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This paper is devoted to the problems of developing an electric machine with two-degrees-of-freedom (2-DOF) of rotor
movement and its control system. The structure of the machine with the possibility of rotation of the rotor along two
angular coordinates in a limited range of rotation angles is considered. The machine is designed to control the position
of the axis of the optical beam along the line and frame trajectories. Based on the electrodynamic state model of the 2-
DOF electric machine, a block diagram of the servo system was developed to control the trajectory of the rotor in two
coordinates. Relationships between the time constant of the angle controller and the time constants of the high-
frequency part of the amplitude-frequency characteristic of an open-loop system are determined. The dependences of
the effective values of the currents in the control windings on the frequency of the frames and the duration of the linear
part of the triangular signal are obtained. The dependences of the modules of relative accuracy of the rotor movement
along a given trajectories on the system tunings are obtained. Ref. 12, fig. 8.
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Introduction. Devices that control the spatial movement of a radiation beam are known as
scanning devices. The range of problems solved with the help of scanning beam systems is quite
wide. It includes the issues of control and regulation of parametric fields in thermal objects, for
example, in furnaces or special combustion chambers, search and tracking of reference emitters in
the process of orientation and navigation, detection and tracking of special objects in military
equipment, control of the spatial position of an optical and laser beam in medicine, etc. Despite the
fact that scanning devices increasingly use methods for deflecting optical or radar radiation without
the use of moving elements, there are technical problems when the use of an electromechanical
drive becomes the only possible solution [1]. This is especially true in cases of controlling high-
power radiation or when the useful signal is commensurate with the background signal and high
resolution is required.

Magnetoelectric drives of scanning devices can be different in their design, but the basic
requirements for them remain unchanged, namely: high speed and high electromagnetic torque per
unit of energy consumed. This paper discusses the possibility of using a 2-DOF electric machine
with permanent magnets to control the spatial position of an optical or laser beam in two spatial
angular coordinates and to implement the specified scanning trajectories. In particular, the
possibility of implementing the line and frame trajectory of the beam, as the most common [2—4].
The choice of 2-DOF electric machine as a drive for an object of spatial movement is due to its
design feature, which consists in the implementation of the function of a two-coordinate spatial turn
using one controlled rotor with two-degrees-of-freedom of rotation. 2-DOF electric machine control
is carried out using an electromagnetic field generated by a system of windings placed in space.
When the winding field interacts with the excitation field of permanent magnets, electromagnetic
torques are created along two angular coordinates [5].

The purpose of the paper is to present the experience of developing a 2-DOF electric
machine with permanent magnets for controlling the spatial position of the rotor in two angular
coordinates and to study the operating modes of such a machine to justify the possibility of
implementing a line-frame trajectory of the beam.

2-DOF electric machine structure. Fig. 1 shows the structure of the scanner based on the
2-DOF electric machine (Fig. 1 a) and the appearance of an experimental sample of such a machine,
developed at the Institute of Electrodynamics of the National Academy of Sciences of Ukraine
(Figure 1b). The movable element of the scanning device is a payload mounting platform 1, which
is mounted on a 2-DOF suspension 2 (shown schematically) and rigidly connected to the rotor

© Akinin K.P., Kireyev V.G., 2023
ORCID ID: * https://orcid.org/0000-0002-9407-1074, ** https://orcid.org/0000-0002-7830-2311




146 ISSN 1727-9895. Ilpayi IEJ] HAH Ykpainu. 2023. Bun. 65

windings 3. An internal two-axis gimbal with angular position sensors mounted on its axes is used
as a suspension. The movable rotor is a truncated hollow ball, in which two windings are located,
filled with a dielectric compound. One of the windings is wound in the form of a spiral so that its
electrical axis coincides with the axis of the machine when the scanning platform is in a horizontal
position.

Fig. 1

The second winding consists of two coils mounted on the outer surface of the first winding,
and the active parts of the turns of the first and second windings located in the working gap of the 2-
DOF electric machine magnetic system are mutually orthogonal. Fig. 2 schematically shows one
turn of the second winding with current (red arrows) and its location in the working gap.

