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DEVELOPMENT AND STUDY OF THE OPERATION OF THE MODULE FOR
DETERMINING THE ORIENTATION OF THE MANIPULATOR JOINT

In the field of mechatronic systems, manipulators are often used for automated assembly of products, welding, painting parts and
more. An important task is to optimize the travel time along a given trajectory of the manipulator. To solve this problem, it is
necessary not only to accurately estimate the speed of the manipulator nodes, but also to provide a linear characteristic of the
assessment of the position of the mechanism in a wide range of speeds. The matter of the article are methods for determining the
orientation of the joint of the manipulator. The goal of the work is to develop a module for determining the orientation of the joint of
the manipulator and study its operation in order to determine the suitability subject of the structure for practical use. The following
tasks are solved in the article: to investigate the principles of determining the orientation of the joints of industrial robots; choose the
design of the orientation determination module; develop an algorithm for determining the position of the joint at any time; perform
experimental studies of the position determination module in order to confirm the suitability of the structure for practical use. The
following methods used are: experimental research was conducted on a real object - a model of the manipulator joint, created using
methods and tools of 3D prototyping; to determine the position of the joint of the manipulator used methods of processing signals
received from sensors; processing of experimental results and calculation of values of errors of positioning of a joint of the
manipulator is based on methods of the statistical analysis of random sizes. The following results were obtained: the principles of
determining the orientation of the joints of industrial robots were studied; the design is developed and the module of definition of
orientation of a joint of the manipulator is created; developed an algorithm for determining the position of the joint at any time; the
suitability of the design for practical use has been experimentally confirmed. Conclusions: in this paper, two variants of the sensor
design are proposed to determine the absolute angle of rotation of the manipulator joint: resistive and magnetic. The proposed design
of the resistive sensor was non-technological and much larger than the design of the magnetic sensor. The data obtained in the process
of conducting experimental studies of the proposed method of measuring the angle of rotation of the mechanical gearbox of the
manipulator joint indicate a fairly accurate determination of the angle using a magnetic sensor. The calculated measurement error was
less than 1.4 degrees. The results of the experiment also showed that in addition to the radial direction of movement of the gearbox of
the manipulator joint there is a significant displacement along the working plane, and in some cases, such displacements are chaotic.
This is due to some defects and imperfections of the surface of the manufactured parts of the joint model used in research.
Keywords: manipulator; positioning; orientation; angular rotation; designing; industrial robot.

Introduction optimize the design of robots with open and closed-loop
trajectory of motion, using the implicit function theorem.
The research of the problem considered in this paper
focuses mainly on kinematic synthesis for the
implementation of a sequential manipulator circuit, which
can help to achieve given configurations of the final
effect.

In [3], a method is proposed to optimize the
trajectories of robotic arms having manipulators with six

Manipulator robots are devices most commonly used
in mechatronic systems for automated product assembly,
welding, painting parts, etc. The main task of a
manipulator is to place the working elements at a given
point in space. Most often, this task is solved by using
position sensors and adjustable drives. A separate
requirement for the operation of technological units is to

optimize the movement time by a given trajectory. To
solve this problem, it is necessary not only to accurately
estimate the speed of movement of manipulator units, but
also to provide a given characteristic of estimating the
position of the mechanism in a wide range of velocity
changes. Thus, the study of methods for determining the
position of structural elements at any point of time is quite
an urgent task.

Analysis of recent studies and publications

In [1], the authors proposed a methodology for
obtaining a sequential chain with less than five
connections to realize an approximate end-effector
trajectory as close to the target trajectory as possible
without selecting any specific positions. This approach is
useful when it is difficult to select certain important
positions along the target trajectory or when a smooth
motion trajectory is required to move along the target
trajectory.

Considering the dynamics of the system at [2], the
authors proposed a flexible computational approach to

degrees of freedom (DOF) and spherical wrists. The
trajectories are optimized by maximizing manipulator
performance (manipulability). For this purpose, the
authors have defined kinematic models of the robot arms,
which can be integrated into the algorithm based on the
Kalman filter

An adaptive controller based on a nonlinear sliding
mode scheme is presented in [4] to control the position of
the robot manipulator. The impact of system
nonlinearity, uncertainty and unpredictable
perturbations is compensated by model-free estimation.

The control assignment is implemented using
a two-layer control  signal. An  adaptation
capability is built in at the level of the control

architecture.
The determination of the position parameters of the
joint parts [5] is based on independent measurements

using dual encoders mounted on the drive
motor and the drive joint. In addition, in [6] it
is proposed to calibrate manipulator positions

by QR code.
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Allocating the previously unsolved parts of the general
problem. The aim of the work

To solve the problem of optimization of movement
time along a given manipulator trajectory, it is necessary
not only to accurately estimate the speed of manipulator
nodes, but also to provide a linear characteristic of
estimating the position of the mechanism in a wide range
of speed changes. It is also important to determine the
absolute angular position of manipulator design elements,
especially in the interaction of industrial automation
objects using the Internet of Things technology [7-11].
Thus, the study of methods for determining the position of
structural elements of the manipulator at any point in time
is an urgent task. The subject of this research are methods
for determining the orientation of the manipulator joint.
The aim of the work is to develop a module for
determining the orientation of the manipulator joint and
study its operation in order to determine the suitability of
the design for practical use.

