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BIOMECHANICS OF HEALTHY HUMAN’S GAIT
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Abstract: Most people are extremely skilled in many everyday movements like standing, walking, or
climbing stairs. Unfortunately, modern living does not require enough movement to prevent several
chronic diseases associated with low physical activity. Fortunately, many human movement professions
like physical educators, coaches, athletic trainers, strength & conditioning coaches, personal trainers,
and physical therapists help people reap the benefits of physical activity.

Kinesiology is the term referring to the whole scholarly area of human movement study, while
biomechanics is the study of motion and its causes in living things. Biomechanics provides key
information on the most effective and safest movement patterns, equipment, and relevant exercises to
improve human movement. In a sense, kinesiology professionals solve human movement problems every
day, and one of their most important tools is biomechanics. This work outlines the field of biomechanics,
why biomechanics is such an important area and where biomechanics information can be found. The aim
of this study was to present some possible quantitative and qualitative measurements of human’s gait
using simple Software Kinovea and Scilab and to determine kind of gait pattern for examined persons.
This paper describes gait as a one of human’s motion pattern. It also details two "regions” of
biomechanics analysis which are qualitative and quantitative analysis and their influence on human’s
everyday life.

Keywords: Biomechanical study, Quantitative, Qualitative, Human movement, Gait

1 Introduction

Biomechanics has been defined as the study of the movement of living things using the science of mechanics
(H.Hatze, 1974). Mechanics is a branch of physics that is concerned with the description of motion and how forces
create motion. Forces acting on living things can create motion, be a healthy stimulus for growth and development,
or overload tissues, causing injury. Biomechanics provides conceptual and mathematical tools that are necessary for
understanding how living things move and how kinesiology professionals might improve movement or make
movement safer. Kinesiology is the academic area for the study of human movement (Corbin & Eckert, 1990). [7]

Biomechanics provides information for a variety of kinesiology professions to analyze human movement to
improve effectiveness or decrease the risk of injury. How the movement is analyzed falls on a continuum between a
qualitative analysis and a quantitative analysis. [7]

Quantitative analysis involves the measurement of biomechanical variables and usually requires a computer to
do the voluminous numerical calculations performed. Even short movements will have thousands of samples of data
to be collected, scaled, and numerically processed. In contrast, qualitative analysis has been defined as the
"systematic observation and introspective judgment of the quality of human movement for the purpose of providing
the most appropriate intervention to improve performance" (Knudson & Morrison, 2002, p. 4). [7]

Analysis in both quantitative and qualitative contexts mean identification of the factors that affect human
movement performance, which is then interpreted using other higher levels of thinking (synthesis, evaluation) in
applying the information to the movement of interest. Solving problems in human movement involves high levels of

3



I.Wawrzonkiewicz
D.W.AndruKkonis BIOMECHANICS OF HEALTHY HUMAN’S GAIT

critical thinking and an interdisciplinary approach, integrating the many kinesiology sciences. [7]

2 Theme development

2.1 Gait as a pattern of motion

The gait cycle is defined as the time interval between two successive occurrences of one of the repetitive
events of walking. Although any event could be chosen to define the gait cycle, it is generally convenient to use the
instant at which one foot contacts the ground (‘initial contact’). If it is decided to start with initial contact of the right
foot, then the cycle will continue until the right foot contacts the ground again. [4]

Two phases of gait can be distinguished: stance phase, which is also called the ‘support phase’ or ‘contact
phase’ when the foot is on the ground; lasts from initial contact to toe off. It is subdivided into: loading response,
mid-stance, terminal stance and pre-swing. The other one is swing phase, when the foot is moving forward through
the air. The swing phase lasts from toe off to the next initial contact. It is subdivided into: initial swing, mid-swing
and terminal swing. The representation of each phase of gait is presented below (Fig. 1). [4]

Fig. 1.: Positions of the legs during a single gait cycle by the right leg (gray) [4]

Double support phase is when one foot is forward, having just landed on the ground, and the other one is
backward, being just about to leave the ground. In each gait cycle, there are thus two periods of double support and
two periods of single support. The stance phase usually lasts about 60% of the cycle, the swing phase about 40% and
each period of double support about 10%. The swing phase becomes proportionately longer and the stance phase as
well as double support phases becomes shorter, as the speed increases. The final disappearance of the double support
phase marks the transition from walking to running. Between successive steps in running there is a flight phase, also
known as the ‘float’, ‘double-float’ or ‘non-support’ phase, when neither foot is on the ground. [4]

During gait, important movements occur in all three planes — sagittal, frontal and transverse. However, the
largest movements occur in the sagittal plane. That is the reason that all this research has been carried out in a sagital
plane. All of the planes are presented below in Fig. 2. [4]
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Fig. 2.: The anatomical position, with three reference planes and six fundamental directions [4]

2.2 Gait cycle

Each of the following sections consider some general remarks about the events surrounding a particular event
in the gait cycle.

Initial contact - the beginning of the loading response, which is the first period of the stance phase. Initial
contact is frequently called ‘heelstrike’, since in normal individuals there is often a distinct impact between the heel
and the ground, known as the ‘heelstrike transient’. Other names for this event are ‘heel contact’, ‘footstrike’ or
‘foot contact’. The direction of the ground reaction force changes from generally upwards turning the heelstrike
transient to upwards and backward in the loading response, immediately afterwards.

Loading responce - the double support period between initial contact and opposite toe off. During this period,
the foot is lowered to the ground by plantarflexion of the ankle. The ground reaction force increases rapidly in
magnitude, its direction being upwards and backwards. Loading response typically occupying the first 10-12% of
the cycle.

Opposite toe off - the end of the double support period known as loading response and the beginning of
midstance, the first period of single support. The forefoot, which was being lowered by plantarflexion of the ankle,
contacts the ground at ‘foot flat’, also known as ‘forefoot contact’, which generally occurs around the time of
opposite toe off. On the opposite (left) side, it marks the end of the stance chase and the beginning of the swing
phase.

Mid-stance - the period of the gait cycle between opposite toe off and heel rise, although the term has been
used in the past to describe an event of the gait cycle- the time at which the swing phase leg passes the stance phase
leg, corresponding to the swing phase event of ‘feet adjacent’.

Heel rise - marks the transition from midstance to terminal stance. It is the time, at which the heel begins to lift
from the walking surface. Its timing varies considerably, both from one individual to another and with the speed of
walking.

Opposite initial contact —as might be expected, opposite initial contact in symmetrical gait occurs at close to
50% of the cycle. It marks the end of the period of single support and the beginning of pre-swing, which is the
second period of double support. At the time of opposite initial contact, also known as ‘opposite foot contact’, the
hip begins to flex, the knee is already flexing and the ankle is plantarflexing. The period between heel rise and toe
off (terminal stance followed by pre-swing) is sometimes called the ‘terminal rocker’. This is appropriate, since the
leg is now rotating forwards about the forefoot, rather than about the ankle joint.

Toe off generally occurs at about 60% percent of the gait cycle. It separates pre-swing from initial swing and is
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the point at which the stance phase ends and the swing chase begins. The name ‘terminal contact’ has been proposed
for this event, since in pathological gait the toe may not be the last part of the foot to leave the ground.

Feet adjacent separates initial swing from mid-swing. It is the time when the swinging leg passes the stance
phase leg and the two feet are side by side. The swing phase occupies about 40% of the gait cycle and the feet
become adjacent around the center of this time. Alternative names for feet adjacent are ‘foot clearance’ and ‘mid-
swing’; the latter term is now applied to a period of the gait cycle, rather than to a particular event. Initial swing is
also known as ‘lift off ’.

Tibia vertical - the division between the periods of mid-swing and terminal swing is marked by the tibia of the
swinging leg becoming vertical. Terminal swing is also known as ‘reach’.

Terminal foot contact - the gait cycle ends at the next initial contact of the same foot (in this case, the right
foot). Because it is confusing to refer to the end of the cycle as ‘initial contact’, it is sometimes known as ‘terminal
foot contact’. [4]

2.3 Most important gait parameters

The cyclic nature of human gait is a very useful feature for reporting different parameters. There are literally
hundreds of parameters that can be expressed in terms of the percent cycle. For the aim of this article it was chosen
just a few examples to illustrate this point. There can be distinguished distance (spatial) and time (temporal)
variables. Distance variables are: step length, stride length, width of walking base and foot angle (degree of toe out
or angle of gait). Time variables are: step time, stride time, stance time, single limb time, double limb time, swing
time, cadence and speed. [9]

Step length- distance between corresponding successive points of heel contact of the opposite feet. For right
leg step length is equal with left leg (in a normal gait).

Stride Length- distance between successive points of heel contact of the same foot. Its is double the step
length (in normal gait).

Walking Base- side-to-side distance between the line of the two feet. It is also known as ‘stride width’.

Degree of toe out- it represents the angle of foot placement and may be found by measuring the angle formed
by each foots line of progression and a line intersecting the center of the heel and the second toe. The angle for men
is about 7°. The degree of toe out decreases as the speed of walking increases in normal men.

Step time- it is referred to the amount of time spent during single step. It is the time between heel strike of one
leg and heel strike of the contra-lateral leg.

Stride time- it is referred to the amount of time it takes to complete one stride. Stride duration and gait cycle
duration are the same.

Stance time- it is the amount of time that passes during the stance phase of one extremity in a gait cycle. It
includes single support and double support.

Swing time- it is the amount of time that passes during the swing phase of one extremity in a gait cycle. If the
stride time of the gait cycle is one second, the stance time is 0.6 second and swing time is 0.4 second.

Single limb time- it is the amount of time that passes during the period when only one extremity is on the
supporting surface in a gait cycle.

Double limb time- it is the amount of time that a person spends with both feet on the ground during one gait
cycle. The percentage of time spent in double support decreases as the speed of walking increases.

Cadence- number of steps per unit time. Normally it is 100 — 115 steps/min .

Speed (Velocity)- distance covered by the body in unit time. Usually measured in m/s. Instantaneous velocity
varies during the gait cycle. Average velocity (m/min) = step length (m) x cadence (steps/min). Average walking
speed = 80m/minute. [9]

2.4 Purposes of the study human’s gait

From the clinical point of view, the importance of human gait analysis lies in the fact that gait disorders affect
a high percentage of the world's population and are key problems in neurodegenerative diseases such as multiple
sclerosis, amyotrophic lateral sclerosis or Parkinson's disease, as well as in many others such as myelopathies, spinal
amyotrophy, cerebellar ataxia, brain tumors, cranioencephalic trauma, neuromuscular diseases (myopathies),
cerebrovascular pathologies, certain types of dementia, heart disease or physiological ageing. Study of human gait
characteristics may be useful for clinical applications and may benefit the various groups suffering from gait-related
disorders. In the elderly, physical exercise has a major impact on osteoporosis, because it significantly helps to
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prevent falls, which are the biggest risk factor for this age group. Therefore, evaluation of gait quality may be
valuable for early diagnosis of disease such as osteoporosis. Many neurodegenerative and age-related diseases such
as Parkinson's are linked to other parameters which make it possible to diagnose and know the patient's evolution.
New methods have great impact in various fields such as human recognition, sports, and especially in the clinical
field, where objective gait analysis plays an important role in diagnosis, prevention and monitoring of neurological,
cardiopathic and age-related disorders. [1]

2.5 Qualitative analysis

The purpose of a qualitative anatomical analysis is to determine the predominant muscular activity during
specific phases of a performance and to identify instants when large stresses may occur due to large muscle forces or
extremes in joint ranges of motion. [6] Qualitative analysis of gait (walking) also helps the therapist decide whether
sufficient muscular strength and control have been regained in order to permit safe or cosmetically normal walking.
[7] The results included measurements of gait in slow motion for 5 health persons and motion analysis in the ankle,
knee, hip and tibia. Analysis was carried out only in sagital plane, because of using only one camera. The range of
movement in these body parts are extension, flexion and neutral position.

