in a stable equilibrium
position and is forced to orient itself when its poles are positioned opposite the active parts of the winding.
When the winding of the stator is connected to the power supply, an electromagnetic moment occurs which
takes the rotor out of the stable equilibrium position. The greater the angle of the rotor deflection under the
action of the control electromagnetic moment, the greater the force of the elasticity, so that with some of the
rotor deflection angle the electromagnetic moment is equalized by the moment of the magnetic spring. At
this point, the signal of the electromagnetic moment is forced to change and the rotor moves backwards.

During operation, the oscillations of the rotor cause an
undesirable reaction of the housing of the device to the operator’s
hand, therefore an additional structurally identical drive system can be
introduced in the composition of the device in order to compensate
for the occasional alternating moments of the BMD, The rotor of
which oscillates synchronously, but is counterphase to the first rotor.
On Fig. 1, b shows the total type of instrument consisting of main /
and compensating 2 rotors, windings of main 5 and additional 6 sta-
tors, and two additional permanent magnets 3 and 4.

Optimization of parameters of motor structural elements.
The art of designing electric machines with permanent magnets lies
mainly in the selection of such ratios between the dimensions of the
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N elements of the magnetic system, at which the maximum of the motor
N torque per unit of power input is achieved. In other words, it is
b necessary to solve the problem of structural optimization of the BMM
_ magnetic system in P 1 3
Fig.1 . . —_—
order to identify
the maximum of the electromagnetic torque, which is an
objective function of several variables. Such variables can Y TS R,
be both the geometric dimensions of the individual com- = N 4
ponents of the magnetic system, and their relative posi- / N7 )
tion. 7 \i’ ) R,
We will show the procedure for solving the opti-
mization task using the example of one of the variants of s( R,
the BMM of the RRM, the cross section of the magnetic g\
system of which is shown in Fig. 2. The electromagnetic \VEEAN{ ] LS
part of the motor includes the magnets of the rotor / and \‘ I~ R
stator 2, two stator coils 3 and an external magnetic cir- g
cuit 4.
It is known that the electromagnetic torque of the

motor depends on the magnetic flux density amplitude
distributed in the air gap, as well as on the volume of the Fig.2
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current circuits in it and their location relative to the rotation rotor axis

M =pB;Iwl R , ey
where M is the electromagnetic torque; p is the number of pole pairs; Bj is the value of the radial mag-
netic flux density component in the air gap; / is the current in the stator winding; w is the number of wind-
ing turns; /_ is the active length of the winding conductors; R,

. 1s the average radius of the force application
arm, which in accordance with Fig. 2 is equal to (),S(R3 + R4) .

We will search for the maximum torque under the following conditions and restrictions: the power
P supplied to the motor from the power source is constant and for the task being solved it is equal to 5 W,
the number of pole pairs p =1; the overall radius of the magnetic system is fixed and equal to 13.5 mm; the
maximum magnetic flux density in the external magnetic circuit does not exceed 1.2 T; the gap between the
rotor and stator is constant and equal to 0.5 mm; diameter 2 R, of the shaft is equal to 6 mm; we will con-

sider the mode of formation of the starting torque, in which energy dissipation occurs only in the conductive
conductors of the stator windings; in order to reduce the number of variables, we restrict ourselves to consid-
ering one length of the active part of the winding /, =22 mm.

As the arguments of the objective function, we select the radial thickness of the winding

h=R, — R, and the size of the coil window, determined by the angle ¢, that is, those parameters that de-
termine the amplitude and distribution law of magnetic flux density B; in the gap of the BMM, as well as the

cross-sectional area of the stator winding coils. Based on the stipulated conditions, with a constant input
power, the current in the winding and its resistance should also remain unchanged. To do this, it is necessary
to vary the cross-section and the number of coil conductors so that their resistance remains unchanged, this

will be the condition for the constancy of the dissipated power [7]. Let us express the length / of the aver-

age turn and the number W, of coil turns through the geometric dimensions of the magnetic system

1,=21,+(2R, +1)(0,57 +¢); W, = /ZOSIC , (2), 3)

where U is the voltage of the power source; S is the cross section area of one half of the coil; o is the spe-

cific resistance of the coil conductor material.
After substitution of expressions (2, 3) into (1) and some transformations, we obtain