In order to achieve the set objectives, it is necessary
to solve the following tasks:

- to investigate the principles of joint orientation
determination of industrial robots;

- to select the design of the orientation determination
module;

- to develop an algorithm for determining the joint
position at any time;

- to carry out an experimental study of the operation
of the position determination module in order to confirm
the suitability of the design for practical use.

Materials and methods

Manipulator motion control by individual movement
steps can be continuous (contour) or discrete (positional).
With discrete control, motion control is performed by
specifying a finite sequence of points and then moving
through them in steps from point to point. The simplest
type of discrete control is cyclic control, in which the
number of positioning points for each degree of mobility

is minimal and usually limited to two - the initial and final
coordinates. The most important parameters of
manipulators are speed and accuracy of movements.
These parameters are interrelated and characterize the
dynamic characteristics of robots. The speed of a
manipulator is determined by the speed of its movement
through the individual degrees of mobility. Most modern
robots have an average speed and only 20% have a high
speed. The speed of modern robots is still insufficient, and
it is necessary to increase it at least twice. The main
difficulties here are related to the well-known
contradiction between speed and accuracy. The accuracy
of a manipulator is characterized by the resulting
positioning error (in discrete motion), or by the execution
of a given trajectory (in continuous motion). More often,
the accuracy of robots is characterized by the absolute
error. The accuracy of robots of general application is
divided into three groups:

- small — with a linear error of 1 mm or more;

- medium — with linear error from 0,1 to 1 mm;

- high — with a linear error of less than 0.1 mm.

In this case, the speed of linear movement of the
working elements of manipulators does not exceed 1 m/s,
although there are some jobs with speeds up to 2 m/s and
more. Angular speeds of movements of working elements
are mainly in the range of 15...360 deg. /sec.

To determine the position of the manipulator joint,
we used methods for processing the signals received from
the sensors. Experimental results processing and
calculation of positioning error values of the manipulator
joint are based on the methods of statistical analysis of
random variables. Experimental studies were performed
on a real object - a model of a robotic manipulator joint,
created using the methods and means of 3D prototyping.

Analysis and development of the design of the
manipulator joint model

A special model - a robotic manipulator joint - was
made for the research. Fig. 1 shows its appearance.

Fig. 1. Appearance of the robot-manipulator joint

The design of the joint should include the principle
of fixing a sensor to determine the position of the
mechanism when the device is in operation. Figure 2
shows a sketch of the moving part of the manipulator
design.

The base of the manipulator model is rigidly fixed on
the working surface. A first stepper engine is built into the
base. A movable attachment is mounted on the motor
shaft. The lower arm structure of the manipulator is
mounted on it. Activation of the motor leads to the action
of the planetary gear mechanism. Due to it the upper part
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of the structure is set in motion relative to the lower part,
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as shown in fig. 2, b (dashed arrow).
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Fig. 2. Drawing of the moving part of the manipulator structure: a - front view; b - side view

There are four sections in the reducer design. Two
rotate clockwise and two rotate counterclockwise. Fig. 3
shows how the reducer works. As you can see from this
figure, the two sections of the reducer always rotate
synchronously and in the same direction. For the
application of the reducer, the design of the arm of the

a)

manipulator was developed. The reducer is inserted into
the arm hole and secured with pins and glue. Four of these
parts are needed for one arm. To reduce the number of
part sizes, one standard solution was used for the entire
arm design.

c)

Fig. 3. Principle of operation of the reducer: a — reducer inserted into the opening of the section arm; b — drawing of the reducer; ¢ —

direction of rotation of the reducer sections

The main parts of the planetary gears are: the central
gear wheel, which is stationary, the satellites - gears with
movable rotation axes, and the driver - the link in which
the satellites' axes are mounted. As a rule, planetary
mechanisms are made coaxial.

a)

Fig. 4, a shows a view of the assembled joint of the
manipulator with a mounted gearbox, and fig. 4, b - the
principle of fixing the stepper motor to the reducer. The
motor axle is tightly inserted into the drive wheel due to
the properties of ABS material to transfer the motion
without skipping.

Shoulder manipulator

Stepper motor

Connection

. " St 1
direction epper motor

holder

b)

Fig. 4. Manipulator joint assembled with reducer (a); principle of stepper motor attachment to the reducer (b)
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The result of the joint test was positive - the reducer
transmitted motion to the other arm of the manipulator.
The study of the design of the manipulator joint model
and the analysis of the principles of operation of the
driving reducer of its joint showed that the planetary
reducer reduces the total number of motor revolutions by
40 times. Using traditional encoders to determine the
angular position without using a special mount design is
impossible. For further research, it was decided to use two
types of encoders: absolute resistive multiturn and

absolute magnetic, designed for only one revolution. As a
result of further research, the more accurate and
technologically advanced version will be chosen.