2.6 Quantitative analysis

A quantitative gait analysis is generally considered to be any objective means that can be used to measure
walking performance. The procedure can be as simple as measuring step length with a ruler or determining cadence
with a stopwatch, or it can be as sophisticated as full-body motion capture with state-of-the-art instrumentation.
Regardless of the methods, the measurements that are collected, are used to assess the quality of the gait and to
characterize the motion. Gait analyses are typically performed before and after the intervention to determine efficacy
of treatment. Treatment is considered beneficial if improvement in the gait pattern is observed, evident by a
reduction in abnormal movements with an evolution toward patterns that are more like those of able-bodied
individuals. [2] In this work there were made three parts connected with quantitative analysis of gait. First part was
calibration of video of human’s gait. This calibration was made in two ways: in Kinovea and Scilab Software to
compare results from these two programs. Second part of this research was analyzing human’s gait by its parameters
like velocity and acceleration. The aim was to put values from Kinovea to Excel and based on it, to make some
plots, which showed how velocity and acceleration are changing in the time of walking. Adding trendline made plots
more clear. Third part of quantitative analysis was to find centers of mass of human body. It was conducted using a
code in Scilab and allowed to determine a center of mass each segment of body and then of all the body. The results
included plots which presents how the center of body is changing in each phase of walking.

3 Systematic observation

Systematic observation means, that it is not possible get credible results, if many tries won’t be conducted. It is
important to make at least 3 trials to get credible results. Another thing which is essential in carrying out experiment
is to plan the whole process of research. It is significant to determine place, right equipment (camera, tripod, bars,
markers) and people who we will be ‘investigating’. The research was conducted on 5 people (3 woman and 2 man),
with no significant gait disorders. Another essential thing while carrying out the experiment is making sure that
investigated people have proper clothes. It is really important to have shorts and t-shirt what enables to observe
knee, shoulder, elbow, wrist and another important parts of the body. Investigated persons should also have proper
shoes, for good ankle visibility.

4 Result

4.1 Qualitative analysis of human’s gait

Results contain motion analysis of 5 investigated persons in the ankle, tibia, knee and hip for left and right leg
carried out in sagital plane (Fig. 7, 8). The range of movement in these body parts are extension, flexion and neutral
position. There is also presented personal data of each examined persons (Fig. 3). The analysis was conducted on the
basic on slow motion videos of natural walking of 5 examined persons, which were recorded during working on this
article. Range of movement for different parts of body were presented in Fig. 4 ,5, 6.
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number sex(M/F) height(cm)weight(kg)

1F 181 65
2M 189 67
3F 170 80
4 F 178 65
5M 175 75

Fig. 3.: Personal data for examined persons

Fig. 4.: Flexion and extension at the hip [8]

Fig. 5.: Flexion and extension at the knee [8]

Fig. 6.: Flexion and extension at the ankle [8]
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Left Person 1 Person2 Person3 Person4 Person5
Sagital Stance Phase Loading response Initial Contact Ankle extension extension extension extension extension

Tibia extension extension extension extension extension
Knee extension flexion extension flexion flexion
Hip flexion flexion flexion flexion flexion
Mid-stance opposite toe off Ankle extension neutral neutral neutral neutral
Tibia extension neutral neutral extension neutral
Knee extension flexion neutral flexion flexion
Hip flexion flexion neutral  flexion flexion
Terminal - stance heel rise Ankle flexion flexion flexion flexion flexion
Tibia flexion flexion flexion flexion flexion
Knee extension extension flexion extension flexion
Hip extension extension extension extension extension
Pre-swing opposite initial contact Ankle flexion flexion flexion flexion flexion
Tibia flexion flexion flexion flexion flexion
Knee extension flexion flexion extension flexion
Hip extension extension extension extension extension
Swing Phase Initial swing Toe off Ankle flexion flexion flexion flexion flexion
Tibia flexion flexion flexion flexion flexion
Knee flexion flexion flexion flexion flexion
Hip neutral extension extension extension extension
Mid swing feet adjacent Ankle flexion flexion flexion flexion flexion
Tibia flexion flexion flexion flexion flexion
Knee flexion flexion flexion flexion flexion
Hip flexion flexion flexion flexion flexion
Terminal- swing tibia vertical Ankle flexion neutral extension neutral extension
Tibia neutral neutral neutral neutral neutral
Knee flexion flexion flexion flexion flexion
Hip flexion flexion flexion flexion flexion

Fig. 7.: Results for 5 examined persons (left leg) in sagital plane- quantitative analysis of gait

Right
Sagital Stance Phase Loading response Initial Contact Ankle
Tibia
Knee
Hip
Mid-stance opposite toe off Ankle
Tibia
Knee
Hip
Terminal - stance heel rise Ankle
Tibia
Knee
Hip
Pre-swing opposite initial contact Ankle
Tibia
Knee
Hip
Swing Phase Initial swing Toe off Ankle
Tibia
Knee
Hip
Mid swing feet adjacent Ankle
Tibia
Knee
Hip
Terminal- swing tibia vertical Ankle
Tibia
Knee
Hip

extension
extension
extension
flexion
extension
extension
extension
flexion
flexion
flexion
extension
extension
flexion
flexion
extension
extension
flexion
flexion
flexion
neutral
flexion
flexion
flexion
flexion
flexion
neutral
flexion
flexion

extension extension extension
extension extension extension

flexion
flexion
neutral
neutral
flexion
flexion
flexion
flexion
extension
extension
flexion
flexion
flexion
extension
flexion
flexion
flexion
extension
flexion
flexion
flexion
flexion
neutral
neutral
flexion
flexion

extension
flexion
neutral
neutral
neutral
neutral
flexion
flexion
flexion
extension
flexion
flexion
flexion
extension
flexion
flexion
flexion
extension
flexion
flexion
flexion
flexion
extension
neutral
flexion
flexion

Fig. 8.: Results for 5 examined persons (right leg) in sagital plane- quantitative analysis of gait

flexion
flexion
neutral
extension
flexion
flexion
flexion
flexion
extension
extension
flexion
flexion
extension
extension
flexion
flexion
flexion
extension
flexion
flexion
flexion
flexion
neutral
neutral
flexion
flexion

extension
extension
flexion
flexion
neutral
neutral
flexion
flexion
flexion
flexion
flexion
extension
flexion
flexion
flexion
extension
flexion
flexion
flexion
extension
flexion
flexion
flexion
flexion
extension
neutral
flexion
flexion
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Fig. 9.: Sagital plane joint angles (degrees) during a single gait cycle of right hip (flexion positive), knee (flexion
positive) and ankle (dorsiflexion positive) [4]

Most of the results for each phase are overlapping with those showed in the reference (Fig. 9). However,
pattern of gait for each human is different, considering weight of body, individuals character of gait and some
unknown disorders of gait, as well as for example spine diseases. This part was conducted to show how complicated
are moves of human body and its individual parts during conducting one full cycle of gait.

4.2 Quantitative analysis- Calibration 2DDLT

The direct linear transformation (DLT) method has been one of most widely used camera digitalization and
reconstruction algorithms. The relationship between the object space coordinates and the image plane coordinates
are described by a set of cameras and markers placed in certain places. Strength of this method is much more
accurate than Kinovea Software mathematical method, and it is not as complicated as 3DDLT one. Only one plane
is needed (sagittal one in this case). Camera which was used for recordings was HTC U11 mobile phone camera. In
slow motion it was able to record video in 120 fps in 1080p resolution. The experiment consisted of 3 parts.

1. Calibration is the setting or correcting of a measuring device or base level, usually by adjusting it to match
or conform to a dependably known and unvarying measure. [ 10] To be confident in the results being measured there
is an ongoing need to maintain the calibration of equipment throughout its lifetime for reliable, accurate and
repeatable measurements. In this work it was necessary to make a calibration, because the experiment was carried
out by using a camera. Calibration was done both in Kinovea Software and by using Scilab Software to compare
both methods. It was necessary to create at least 4 points, which then were reference. Experiment was conducted by
using 12 points, which gave more accurate measurement. These 12 points were used as reference ones. The goal was
to determine the calibration coefficients and digital coordinates using Kinovea and Scilab Software. On the picture
below (Fig. 10) it is presented how the experiment was runned. It consisted of 3 attempts.
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Fig. 10.: Digital coordinates pointed in Kinovea on our video of walking

Real coordinates Digital coordinates

x1 v X

123
461
797
1128
1467
1806
X
208
511
815
1112
1415
1722

b
]
| i e o T e T = TR o B e TR o S e R o R e

501
503
503
504
505
503
Y

522
524
525
525
524
524

Y

Fig. 11.: Real and digital coordinates of 12 reference points from Kinovea putted in Excel (first attempt)

2.Measuring the bars- Second part of this work was to measure lengths of bars. In this case there were used
stones, on which were putted some well-visible tape. Configuration of bars was 2m- first bar, Im- second bar, Im-
third bar. They were placed parallel to camera to avoid errors caused by angle between camera and object.

It was necessary to make calibrations of bars in Kinovea Software what we can see below in Fig. 12. Also it
was important to put points of localization of bars (7 points) which then were used in Scilab Software (Fig. 13).
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Fig. 12.: Calibration of bars in Kinovea (third attempt)

Bar coordinates

X y
386 505
543 505
707 506
764 504
924 505
1009 510
1165 509

Fig. 13.: Localization of bars (7 points) from Kinovea (first attempt)

3. Authors of this article prepared 2 codes in Scilab Software presented in Fig. 14 and 15. First step in code 1
(Fig.14) was to open real and digital coordinates of reference points known from Kinovea. We obtained value of
coefficient “A”. Then by using code 2 (Fig. 15) and knowing value “A” it was necessary to open file with digital
coordinates of bars. We obtained coefficient “H”. Based on those codes, results of bar lengths were obtained (Fig.
16, 17, 18).
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Fig. 14.: Code 1 in Scilab Software
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Fig. 15.: Code 2 in Scilab Software
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Fig. 16.: Bars lengths for the first attempt

Fig. 17.: Bars lengths for the second attempt

Fig. 18.: Bars lengths for the third attempt

All the results are presented in Fig. 19. It contains the results both from Kinovea and Scilab Software. It is
clearly visible that Scilab method is much more precise than Kinovea one. Results from both Kinovea and Scilab
methods are similar or almost the same with the real values, so the calibration was made in a proper way.

Real coordinates Observations Mathematical method (Kinovea) Scilab method 2DDLT
Barl 1 1,97m 1,93m
2m 2 1,95m 2,07m
3 1,95m Zm
Bar2 1 0,98m 0,96m
1m 2 0,96m 1,03m
3 0,97m 0,99m
Bar 3 1 0,96m 0,95m
1m 2 0,95m 1,02m
3 0,95m 0,99m

Fig. 19.: Results from calibration using Kinovea and Scilab Software

After performing calibration, it was possible to proceed to the next task.

4.3 Quantitative analysis- Obtaining and processing linear kinematic parameters

There are several methods to determine quantitatively the human motion. One of the methods that allow to
quantify the human motion is through the kinematics methods (study the human motion without explain the forces
action). It can be obtained through several tools, as for example, the cameras, but it is necessary to use mathematical
methods to calculate the obtained data.

In this part first it was recorded video in slow motion of human’s gait. Then using Kinovea, virtual marker on
the ankle was putted and using this, the path of one step for right leg was obtained. Obtaining this, data from
Kinovea was putted to Excel. Having this data, it was possible to calculate desired equations and plots. The goal was
to determine position, displacement, velocity and acceleration of the step and using this, make several plots. It
was possible by using first and second derivatives. The obtained signal was very rapid changing, and it demanded to
put trendline to make it calmer. However, by using polynomial method in case of acceleration it still wasn’t enough
to clear the signal. The signal was changing very fast. Reasonable idea would be using in this case Butterworth filter
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as a code in Scilab, but we only be focused on Polynomial method of smoothing processing data. The results and
some equations are presented below. The measurements were conducted only for person 1. The experiment is
presented below (Fig. 20).

