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A subject of this paper is a development of the system of control by return-rotary motion of rotor of brushless magneto-
electric motor. In the paper we studied a method for calculating a control system of the rotation angle amplitude of the
rotor shaft by specifying the phase stability margin based on the frequency characteristics of an open-loop system. A
calculation of the loop of the current effective value of stator windings is carried out on the basis of a given limitation
accuracy. Using the obtained analytical dependences allows us to automatically calculate the controller parameters
depending on the frequency of mechanical vibrations of the rotor shaft in a given operating range. In the paper we pro-
vide the examples of transient responses for controlling the rotation angle amplitude and current effective value at the
motor start and mechanical load changes. Reference 9, figure 5, table 3.

Key words: brushless magnetoelectric motor, return-rotary motion, control system, carrier frequency, frequency char-
acteristic.

Introduction. Generation of the paths of return-rotary motion (RRM) of an actuating ele-
ment is one of the problems arising during the development of electric drives. The electromechani-
cal systems, in which the actuators perform the RRM, include technological and medical equip-
ment, devices for special machinery and other.

An implementation of electromechanical systems of the RRM can be based on different
physical principles, e.g., using special mechanical transmissions [1, 2], electric drives based on in-
duction motors [3], or doubly-fed motors [4].

In this paper we considered a structure of electric drive based on a special brushless magne-
toelectric motor (BMM) without the use of any transmission mechanisms [5]. In this case, an actu-
ating element of the device is installed directly on a motor shaft, so that it is possible to directly
control frequency and amplitude of the mechanical oscillations by acting on a stator winding.
Therefore, the important problem is to control by RRM with the given performance indexes.

The purpose of the paper is to develop a system for controlling the RRM path of BMM
with a given amplitude of the rotation angle of the rotor subject to the limitation of the stator current
effective value.

The main material and research results. BMM for RRM is an electromechanical system
in which alternating voltage of the stator is an input action, and the amplitude of rotor oscillations is
an output parameter. The previous research [Paper] showed a nonlinear dependence of the input and
output parameters of the system. Thus, stabilization of the amplitude of the rotor’s rotation angle is
possible in the range of a carrier frequency of oscillations f,, up to 25-30 Hz. In a high-frequency

part of the range, it is necessary to limit stator current effective value at a given level. The output
parameters are: an amplitude of the rotor’s rotation angle and the stator current effective value can
be determined on each one-half period of the stator alternating voltage, while the obtained values
are stored as feedback signals during the next one-half periods. The latter circumstance determines
a time delay effect in a control system loop. Since the BMM operates in the range of the carrier fre-

quency f, from 5 to 50 Hz, the parameters of the control system should be tuned taking into ac-

count the changing frequency values. There are no special requirements for the accuracy and speed
of response of the controlled parameters.

The BMM for RRM is a structure consisting of a slotless stator with winding, an external
magnetic circuit and additional permanent magnet for realizing the effect of a magnetic spring, as
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well as rotor on bearing assembly with a two-pole permanent magnet and actuating element
mounted on its shaft [5]. A mathematical model of such motor is described by the following equa-
tions [6]:

L%:—Ri—kma)cosaﬂ,t; (1)

M=k, icosa; (2)

M, =k, o; (3)

M, =k,sina; 4)

JC;—C;)zM—Mw—Ma—MR—ML; (5)
da
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where @, o — angular speed and rotation angle of the rotor shaft; L, R — inductance and active
resistance of the stator winding; i, u — current and stator control voltage; k,, — torque coefficient;

J —rotor inertia; M, M, M, M, —torques of viscous friction and elasticity, reactive torque
of bearings and the torque of load, respectively; k,,, k, — viscosity and elasticity coefficients. The

reactive torque of bearings is determined according to the equation M, =M, sign(a)), where M, —
bearing friction torque. Also, we assume the following dependence for setting the load torque
M, =k, @, where k, — viscosity coefficient of the motor load.

A structure of BMM with a
voltage modulator that operates at the  ;;
carrier frequency f, is shown in Fig. —> x,(w,1)

u (4

model (1 - 6)
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1, where U, — stator voltage ampli-
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Fig. 1

nal, where w,=27f,; a,, I -
amplitude of the rotation angle of the

), RMS(i) — procedures for determining

rotor shaft and the stator current effective value; max(‘a

an amplitude of the module of rotation angle of the rotor shaft and stator current effective value at
each one-half of the stator alternating voltage.
In this research, we assume that the carrier periodic signal has a sinusoidal shape

Xy (t)z sin @, t . In this case, the stator voltage is defined as
u=U,sinw,t. (7)

The elements of the theory of automatic control systems (ACS) at the carrier frequency were
developed back in the 60s of the XX century for structures containing sensors and actuating motors
of AC current [7].