PS

M = pB; |[—<1,(R,+0,5h). (4)

pl,
The solution of the extremal task for (4) was carried

out using the Comsol software package in a three- M.Nm

dimensional formulation to take into account the influence of

0,037

scattering fields from the surfaces of the rotor magnet end. 0.035

The developed calculation algorithm made it possible to find cleas

the law of variation of the function M (h, (/)) and find its 0’031

maximum (Flg 3) 0,033 A . o ;
The calculation showed that for the given initial data, g032 -

the maximum torque is achieved at 2=2,1 mm and gpsn 25

@ =44 deg. The solved problem illustrates a optimization 0,03 y hmm

. . . 20 25 30 35 40 45 50 55 60
technique BMM of the RRM, which can be applied not only . degree

for other initial data, but also for other structures of brushless

electric machines with permanent magnets. Fig.3

Mathematical model and operating modes of BMM of the RRM. The mathematical model of
BMM is described by the equations [8]:

L4

dt=—Ri—kma)cosa+u; M =k,icosa; M, =k,0; M,=k,sina, (5)-(8)
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My =Mygsign(®); M, =k o; JE:M_M(U M, -Mp-M,; E:a), (9)-(12)
where @, a are angular speed and angle of the rotor shaft oscillation; L, R are inductance and active
resistance of the stator winding (in a motor with a slotless stator and a surface-mounted permanent magnets
on the rotor, the inductance L can be assumed to be a constant value [9]); i, u are current and control voltage

of the stator; k,, is motor torque coefficient; J is rotor moment of inertia; M, M,, M,, M, are torques
of viscous friction and elasticity, reactive torque of bearings and torque of loading, respectively; &, , k, are

viscosity and elasticity coefficients; M is bearing friction torque; k, is viscosity coefficient of the motor
load.
In the study of the characteristics of the PMM of the RRM, such variants of the formation of the sta-
tor alternating voltage were assumed
u=U, sin2x f,t; (13)

u=0,5U ,(sign(sin27z f,t —0,5¢,) +sign(sin (27 £, +0,5¢,))), (14)

where U, is the stator voltage amplitude; f, is the carrier frequency of rotor shaft oscillations; ¢, is

angular length of the zero shelf of a rectangular form voltage; ¢ is time.
BMM is an object with nonlinear dependences of input and output parameters. At the same time,

BMM of the RRM can operate in one of two modes:

— in the mode of limiting the amplitude of the rotor oscillations angle at a given level in the low-
frequency range of operation (up to 20-30 Hz);

— in the mode of limiting the effective value of the stator current at values of the oscillations frequency
more than 20-30 Hz, and the current effective value is limited according to the conditions of motor cooling.

Efficient operation of BMM of the RRM is achieved by ensuring the maximum of one of two parame-

ters — the performance index & =a /1 2 of the operation mode of the BMM, taking into account the given
frequency and amplitude with a minimum value of losses in the stator winding or the amplitude of the angu-
lar speed @, of rotor oscillations.

There are two possible approaches to controlling BMM of the RRM:

— in an open-loop system by forming functional frequency dependences of the value of the amplitude
and the form parameter of the control alternating voltage of the stator, which can be formed on the basis of
the electromechanical characteristics of the BMM, taking into account the given performance indexes of its
operating mode [8];

— in a closed-loop control system for the amplitude of the rotor oscillations angle and limiting the sta-
tor current effective value [9], while it is necessary to form the corresponding feedback signals, which sig-
nificantly complicates the hardware part of the system.

Electromechanical characteristics of BMM of the RRM. Fig. 4 shows the electromechanical
characteristics of the BMM in the form of frequency dependences of the shaft oscillations angle amplitude

a4, the stator current effective value 1, the proposed performance index k; and the angular speed amplitude
o, of the rotor oscillations. The characteristics are determined in the frequency range up to 100 Hz, subject
to the specified limitations of the oscillation angle amplitude and the stator current effective value
Ay o= 7r/ 9rad. and I, =0,14 A. Number 1 denotes a variant of the formation of a sinusoidal voltage
(13). Numbers 2, 3 and 4 designate variants for rectangular voltage (14) with three parameter values ¢; - 0,
80 and 160 el. degrees. Calculations are performed for equations (5—12) with the following parameter values:
L=0,012Hn, R=400hm, k, =0,125Nm/ A, k,=6,5-10" Nms/rad, J=2,4-10" kgm?,

k,=0,0448 Nm/rad , Mz =2-10" Nm, k; =2,1-10™* Nms/ rad.