Fig. 20.:

Fig. 21.:

Fig. 22.:

Fig. 23.:

Fig. 24.:

Obtaining and processing linear kinematic parameters by using Kinovea Software

D2 - 5 =[A4-A2)/[2*[{C3-C2})
A B C D E F G
1 [x[m] y[m] t[s] Vx Wy Ax Ay
2| 283 1.7] o] 0.714286l 0 3826531 -44.6429

Equation for obtaining velocity on position x (person 1)

E2 - F | =(Ba-B2)/(2%(C3-C2))
A B C D E F G
1 [x[m] y[m] t[s] Vi A Ax Ay
2 | 2.83] 1.7] 0l 0.714286] 0l 3826531 -44 6429

Equation for obtaining velocity on position y (person 1)

F2 - F || =(Da-D2}/{2*(C3-C2))
A B C D E F G
1 [x[m] y[m] t[s] Vi Wy Ax Ay
2 283] 1.7] 0] 0,714286 0] 38.26531) -44 6429

Equation for obtaining acceleration on position x (person 1)

G2 - K | ={Ea-E2)f{2#(C3-C2))
A B C D E F G

1 [x[m] y[m] t[s] Vx Vy Ax A
2| 283 1.7] 0] 0,714286 0 38,26531[ 44.6429)

Equation for obtaining acceleration on position y (person 1)
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Fig. 25.: Linear position x(t) (person 1)

Fig. 26.: Linear position y(t) (person 1)

Fig. 27.: Linear velocity Vx(t) (person 1)
17
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Fig. 28.: Linear velocity Vy(t) (person 1)

Fig. 29.: Linear acceleration Ax(t) (person 1)

Fig. 30.: Linear acceleration Ay(t) (person 1)
18
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Achieved plots gives view for kinematic movement parameters. On the beginning we obtained ,,x” and ,,y”
coordinates of ankle. Video record framerate describes time in which displacement had place. By simple math we
obtained velocity and acceleration of ankle. All data have been presented on plots, where ,,x” axis describes time,
and ,,y”: position, velocity and acceleration. Because of rough signal discretion, obtained velocity values are not
changing smoothly (their values changes impulsively). Therefore, obtained acceleration values are not credible.

4.4 Quantitative analysis- Obtaining center of mass

The last stage of this work was to obtain information about mass centers of every examined person’s body
from record gait cycle. To this aim Kinovea and Scilab Software were used.

First part of the task was to develop code in Scilab. This code was able to use the Kinovea digital coordinates
and on this basis calculate localization of certain body mass segment. The Scilab code for this purpose is presented
below.

clc;clear;

//SELECT THE EXCEL FILE WITH DIGITAL COORDINATES
pathl=uigetfile([ H)E

//OPEN XLS FILES WITH DIGITAL COORDINATES
[total_sheetl,txt_voll,nome_sheetl,pos_sheetl]|=xls open(pathl);
//OPEN SHEET WITH DIGITAL COORDINATES
[num_coo1l,txt_cool] = xls_read(total_sheetl,pos_sheet1(1));
L=num_cool;

//1 right leg mid-foot
//2 right ankle

//3 right knee

//4 right hip

//5 right trunk

//6 right middle finger
//7 right wrist

//8 right elbow

//9 right arm

//11 the top of the head
//10 chin

//12 left mid-foot
//13 left ankle

//14 left knee

//15 left hip

//16 left middle finger
//17 left wrist

//18 left elbow

//19 left arm

RSr_X=L(1,1)
RSr_Y=L(1,2)
Rkostka_X=L(2,1)
Rkostka_Y=L(2,2)
Rkolano_X=L(3,1)
Rkolano_Y=L(3,2)
RHip_X=L(4,1)
RHip_Y=L(4,2)
//Trunk_X=L(5,1)
//Trunk_Y=L(5,2)
RPs_X=L(6,1)
RPs_Y=L(6,2)
RNadg X=L(7,1)
RNadg Y=L(7,2)
RLok_X=L(8,1)
RLok_Y=L(8,2)
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RRamie_X=L(9,1)
RRamie_Y=L(9,2)
Broda_X=L(10,1)
Broda_Y=L(10,2)
CzubekG_X=L(11,1)
CzubekG_Y=L(11,2)
LSr_X=L(12,1)
LSr_Y=L(12,2)
Lkostka_X=L(13,1)
Lkostka_Y=L(13,2)
Lkolano_X=L(14,1)
Lkolano_Y=L(14,2)

LHip_X=L(15,1)
LHip_Y=L(15,2)
LPs_X=L(16,1)

LPs_Y=L(16,2)

LNadg X=L(17,1)
LNadg_Y=L(17,2)
LLok_X=L(18,1)
LLok_Y=L(18,2)

LRamie_X=L(19,1)
LRamie_Y=L(19,2)

SEG_XFootR=L(2,1)-(L(2,1)-L(1,1))*
SEG_YFootR=L(2,2)-(L(2,2)-L(1,2))*

SEG_XLegR=L(3,1)-(L(3,1)-L(2,1))*
SEG_YLegR=L(3,2)-(L(3,2)-L(2,2))*

SEG_XThighR=L(4,1)-(L(4,1)-L(3,1))*
SEG_YThighR=L(4,2)-(L(4,2)-L(3,2))*

SEG_XForearmR=L(8,1)-(L(8,1)-L(7,1))*
SEG_YForearmR=L(8,2)-(L(8,2)-L(7,2))*

SEG_XHandR=L(7,1)-(L(7,1)-L(6,1))*
SEG_YHandR=L(7,2)-(L(7,2)-L(6,2))*

SEG_XArmR=L(9,1)-(L(9,1)-L(8,1))*
SEG_YArmR=L(9,2)-(L(9,2)-L(8,2))*

SEG_XTrunkSH=(L(9,1)+L(19,1))*
SEG_YTrunkSH=(L(9,2)+L(19,2))*
SEG_XTrunkHip=(L(4,1)+L(15,1))*
SEG_YTrunkHip=(L(4,2)+L(15,2))*
SEG_XTrunk=((SEG_XTrunkSH)+(SEG_XTrunkHip))*
SEG_YTrunk=((SEG_YTrunkSH)+(SEG_YTrunkHip))*

SEG_XHead=L(10,1)-(L(10,1)-L(11,1))*
SEG_YHead=L(10,2)-(L(10,2)-L(11,2))*

SEG_XFootL=L(13,1)-(L(13,1)-L(12,1))*
SEG_YFootL=L(13,2)-(L(13,2)-L(12,2))*

SEG_XLegL=L(14,1)-(L(14,1)-L(13,1))*
SEG_YLegL=L(14,2)-(L(14,2)-L(13,2))*

SEG_XThighL=L(15,1)-(L(15,1)-L(14,1))*
SEG_YThighL=L(15,2)-(L(15,2)-L(14,2))*

SEG_XHandL=L(17,1)-(L(17,1)-L(16,1))*
SEG_YHandL=L(17,2)-(L(17,2)-L(16,2))*

BIOMECHANICS OF HEALTHY HUMAN’S GAIT
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SEG_XForearmL=L(18,1)-(L(18,1)-L(17,1))*
SEG_YForearmL=L(18,2)-(L(18,2)-L(17,2))*

SEG_XArmL=L(19,1)-(L(19,1)-L(18,1))*
SEG_YArmL=L(19,2)-(L(19,2)-L(18,2))*

CM_XLegR=(SEG_XFootR* +SEG_XLegR* +SEG_XThighR*0.1) /( + +0.1)
CM_YLegR=(SEG_YFootR* +SEG_YLegR* +SEG_YThighR*0.1) /( + +0.1)

CM_XLegL=(SEG_XFootL* +SEG_XLegL* +SEG_XThighL*0.1)/( )
CM_YLegL=(SEG_YFootL* +SEG_YLegL* +SEG_YThighL*0.1)/( )

CM_XLegRL=((SEG_XFootR* +SEG_XLegR* +SEG_XThighR*0.1)+(SEG_XFootL* +SEG_XLegL* +SEG_XT
highL*0.1))/(2%( + +0.1))
CM_YLegRL=((SEG_YFootR* +SEG_YLegR* +SEG_YThighR*0.1)+(SEG_YFootL* +SEG_YLegL* +SEG_YT
highL*0.1))/(2%( + +0.1))

CM_XHandR=(SEG_XHandR* +SEG_XArmR* +SEG_XForearmR* )/( + + )
CM_YHandR=((SEG_YHandR* )+(SEG_YArmR* )+(SEG_YForearmR* )/ ( + + )

CM_XHandL=((SEG_XHandL* )+(SEG_XArmL* )+(SEG_XForearmL* )/ ( + + )
CM_YHandL=((SEG_YHandL* )+(SEG_YArmL* )+(SEG_YForearmL* )/ ( + + )

CM_XHandRL=((SEG_XHandR* +SEG_XArmR* +SEG_XForearmR* )+(SEG_XHandL* )+(SEG_XArmL*
)+(SEG_XForearmL* 1)/ (2*%( + + ))

CM_YHandRL=((SEG_YHandR* )+(SEG_YArmR* )+(SEG_YForearmR* )+(SEG_YHandL* )+(SEG_YArmL

* )+(SEG_YForearmL* ))/(2%( + + ))

CM_UpperBodyX=((SEG_XHead* )+(SEG_XTrunk* )+(SEG_XHandR* )+(SEG_XArmR* )+(SEG_XForear
mR* )+(SEG_XHandL* )+(SEG_XArmL* )+(SEG_XForearmL* )/( + + + + +

+ + )
CM_UpperBodyY=((SEG_YHead* )+(SEG_YTrunk* )+(SEG_YHandR* )+(SEG_YArmR* )+(SEG_YForear
mR* )+(SEG_YHandL* )+(SEG_YArmL* )+(SEG_YForearmL* ))/( + + + + +

+ + )

CM_AllIBodyX=((SEG_XFootR* )+(SEG_XLegR* )+(SEG_XThighR*0.1)+(SEG_XFootL* )+(SEG_XLegL* )+
(SEG_XThighL*0.1)+(SEG_XHead* )+(SEG_XTrunk* )+(SEG_XHandR* )+(SEG_XArmR* )+(SEG_XForear
mR* )+(SEG_XHandL* )+(SEG_XArmL* )+(SEG_XForearmL* ))/( + +0.1+ + +0.1+

+ + + + + + + )

CM_AllIBodyY=((SEG_YFootR* )+(SEG_YLegR* )+(SEG_YThighR*0.1)+(SEG_YFootL* )+(SEG_YLegL* )+
(SEG_YThighL*0.1)+(SEG_YHead* )+(SEG_YTrunk* )+(SEG_YHandR* )+(SEG_YArmR* )+(SEG_YForear
mR* )+(SEG_YHandL* )+(SEG_YArmL* )+(SEG_YForearmL* ))/( + +0.1+ + +0.1+

+ + + + + + + )

//Right Leg

plot([RSr_X Rkostka_X],[RSr_Y Rkostka_Y])
plot([Rkostka_X Rkolano_X],[Rkostka_Y Rkolano_Y])
plot([Rkolano_X RHip_X],[Rkolano_Y RHip_Y])
plot(SEG_XFootR,SEG_YFootR, 10")
plot(SEG_XLegR,SEG_YLegR, r0')
plot(SEG_XThighR,SEG_YThighR, r0")

//Left Leg

plot([LSr_X Lkostka_X],[LSr_Y Lkostka_Y])
plot([Lkostka_X Lkolano_X],[Lkostka_Y Lkolano_Y])
plot([Lkolano_X LHip_X],[Lkolano_Y LHip_Y])
plot(SEG_XFootL,SEG_YFootL, ro")
plot(SEG_XLegL,SEG_YLegL,'r0")
plot(SEG_XThighL,SEG_YThighL,ro")