Development of a test bench design

The structural scheme of the developed test bench is
shown in fig. 5.

Personal

Computer Interface converter

Controller

——

‘%

Stepper motor driver Absolute Absolute resistive
s magnetic sensor sensor

Stepper motor

Fig. 5. The structural scheme of the model

The bench consists of the following elements:

- personal computer (PC) with control and data
acquisition program;

- interface converter;

- controller;

- DC motor driver;

- absolute magnetic sensor;

- absolute resistive sensor;

- stepper motor;

- model of the manipulator mechanism.

We will use two methods to determine the joint
orientation:

- magnetic absolute;

- resistive absolute.

Stepper motor

Cover

Magnet -

i St

a)

Magnetic sensor design

To determine the absolute angle of rotation of the
joint we will use a magnetic encoder type AS5600. This
encoder needs an additional element - a magnet, which
will be attached to the structural elements of the joint on
the same axis as the reducer.

Due to the design of the planetary reducer, the
permanent magnet cannot be attached directly to the
reducer axis. First, this is due to the fact that the central
element of the reducer is the central gear wheel, which
makes significantly more revolutions than the manipulator
joint. As a result, it was decided to make an additional
attachment to the joint, which would be rigidly connected
to it and fix a permanent magnet already to it. A drawing
of the magnet mount design is shown in fig. 6, a.

Stepper motor

/

Sensor

PCB

Holder

b)

Fig. 6. Principle of attachment of the magnet to the manipulator joint (a); drawing of the reading module attachment variant (b)
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The cover has to adapt to the parameters of the joint
reducer holder due to its design. The design of the reducer
used in the model has a peculiarity - the free space
between the satellites within the fourth section of the
reducer due to the shortened length of the central pinion
(fig. 3, a). Thus, there is an opportunity to place the
magnet in the empty space of the reducer, which makes
the cover design more flat.

In order to determine the angular position of the
joint, another design element must be added - the position
reading module and its holder. The reading module is
based on the AS5600 chip and is a printed circuit board
with the required attachments. The printed circuit board is
attached to the bracket, which in turn is attached to the
base of the layout. Electrical wiring connects the position
readout module to the controller to convert the analog

Protractor

Upper shoulder
of the -
manipulator 7

signal into digital combinations, process and transmit to a
personal computer for analysis. Fig. 6, b shows a drawing
of a mounting option for the readout module.

The AS5600 sensor must be positioned precisely on
the axis of the reducer and the permanent magnet,
respectively. The distance between the sensor and the
permanent magnet should be minimal and not exceed 4
mm. In this design, the sensor is rigidly attached to the
moving part of the joint on the base of the model. The
maximum rotation angle of the joint is 200 degrees. This
limitation is due to the design of the prototype.

Fig. 7 shows a drawing of the prototype. In this
figure, you can see that in addition to the manipulator joint
model itself there is also a control device, the role of
which is performed by a protractor. It is used to visually
determine the deflection angle of the manipulator arm.

Sensor

Sensor holder and lower arm
of the manipulator

The basis of the
manipulator

Fig. 7. Drawing of the model
Development of the resistive sensor design

The 3296Y-10K is used as a resistive sensor. This
type of resistor is characterized by a large number of
revolutions (28 revolutions). Considering the reducer ratio
of 1:40, this number of revolutions is enough to shift the
arm by 200 degrees. The screw for setting the resistor is
quite small. This is a disadvantage in this case, as it adds
complexity to the design of the mount and adapter to the
reducer.

(R
Resistive sensir 5 Stepper motor
i \
/ - S L S N
Holder i b .:
L) \ HEH

PCB

a)

As mentioned above, the resistor has a large number
of revolutions, so it can be connected directly to the
central gearwheel with an adapter and determine the angle
of rotation based on the current resistor resistance value
obtained. It takes 23 revolutions of the central reducer
wheel to rotate the arm by 200 degrees. Therefore, this
resistor is suitable for the task of determining the absolute
angle. Fig. 8, a shows a design of the absolute resistive
sensor.

+5V

To MC

b)

Fig. 8. Drawing of the absolute resistive sensor design (a); connection diagram of the resistive sensor to the controller (b)
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The resistor represents the amount of free space
inside the reducer, so the sensor itself must be located at a
much greater distance from the reducer than
the  magnetic sensor. This distance  depends
on the size of the resistor and is more than 10 mm. This is
another disadvantage of this type of sensor
design.