In our case, parameters of the controller of the rotation angle amplitude can be chosen by us-
ing amplitude and phase frequency characteristics of an open-loop system, which can be repre-
sented as

As(a)): Ac(w)Aa ((0), (8)

¢s(a)):§0c(a))+¢a(a))a )

where 4, (a)) , A, (a)), Op (a)) , @, (a)) — amplitude and phase frequency characteristics of the con-
troller and BMM.

To study the BMM properties, an amplitude-modulated signal is fed to an input of the sys-

tem (Fig. 1) U, (t)= x(t) , Where x(t)= 1+asinQ¢ — modulating signal; a =0,5; Q= &; nx?2
n
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— whole number. Wherein, the variable values of the rotation angle & and the stator current i are
modulated output variable signals. As a result of the max(|a|) and RMS(i) procedures, we have

demodulated signals ¢, and [, discreetly repeating the

2 U,V envelopes of & and i variables. The researches have
A 3 .
shown that a modulus of an amplitude frequency char-

1.5 1
1 /\/\/ acteristic of the envelope of the output signal ¢, with
05 4 an accuracy of no worse than 7 % corresponds to the

0 . . ' ' : S dependence of the rotation angle amplitude on the fre-
> %2 M4 s s 12 quency of linearized system of equations (1)-(6) under
2] ult). vV M, =0 conditions, as well as cosa=1 and

11 : T

sina = « , which is acceptable for a , <—. The phase

: mAﬂmﬂﬂﬂﬂﬂﬂﬂvs 17

-05 4 v \TU "AY HGU WSU TRY U-Z shift of the variable quantized signal a, relative to a
1_

given envelope x(t) is approximately determined by the

formula

p="". (10)
n

Fig. 2 shows a sequence of the signals U , (t),
u(t), Oc(t), and OlA(t) at f, =10Hz and n=6.
The dependences of the amplitude of the rotation

012 & (t) rad. angle @ and the amplitude of current i on the fre-
01y quency for linearized system of equations (1)-(6) can be
= Im defined as
04 1 k
ooz s 4,(0)= ! .
2 2 2
’ 0 02 04 e 08 1 12 \/(l_bza) ) T (bl_b3a) )
. BZ BZ
Flg.2 AI(C()): 1 (2a))+ 2 (a)) —» (12)
R((l—bza)z) +0)2(b1 —b3a)2) )
k L k, k J Lk LJ k J
where &k =—"2; b =—+-"2+—"2; =2 40 bh=——; p="2. p=""1:
'""Rk,” " R k, Rk,” * k, Rk, ° Rk, "k, " k,

B (o) =(1—b5c02)(1—b2m2)+b4m2 (bl —b3c02); B, (0)= b40)(1—b2c02)—c0(1—b50)2)(b1 —b3032) .
The ACS of the angle amplitude can be implemented on the basis of an integral controller

(I-controller), which has an amplitude and phase frequency characteristic of the form
k C

A (w)="5; (13)
[0
vc@)=-7. (14)

where k. — amplification factor of I-controller of the amplitude of rotation angle.

A choice of the value of the transmission factor of controller based on the frequency charac-
teristics can be carried out provided that the specified phase stability margin » is determined,

which is defined by formula
7:”+¢c(a)c)+§0(wc)’ (15)

where o, =—2 — cut-off frequency, the value of which is less than the carrier frequency @, .
n
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At a given value Table 1
of the phase stability N | n o,el. grad. v,el. grad. ke,V/rvad. | t.,s | ©,%
margin  y, the I- 1|3 60 30 307 0,10 | 350
controller amplification 2 | 4 45 45 230 0,10 | 21,5
Coefficient kPH is de_ 3 5 36 54 184 0,15 11,2
termined provided that 419 30 60 154 0,15 3,0

. 5 8 22,5 67,5 115 0,25 0,2

an amplitude frequency 6 | 10 18 72 92,1 035 | 0,0

characteristic ~ of the 7 1 12 15 75 77.8 0.45 0.0

open-loop  system  is 8 | 15 12 78 61,4 0,60 | 0,0

equal to unity

(Ag(@)=1) at the cut-off frequency Table 2

. n k~,V/rad. tr, S o, %

o according to the formula N | fo. Mz < < °

9 5 4 113 0,2 12,5

ko =—2c . (16) 10 6 74,4 0,4 3,5

A, (o) 11 8 56,3 0,5 0,0

Table 1 shows the calculating 12 10 45,1 0,8 0,0
results of the I-controller parameters 13 20 4 581 0,05 24.8
of the rotation angle amplitude and 14 6 389 0,075 6,7
performance indexes of the transient }2 180 ggg 8’32 8’(5)
response of output signal «, of the 17 30 4 1403 0’6333 23:,0
closed loop system, which consists of 18 6 939 0,0667 | 5,1
the controller and BMM (Fig. 1) with 19 8 701 0,1 3,6
a step input signal and the value of 20 10 562 0,1667 | 1,6

carrier frequency f, =10 Hz , where

- 1is a control time determined by a time at which the output signal reaches a five percent zone

from the steady-state value; o is an overshooting as a relative value of the maximum deviation of
the output signal; N is a number of the calculation option.