//Right hand

plot([RPs_X RNadg X],[RPs_Y RNadg Y])

21



I.Wawrzonkiewicz
D.W.Andrukonis

plot([RNadg_X RLok_X],[RNadg_Y RLok_Y])
plot([RLok_X RRamie_X],[RLok_Y RRamie_Y])
plot(SEG_XHandR,SEG_YHandR, 'ro")
plot(SEG_XForearmR,SEG_YForearmR, )
plot(SEG_XArmR,SEG_YArmR, 'ro")

//Left hand

plot([LPs_X LNadg X],[LPs_Y LNadg_Y])
plot([LNadg X LLok_X],[LNadg_Y LLok_Y])
plot([LLok_X LRamie_X],[LLok_Y LRamie_Y])
plot(SEG_XHandL,SEG_YHandL, 'ro")
plot(SEG_XForearmL,SEG_YForearmL, 'r0")
plot(SEG_XArmL,SEG_YArmlL, 'ro")

//Trunk

plot([RRamie_X LHip_X],[RRamie_Y LHip_Y])
plot([LRamie_X RHip_X],[LRamie_Y RHip_Y])
plot(SEG_XTrunk,SEG_YTrunk, 'ro")

//Head

plot([Broda_X CzubekG_X],[Broda_Y CzubekG_Y])

plot(SEG_XHead,SEG_YHead, 'ro")

plot(CM_XLegR,CM_YLegR, )
plot(CM_XLegL,CM_YLegL, 'g0")
plot(CM_XLegRL,CM_YLegRL, '20')

plot(CM_XHandR,CM_YHandR, 'go")
plot(CM_XHandL,CM_YHandL, 'go')
plot(CM_XHandRL,CM_YHandRL, '20")
plot(CM_AlIBodyX,CM_AlIBodyY, 'ko')

BIOMECHANICS OF HEALTHY HUMAN’S GAIT

Next stage was to make digitalization of every phase (IC, OT, HS, OIC, TO, FA, TV). For every phase there
were putted 19 points on body, every time selecting them in Kinovea in the same order. Having knowledge about
distal and proximal points it was possible to obtain localization of center of mass of specific part of body.

Location in X:

Seg x=seg proximal-(seg_proximal-seg_distal)*CM_seg @)

Location in Y:

Seg y=seg proximal-(seg_proximal-seg_distal)*CM_seg 2)

Values CM_seg we took from table (Fig.31).
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TABLE 3.1 Anthropometric Data

Center of Mass/ Radius of Gyration/
Segment Weight/ Segment Length Segment Length

Segment Definition Total Body Weight Proximal Distal Cof G Proximal  Distal Density

Hand Wrist axis/knuckle II middle 0.006 M 0506 J 0494 P 0.297 0587 0577 M 1.16
finger

Forearm Elbow axis/ulnar styloid 0.016 M 0430 JO570P 0303 0526 0647 M 1.13

Upper arm Glenohumeral axis/elbow axis 0.028 M 0436 J 0564 P 0322 0542 0645 M 1.07

Forearm and hand Elbow axis/ulnar styloid 0.022 M 0682 J0318P 0.468 0.827 0.565 P 1.14

Total arm Glenohumeral joint/ulnar 0.050 M 0530 JO470P 0368 0645 05% P L.11
styloid

Foot Lateral malleolus/head 00145 M 0.50 050 P 0475 0.690 069 P 1.10
metatarsal II

Leg Femoral condyles/medial 0.0465 M 0433 J0567P 0.302 0528 0643 M 1.09
malleolus

Thigh Greater trochanter/femoral 0.100 M 0433 | 0567 P 0323 0540 0653 M 1.05
condyles

Foot and leg Femoral condyles/medial 0.061 M 0.606 [ 0.394 P 0416 0.735 0572 P 1.09
malleolus

Total leg Greater trochanter/medial 0.161 M 0447 J 0553 P 0326 0560 0.650P 1.06
malleolus

Fig. 31.: Table with anthropometric data (marked black is our CM_seg coefficient) [5]

Knowing Seg_x and Seg_y we can apply values, which corresponds to weight of certain parts of body:
CM_X:
CM_x=SUM(seg_x*mass_seg)/SUM(mass) 3)
CM_Y:
CM_y=SUM(seg_y*mass_seg)/SUM(mass) 4)

Values mass_seg were taken from Fig. 32.

Fig. 32.: Table with mass of each body segment [5]

CH XLegR=(SEG_XFootR*0 . 01l5+SE: XLegR*0 . 047+5EG EThighR*0 1) /{0 01l5+0_047+0.1)
CH YLegR=(S5EG_¥FootR*0 . 015+5EG_¥LegR*O . 047+4+5EE ¥ThighR*0_ 1) /{0 01

Fig. 33.: Part of code calculating centre of mass for right leg
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When all data was collected, it was possible to make a plot, which shows how centers of masses of every
body segment looks in every phase. Results are presented below.
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Fig. 34.: Result plot of program for every phase (from left IC, OT, HS, OIC, TO, FA, TV) for man of height 175cm
and weight 75kg. Circle green signs mass center for upper and down body part, and black circle is all
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Every person has point of mass center in a different place. Every of us has different body weight, anatomy,
natural gait speed, and because of this every plot is different from another. To compare our results we put below the
representation of center mass point while walking (Fig. 36).
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Fig. 36.: Model of subject during natural walking with drawn calculated trajectory of body center of mass [3]

5 Conclusions

Normal Gait is series of rhythmical , alternating movements of the trunk & limbs which result in the forward
progression of the center of gravity and the body. Biomechanics of movement can be classified into two main areas:
the improvement of performance and the reduction or treatment of injury. [ 7] Biomechanical research is a powerful
ally in the sports medicine quest to prevent and treat injury. Biomechanical studies help prevent injuries by
providing information on the mechanical properties of tissues, mechanical loadings during movement, and
preventative or rehabilitative therapies. Biomechanical studies provide important data to confirm potential injury
mechanisms hypothesized by sports medicine physicians. [7] People need help in improving human movement and
this help requires knowledge of "why" and "how" the human body moves. Since biomechanics gives the kinesiology
professional much of the knowledge and many of the skills necessary to answer these "what works?" and "why?"
questions, biomechanics is an important science for solving human movement problems. [7]

The advantages of numerical measurements of quantitative over those of qualitative analysis are greater
accuracy, consistency, and precision. Most quantitative biomechanical analysis is performed in research settings;
however, more and more devices are commercially available that inexpensively measure some biomechanical
variables (e.g., radar, timing lights, timing mats, quantitative videography systems). Unfortunately, the greater
accuracy of quantitative measures comes at the cost of technical skills, calibration, computational and processing
time, as well as dangers of increasing errors with the additional computations involved. Even with very fast modern
computers, quantitative biomechanics is a labor-intensive task requiring considerable graduate training and
experience. For these reasons and others, qualitative analysis of human movement remains the main approach
kinesiology professionals use in solving most human movement problems. [7]

Qualitative and quantitative analysis of human gait makes possible to convert real body movement into digital
path, what creates much more possibilities of analysis. Two methods which have been used in this article: Kinovea
and 2DDLT are great tools for visualization of human gait movement. Comprising these two approaches, Kinovea is
easier and fastest way to get the results. Accuracy of results mostly depends on camera resolution and precision in
obtaining points of body parts.
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Abstract:

This paper is based on the technology of web development to build the back-end of an application for motor
characteristic monitoring in the field of industrial IoT. The purpose of the web application is to receive
data such as velocity, acceleration, position, and torque from an industrial servo motor connected to a
Siemens SIMOTION D PLC using MQTT protocol, and then analyze this data in the form of charts. The
resulting chart would be known as the load curve which will offer the chance to perform predictive
maintenance on the hardware functioning inside the factory.
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1 Introduction

This paper discusses the development of a web application for motor sizing and characteristic monitoring in the
field of industrial IoT. The application will connect to the PLC and read the drive data of the motor being controller
by the PLC. These data will include the speed, acceleration, position, and torque. This data will be represented in
charts. The speed vs torque chart is called the load curve and will be compared to torque characteristic of the motor
from the catalogue, additionally the operating point will be plotted as well. This comparison enables the user to identify
whether the proper motor has been selected for the respective application.

2 Load Profile and Operating Point

The load profile is used for the purpose of motor sizing. Proper sizing is a crucial aspect of motor selection. If a
motor is undersized, it will not be able to control the load, leading to overshoot and ringing. If the motor is
oversized, it may control the load, but it will also be larger and heavier, as well as more expensive in terms of price
and cost of operations. [1]

Every motor will have rated values of voltage, current, speed and power. Normally these are visible on the motor’s
nameplate and/or given in the documentation. In general, rated values represent the maximum values that the motor
should be subjected to in normal conditions. However, the rated torque is often not given on the nameplate but is a
very important parameter for appropriately sizing the motor. In both DC and AC induction motors, operating current
is proportional to the torque, so exceeding the rated torque is likely to lead to overheating and burnout of the motor
windings. Exceeding the rated torque also risks mechanical damage to couplings and the drive shaft. Simply, if the
load is constant then sizing the motor consists of choosing a motor whose rated torque is slightly above the torque
required by the load. The torque produced by a motor varies with speed and the torque produced by a load also
varies with speed. If the motor torque is greater than the load torque, then the load will accelerate. If the load torque
is greater than the motor torque, then the load will decelerate.
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Figure 1 A motor that will start the load and get up to speed correctly

Figure 2 A motor that will never start

Some loads do not present a constant torque even after they have got up to full speed. This presents a variable
power to the motor and complicates the sizing problem. In this case we should ensure that:

e Peakload torque < Rated motor torque

o The effective load torque (root mean square load torque) and effective load speed
requirements must be less than 100% of the rated motor torque and speed and ideally
greater than 75%.

e The motor can start the load and get it up to speed from the initial position.
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The point at which the effective torque and effective speed meet is called the load point or operating point. The
coordinates of this point can be calculated by the following formulas:

Mgy = €Y)

(2)

Nerr =

T ... cycle time of the measurment
t.. sample time
n..number of samples

If the motor were to be operated at this operating point, the same temperature rise would occur as in the actual load
cycle. This point is now entered in its torque-speed diagram for each motor that is considered in the sizing process.
If the operating point is below the characteristic curve for S1 operation, the corresponding motor is able to meet the
required load cycle from a thermal point of view. All motors that meet this condition are retained for further design
steps while all others are eliminated. In figure 8, we can observe that motor 1 is suitable for the load cycle while
motor 2 would be thermally overloaded and therefore cannot be used.

Figure 1 Characteristic of Motor 1 and Motor 2 [2]

To get a better idea of the required motor for a specific application, then the load torque and speed will be compared
to the torque characteristic of the motor. This is done by measuring the torque and speed of the motor during
operation and then converting these measurements to their absolute values. We call this the load curve, and it
represents the possible effective torque vs the possible effective speed.
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Figure 2 An example of a load curve below the characteristic

Figure 3 An example of a load curve above the characteristic

In figure 2, we can observe that the load curve or load profile is directly lower than the characteristic, this marks this
motor as suitable for operation since the load/operating point falls below the characteristic as well. While in figure 3,
the chosen motor should not be used at all and more sizing measurements have to be performed to find a better
suited one for the required application.
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3 Architectural Overview

This chapter describes an architectural overview of the application. Based on the requirements of the software, the
development of the web application has been considered. The architecture consists of three main components: the
back-end and front-end systems communicating with an API controller, and the database. The web application will
be built as a “3-tier architecture” which comprises from a data tier, business tier and a presentation tier.

Figure 4 An overview of the proposed architecture

3.1 The Back-end

The server side of a website is referred to as the backend. It organizes and stores data, as well as ensuring that
everything on the client side of the website functions properly. It's the section of the website you can't see or
communicate with. It's the part of the app that doesn't interact with users directly. The parts and characteristics
developed by backend designers are indirectly accessed by users through a front-end application. The backend
includes activities such as writing APIs, developing libraries, and dealing with machine components without user
interfaces or even scientific programming systems.