The stator magnetic system includes one pair of permanent magnets 4, outer 5 and inner 6
magnetic cores rigidly interconnected. Thus, the magnetic
excitation system is common for controlling the angular
— position of the rotor about two mutually orthogonal axes,

with the first winding in a more advantageous position in

terms of utilization than the second. Structurally, the first

winding is closest to the windings used in single-coordinate

o scanners [6, 7], where everything is subject to achieving the
maximum electromagnetic torque with a minimum moment of
inertia of the rotor. In the proposed design, the
Fig. 2 electromagnetic control torque generated by the spiral winding

is an order of magnitude higher than that of the coil winding.

Therefore, the first winding was used to control the position of the rotor when moving along the line
(along the /), as the most intense mode of operation,

and the second winding — along the frame (along the «)
(Fig. 3).

In accordance with the general theory of
electrical machines [5, 8, 9], the 2-DOF machine can be
conditionally represented in the form of three current
circuits or windings (Fig. 3), one of which is located on
the stator (excitation winding (EW)) and is connected to
the fixed coordinate system OXYZ, and the other two
(control windings OYX and OYZ along the axes OX;
and OZ;, respectively) are located on the rotor,
connected to the moving coordinate system OX,;YZ;
and have the ability to turn relative to the stator. Both
coordinate systems have a common origin, which is

Fig. 3
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located at the intersection of the electrical axes of all three windings and coincides with the center
of the gimbal.

By its structure, 2-DOF electric machine is a slotless magnetoelectric motor with possibility
of rotor rotation in a limited angular range around two mutually perpendicular axes. To obtain the
equations of moments and the electrical balance of the motor, it is necessary to make some
assumptions, which will allow describing the electrodynamic state of the machine without taking
into account the influence of secondary factors. The generally accepted assumptions in the theory of
electrical machines, as well as the assumptions associated with the specifics of the movement of the
rotor along two angular coordinates, are:

- lack of saturation of the magnetic circuit, which ensures a proportional dependence of all
flux links and EMF from the corresponding currents in the windings;

- the current flowing in the windings remains unchanged throughout their entire length, and
therefore, to describe the energy of the electromagnetic field, one can use the lumped parameters of
the circuit - active and inductive resistances;

- we will consider 2-DOF electric machine with a two-pole stator and carry out calculations
for the first harmonic;

- the use of high coercivity magnets in the excitation system determines the constancy of its
magnetic characteristics when the external magnetic field of the rotor windings varies, associated
with changes in the currents flowing in them or their spatial position;

- since the physical model of the machine (Fig.1a) does not contain ferromagnetic elements
and the magnetic axes of the control windings OYx and OY; are mutually perpendicular, their
mutual inductances are equal to zero;

- The rotor turns center is located at the intersection of the electric axes of all three coils
(Fig. 3), which is ensured by the proper execution of the gimbal cardan suspension;

- the center of mass of the rotor coincides with the center of the gimbal and its position
remains unchanged when the rotor tilts.

The last point is especially important when placing 2-DOF electric machine on moving
objects experiencing multidirectional accelerations. The displacement of the center of mass relative
to the center of rotation of the rotor leads to the appearance of a static unbalance of the rotor, which
causes an additional load moment. Its direction depends on the trajectory of the object, and the
value depends on the overload affecting the object of the installation of the 2-DOF machine.
Information about the magnitude and direction of this disturbance can be obtained from acceleration
sensors, which in this case must be installed on the object. After processing the signals from the
sensors, the motor control system will be able to generate an electromagnetic moment that
compensates for the disturbance that has arisen. This is possible only in the case when the parasitic
moment does not exceed the moment capabilities of the 2-DOF electric machine. Therefore, in
devices with several degrees of rotation, the fulfillment of the requirement to combine the center of
mass with the center of suspension is mandatory and is achieved using the methods of static and
dynamic balancing of the rotor with the payload.

Thus, 2-DOF electric machine is an electromechanical system, the rotor of which can make
a turn around two mutually orthogonal axes. The model of such an electromechanical converter can
be considered in the form of interconnected mechanical and electrical parts. The mechanical part is
represented by a rotating rotor, the position of which is determined by its geometric coordinates X,
Y and Z and the rotation angles a and . The electrical part is described by currents in the windings
ix, 1z and ip. The currents in the windings, as already noted in the assumptions made, are not
interconnected and, therefore, do not depend on each other. Thus, the coordinates chosen for
consideration are independent, and the electromechanical system is holonomic, which makes it
possible to use the Euler-Lagrange equation for its description.