The output of the sensor, as in the case of the
magnetic sensor, is analog. The sensor is connected
to the controller input according to the circuit shown in
fig. 8, b. This circuit is a kind of voltage
divider and is often wused to determine the
input voltage in analog circuits for measuring electrical

quantities. Thanks to the multi-turn  resistor,
the accuracy of the joint position measurement
is £4%.

Test
Connect to PC

No
Connection Established?

Wait command from
PC

Command received?

Experimental studies

At the beginning of the experiment, the operator
visually checks the position of the arm of the manipulator
and moves it to the zero position. The position is
determined by means of a protractor. Then the desired
angle of rotation is set. The stepper motor control program
is started and waits until it finishes its work. Then the
controller receives the signal from the AS5600 absolute
encoder and sends it to the PC for analysis. At the same
time, the operator records the position of the arm using a
protractor and enters the values into the corresponding cell
in the measurement table. All data from the experiment is
recorded for theoretical investigations and positioning
error determinations. The current angle of rotation is set
from the personal computer and the control signals to the
DC motor are applied with the help of the control
controller. Fig. 9 shows the algorithm of the model
operation.

v

Pulse sequence
formation

4

Receiving data from
the position sensor

4

Analog-to-digital
conversion

|

Transfer the received
code to a PC

Fig. 9. Controller program algorithm

At the beginning of the work the communication
with the personal computer via the serial interface is
checked. If the connection is established, you can continue
to work. After receiving a command from the PC, the
controller forms a sequence of pulses to shift the stepper
motor shaft to the desired angle, taking into account the
transmission ratio of the reducer. In our case, this number
is 1:42. The angle of displacement of the motor shaft at
full step is 1.8 degrees. Given the gear ratio, the
mechanism can theoretically provide an accuracy of 0.045
degrees.

When the movement is complete, the controller stops
the reducer and reads the position sensor data. The data
obtained are converted from an analog signal into a digital
signal and transmitted to the PC. After the rotation
angle measurement is completed, the control

cycle is repeated until the controller power supply is
turned off. At this stage, the positioning accuracy is
determined visually by comparing the values set by the

operator and the actual values obtained from the
protractor.  Figure 10 shows the appearance
of the model.

The prototype includes a control module based on
Arduino Mega 2560, a reducer model and a measuring
device. The protractor is used to visually control the
accuracy of the movement. Control lines for measuring
the angle of rotation are plotted in 5-degree increments.
The center part must be aligned with the center axis of the
reducer. To determine the angle more accurately, a pointer
arrow is attached to the moving part of the reducer.

An absolute magnetic encoder is used to electrically
control the angle of rotation. The encoder board is
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attached to the reducer with a bracket. The reducer is

13077
135
140
145
150

Fig. 10. Appearance of the model

The application written for the Arduino controller
was used for the experimental research. The operator has
the ability to enter control commands to perform a turn by
a certain number of steps or degrees. The command "S"
big turns on the counterclockwise rotation mode for 230
steps. The "s" small command enables the clockwise
rotation mode for 230 steps. The stepper motor moves 230
steps in one measurement cycle, which is 5 degrees when
transferred to the angle of rotation.

Table 1. The experiment results

completely made by 3D printing.
i |

To control the driver it is necessary to output one
clock pulse for each step. The DIR pin must be set high or
low to determine the direction of rotation. After each step,
the voltage at the analog output of the absolute position
sensor is measured and transmitted through a serial
interface to the computer [12, 16]. Table 1 shows the
experimental data. The experiment was performed for
both clockwise and counterclockwise rotation. This was
done to determine the positioning accuracy of the reducer
in different directions of operation.

Measurement Expecteo! value of po-srirt]i%;llileun.esglf' wﬁen Mf;?[li'gg @??I:ea(’f Position sensor val.ue for Mf;s‘;irgg \?v?gf:eam
number  the rotation angle coun:::al()nc?( ice protractor clockwise rotation protractor
1 90 124 90 124 90
2 95 133 94 133 96
3 100 148 101 149 103
4 105 163 105 163 108
5 110 180 110 180 114
6 115 196 115 195 118
7 120 196 116 197 120
8 125 217 123 217 125
9 130 229 127 229 129
10 135 251 133 251 135
11 140 260 137 259 140
12 145 278 144 278 146
13 150 289 149 289 150
14 155 300 154 300 155
15 160 320 159 320 159

Fig. 11 shows a graph of the change in the measured
parameter. It is possible to observe the anomalous
behavior of the graph at the moment of change of rotation
angle from 115 to 120 degrees. The measurements showed

the absence of radial movement of the reducer. The same
behavior was observed during the reverse rotation of the
reducer. This was due to a mechanical flaw in the design
made by 3D printing.
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Fig. 11. The graph of change of the measured parameter

Analysis of the results of the experiment.
Determination of the magnitude of the error

The positioning error arises due to the error of
processing by the drives of the system of programmed
values of coordinates corresponding to the given position
of the sensor.