The back-end uses the Model-View-Controller (MVC) architectural pattern. The MVC pattern in Software
Engineering Architecture is defined as an application being separated into three logical components: Model, View and
Controller.

Figure 5 MVC Architecture [3]
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3.2 The Front-end

The front end of a website is the aspect where the user communicates with directly. It is often referred to as the
application's "client side." Anything that users see explicitly is included: text colors and styles, images, graphs and
tables, buttons, colors, and the navigation menu. The languages used for Front End development are HTML, CSS, and
JavaScript. Front End developers create the structure, design, behavior, and content of anything that appears on the
browser screen when websites, web applications, or mobile apps are opened. The front end's main goals are
responsiveness and results.

3.3 Database

SQL stands for Structured Query Language. A query language is a kind of programming language that's designed
to facilitate retrieving specific information from databases. To put it in other words, SQL is the language of databases.
A relational (SQL) database is a database that stores related information across multiple tables and allows you to query
information in more than one table at the same time.

4 Implementation and Results

After building the web application, this section will focus on the functionalities of the app and the working
principle behind them. The app will consist of four screens and one pop up window for configuration and setup. For
the purpose of demonstration, some demo data has been imported into the app.

4.1 Configuration Screen

The configuration screen is used to connect to a PLC, browse the variables stored in its memory and create the
setup of a motor axis for later measurements.

Figure 6 Connect new axis pop-up window

In figure 6 we can see the various fields which need to be filled before a setup came be saved. The first step is to
choose a name for our machine and then enter its IP address and hit the connect button. This action will send a GET
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request to the server and the server will respond by connecting to the machine and retrieving the required data. This
data is then sent back to the front end as a response body in the form of JSON. An example of the response should be
as follows:

{
"type": "D445",
"ipAddress": "192.168.1.7",
"serialNumber": "ST-KN6031549"
"firmware": "V 5.3.1.9",
"status": "CONNECTED",
"statusTime": "2021-04-12T720:43:33.663+02:00",

"machineNodes": [

s
13

"node": "Red Axis",

"saved": false

"node": "Blue Axis",

"saved": false

The response includes a property called “machineNodes”. This property is a list of the available axes inside this
machine and each axis contains a Boolean variable showing whether this axis has been already configured and saved
or not. If the variable “saved” is false, then we will be able to select the axis from the list in the pop-up window. This
action will produce another GET request to the server where the response is a JSON containing all information needed
about the axis.

{
"name": "Red_Axis",
"motorType": "1FK7 synchronous motor",
"motorMLFB": "IFK7022-5AK7x",
"motorCode": "23726",
"axisType": "LINEAR",
"gearRatio": 10.0,
"maxSpeed": 200000.0,
"maxAcceleration”: 10000.0,
"maxJerk": 500.0,
"dcLinkVoltage": 328.0,
"possibleVoltages": "600.0,540.0,650.0,720.0"

4.2 Overview Screen

In the overview screen, we will display a list of all measurements of each axis connected. These measurements
are known as “Traces” and each “Trace” object will contain information about the axis as well as a list of values of
the measurements done. When loading the Overview page, the server will send a response of a list of all available

“Trace” object. For this section a demo axis has been created with mock data and it’s would be as follows: 13
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"id": 92,
"axisName": "Axis_Demol",
"axisType": "LINEAR",
"motorMLFB": "1FK7011-5AK7x",
"gearRatio": 200.0,
"maxSpeed": 7200000.0,
"maxAcceleration”: 360000.0,
"maxJerk"”: 18000.0,
"dcLinkVoltage": 600.0,
"machineName": "My Demo Machine 1",
"measurements": {
"id": 87,
"measurementName": "Load Curve Edge App",
"traceStartType": "IMMEDIATE",
"duration": 166,
"ipAddress": "192.168.1.8",
"tracejobld": 101,
"cycletime": 1,
"timestamp": 702250513000,
"machineSerialNumber": "ST-M123456789"

"machineFirmwareVersion": "V 5.3.1.9"

P

"loadCurve": {
"id": 93,
"datetime": 702250513000,
"cycleTime": 1

e

"timestamp": 702250513000,
"duration": 166

This response contains an object “Measurements” which includes all information about the measurements
received over MQTT. However, in this response the list of values of the measurements is being suppressed to avoid
the congestion of too many data being sent on each request. To access this data an “Analyse” button will be available
next to each measurement which sends two responses. One response will include the values for the position, speed
and acceleration charts and the second response will include the values for the torque characteristic, load curve and
operating point. The responses are as follows:

{

"velocity": {
"axisX": [...],
"axisY": [...]

P

"acceleration”: {
"axisX": [...],
"axisY": [...]

34
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"position": {
"axisX": [...],

"axisY": [...]

"torqueCharacteristic": {
"axisX": [...],
"axisY": [...]

/

"loadProfile": {
"axisX": [...],
"axisY": [...]
P
"effectiveSpeed": 606.8984425107654,
"effectiveTorque": 0.17676690952747628
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Figure 7 A full screenshot of the overview Analyse window
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5 Conclusion

This paper has examined the possibility of developing an Industrial IoT web application used in the field of
factory automation and production machines. The application is able to connect to a PLC using its OPC server and
read variables stored inside its memory. By selecting an axis from the list, the application is then able to detect the
properties of this axis and allow the user to save the configuration. After finalizing the setup, the user is then able to
send a measurement over MQTT to the application and perform visualization of the data in charts. The application
has proved to be functional, practical and user friendly when tested with a real-life factory setup. Future work can be
done to enhance the usability of the application such as adding compatibility with other types of PLCs other than
SIMOTION and allowing the user to trigger measurements directly from the application rather than sending the data
from another application using MQTT.
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1. Introduction

In this work I describe the process of training models on timeseries data predictions using recurrent neural networks
(RNNs). I focus mainly on LSTM and GRU RNN cells. I selected the close prices of various cryptocurrencies as
the dataset for the thesis. While the crypto market data is quite noisy and difficult to learn, I attempted to create
models which would be trained to predict future prices with a degree of accuracy. [1] [2]

The text describes the entire process, from finding suitable data to implementing the best working model into an
API. The final API creates predictions on real-time data.

2. Datasets

I used three main datasets. The first one was downloaded, and two others were created with two different python
libraries which were wrapped into additional code. The Figure 1 shows the timeline of the three datasets.

Fig. 1 BTC price with highlighted datasets.
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The downloaded and collected datasets were smaller and contained 4 cryptocurrencies (BTC, LTC, ETH, BCH).
Final dataset contained 8 highest correlated cryptocurrencies with BTC (BTC, OCEAN, ZRX, ATOM, BNT,
ALGO, TWT, SUSHI) from a selected time period.

Fig. 2 Example of correlated and uncorrelated data.

3. Data preprocessing

One of the most challenging parts of the whole work was data scaling. The initial approach of data scaling, the z-
score only turned out to be quite ineffective. Regardless, I still trained several models using this scaling method and
got some interesting results.

Another option was using percentage change + z-score scaling, which worked better overall. The accuracy was
higher, and it was easier to implement those models into an API, mostly because scalers worked for longer period on
percentage change.

4. Results

The first set of models was trained on the older downloaded dataset using z-score. Predictions were made two
minutes into the future using 24 minutes of past data (Fig. 2). The biggest obstacle in the first set was that input data
predictions were sometimes shifted. Even in cases where the direction of the prediction was correct the scaling
yielded results barely above 50%.
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Scaled price

Time

Fig. 3 Example of correlated and uncorrelated data.

In second step I used the downloaded dataset (oldest) with percentage change + z-score to predict 1 minute into the
future. This approach worked quite well as on the test part of the downloaded dataset I was able to obtain models
with more than 60% accuracy of direction prediction. On the more recent data (beginning of the collected dataset)

the accuracy shifted to slightly below 60% accuracy.

Scaled price

Time

Fig. 4  Example of correlated and uncorrelated data.

The Figure 4 shows clearly that big sudden changes in values are quite unpredictable. That is not a very surprising

fact, since models are very careful with more aggressive predictions.
Table 1 lists the results of various architectures with 3 RNN layers, 256 cells and two dense layers first with 32 cells

and last with 1 cell. The optimizer in this case was Adam with step 0.01. Adam is one of the most universal

optimizers which combines the advantages of AdaGrad and RMSProp. [3]
MAE is Mean Absolute Error score, and Direction tells if at least direction of prediction was correct.
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Tab. 1. Performances of various models: Org refers to the test part of the training dataset. New refers to first
week of collected dataset. Single means single shot models.
MAE (org) | Direction (org) [%] MAE (new) | Direction (new) [%]
LSTM 0.48208 60.19 0.36737 53.65
LSTM - bidirectional 0.45674 56.66 0.3564 52.83
GRU 0.47324 41.94 0.36148 44.35
GRU - bidirectional 0.46807 35.26 0.35103 40.85
LSTM (single) 0.44574 35.26 0.33903 40.7
LSTM - bidirectional (single) 0.44257 59.63 0.33837 53.12
GRU (single) 0.45174 64.74 0.33648 59.3
GRU - bidirectional (single) 0.44074 35.82 0.33681 40.85

The last set of models was trained on the final dataset which contained more data with more cryptocurrencies. When
I checked the latest data (end of July 2021) markets became very dynamic, which lead to the fact that I was getting
only slightly above 50% accuracy for longer time periods.

5. Predicting API

I created an API which loads selected model and makes predictions every minute based on new incoming data. Data
with predictions are stored to MySQL database in predefined interval.

Fig. 5  API scheme.

This allows to load data later and eventually evaluate model performance, which is very useful when models predict
in dynamic system such as cryptocurrency market.

6. Conclusions

It is possible to create RNN model which can predict price with limited accuracy. If we consider direction only, I
was able to achieve around 60% correct percentage only from close prices on unseen data, which is higher than I
expected. Unfortunately, prediction accuracy is closely related to market behavior and model performance can
oscillate. For example, for the latest data I was able to get only slightly above 50% accuracy.
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Abstract:  Historical review and Full explanation about types of dampers are presented. The benefits
and drawbacks of using two degrees of freedom rather than one degree in vibration suspension are
discussed in this study. Dual-Loop Controller (DLC) with two-degree-of-freedom (rotational and
displacement) Hybrid Mass Damper (HMD) attached to a single degree of freedom primary system
is studied. The proposed model aims to improve the performance of damping and reduce energy
consumption with achieving the fail-safe behavior.

Keywords:  Dynamic vibration absorber, active suspension system, hybrid vibration absorber, dual
loop controller.

1 Introduction

In general, vibration problems are caused by structural resonances or significant harmonic loads. Vibration
absorbers can be added to increase structural damping and thus reduce vibrations. Passive and active vibration
dampers are used widely to reduce the effects of structure oscillations. As a traditional Passive device, the Tuned
Mass Damper (TMD) is an auxiliary mass—spring—damper system that is correctly tuned to a target mode, or
a well-known harmonic perturbation. The device is then referred to as a Dynamic Vibration Absorber (DVA)
[1]. The main advantages of the passive approach are the overall set-inherent up’s stability and the fact that
no energy is required to dampen the oscillations. The design of a single-degree-of-freedom (SDOF) TMD to
attenuate the vibration of a single mode of the main structure under various conditions is studied in [2]. Using
multiple SDOF TMDs to absorb more than one mode of the main structure is discussed in [3]. The problem
with DVA is that in practice, the resonant frequency of the primary structure or the disturbance frequency may
change during the time. However, the traditional DVA has no ability to automatically adjust its passive parameters
or absorption frequency. So, to overcome this problem, an adaptive DVA was developed, which has the ability
to self-adjust its absorption frequency. The adaptive DVA can adjust its absorption frequency by modifying its
passive parameters. However, the effect of adaptive DVA can only perform well on vibration control with slow
time-varying disturbances frequency. Adding an actuator to control the force that the reaction mass applies to the
structure allows for more efficient method of treating multiple resonances and improves the vibration absorber’s
efficiency in controlling structural vibration caused by random disturbance forces. The resulted proposed device
is called Active Mass Damper (AMD) which can be efficient on all the controllable modes [4]. However, the
drawback of traditional AMD design is that all counter forces are created by the active element and therefore, the
power consumption and the size of the active actuator become very large in a case dealing with large structural
vibration [5]. In [6], different types of controller designs are reported. The authors in the research proposed a
new concept of active vibration absorption, “Delayed Resonator” where a controlled time delay has been used in
a feedback loop. In fact, the main difference between this new generation damper and TMD is that this device
is mainly developed for harmonic perturbation rejection and thus cannot be considered as a fail-safe. A robust
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alternative of the delayed resonator using a spectral approach is proposed in [7] and [8].