The model of the dynamic state of the 2-DOF electric machine, in which the excitation
winding is located on the rotor, and not on the stator, as in our case, was obtained in the monograph
[9]. Since the electrodynamic processes occurring in the machine are identical in both cases, we will
use these results to compile a mathematical model of the considered drive of the scanning device.
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Mathematical model of 2-DOF electric machine and research results. Taking into acco-
unt the accepted assumptions, the 2-DOF electric machine mathematical model has the form [9]

d
(JXcos2ﬂ+JYsin2) ;‘" =M,-M, -M,,—M,,; (1)
t
M, =i,k ,cosacosf; M, :2a)aa)ﬂ(Jy ~J, )sin Bcos B; 2,3)
M,, =k,w,; M,, =M ,sign(w,); 4,5)
daw,
J27:MX+MJZ—MXZ—MM—ML5; (6)
M, =ik, cosf; MJZ=a)§(JY—JX)sinﬁcosﬂ; (7, 8)
My, =ik, snasmf; M, =k,05 M, , =MBsign(a)ﬁ); (9-11)
da dp
a7 dt 7 ( )
di . _
XE:uX_RXZX_kaa)ﬂCOSﬂﬂ (14)
LZ%:L{Z—RZz'Z—kmza)acosacosﬂ—i—kmza)ﬁsinacosﬂ, (15)

where @,, @,, a, [ are the angular speeds and rotation angles of the rotor shaft around the Z and

X axes; Jy, J,, J, are the axial moments of inertia of the rotor; M,, M, - electromagnetic
torques; M ,,, M, are torques caused by the Coriolis forces; M ,, is electromagnetic torque caused

by the influence of the winding with current i,; M, , M, , are torques of viscous friction; M

wa La>

M, are mechanical torques of resistance of bearings; iy, i,, u,, u, are the currents and voltages
of the rotor windings corresponding to the X and Z axes; L,, L,, R,, R, are inductances and
active resistances of the rotor windings, respectively, to the X and Z axes; k,, , k,, are motor
torque coefficients, respectively, for the X and Z axes; k, is coefficient of viscosity of the motor;
M ; is the torque of resistance of the bearings. 2-DOF electric machine (Fig.1) has the following
parameters: J=J,=J,=5-10" kgm®, J,=6,7-10" kgm®, L, =3134-10" Hn,
L, =1,658-107 Hn, R, =0,96 Ohm , R, =3,03 Ohm k,y =0,0686 Nm/ A,
k,,=04606 Nm/A, k,=2,7-10" Nms/rad , M, =2-10" Nm.

To implement the line and frame trajectories of the movable rotor, we assume that the signal
for setting the rotation angle & should change in accordance with the sinusoidal law

o, =a,sm2rf t, (16)

where &, f,, are the amplitude and frequency of the periodic change in the angle « .

The rotation angle £ must change from one extreme angular position to another with
constant acceleration. At the same time, in the part of the trajectory, when the acceleration sign
changes, in order to improve the energy characteristics of the operating mode, the second derivative
of the motion trajectory should be limited. Fig. 4 a shows a block diagram of the generator of a
triangular reference signal £, .

The block diagram of the triangular signal generator is described by the equations and
conditions

d—?= k,x ;if x, > 4, then x, = 4; if x, <—4,, then x, =—4,; (17-19)
Ay
dt

=x,;if B, > 4,,then x, =—1;if f, <—A4,, then x, =1, (20-22)
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where x,, x, are variables; k, is gain of the integrating link; 4, is the value at which the

saturation of the integrating link occurs; A, is the value of the angular deviation of the rotor in the
linear part of the signal £, , at which the hysteresis loop relay controller switches.