During the experiment, the actual values of the
sensor coordinates differ from the programmed values by
the value Ag; of where i is a coordinate number. If a

Cartesian rectangular coordinate system is linked to the
sensor, then the given (programmed) position X Y ,Z,

will differ from its actual position X,Y,Z, by the value:

Ar:\/(Xg X, )+ (Y, ) +(2,-2,) =
= JAG; +Ad; + Ad;

The value Ar is called the linear positioning error,
and the angle of rotation ¢ by which the system X Y ,Z,

1)

must be rotated to make its axes parallel to the
corresponding axes of the system X,Y,Z. is called the

angular positioning error. Such a rotation is always
possible based on the well-known Euler-Dalembert

theorem. The radius vector ¥ of a random sensor point
can be written in the form:

r=r(qi): (2)

where i=1.n, n is a number of moving degrees of
freedom.

By integrating expression (2) over the coordinates
g; , we obtain the following expression:

1, or
dr =" —dg,. 3)
22

If we replace the differentials in expression (3) with
finite increments, we can determine the linear positioning
error of the sensor Ar:

Ar =3 AgE + Y ASE @

100 105 110 115 120 125 130 135 140 145 150 155 160
Angle, grad

where A¢ and AS are errors in the rotary and

translational pairs of the positioning mechanism; p—
number of rotating pairs; s — number of translational pairs;
€, and & -orts of rotating and translating pairs in the

positioning mechanism.

The angular error of the solid position can be defined
by an error matrix, which is a matrix of transition from
system X,Y,Z, to system XY Z by rotation by three

Euler angles, which are considered small. Since such a
matrix contains the value of three Euler angles,
it does not allow to express the angular error
by a single value. As a result, it is necessary to find a
vector formula to cover the yuto error of the sensor
position.

Suppose the linear and yuto errors of the sensor are
small. Then, based on the known rule of addition of small
rotations of a solid body, we can write down the
expression:

Ap=3 A0, =3 AqE, ©)

The linear positioning error of the sensor is most
conveniently determined by formula (4), which does not
contain the differentiation operation. In this case, the
linear error of the position of the mass sensor center Ar,

is defined as

Ar, = Agy (8 xT, )+ ASE + Ad, (€, xT,, )+ AS,E, +... ©)

Assuming that the mass center is on the axis of
rotation of the sensor on the manipulator, the linear error
module is defined as

Al = JAr? + Arci +ArZ, )

where Ar,, Ar,, Ar, — projections of the linear error

ox ! cy !
vector Ar, on the Cartesian coordinate system axes.

With a one-sided approach to the set points, the
positioning error is determined by the value calculated by
the formula:

A =2-2, *30, (8)

pos.val. pr. —
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where Z is an arithmetic mean value of the actual state of
the moving part of the reducer (mathematical expectation),
mm; Z, — the amount of the programmed movement of

the moving part of the reducer; o, - value of the scatter

of values from the arithmetic mean (standard deviation),
characterizing the effect of random processes, um.

n

22
S ®

(10)

The value of the greatest probable random dispersion
of deviations from the arithmetic mean is taken to be

+30=43S. 11)
According to the normal law, the dispersion
distribution  within 130 covers more than

99% of all possible deviations. The results of the

where n is the number of measurements of the reducer ~estimation of the positioning error are recorded
position (n = 5). in table 2.
The value of the expected estimate of the positioning
error variation is calculated by the formula:
Table 2. Results of positioning error estimation
Experiment number 1 2 3 4 5
Expected angle of rotation 90 110 130 150 160
1 measurement 90 110 127 149 159
2 measurement 90 114 129 150 160
3 measurement 89 114 128 149 160
4 measurement 90 115 124 150 159
5 measurement 90 114 130 149 159
i 89,8 1134 127,6 149,4 159,4
S 0,447213 0,447213 0,447213 0,447213 0,447213
130 1,341640 1,341640 1,341640 1,341640 1,341640

The data obtained indicate sufficient accuracy of
angle determination using a magnetic sensor. The angle
measurement error is less than 1.4 degrees. With several
consecutive measurements, the displacement of the
moving part of the reducer always occurs in the predicted
position. However, the results of the experiment also
showed poor performance of the reducer itself. In addition
to the radial direction of motion, there is a significant

B come

displacement along the working plane. The parts undergo
considerable displacement, and in some cases, these
displacements are chaotic in nature.

Fig. 12 shows the results of continuous
measurements for a full rotation angle of the reducer
counterclockwise and clockwise. From these figures, you
can see how the value of the angle measurement changes
depending on the direction of rotation.

a)

0)

Fig. 12. Results of continuous measurements for a full rotation angle of the reducer: a - counterclockwise rotation; b - clockwise

rotation

Conclusions and prospects for further development

In this paper, we proposed two sensor designs for
determining the absolute angle of joint rotation: a resistive
sensor and a magnetic sensor. The proposed design of the
resistive sensor turned out to be non-technological and
much larger in size than the design of the magnetic sensor,
so it was not used in the research. A model was made

using 3D prototyping tools. In this model design, the
sensor is rigidly fixed relative to the moving part of the
joint on the base of the model. The maximum rotation
angle of the joint is 200 degrees. A control device -
protractor - is used to visually determine the angle of
deviation of the arm of the manipulator.