Recently, a new definition appeared to refer to the new generation of dampers which combining the behavior of
an optimal TMD and the active damping devices. These dampers are named Hybrid Mass Damper (HMD), or
Hybrid Vibration Absorber (HVA). The HMD over the last decade is used widely and many control laws have
been proposed. The researchers attempted to prove that using HMD will enhance the dynamic systems, decreasing
the energy consumption by decreasing the control effort of the actuator, reducing the stroke of the moving mass.
Optimal control is used to combine structural damping with a restricted stroke of the actuator to create a HMD
in [9]. As a result, the goal of this research is to develop an advanced suspension system that will improve
performance while also reducing energy consumption. The advanced suspension system is proposed to be built
around a hybrid mass damper, as shown in the following paragraphs.

2 Review of passive tuned mass damper

The passive devices use the internal motion of the structure to enhance the absorption forces and dissipate
the vibration energy of a specific resonance. They do not require an external power supply to operate. The
control forces applied to the structure are only dependent on the structural motion in ideal passive devices. TMD
absorbers are widely used in mechanical systems for vibration control. A mass is attached to a structure via a
parallel spring-dashpot system in a TMD device. The mechanism is discussed in [10] where the added mass
m of the TMD is usually about 10% of the main structure mass and mounted on a spring and a damper. The
equations for stiffness and damping can be found in [11]. In [12], four optimum design methods for a dynamic
absorber are compared when they are applied to a single-degree-of-freedom system with primary damping. The
undamped natural frequency of the TMD is determined by its mass and stiffness, and it have to be tuned close to
the natural frequency of the main structure. As a result, at the resonance frequency, reducing the amplitude of
the main structure is achieved by properly adjusting TMD parameters damping. On the other side, because of the
high sensitivity of the suppression amplitude to TMD stiffness and damping parameter variations, the challenge in
designing TMD is hard tuning correctly the absorber’s stiffness and damping parameters. In addition to another
drawback in DVAs work which is that they are tuned to damp only one specific resonance. The problem was
solved by adding an actuator that controls the force applied to the structure by the reaction mass. we mention it in
section 3. In fact, parameter variations in the dynamics and natural frequency variations in the main structure have
an impact on the overall performance of designed systems. Some methods designed to deal with this sensitivity.
One of them is discussed in [13]. Comparison between passive and active dampers is presented in [14]. In
[15], H, and H norms are used to optimize the system response under random and harmonic excitations with
two-degree-of-freedom TMD.

3 Review of semi-active and active mass dampers

The controllers must be designed in such a way that the control effectiveness and energy consumption are
balanced. Control strategies can be divided into two categories from this perspective: active and semi-active.
Semi-active controllers require a small external power source to operate and rely on the structure’s motion to
generate control force. An external power source can be used to adjust the magnitude of the force. Since its
introduction in [16], By bridging the gap between purely passive and purely active suspensions, these systems have
attempted to combine the benefits of both passive and active devices. Semi-active devices, on the other hand, have
fewer power requirements than active devices. Furthermore, while semi-active devices cannot inject mechanical
energy into a controlled structural system, they do have properties that can be controlled to reduce the system’s
response to an optimal level. In [17], in order to design an optimal suspension, a Two-degree-of-freedom (TDOF)
model of a semi-actively suspended vehicle is used as a starting point.

AMD, on the other hand, works by moving the auxiliary mass with an actuator connected between the structure
and the auxiliary mass to generate reaction forces. The equations of AMD can be found in [18]. The AMD concept
has been used in a variety of applications over the last few decades. To suppress the vibrations of structures, for
example, moving a relatively small mass with a limited amplitude is required. This explains why AMDs have a
limited ability to absorb large earthquake excitations. However, the goal of structural vibration energy absorption
under small earthquake excitations or strong wind is met. As a result of active control, the auxiliary system’s
response motion is usually increased. Therefore, not only is it desirable to improve control efficiency, but also to
limit auxiliary mass motion as much as possible. The allowable amplitude of the AMD is generally determined
by the size of the AMD or the installation space, with strict limitations. The limitations of the auxiliary mass’s
amplitude are one of the main reasons for AMDs’ poor performance. In [9], a control law for AMD that effectively
suppress the vibrations of a SDOF structural system under the amplitude constraint of the auxiliary mass is studied.
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The research [19] discussed the advantages of AMD compared with PSS. Pneumatic, linear motor, hydraulic
actuators, and other force actuators can provide the required forces in [20]. A four-degree-of-freedom half-car
model with active suspension is studied in [21]. Recently with self-driving vehicles, the suspension of the vertical
vibration amplitude of the cameras which mounted on the vehicles is needed to reduce the unwanted motion effects.

Fig. 1: Advanced suspension system with two degree of freedom hybrid mass damper

4 Review of hybrid mass damper

After decades of research, a new class of dampers has emerged that attempts to combine multiple objectives
and features at the same time. These devices are gathered under the common name of Hybrid Mass Dampers
(HMDs), or Hybrid Vibration Absorbers (HVAs) which combine passive and active vibration control. Combining
passive and active elements the system is fail-safe that the damper will behave as a passive device even when the
feedback control is turned off. The goal of using HMD may differ from one to the other. For example, in [22],
H,, optimal design of HMD is used for the minimization of the resonant vibration amplitude of a SDOF vibrating
structure. In [23], a pole placement technique is proposed to ensure performance and stability . And a special pole
placement controller is designed such that all vibration modes of the flexible structures become critically damped
in [24]. In [25], a dual loop approach is preferred to increase the stability margins. Improving the performance
and stability of hybrid mass dampers by creating a hyperstable controller is studied in [26].

Fig. 2: Controller loops.

S proposed model

More than one mode of vibration of an absorber body relative to a primary system can be tuned to suppress
single-mode vibration of a primary system. Therefore, mitigation of the response under harmonic excitations is
proposed in the present model. Fig. 1 represents a model with two-degree of freedom HMD attached to a single
degree of freedom primary system. Vertical displacement movement and rotational movement around the center
of the auxiliary mass as a basic design is proposed. The results show that an optimal two-degree of freedom TMD
outperforms a traditional single-degree of freedom TMD with optimal mass distribution, even when the absorber’s
rotary inertia approaches zero. We will use this proof as a starting point for converting TMDs to HMDs later.

It is well known that when we use an HMD to attenuate the vibration; the passive part has a positive impact on
reducing the amplitudes of the vibrations i.e. damping the oscillations occurs without the need for any external
power. The frequency band where the absorber effectively suppresses vibrations, on the other hand, is relatively
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narrow, being centered at the absorber’s natural frequency. Because the physical absorber is never perfect, i.e.
it has nonzero damping, the damper cannot absorb the vibration completely even if the vibration frequency is
identical to the absorber’s natural frequency. Solving this problem is presented in section 2. The proposed model
aims to accomplish three main goals: (1) improve the performance of the suspension system, (2) reduce energy
consumption, and (3) ensure fail-safe behavior. The passive parts are TMDs optimally tuned using Den Hartog’s
law in [1], and the active control forces (f,;) and (f,2) are introduced between the two masses. The general
concept of dual-loop controller is introduced in [4] and is used precisely as parallel dual loops and act on the
same transducer in [27] which is the closest to our model with the exception that in the previous research a dual
loop controller (DLC) with a single degree of freedom was used. The proposed controller employs two inputs:
(1) the relative displacement between the inertial mass and the main structure, and (ii) the absolute velocity of
the main structure. Subsequently, dual loops on each side of the damper are used. One to detune the HMD
(negative stiffness feedback), and the other to damp the main structure (direct velocity feedback). Fig 2 illustrates
that since the relative velocity or absolute acceleration will be measured, so integration has to be added to the
control laws M1 and M2. The damper’s rotational movement allows it to absorb not only vertical but also angle
disturbances in some cases. Also, as long as we use an active impact in our design, we have to keep in mind the
necessity of restricting the amount of energy required for absorption operation. We mentioned it in section 1.
Indeed, increasing the frequency bandwidth where the absorber suppresses the vibrations has been discussed in
many previous studies, such as in [8]. So, in this article, we will try to demonstrate the superiority of TDOF over
SDOF by comparing them first without any active parts and then improving the concept by adding a single loop
PD controller to the TDOF as an active part. Let’s start with our basic design shown in Fig. 1. The main structure
has a natural frequency w, = \/kg/mg and damping ratio s = cs/2vksmg and is subjected to a base excitation
Xo, an external disturbance force f. We will use a harmonic disturbance as an external force in this study because
it represents a more realistic situation in a TMD’s field of application (hybrid or not) .x4 is translation and 8 is
rotation. mg is the mass of the damper and 1 is the rotational inertia about its center of mass I; = mgp> where p
is the radius of gyration. The absorber is connected to the primary system at distances d; and d, from its center
of mass via springs and dashpots. Let’s consider first the case where d| = d» = d . We will replace the spring and
the damping device by control-force vector [uy,us]T where

up =ki(x; —xg) +cr(x] —xy)

;o (1)
uy = ko (x2 —x5) +ca(x; —xg)
X1,x7 are the displacements of the damper in the direction of xsat the connection locations.
"
mgxp = —uyp —u (2)
Idgﬂ = uld— uzd
mgxy =uy+us —kexg — cox+koxo+cxi+ f 3)
According to the proposed model , we note that:
X1+X2 X2 —X1 2
Xd = 04 = Ag=m 4
d 5 a =57 la=map 4)
my
> (x)"+x)) =—u1 —u
L P ©)

md 14 "
— ) =x )= —ur—
2 (o3 =] P> 2

All the previous equations are covered in matrix form:
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0 0 kgfl|xs Cs kg 1
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-1 -1
a2 _d&| |
J2 el 0
1 1
Or
Mq"+Cq,+Kq=BO0X0+B()1X(;+Bff+Buu (7)

where q = [xl,xg,xs]T

If we want to use the model as a HMD then,

0o -1 -1

2 2
0 & ~&|fwheref=1[fsfar. fa]"
1 1 1

let us assume that all the initial values equal zero.

‘= [ qq] ®)

¥ = Ax+ Byf+ Bou: u = [Z;] ©)
A= [—MO—IK —Ml—lc] (10
SRR

The cost output can be interpreted as the absolute or relative displacement, velocity, or acceleration of the primary
system, u is a matrix given by (1) as a state feedback matrix P multiplied by the measurement output y. So:

_ —kl k1 C1 0 0 _
”‘[—kz 0 0 k Cz}y_Py 2)

where T
’ 7 ’ ’
y= [xs, X1 —Xs, X{—Xg, X2—Xs, xz—xs]

To make the comparison easier, we divided the frequency band into many characteristic frequencies after
evenly distributing the stiffness and damping device values of the SDOF into two spring-dashpot couples for the
TDOF concept. TDOF TMD without any active parts had a better overall performance in the critical frequencies
like resonance frequency of the main structure w =35.7 rad/sec where TDOF shows more efficiency than SDOF,
see Fig. 4. Let’s start our study when w << w,=10 rad/s with arbitrary constant values for stiffness and damping
device. The bode plot in this part of frequencies shows constant values for the amplitude and phase in both models
Fig.3(b).