Br.rad

X T} —
ﬁR x1>k1 X »

|-

Fig. 4

Based on the given the frequency f, 5 and amplitude S, of the triangular signal, as well as

the relative duration y of the linear part of the motion trajectory, it is possible to determine the
parameters of the generator

8 44
88y k= o 4, =74 (23-25)
l+y -y 41,
According to the conditions of the 2-DOF electric machine control problem, the following

4,

parameters of the trajectory for changing the rotation angle A are assumed: f, 5 =171y and

B, =12 deg Fig. 4b shows a diagram of the generator output signal £, at a frequency of 1 Hz with
a relative duration of the linear working part 7 = 0,95, which is defined as

where T is the duration of the linear parts on one period of the triangular signal.
For the trajectory of changing the rotation angle «, the signal amplitude o, =1 deg is

assumed, and since the oscillation frequency f,, of the rotor is related to the effective value 1, of

the current in the stator winding, this paper assumes obtaining such a dependence.

To calculate the control system for the angular movements of the rotor, we use a linearized
system of equations, which, subject to a limited angular range of rotation, can be obtained with such
substitutions sina =« ; sinf=; cosa =1; cosf=1. In addition, we will assume that the

insignificant torques M, M ,,, M, , M, , M., M,,, M,, are signal disturbances, which can

oo’ La»
be ignored in the preliminary calculation of the controller parameters. Then we obtain the linearized
equations

dw do da d
S =M, J_dtﬂ =My =0, 7f=coﬂ; (27-30)
di ) di :
X d;(:uX_RXlX_kaa)ﬁ ; Zd_f:uZ_RZlZ_kaa)a * (31’ 32)

In this case, the mathematical models for the two channels for controlling the rotation angles
o and f are structurally identical. Therefore, we present a block diagram (Fig. 6) of the servo
system for controlling the value &, taking into account the use of the proposed regulators of the
current W, (p) and the rotor rotation angle W, (p), where A« is the unbalance signal; i, is
output signal of the rotation angle regulator; e, is winding EMF; M ,, is torque of disturbances;
O is output signal of the rotation angle sensor. All further considerations will also be valid for the

servo control system of the rotation angle [5. When designing a servo system, we refuse to use an
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internal loop with angular speed feedback [10], since the use of a special angular speed sensor in a
low-power electromechanical system is an unacceptable solution.

kmz {

F 3

Iip+l

Fig. S

Fig. 6 also shows the transfer function of the rotor angle sensor realized using the Hall sensor.
For such a sensor, the passport value of the response time is 0.000003 s, so its transfer function with

the output signal ag was presented as a first-order aperiodic link with time constant
T, =0,000001 s.

To compensate for the electromagnetic time constant 7, of the winding, we introduce a
current controller with a transfer function into the current control loop
W, (p)=ke,. (33)
Without taking into account the influence of internal feedback on the EMF of the motor, we
obtain the transfer function of the current circuit in the form

iz(p): kiz
iRZ(p) T,p+1’

where ip, is the current reference signal. The gain and time constant of the current loop are

(34)

determined by the formulas.

k.,
_fer oL
RZ + kC[Z RZ + kC[Z

The purpose of using the current loop is to compensate for the electromagnetic time constant

(35, 36)

iz

T, of the winding, therefore, by setting the desired value 7}, of the current loop time constant, it

is possible to determine the value of the current controller gain k.,

k :EL:fiﬁz
CiZ T s

DZ

(37)

and then the gain k,, of the compensated current loop (35). The use of a proportional controller in

the current loop does not increase the order of the entire control system and, at the same time,
allows to compensate to a large extent the influence of the EMF and the electromagnetic time
constant of the winding.

Consideration of the structure (Fig. 6) and its parameters shows that the open-loop system
contains two integrating links and two aperiodic links with relatively small time constants of the
rotation angle sensor T and the compensated current loop 7, . In this case, to develop a servo
control system, a proportional-differentiating controller should be used in the form

i T. p+1
ch(p): RZ(p)_k Cap

ralp) " T prl o

where k.,, T.,, Tr, are the gain and time constant of the PD controller, as well as the time

constant of the filter of the non-ideal differentiating link.
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Now we can write the transfer function of the open-loop servo system as
aS(p):k kg I.,p+1
Aa(p) T pATep+ )T p+1)(Tp+1)

Let's use the approach to tuning the servo control system, which determines the relationship

(39)

between the time constant 7', of the PD controller and the sum of the time constants of the high-

frequency part of the open-loop amplitude-frequency characteristic T5,, 7, and T'5. Developers
try to make the last three time constants as small as possible, and their values are limited by the
physical feasibility of measurement and control processes.