Experimental studies of the proposed method of
measuring the angle of rotation of the mechanical reducer
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of the manipulator joint were conducted. The data
obtained show that the angle is accurately determined
using a magnetic sensor. The positioning error is less than
1.4 degrees, which is acceptable for reducers of this type,
fully manufactured using 3D printing.

However, the results of the experiment also showed
the disadvantages of the reducer design related to the

manufacturing technology using 3D printing. In addition
to the radial direction of motion, there is a significant
displacement along the working plane, and in some cases,
such displacements are of a chaotic nature. Thus, in the
future it is necessary to study the influence of
technological printing parameters on the quality of
positioning of the manipulator joints.
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PO3POBKA MOAYJIsA BUBHAUYEHHSA OPI@HTAHIi CYI'JIOBA MAHIIIYJIAATOPA
I AOCIIIPKEHHSA MOI'O POBOTH

B ramy3i MexaTpOHHHX CHCTEM 4YacTO BUKOPHCTOBYIOTHCS POOOTH-MAaHIMyJISATOPU AJIsl aBTOMATH30BaHOTO 30MpaHHs BUPOOIB, 3BapIOBAHHS,
(apOyBanHs Jeraneid Tomo. BaxIMBUM 3aBHAaHHAM IIpU IBOMY € ONTHMi3allisi dacy pyXy IO 3aJaHiil Tpaekropii Manimynsropa. J{is
BUPINICHHS TaKOT'O 3aBJaHHS, HEOOXiJHO HE TUIBKM TOYHO OLIHHUTH MIBUIKICTH PYXy BY3/iB MAaHIIyJATOpY, ajie i 3a0e3MEeUYnTH NiHIHHY
XapaKTEPUCTUKY OILIHKK MO3MUIl MeXaHi3My B IIMPOKOMY [iama3oHi 3MiHM mBuAKocTed. IIpeamMeToM IoCHi)KEHHS B CTATTI € METOIH
BHU3HAUCHHS OpieHTauil cyrnoOy wmasimyistopa. Mera po0oTu — po3poOka MoAaylisi BH3HA4YEHHsS OpieHTauii Cyrjio0y MaHimyJsiTopy i
JIOCITIJDKEHHS. HOro pobOTH 3 METOI0 BH3HAYCHHS INPHIATHOCTI KOHCTPYKIIi JUIS NPAKTHYHOTO BHKOPUCTAaHHA. B cTaTTi BHpImIyIoThCS
HACTYIHI 3aBJAHHS: JOCIIIUTH INPUHIWIN BU3HAYCHHS Opi€eHTalil CyrJIo0iB HPOMHCIOBHX POOOTIB; 0OpaTH KOHCTPYKIIIO MOJIYJIL
BHU3HAUYCHHS OPIEHTALlil; PO3POOHUTH aJrOpUTM BH3HAYEHHS MO3MLII Cyrjao0y B OyAb-sKHH 4ac; BUKOHATH €KCIIEPUMEHTAJbHI JOCIIHKCHHS