Table 2 shows the same parameters but for the other frequency values. The presented data
confirm a possibility of calculating the controller according to formulas (10-16) in the frequency
range from 5 to 30 Hz. At the same time, we can note the differences in the performance indexes of
transient responses at different frequencies, which can be explained by insufficiently accurate de-
termination of the phase angle @ (10), as well as signal distortions &, (t) at the carrier frequency
of about 30 Hz.

The speed of controlling the rotation angle amplitude in the range of the carrier frequency
from 5 to 10 Hz can be increased by using a proportional-integral controller (PI-controller), which
has an amplitude and phase-frequency characteristic of the form

Ac(a)):%1/1+TC2a)2; (17)

(oc(a)):—%JrarcthCa), (18)

where k., T. —amplification factor and time constant.
In this case the controller parameters are determined as
1 T
Tc=—tg(v——+<p(wc)j, (19)
Oc 2

ke = ®c : (20)

Ay (00 )1+ T of
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0.1 A
0.05 A

Table 3
N n o,el. grad. v.el. grad. kc.,V/rad. Tp,s tc,s | O, %
21 3 60 45 297 0,01279 0,1 15,4
22 3 60 60 266 0,02757 0,15 0,0
23 4 45 60 222.5 0,01706 0,1 3.0

Table 3 shows the calculation results of the PI-controller parameters of the rotation angle
amplitude and quality indicators of the transient response of the control at a value of the carrier fre-
quency f, =10Hz.

Fig. 3 shows the graphs of transient responses for the calculation options a — 4, b — 6, ¢ — 8§,
d—11,e—15,f-19,g—21, h—22,i— 23, respectively.
The presented data show satisfactory results in a low-frequency region of the control range.
At the same time, the researches showed difficulties in tuning PI-controller in the region of carrier
frequencies close to 30 Hz. However, his is not a problem, since a dynamics of the processes with
the I-controller in this frequency range is quite acceptable.
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A second function of the BMM control system is a current limit of the stator winding in the

range of carrier frequency of more than 30 Hz. To implement this function, an additional closed
loop with a nonlinearity is introduced into the system [8], like

x,=01ifI<1, (21)
or

x,=1—1,if I>1,, (22)
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where [, — a task at which

current starts to be limited. : max(\a\) <

In  addition, a low- B

frequency filter is intro- @; I a
duced into the closed loop Cl %o(@o1) > model (1 - 6) 4

of the current limit.

Thus, we can pre-
sent a final structure of
BMM  control  system,
which is shown in Fig. 4, Fig. 4
where R — is a regulator of
the rotation angle amplitude with a saturation nonlinearity; F — is a filter.

Below there are equations of the amplitude I-controller with a saturation and low-frequency

A

ngii ! RMS(i) <—Ji

filter
Uc(m):Uc(m_l)"'(al_O‘A)kch; (23)
UC (m) = Umax lf UC (m) > Umax ’ (24)
U m)=U,pm =1+ (5 U, o= 1)) (5)
u,=u.-U,, (26)

where U, — output signal of the controller; &, — input signal of the system; U, — maximum

X

value of the controller output signal; m — number of an integration step; /# — integration step; U

— output signal of the filter; k,, T, —amplification factor and time constant of the filter.
The equations of the PI-controller with a saturation are [9]

U,=(a, —a,)k, T, if U, <U,, orU,=U, if U,>U,,_; (27)
U,(m)=U,(m-1)+(a, —a,) kb if U, <U,, —U,; (28)
U(m)=U,, -U,ifU >U, ~Up,; (29)

Uc :UP +U1a (30)

where U,, U, — proportional and integral components of the PI-controller output signal.

A calculation of the filter transmission factor in the current limitation loop is carried out un-
der the condition of ensuring a specified accuracy of the current limitation. Based on the condition

(13) and taking into account a frequency characteristic 4, (a)) (12), we have the following formula

for a steady state mode of the current limitation

Ai (a)O )Umax — \/E]
Ai(wO)(I_IO) .