A convenient parameter that determines the ratio between the time constant 7, and the

sum I, + T, + T of the time constants is the oscillation index M , which is equal to the ratio of

the maximum value of the amplitude-frequency characteristic of a closed system to its initial
ordinate [11, 12]. The system with transfer function (39) satisfies the relations

M
Tpy>——: T,+T, <—— -
“ T w (M -1) re iz T s o (M +1)’

where @, is the cut-off frequency; k,;, is open-loop system gain, which, based on (40-42), is

O =k Tey (40-42)

determined as

P M(M -1) i
G T, + T M1 -
Next, you can define the parameters of the PD controller
(TFa +T;’Z +TS)(M+1) kOLZJ
= sk, =——4— (44, 45)

Ca M—1 ’ Ca_kizkmz-

Let us determine the parameters and conditions that are missing for research. The time
constants of the high-frequency part of the amplitude-frequency characteristic of open-loop systems

are assumed to be wvalues 7;=0,000001s, T7,,=0,00001s, 7,,=0,00002s,
T,, =0,00001s, 7., =0,0001s. We also determine the ranges of variation of the oscillation
index 1,025 <M < 1,4, the relative duration 0,8 <y < 0,975 of the linear part of the triangular

signal [, as well as the oscillation frequency f,, of the rotor along the angle ¢ from 20 to 60 Hz.

The value of the time constant 7}, is chosen approximately three orders of magnitude less than the

value of the signal period (16).
This paper did not set the purpose of achieving a predetermined accuracy of processing

given trajectories. On the contrary, we are interested in the dependences of the effective values /,
and [, of the currents in the two control windings, as well as the modules of relative errors &, and

&y of processing the angular displacements according to the rotation angles & and S depending

on the parameters of the operating modes and the tunings of the regulators, which will allow us to
evaluate the energy characteristics of the 2-DOF electric machine and the accuracy of its operation.
All further calculations are made on the basis of equations (1-15).

To meet the requirements for the thermal state of the 2-DOF electric machine, it is necessary

to determine the dependence of the current effective value /, on the frequency f,, of the periodic
change in the angle « . Then it will be possible to determine the frequency values f,, at which a
long-term operation of the machine is possible or a short-term operation in a forced mode. Since the
frequency f, of the triangular signal is predetermined and equal to 1 Hz, the current value 7

largely depends on the relative duration y of the linear part of the triangular signal. Fig. 6 shows
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the dependencies 1, ( /., ), I, ( fa) and [, (7) These calculations were performed with the value

of the oscillation index M =1,2. The results of preliminary studies showed that the value M

practically does not affect the effective values of the currents, therefore, based on the dependencies
(Fig. 6), it is possible to choose acceptable values for the parameters of the machine operation mode

/., and 7. Obviously, the frequency f,, has practically no effect on the current effective value /.

Note also that the parameter » has no effect on the current effective value 7/, .

—_ 03 J—
3 IZ,IX,A ; I_i.,.fl
25 0,25 /f
2 02
I, /
1.5 0,15
1 0,1
_'_‘_'__‘_'_‘____'_‘_,_,_.—'—'—‘_’
0,5 H- 0,05
Iy ’f"‘ Y
0 ! 0
20 30 40 50 60 70 075 0.8 0,85 0.9 0,95 1
a b
Fig. 6

Based on the analysis of the research results (Fig. 6), it was determined that for a long-term
machine operation mode, it is possible to choose a frequency value f, =40 Hz, and for a short-
term forced mode, for example, 56 Hz or another frequency value depending on the duration of
operation. For further research in the formation of a triangular signal, the value ¥ = 0,95 was cho-

sen.
Further studies of the influence of the oscillation index M on the accuracy of processing a

given trajectory of movement were carried out at f, =40 Hz and y=0,95. Fig. 7 shows the
dependences of the modules of relative errors &, and &; on the parameter M . The errors are

determined on the interval of the linear part of the triangular signal according to the formulas
B max(a) . max(,b’)