poboTH MOAyns BU3HA4YCHHS MO3MIII 3 METOI0 MIiATBEP/UKCHHA MPUJATHOCTI KOHCTPYKLII M1 IPaKTHYHOTO BHUKOPHCTAHHS.
BHKOPHCTOBYIOThCSL Taki METOAM: CKCIEPHMEHTANbHI JOCIIUKEHHS MPOBOAWINCA HA pealbHOMY 00’€KTi — Mogeni cyrinoOy pobGora-
MaHiImyJsiTopa, CTBOPEHOTO 3a JOMOMOTOK METOIB i 3aco0iB 3D-mpoToTuIyBaHHS; Uil BU3HAYCHHS IMOJOXKEHHS Cyriio0y MaHImyssTopa
BHUKOPHUCTOBYBAJIMCS METOAM OOPOOKH CHTHAJIB, OTPUMAHUX Bij JaTYUKIB; 0OpOOKa pe3yJbTaTiB E€KCIEPHMEHTIB 1 PO3PaXyHOK BEIUYMH
HOXUOOK IIO3UIIOHYBaHHS CyrJI00y MaHiIynsaTopa 6a3yeThesl HA METOAAX CTATUCTHYHOIO aHAJIi3y BUIAJKOBUX BenM4uH. OTPHMaHO HACTYIIHI
pe3yJIbTaTH: JIOCIiZXKCHO IPUHIIUIIN BU3HAYEHHS OpieHTaNil CyII00iB IPOMHCIOBUX POOOTIB; pO3poOIEHO KOHCTPYKILIO i CTBOPEHO MOJYJIb
BHU3HAYCHHS OpI€HTAIll CYr00y MaHImyJsiTopa; po3po0iieHO aaropuT™ BU3HAYEHHS MO3UIIT Cyriao0y B JOBUIBHUIN Yac; eKCIIEPUMEHTAIBHO
MiATBEP/PKCHO MPUAATHICTh KOHCTPYKIIi AJsi MPAKTHYHOTO BUKOPHUCTAaHHS. BHCHOBKM: B 1maHiii poOOTi 3ampOrOHOBAaHO J/iBa BapiaHTa
KOHCTPYKLIi JaTyuka IJisi BU3HA4YE€HHs aOCOJIIOTHOrO KyTy 00epTy cyrio0a MaHIiIyJsiTopa: Pe3MCTHBHMH 1 MarHiTHUH. 3ampornoHoBaHa
KOHCTPYKIIiSl pE3UCTHBHOTO JATYMKA BUSBHJIACS HETEXHOJOTTYHOKO 1 Habarato Oinbliia 3a po3MipaMH HiX KOHCTPYKI[iSI MATHITHOTO JIaTYHMKa.
OTtpumaHi B Mpoleci MPOBEACHHS EKCIIEPUMEHTAIbHUX MOCII/KEHb 3alPONOHOBAHOTO METOYy BHUMIPIOBAHHS KYTY 00EpPTy MEXaHi4HOro
penykTopa CyrnoOy MaHIIyJIsITopa JaHi CBiI4aTh IPO JOCUTh TOYHE BH3HAYCHHS KyTa 3a JONOMOIOI0 MAarHiTHOro narduka. Po3paxoBaHa
noxubKa BUMIproBaHb cTaHOBMIA MeHIIE 1,4 rpagycu. Takox pe3yibTaTd eKCHEPUMEHTY IOKa3aly, IO KPiM pajiaJbHOTO HALPSIMKY PyXy
peaykTopa cyrio0y MaHimyIaTopa BiA0yBa€eThCs ICTOTHE 3MIllIEHHS B3JI0BXK POO0UOI IUIOLIMHY, MPUYOMY B JESIKUX BUMAIKAX TaKi 3MilICHHS
MAalOTh Xa0THUHHI Xapaktep. Lle 00yMoBroeThCs qeskuMu JedeKTaMu 1 HeIOCKOHATICTIO MOBEPXHI BUTOTOBIICHUX JIETaJIel MOJIEINi CYriiooy,
1[0 BUKOPHCTOBYBAJIMCS Y TOCIIUKCHHSX.
KurouoBi ciioBa: MaHINy sTOp; TO3ULIOHYBaHHS; Opi€HTAlis; KyTOBE 00€pTaHH:; NPOEKTYBaHHS; IPOMUCIOBUHA POOOT.