(a)a (b)b

Fig. 3: SDOF TMD

For critical frequencies wi = wspor= 23.3 rad/sec and wy = wrpor=14.9 rad/sec, we can see that the
magnitude of TDOF TMD at resonance frequency w; is around 0.3 x107> (m) with phase (-14.9) deg Fig. 5 (b).
On the other side, SDOF TMD reaches around 1 x1073 for a peak amplitude at resonance frequency w» and phase
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Fig. 4: Absolute displacement X at natural frequency of main structure.

(@) a )b

Fig. 5: Absolute displacement x; /x( at critical frequencies (a) 14.9 rad/sec , (b) 23.3 rad/s.

Fig. 6: Absolute displacement X at frequency w=19.5 rad/sec

Fig. 7: Absolute displacement Xy at frequency w,=14.9 rad/sec, d| = d(dashed) and d;/d, = 3/1 (line)

(-3.85) deg Fig. 5 (a). Also at frequency w=19.5 rad/s it is clear that TDOF TMD has a higher performance than
SDOF TMD Fig. 6 where Amp(spor) =1.5x107 (m) and Amppor) =0.25% 1073 (m).

The second case is changing the dimensions d,d, when d; # d,. As is obvious in Eq. 6, the performance
of the TDOF TMD system depends on the ratio of the absorber’s radius of gyration p to the distance d from the
mount points to the center of mass of the absorber. So, according to Eq. (6) and Fig. 1 when d=0, that corresponds
to the optimal SDOF TMD. Even if the ratio 3/1 could be not an optimal rate, let’s use it for this study as a ratio
d/d, and substitute it in the equation while keeping p constant. The results show that the performance of the
damper is increased at the resonance frequency 14.9 rad/sec compared with the same model when d; = d, Fig. 7
with approximately (-80) deg as a phase-shift.

Fig. 8(b) illustrates the relative displacement spectrum (X1-Xs) of TDOF TMD at frequency w=66 rad/sec
where the amplitude for both tested systems is the same Fig. 8(a). One can see in the figure that the superior
performance of changing the dimensions of dj, d5 is obtained at the cost of a much larger relative displacement of
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(a)a b)b

Fig. 8: (a).Absolute displacement x /xo when d1=d2(dashed) and when d1/d2=3/1(line). (b).Relative displacement
(X1-Xs) when d1=d2(red) and d1/d2=3/1 (blue) w=66 rad/s

the moving mass (mg).

(@)a ®b (©)c

Fig. 9: (a) TDOF TMD (b) TDOF AMD (c) Bode plot

Fig. 10: Absolute displacement Xg at frequency w=14.9 rad/sec TDOF-TMD(red), TDOF-HMD (blue)

In fact, achieving optimal damper performance without combining active and passive parts to create an HMD
with fail-safe behavior is impossible. PD controller as a single loop controller is proposed for this study. So the
equations:, M| = g.15+gx1 and M = gcos+ gk where g.1 >0, gco >0. In the bode plot Fig. 9, we can see the
increase in gain and phase, as well as the response of the damper at the peak amplitude of TDOF TMD in the time
domain Fig. 10 where the residual motion of m is more than 5 times smaller with the HMD than with the TMD
with amplitude 0.8 x107°,

6 conclusion

A historical overview of the most commonly created and developed types of dampers is presented. The
superiority of the two-degree of freedom (displacement and rotational movements) dampers over a single degree
with only displacement flexibility is demonstrated in this article by comparing the performance of TDOF TMD with
SDOF TMD for a very wide frequency range. In the end, a hybrid mass damper with dual loop controllers is used
to improve the damper’s performance in both the time and frequency domains. The industrial application will need
to provide derivative control filtering, as well as AMD performance, which will be thoroughly tested on various
industrial applications in future research, including comparative performance analysis and energy consumption
reduction.
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Tab. 1: Identified parameters of the models:

Parameters Values Units | Parameters Values Units
ms 1.1570 Kg cs 44317 | N/m/s
md 0.5200 Kg k 423.9525 | N/m
ks 1482.2504 | N/m ¢ 2.4198 N/m/s

Tab. 2: Nomenclature

Abbreviation Definition

AMD Active Mass Damper
DLC Dual-Loop-Controller
DVA Dynamic Vibration Absorber
HMD Hybrid Mass Damper
HVA Hybrid Vibration Absorber
PSS Passive Suspention System

SDOF Single-Degree-Of-Freedom

TDOF Two-Degree-Of-Freedom
TMD Tuned Mass Damper
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ANALYSIS OF LOCOMOTIVE MOTOR TORQUE IMPACT AT
CHANGEABLE DYNAMIC OPERATION CONDITIONS

A. Atiyah'
! Faculty of Mechanical Engineering CTU in Prague, ahmad.atiyah@fs.cvut.cz

Abstract: In today’s locomotives, various undesirable dynamic phenomena affect the torque efficiency
transmitted to the wheels. The impact of these dynamics ranges from minor effects to major effects that can
involve the locomotive as a whole, as in the case of a slip. In this paper, we analysed the behavior of the
torque transmitted to wheels during variable levels of adhesion. The results showed a comparison between
the motor torque value at different levels of adhesion and its value under normal operat-ing conditions
when the adhesion value is at its best.

Keywords: Wheels,; Torque; Adhesion; Slip; Asynchronous Motor, Locomotive; Dynamic

1 Introduction

Modern locomotives play an important role in transportation compared with other means of transport, as they
are characterized by strength, flexibility, reliability, high performance, and low-cost operation.

These features come with many challenges related to the external and internal dynamics which has a high impact
on the traction system. One of these challenges is what is known as the adhesion phenomena, which represents the
friction force between the wheels and the rails, and is influenced by the external ambient conditions of the train and
the rail condition (wet or dry, etc.).

Another dynamic phenomenon that affects the safe operation o the train is what is known as slip, which occurs
when the wheels circumference velocity exceeds the linear speed of the train itself as a result of applying a traction
force to the wheels greater than the friction force of the rail itself.

These undesirable dynamic conditions, has a direct impact on the electrical and mechanical systems of the train,
in particular the torque of the motor transmitted to the wheels, as the wheels are linked to locomotive traction motor
via the gearbox, and when slip occurs, the value of the torque drops significantly due to the decrease in adhesion.

2 Slip and Adhesion

In rail transport, Adhesion is a phenomenon without which it cannot be realized. There is therefore a great interest
in its use to the maximum extent possible to increase the efficiency of rail transport. The geometric-kinematic context
of adhesion is shown in Fig. 1.
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Fig. 1.Context of adhesoin between wheel and rail

In the case of an ideal rolling motion, a wheel of diameter d = 2r rotating at an angular velocity w moves to a distance
equal to the circumference of the wheel 2nr in a time equal to T = 2n/w, i.e., that it performs a horizontal motion with
speed v = 27tr/(2n/w) = wr.

During train operation, when a decrease in the adhesion between the wheels and the rail occurs, the speed of the
wheels increases by slip ratio (r.w-v)/v [2].

The value of the adhesion coefficient depends not only on the wheel slip but it is highly variable according to the
conditions prevailing at the point of contact of the wheel with the rail, such as humidity, temperature, pollution by oil,
dust, leaves, etc. Its direct on-line evaluation in the normal operation is very difficult.

According to Popovici table shown in Fig.2, In the region of low values of the slip, the adhesion coefficient
increases with the increasing value of the slip. Due to the unchanging wheel weight load Gw it means increase of the
wheel tangential force, i.c., more effective traction up to certain achievable maximum. It is clear that in an optimal
rail vehicle ride should be utilized this maximum, but there must be a protection against an overrun into the area where
the increase of the slip leads to a reduction of the adhesion coefficient. A ride under such conditions is unwanted,
delivered torque is not used in acceleration wheel turns quicker then it corresponds vehicle movement, adhesions go
into friction with all consequences such as wearing and mechanical stress.

04r Popovici Table
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Fig. 2. Adhesion coefficient-Slip characteristics from Popovici table

In order to avoid slip occurrence, usually, locomotives drive unit is equipped with so-called Slip controllers,
where it takes the responsibility to regulate (reduce) the asynchronous motor torque in such a way that the slip will be
suppressed [1]. In our Simulink model, such a slip controller has been not yet developed, and alternatively, attention
was paid to optimize traction motor torque during the loss of adhesion and slip occurrence by analyzing the torque
response at changeable adhesion levels and different initial operation conditions, in addition to controlling the motor
torque using the vector control method.
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3  Asynchronous Motor and Wheelset

The main task of the locomotive wheel-set drive system is ensuring delivering the adequate torque value from
the asynchronous motor control system. In case of the absence of sensors that measure the wheel speed, the task of
controlling the entire drive system falls to the motor control system, which means that the wheelset velocity is
determined by the asynchronous motor velocity which is measured using a sensor mounted at the motor shaft.

It is worth here explaining the mutual relationship between the motor and the wheelset drive system. Thus, when
the adhesion value decreases, the speed of the wheels increases by slip ratio. This increase in wheel speed is linked
with the asynchronous motor rotational speed through gears. and thus, the motor angular velocity has a direct influence
on the internal dynamics and variables behaviors of the asynchronous motor via the so-called motor slip.

The motor angular velocity is used as an input signal to the motor control system. The increase of the wheels
speed is matched by a sudden decrease in the value of the torque transmitted to the wheels, and from simulation results,
we noticed that the decrease in adhesion value has an impact on both motor rotational velocity and the motor voltage
which results in an increase in the voltage value above its nominal value. This also results in an increase in the stator
frequency [1].

The significance of this effect becomes apparent if we know that the magnetic flux linkage which has a direct
impact on controlling torque must be maintained at a constant value, and this can be achieved by maintaining the
motor voltage within the nominal limits. The maximum torque of the asynchronous motor is directly determined by
the maximum value of the stator current, as shown in the relation (6). We have observed via simulation experiments,
that when the value of adhesion decreases, the decrease in torque is accompanied by a slight decrease in the value of
the stator current in order to keep the magnetic flux constant. Since the current is a measured quantity, then, it's good
to consider the possibility of early detection of wheel slip by generating a suitable delay for the Anti-slip controller to
respond in the case of a continuous decrease in the current value.

In order to achieve the desired dynamics of the locomotive movement, the concern not only includes generating
sufficient motor torque but also extends to involve the enhancement of the torque control quality using different control
methods. If an inadequate tractive torque is detected, it may lead to an inadequate wheel slip and a subsequent limiting
vehicle dynamic.

Studying the different asynchronous motor control methods used in the locomotive drive unit helps in
determining the torque behavior of the ASM more effectively, and can also lead to an increase of the locomotive's
response to unwanted dynamic changes affect it, and it may even be possible to predict these dynamic changes before
they occur.

3.1 Asynchronous Motor Model

The asynchronous motor is considered the main component of a railway locomotive, it is responsible for
delivering the adequate torque value to the wheelset in order to let the train move on the rail. In this paper, the ASM
model used is controlled only via the FOC method without VSI.