Coefficient +/2 was introduced in the formula since an amplitude of the sinusoidal current

kp =

€2))

is v/2 times greater than the effective value of the current.
The time constant 7}, is determined under the condition of excluding possible current fluc-

tuations due to the discrete nature of the signal / as
~ 20
fo
Since the current limitation mode is carried out only in a high-frequency part of the operat-
ing range, an introduction of the filter with such value of time constant does not lead to a deteriora-
tion of the transient performance.
When calculating the RRM processes, we assume that viscosity coefficient of the motor load
k, changes in accordance with the equation

T, (32)
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dk
T, —E=ky—k;, (33)
dt

when the reference load coefficient k, changes stepwise, where 7, =0,1 s — time constant. More-

over, to ensure a smooth start of the BMM, a response time of the reference signal change is intro-
duced

(34)

2 2

a,(m)=a,(m_1)(1_T£]+aR§,

where a, —reference signal; 7, = 0,1 s — time constant.
To show the BMM operation in RMM mode, we calculated the dynamics of regulation with
I-controller at the motor start and the load parameter stepwise change k, from zero to the maxi-

mum value and back to zero. The dynamics was calculated using the formulas (1-7, 21-26, 33, 34)
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for such values of the system parameters — L=0,012Hz, R=400mm, k,=0125Nm/ A,
J=2410"°kgm?, k,=65-10" Nms/rad., k,=0,0448 Nm/rad., M;=2-10" Nm,

a, :grad., U =15V, 1,=0]144. The maximum value of £k, coefficient is

21-10* Nms/rad.
The values of system parameters depending on the carrier frequency f, were calculated by

formulas (11, 13-16, 31, 32) at n =8.
Fig. 5 (a—d) shows the graphs of transient responses of the rotation angle amplitude change
o, and current effective value / at the carrier frequencies f,, of 5 (a), 10 (b), 20 (¢), and 40 (d)

Hz in the modes of motor start and load changes. When f,, =40 Hz and a given accuracy of current

limitation is 1 %, the filter parameters in the current limitation loop have the following values
kr.=2692V/4 and T, =0,55s. In the current limitation mode in the frequency range of more than

30 Hz, the value of controller parameters of the angle amplitude is stored as it was at this frequency
value. At the same time, in the stabilization mode of rotation angle amplitude, the values of filter
parameters do not matter.

Conclusion. 1. The researches have confirmed the possibility of an analytical calculation of
the controller parameters of rotation angle amplitude of the motor rotor during the RRM by setting a
value of the phase stability margin.

2. A structure of the control system allows a transition from the stabilization mode of the ro-
tation angle amplitude of the rotor to the mode of limiting the stator current effective value, which
is possible due to the introduction of nonlinearity and low-frequency filter into additional current
closed loop.

3. Using the obtained analytical dependencies allows us to automatically calculate the pa-
rameters of the controller and filter depending on the value of carrier frequency in a given operating
range. In the case of non-sinusoidal carrier periodic signal formation, it is necessary to obtain am-
plitude frequency characteristics of the open-loop system by means of calculation based on the sys-
tem of equations (1-6).
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Onucana cucmema ynpasieHus 6036PAMHO-6PAUANETbHBIM OGUNCEHUEM DPOMOPA OeCKOHMAKMHO20 MAZHUMOIICK-
mpuueckoeo ogueameins. Hcciedoean memoo pacuema cucmemvl YApasieHus aMnaumyoou yeia nogopoma 8aid pomo-
Pa HA OCHOBE YACMOMHBIX XAPAKMEPUCMUK PAZOMKHYMOU CUCEMbL nymeM 3a0anusl 3anaca ycmoudugocmu no ¢ase.
Pacuem xonwmypa oepanuuenus delicmsyiouje2o 3Ha4eHust MOKA CMAMOPHbIX 0OMOMOK NPOBEOeH HA OCHOBE 3A0AHHOU
MOYHOCIU MAK020 o2panuyenus. Fcnonv3oeanue NoayyeHHbIX AHATUMUYeCKUX COOMHOWEHU NO380IAem asmomMamu-
YecKU paccuumvléams napamempsbl pecyisimopos 8 3d6UCUMOCHU OM 3HAYEHUs. YACTNOMbl MEeXAHUYECKUX KOAeOaHUll
6ana pomopa 8 3a0aHHoM pabouem ouanaszore. IIpusedenvt npumepsi paciema nepexooHbiX NPOYeccos8 pecyiuposanus
aMAAUMYObL Yena nosopoma u 0elicmeyowe2o 3Ha4eHus moKkd npu nycke 0gueamens U U3MeHeHUU MexaHuieckol Ha-
epysxu. bubm. 9, puc. 5, Tabdm. 3.
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