PA3PABOTKA U UCCJIEJOBAHUE PABOTBI MOAYJISAA OIIPEAEJIEHUA
OPUEHTAIINU CYCTABA MAHUIIYJISATOPA

B oOmactn MeXaTpOHHBIX CHCTEM YacTO HCIOJB3YIOTCS PaOOTHI-MaHUITYJISITOPHI Ul aBTOMAaTH3WPOBAHHON COOPKH W3JIENHH, CBapKH,
OKpalIMBaHWs [eTajell W T.. BakHoil 3amadell mpH STOM SIBISIETCS ONTHMHU3AlUsl BPEMEHH [BIDKEHUS 1O 3aJaHHOW TPaeKTOpHU
MaHumysstopa. st pemieHns: Takoi 3aadd HEOOXOAMMO HE TOJIBKO TOYHO OICHHUTH CKOPOCTH JBIDKCHHS Y3JIOB MAaHHUIYISTOpa, HO W
oOecrieynTh JIMHEHHYI0 XapaKTEpPUCTUKY OIIEHKH ITO3MIUHM MEXaHW3Ma B LIMPOKOM JHala3oHe W3MeHeHHs ckopocteil. IIpexmerom
WCCIICIOBAaHMS B CTAaThE SIBIIIOTCS METOBI OIPEJEICHUs] OPHEHTAlN cycTaBa MaHMIyssTopa. Lleqsb paboTel — pa3paboTka MOIyss st
OTIpE/IENICHNS] OPUCHTALIMU CYCTaBa MAHHUITYIISITOpa W HCCIICAOBAHUS €ro pabOoThl C IENbI0 ONMpPECTICHHs MPUTOTHOCTA KOHCTPYKIMU IS
MIPAKTUYECKOTO HCIONB30BaHMs. B CTaThe pemaroTcsi CIACAyIOIIHe 3aJa4M: HCCIICAOBATh MPUHIIMIBI ONPEICICHNS OPUCHTALUH CYCTaBOB
MIPOMBIIUICHHBIX POOOTOB; BBHIOPATh KOHCTPYKIMIO MOJIYJIS OIpPEACICHHsS OpPHEHTALUH; pa3paboTaTh aJlTOPUTM OIPEAEICHUS IMO3HIUH
cycTaBa B JIF000€ BpPeMsl; BBIIIOJIHUTH SKCIIEPHUMEHTAIBHBIC UCCICI0OBAHUS PA0OTHI MOYJISL OTPEICIICHNUS O3UIHH C LENbIO TTOATBEPIKICHUS
MIPUTOAHOCTH KOHCTPYKIMH JISl IPAKTHIECKOTO MUCIOJIB30BaHus. VICTIONB3YIOTCsI CIIEIYIOINE MEeTO/IbI: SKCIIEPUMEHTAIBHBIC HCCIIEI0BAHUS
MIPOBOJMJIMCh Ha PEaJbHOM OOBEKTE — MOJENIHM CycTaBa poOOTa-MaHUIYJSATOPA, CO3JAHHOTO C TOMOIIBI0 METOZOB M cpenacts 3D-
MIPOTOTUIIMPOBAHMS; [UISl ONPEEIICHUS TIOJI0KEHUS CYyCTaBa MAaHUIYJIATOPA MCIOJIB30BAJICE METOJIBI 0OPa0OTKH CHIHAJIOB, ITOJYYEHHBIX OT
JTAaTYUKOB; 00pabOTKa Pe3ysIbTaTOB SKCIEPHUMEHTOB M PacyeT MOTPEIIHOCTEH MO3UIIMOHUPOBAHUS CYCTaBa MAHHUITYIITOPA OCHOBBIBAIOTCS HA
METO/IaX CTATUCTUYECKOTO aHaN3a CIAy4alHbIX BeMHUYWH. [loydeHbl Cleyrolue pe3yJabTaThl: HUCCICAOBAHBI MPUHIIAIBI OMpPEACICHHS
OpHCHTALMM CYCTaBOB IPOMBIIIICHHBIX POOOTOB; pa3paboTaHa KOHCTPYKIHMS W CO3IaH MOAYJb ONpEJICICHHs OPHEHTAIMH CycTaBa
MaHHMITYJIITOpa; pa3paboTaH aJrOpPUTM OIPEAEICHHs MO3UIMK CycTaBa B JII000E BpEMsl; IKCIIEPUMEHTAJIBHO MOATBEPIKICHA IPHUTOJIHOCTD
KOHCTPYKIIMU [UIsS MPAKTHYECKOTO HCIOJIb30BaHMSA. BBIBOABI: B JaHHOI paboTe MpPEAsioKeHbI JBa BapHaHTa KOHCTPYKIMH JATYMKA IS
ompeencHnss a0OCOMOTHOTO Yriia MOBOPOTA CYCTaBa MAaHMITYJSITOpA: PE3UCTHBHBIA M MArHUTHbBIA. [IpeyioKeHHas KOHCTPYKIHS
PE3UCTUBHOIO JIaTYMKA OKa3aJaCh HETEXHOJOTMYHONH W HAaMHOTO OOlbIle 10 pa3MepaM, 4YeM KOHCTPYKIHS MarHUTHOTO JaT4hKa.
[MomyyeHHsle B mpolLecce NPOBEICHUS AKCIEPHUMEHTANBHBIX MCCICIOBAHMN IIPEAJaraeMoro MeToJa HW3MEPeHHsl yriia IOBOpOTa
MEXaHHYECKOTO pPEeIyKTOpa CyCTaBa MaHUITYJIATOpA JaHHBIC CBHACTENBCTBYIOT O TOYHOM OIPENCICHHH yTiia C IOMOIIBI0 MarHUTHOTO
naTyvka. PaccunTaHHas MOrpenIHocTs M3MepeHuid coctaBisiia MeHee 1,4 rpagyca. Takxke pe3ynbTaThl SKCIEpUMEHTa TOKa3allH, YTO TOMHMO
paananbHOTO HANPABJICHUS JIBIKCHUS PElyKTOpa CyCTaBa MaHUITYJISITOpa MIPOMCXOIUT CYIIECTBEHHOE CMEILIICHUE BJIOJIb paboUeil I0CKOCTH,
NpUYeM B HEKOTOPBIX CJIydyasX TaKHe CMEIICHHS HOCAT XaOTHYECKHH XapakTep. JTo 0OyCIaBIMBaeTCS HEKOTOPHIMH JedeKTaMu M
HECOBEPIICHCTBOM ITOBEPXHOCTH M3TOTOBJICHHBIX JIeTallell MOJIEIIN CYCTaBa, KOTOPhIE HCIOJIb30BAINCH B HCCIICIOBAHUSX.

KnrodeBble c10Ba: MaHUITYJIATODP; MO3ULMOHUPOBAHHUE; OPUEHTALMS; YIJIOBOE BPAIllEHUE; IPOSKTHPOBAHKE; TPOMBIIITICHHBIH
pobor.
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