Formation of functional dependences. To control the BMM of the RRM in an open-loop system, a
method has been developed for the formation of functional frequency dependences of the control voltage
parameters, in which for each value of the carrier frequency f,, the stator voltage parameters are deter-
mined, at which the maximum of the selected performance index is ensured. The dependences of the stator
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voltage parameters U 4 ( /i 0) and @ ( fo) , as well as the corresponding dependences of the performance

indexes k; ( fo) and @, ( f 0) are shown in Fig. 5. The letters A and B designate respectively the variants

of the formation of sinusoidal and rectangular voltages.
rad.
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System for automatic regulation of rotor oscillations amplitude and stator current limitation.
For automatic control of the rotor oscillations angle amplitude &, and limiting the stator current effective

value /, the structure of the control system is developed [10], shown in Fig. 6, where C is a controller of the
oscillations angle amplitude with nonlinearity of the saturation type; F is a filter of the output signal of the

nonlinear link; U, U are output signals of the controller and filter; X, (a)ot) is carrier periodic signal,

where @y =27 f,); max(|0(|) , RMS (i ) are the procedures for determining the amplitude of the modulus

of the rotor shaft oscillations angle and the stator current effective value at each half-period of the alternating
stator voltage, the values of which are maintained for half the period of the carrier signal.

The calculation of the system parameters is carried out on the basis of the frequency characteristics
of the BMM of the RRM and the controller. In this case, the controller of the rotor oscillations amplitude is

calculated at a given value of the carrier frequency f,, provided that a given phase stability margin y is
provided [8, 9], which is determined by the formula

y=n+9,(oc)+op(ac),  (15)
mﬂx(‘“” where @, (a)c) , Op (a)c) are the val-

- . ues of the phase shifts of the output sig-
N C [ : : model (1-8) nals of the BMM and the controller at a

J given value of the cut-off frequency @,

the value of which is chosen less than
RAMS(i)

the carrier frequency @q =@, /n. At

Fig.6 given values @y, @ and ¥ the pa-
rameters of the controller are determined
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from the condition that the amplitude frequency characteristic of the open-loop system is equal to unity
where A4, (a)o ) , Ap (a)C) are the values of the amplitude frequency characteristics of the BMM and the

controller at the values of the carrier frequency and cut-off frequency.
The transfer coefficient of the I-controller, as well as the parameters of the Pl-controller is deter-
mined by the formulae [10]

1) 1 T 1)
") T y+ole) " (01 TR}

The transfer coefficient and time constant of the first-order filter in the current limiting loop in the
high-frequency part of the range is also determined taking into account the frequency characteristics
k _AI(wO)Umax _10(1+8)' T, _&
F - A I b F - b
(@) 1€ fo

where 4; (0)0) is the value of the current amplitude frequency characteristics of the BMM; ¢ is the relative

(17)-(19)

(20), (21)

accuracy of limiting the current effective value; /, is the reference value at which the stator current starts to

be limited; U, is the maximum value of the output signal of the oscillations angle amplitude controller.
Fig. 7, a-d shows the graphs of transient responses of regulation of the oscillation angle amplitude
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o 4 and the current effective value [ at the values of the carrier frequency fy 5 (a), 10 (b), 20 (c) and 40 (d)

Hz in the modes of starting the motor and changing the load. The calculations were carried out for a given
sinusoidal stator voltage and a current limiting accuracy of 1%.

Active compensation of reactive torque of the main rotor. Let us define the features, conditions
and principles of building a control system for a two-rotor BMM of the RRM [6] (Fig. 1, b).

The main and compensating systems are structurally identical and are described by equations (6)-
(12). The difference is that the compensating rotor is unloaded, and the moments of inertia of the two rotors
can be different.

The condition for the compensation of the reactive torque on the device body is defined as the
achievement of the minimum values of the amplitude of the oscillation angle of the body around the axis of
rotors rotation, while the dynamics of body oscillations is described by the equations

J3%:MD2_MD1_MaJ3_Ma3; %:a@, (22,23)
dt dt
where J- 3, 5, O are axial moment of inertia, angular speed and angle of rotation of the body around the
axis of the rotors; My, Mp, are dynamic torques on the shafts of the main and compensating rotors;
M 5, M5 are the torque of viscous friction and the torque of elasticity, determined by the influence of the
human hand on the device body. From the consideration of equation (22) it is seen that compensation is
achieved under the condition of equality of dynamic torques AM =M, — M, =0.