. ; (46, 47)
a, g B
0Te,.107 ‘T g,.107
9 £
| 3,5
: \
7 | 3 \
6 | 25
s \
\ T\
4 15
3
) 1
1 M| 0,5 ——M,
0 0
1 1.1 12 13 1.4 1 1.1 12 13 1.4
a b

Fig. 7



ISSN 1727-9895. Hpayi IE/] HAH Yxpainu. 2023. Bun. 65

153

Thus, based on the dependencies (Fig. 7), it
is possible to choose an acceptable accuracy of the
rotor movement along a given trajectory. To illus-
trate the operation mode of the machine Fig. 8
shows the time dependences of the rotation angles

a and [, rotor currents i, and i,, as well as

relative values of unbalance signals A’ and AS,
calculated at f, =40 Hz, =095 and M =1,2.

The relative values Aa” and AS are determined
as

pa' =22 ap = BE (48, 49)
o, B
Conclusions. The 2-DOF electric machine
described in the paper is a structure with fixed per-
manent magnets and a magnetic circuit on the sta-
tor, as well as a rotor moving in a limited angular
range with two unequal orthogonal winding sys-
tems. The absence of ferromagnetic elements on the
rotor and the ability to control the rotor simultane-
ously in two angular coordinates makes it possible
to achieve the minimum moment of inertia of the
moving part of the motor and ensure the maximum
speed of the drive. In addition, by redistributing the
volume allocated for the placement of windings and
their design, effective control is achieved of the en-
ergy-consuming mode of the high-frequency line
trajectory along one angular coordinate and the
relatively easy low-frequency mode of changing the
second angle when moving along the frame trajec-
tory.

The conducted studies of the operating modes
of the 2-DOF control system for the machine rotor
substantiate the possibility of implementing the line
and frame trajectories of the beam. Based on the
obtained dependences of the effective values of the
currents and the modules of the accuracy of the
processing the movement trajectories on the pa-
rameters of the operating modes and the settings of
the controllers, it becomes possible to select the
system parameters for operation in a long-term or
forced short-term mode.
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cmemu Kepy8aHHs Hero. Po3enanymo cmpykmypy Mauuny 3 MOXCIUBICINIO NOBOPOMY POMOPA 3a 080MA KYMOBUMU KO-
opouHamamu 8 ooMmexceHoMy Oianazoni Kymie noeopomy. Mawuna npusnaiena 01 ynpagiiHHA NONOHCEHHAM OCi On-
MUYHO20 NPOMEHIO NO JIHIUHIU [ Kadposii mpackmopii. Ha niocmasi mooeni enekmpoouHamivho2o Cmamny MawuHu
PO3pO0OIEHA CIMPYKMYPHA CXeMA CUCIEMU CIMENCEHHsL OISl YAPAGIIHHI MPACKMOPIEIO pYXy pomopa no 080X KOOPOUHA-
max. Busnaueno cniggionowenns mixc cmanoio yacy Il/[-pecynamopa ma cmanumu 4acy 6uUcoKo4acmomHoi uacmunu
AMARIMYOHO-YACMOMHOL Xapakmepucmuxy po3imkuymoi cucmemu. Ompumano 3an1edcHocmi Olouux 3Ha4eHb Cmpymie
6 0OMOmMKAX YNpAGNiHHS 6i0 4acmomu Kaopogoi mpackmopii ma mpueaiocmi NiHIUHOL OLISIHKY MPUKYMHO20 CUSHATLY.
Ompumano 3anexicHocmi MoOYié 8i0HOCHOI MOYHOCMI PYXy pOmMopa o 3a0aniil MpAacKmopii 8i0 HACMPOUOK CUCEMU.
ObrpyHnmosaro modicausicms peanizayii TiHiIHOI ma Kadpogoi mpaekmopiil pyxy y mpueaniomy ma opcosanomy pe-
arcumi pobomu osueyna. biomn. 12, puc. 8.

Kuro4oBi ciioBa: enekTpuyHa MalldHA 3 JBOMa CTYICHSAMH CBOOOIM, CHCTeMa KepyBaHHS, CKAHYIOUWH MPHUCTPIH, Ji-
HilfHa TPAEKTOPIisl, TPAEKTOPISA KaAPY.
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