Since it is difficult to directly measure the body rotation angle as, the difference between the variable
periodic oscillations of the two rotors is taken as the output compensated parameter as a feedback signal of
the closed control system

J
Aa=ay——as. (24)
Jl
The currents of the stator windings corresponding to the main and compensating rotors is assumed

i =1 sin2zxfut; =1y sin(27zf0t—g02) , (25), (26)
where 1;, 1, are alternating currents of stator windings; 1, ,, [, , are amplitudes of currents; ¢, is the

phase shift of the current of the compensating winding.
To ensure compensation of the body response, it is necessary to develop a vector control system for
the motion of the compensating rotor [11], that is, it is necessary to implement a system for regulating the

amplitude /,, and phase shift ¢, of the stator current i, of the compensating system (26) relative to the
main stator current I, . For this, it is necessary to generate mismatch signals at the inputs of the current am-
plitude and phase shift controllers based on measurements of the angular variables of the main and compen-
sating rotors ¢ and &, . The general structure of the control system for a two-rotor BMM [10] with active
compensation of reactive torque is shown in Fig. 8, where C1, C2, C3 are controllers of the oscillations am-
plitudes of the first and second rotors, as well as the controller of the phase shift ¢, of the current of the

compensating system; BCM is the block for calculating the phase shift mismatch A, of variables ¢

and @, ; RSS is the reference signal shaper; M1, M2, B are designations for the models of the first and sec-
ond motors, as well as the device body.
Fig. 9 shows the graphs of transient responses of the current amplitude /;, of the main stator wind-

ing, the oscillations angle ¢; of the main rotor, the amplitude 7, , of the current of the compensating stator
winding, the mismatch signal A, in the amplitude of the compensating winding current, the signal of the
phase shift mismatch A@;, the phase shift @, of the stator current Z, of the compensating system and the

rotation body angle ¢; at a carrier frequency of 10 Hz.
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Fig. 9 shows the graphs of transient responses of the current amplitude /; , of the main stator winding, the
oscillations angle ¢; of the main rotor, the amplitude /, , of the current of the compensating stator winding, the
mismatch signal A, in the amplitude of the compensating winding current, the signal of the phase shift mismatch

A@, , the phase shift @, of the stator current Z, of the compensating system and the rotation body angle.

Conclusion. The described electromechanical structures are specialized low-power systems that pro-
vide direct effective control of the RRM of the actuating element without the use of additional mechanical
transmissions. The proposed structures can be the basis for the creation of various hand tools. The described
open and closed control systems make it possible to choose a rational structure of the electromechanical de-
vice as a whole. The implementation of the principle of active compensation of reactive alternating torque in
devices containing an electric drive of return-rotary motion, by creating an controlled torque, the value of
which at each moment of time corresponds to the torque of the main motor, and is directed in the opposite
direction, allows solving the problem of vibration protection of a person working with a power hand tool.
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MU ABMOMAMUYHO20 KePYBAHHS AMNIIMYO0I0 Kyma KOJIUGAHb POMOpA ma 0OMEeJCEeHHs CmpyMy cmamopd, d Maxodic
cucmemu 8eKMOPHO20 KEPYBAHHS CIPYMOM OONOMINCHOI 0OMOMKU 3A0I51 AKMUBHOI KOMNEeHcayii peakmueHux 3HAKo-
SMIHHUX MOMEHMI8 OCHOBHO20 POMOPA 3 BUKOHABYUM elemenmom. Hasedeno npukiaou pospaxyHky nepexionux npoye-
cig ocHognux napamempie osucyna. bion. 11, puc. 9.
Kntouosi cnoea: 6e3KOHTAaKTHUN MAarHITOENEKTPUIHAN IBUTYH, 3BOPOTHO-00EPTAIBHUN PyX, CUCTEMa KepyBaHHS, HE-
Cyd4a 4acToTa.
Hapiiinura 28.12.2020
Ocratounuii Bapiant 11.02.2021
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