To obtain an ASM model, Clark and park transformation has been used for decades [4][5] to convert the motor
equations from three-axis reference coordinates "abc" into a two-axis "ap0" stationary reference frame or rotating
frame “dq0” [6]. There are multiple reasons behind using those transformation methods, one of these reasons is the
presence of time-varying inductances in the motor voltage equations [5]. Clark transformation matrix T, can be
expressed by the following equation:

3, BB M

2 2
and thus, we can easily obtain the iy, isp currents which are of a sinusoidal nature. To create an efficient control
method for ASM, the converted motor quantities using Clark transformation should be of continuous nature, and that
can be achieved by means of the Clark to Park transformation matrix represented in the Fig.3 using the following

equation:
[ifvdq] =T, '[iMﬂ]

iy | _[cosz,) sin(r)] [i @)
i, | |-sin(y,) cos(z,) ]| |i,

Where is izq, isqare the stator currents in rotating reference frame rated in [A].
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Fig. 3.Stator Current space vector in stationary and rotating reference frames

The stator and rotor voltages in stationary frame can be written as follows:

u, () =ri, O+ Ly 1)
LO=ri O+ Sy

. d
u;p (t) = ’leﬁ (t) + E l/ljﬁ (t)
4 (3)
O=u,()=ri, @)+ il O+o,p,-v,,(1)

. d
0= ur/i(t) = rrlr/)’(t) +El//r/i(t) -o.p, V., (t)

The equation which gives the electromechanical torque of an asynchronous motor can be expressed as follows:

M) = %p,, WO, Oy, 0L 0) @)

Where M (t) represent the electromechanical torque rated in [N.m].

3.2 Field Oriented Control

So far, a variety of vector modelling methods like FOC and DTC [3][7][8][9] has been used in practice to control
the ASM.

For long time, FOC considered as the most common method to control AC motor in practice. FOC control
method is represented using what is known as direct quadratic coordinates (dg0 coordinates), and this coordinate
system rotates synchronously with rotor flux vector. In FOC, the torque is proportional to the cross product of stator
current and flux vector. By decoupling the torque and flux vectors form each other, the control of both torque and flux
is quite similar to DC motor control. In our Simulink model, we developed an ASM control based on FOC. The torque
vector is aligned with g-axis, and the flux vector is aligned with d-axis, which result in:

" {%}ZV,J )
V., 0

And hence ., = 0, the motor torque can be rewritten as:

MO=2p, v, 01,0=5p,p. 01,0 ©

We can notice from equation (6), that we can control the motor torque with stator current i, by keeping the rotor
flux at a constant value [10]. Fig.3 shows the FOC block diagram of ASM.
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Fig. 4. Block diagram of asynchronous motor

From Fig.4, two PI controllers are used to regulate the dg stator currents. The PI output voltages are transformed to
stationnary voltages using inverse Park to Clark transformation matrix:

Lus,dq (t)J = Tp .[us,aﬁ (I)J
u.,® cos(y ) —sin(ys) u ) (7)
ug || sinGr ) costr) || u @

We can convert the resulting stationary Ugg, Usq voltages to 3-phase voltages by means of Clark inverse matrix.

4 Simulation Results

So far, our Simulink model has satisfied the mechanical part, while the electrical part is still subject to further
development in order to optimize the motor torque and enhance the countability of the locomotive drive.

The asynchronous motor model used is modelled according to the parameters of a real ML4550-K / 6 motor
which has a maximum torque of 10000N.m[11]. A numerical simulation has been carried out using Matlab/Simulink
to show how motor torque transmitted to the wheels at different operation conditions and under undesired dynamics
changes.

Table 1, shows the parameter values for the simulation experiments. the torque value was set to a range of 4200-
8400 N.m at a normal operating velocity of 100 km.h"! and at a low operating velocity of 10 km.h"".

All simulation experiments were performed in two stages, in the first stage, no variable adhesion levels are taken
into account. While in the second stage, the values of adhesion levels were changed from 1 - 5, which are shown in
Fig.2.

The initial train velocity is of Step signal, while the torque setpoint is a ramp signal.

Tab. 1. Simulation parameters of the traction motor

Simulation Test Longitudinal Velocity km/h Torque N.m Adhesion Adhesoin Time
Level
I 100 4200 1
11 100 4200 1-5 2
11 100 8400 1 -
v 100 8400 1-5 <
v 10 4200 1 0
VI 10 4200 1-5 3
VII 10 8400 1 <
VIII 10 8400 1-5
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From Fig.5(a), we notice that when a 4800 Nm torque setpoint is applied at a speed of 100 km.h"! with no change
in the adhesion level, the motor torque tracks the desired torque setpoint with a negligible steady-state error, and the
response speed of the motor torque relative to the desired torque setpoint is fast with a low torque ripples amplitudes
transmitted to the wheels. When changing the adhesion levels according to the simulation times shown in Table 1, we
noticed a significant decrease in the motor torque ranges between 56 - 159 Nm as shown in Fig.5(b).
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Fig. 5.a) Motor torque response at 4200N.m and 100km.h"! with no adhesion changes.
b) Motor torque response at 4200N.m and 100km.h™' with changeable adhesion levels

By setting the desired torque value at 8400 N.m which represents the nominal value of the locomotive motor
torque at an operating speed of 100 km.h! and without changing the adhesion level, the motor torque is unable to
track the desired torque value. This could be clearly shown in Fig.6(a), where the steady-state error increases gradually
with time elapsed. When changing the adhesion level from 1-5, we noticed a significant decrease in the motor torque
value at the adhesion levels (2-3), and a severe non-linear drop in its value at the adhesion level 5, which represents a
case of slip occurrence in the locomotive wheels at Rail contact as shown in Fig.6(b).
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Fig. 6.a) Motor torque response at 8400N.m and 100km.h™' with no adhesion changes
b) Motor torque response at 8400N.m and 100km.h-1 with changeable adhesion levels

At low operating speeds of the locomotive at 10 km.h™!, with desired torque value of 4200 N.m without changing
the adhesion levels, the motor torque response is as shown in Fig.7(a), where the motor torque response speed is
slower compared to the torque response in Fig.5(a).

When changing the adhesion levels, we noticed that the motor torque failed to track the desired torque value at
the fifth level which represents the worst adhesion value as shown in Fig.7(b).
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Fig. 7.a) Motor torque response at 4200N.m and 10km.h"! with no adhesion changes
b) Motor torque response at 4200N.m and 10km.h™! with changeable adhesion levels

When we set a torque value of 8400N.m at a speed of 10 km.h™! without changing the adhesion level, we noticed
a very slow response of the motor torque related to the desired torque value as shown in Fig.8(a). By changing the
adhesion levels, we noticed a nonlinear decrement in the motor torque when the fourth adhesion level is reached,
which reflects an occurrence of slip as shown in Fig.8(b).
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Fig. 8.a) Motor torque response at 8400N.m and 10km.h"! with no adhesion changes
b) Motor torque response at 8400N.m and 10km.h™! with changeable adhesion levels

5 Conclusion

Studying the effect of the torque dynamic behavior of the asynchronous motor at specific operating conditions
on the dynamics of the locomotive such as the movement of its wheels, taking into account changes in the adhesion
conditions provides us with the possibility of early detection of dynamic phenomena occurrence such as slip.

Thus, this may help us to develop the current simulation model to include the possibility of optimizing
locomotive motor torque and make it able to adapt to changing driving and operating conditions.

The simulation results address the importance of obtaining an appropriate motor control model capable of
meeting the changing driving requirements of the traction motor.
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Sym

is,dq
iS,aﬁ
us,dq
us,aﬁ

lps,dq

CHANGEABLE DYNAMIC OPERATION CONDITIONS

bols
The symbols used in this paper are listed as follows.
stator current in rotary frame (A)
stator current in stationary frame (A)
stator voltage in rotary frame (V)
stator voltage in stationary frame (V)
stator flux linkage in rotary frame (Wb)

Ys.qp stator flux linkage stationary frame (Wb)

ir,dq
ir,aﬁ
ur,dq
ur,ab’

¢r,dq

rotor current in rotary frame (A)

rotor current in stationary frame (A)
rotor voltage in rotary frame (V)

rotor voltage in stationary frame (V)
rotor flux linkage in rotary frame (Wb)

Yy qp totor flux linkage stationary frame (Wb)

Ts stator resistance ()

7 rotor resistance (£2)

Wy,  angular speed (rad.s™)

M(t) -electromechanical torque (N.m)
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IDENTIFICATION AND CONTROL USING GEA

Adrian Saldanha, Milan Hofreiter
Czech Technical University in Prague, Faculty of Mechanical Engineering

Abstract: This article presents the Guiding Evolutionary Algorithm (GEA) for optimization and its
application in parametric identification and control of several processes. The key advantage of using this
optimization approach is that it can be used for identification of linear as well as non-linear systems. The
algorithm has previously been applied successfully to optimizing a number of benchmark problems and
the results were shown to be quite promising. This article applies the GEA optimization approach to the
problem of identification and control of a dynamic system. The approach is verified experimentally on a
physical setup and the feasibility of this approach is studied and evaluated for practical implementation.

Keywords: optimization, identification, control

1 Introduction

The Guiding Evolutionary Algorithm (GEA) was proposed by Cao et al in [1]. The algorithm was introduced
to exploit some of the advantages of already existing optimization such as the Bat Algorithm (BA) [2], the Particle
Swarm Optimization (PSO) [3] and the Genetic Algorithm (GA) [4]. Like the BA and GA, the GEA is also a meta-
heuristic algorithm which means that the optimization is problem independent and thus can be used in a wide range
of applications. The GEA bears strong resemblance with the BA and the PSO in its particle-based movement, but
unlike the two, it encompasses an added mutation operator which, in essence helps avoiding the solution getting
stuck in a local optimum.

The main purpose of this article is to introduce the optimization method called the ‘Guiding Evolutionary
Algorithm’ and secondly to apply the concept to a control problem involving system identification and control of
dynamic systems. The results of the identification and control are finally applied to an experimental setup and the
results are drawn.

The following sections are organized as follows: Section (2) introduces the concept of optimization and
explains the Guiding Evolutionary Algorithm (GEA). Section (3) explains the procedure of system identification of
an unknown system, following which, in Section (4) the procedure for tuning a PID controller to control the
previously identified model is described. Section (5) consists of an experimental setup and the concepts described in
the previous sections are applied to a real system. Finally, section (6) presents the conclusion.

2 Optimization

As part of this article, the GEA algorithm is investigated as a potential method for solving non-linear
optimization algorithms. Like most nature-based optimization algorithms, the GEA consists of a number of
‘particles’ or ‘solutions’ randomized over a higher-dimensional domain, each solution with an associated cost-
function. Added to this, the algorithm, consists of three main operators namely, ‘Crossover’, ‘Mutation’, and
‘Selection’. The crossover operator facilitates adequate mixing within the solution space. With each generation or
iteration, every solution moves slowly towards the best solutions, i.e. the particle with the optimal cost function. The
mutation operator is necessary in order to avoid the particles settling at a local optimum solution. It provides the
essential exploratory framework for diversification of the solutions. Finally, the selection operator ensures that the
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particle with the optimum cost function is selected as the new best. With the three operations in place, with every
new generation, the solution slowly converges towards the best solution, which, may or may not be the global
optimum. Note that heuristic algorithms in general, do not guarantee arrival at the global optimum but are highly
efficient in finding the optimum result relatively quickly. Thus, these serve as an efficient way of searching through
a given space to arrive at an acceptable solution in least time.

2.1 Guiding Evolutionary Algorithm (GEA)

The pseudocode for the GEA algorithm is shown in figure (1). The Guiding Evolutionary Algorithm, while similar
to the BA and PSO, is essentially simpler to use due to the fewer number of parameters required for tuning the
optimization, and unlike the two, it consists of an additional mutation operator which helps to avoid the solution
settling at a local optimum.

GEA Algorithm
1. Objective function ,

2. Initialize locations , define parameters ¢, M, L
Calculate the cost functions at the initialized positions
3. Select the best individual
4. While (t<max number of iterations)
Update p;

For each individual:

Make crossover to generate a new individual
If (rand <p)

Make mutation for
End if
If (rand <p)

Make local search for
End if
If (f(x;) < f(x"))

Accept new solutions
End if
Find current best X"

End while
5. Best Solution:

Figure 1 - Pseudocode - GEA Algorithm

1. Crossover: The crossover for GEA is given by:
xf=xt"1+ xbt—xfTt xp (1)
Where,
B: Step length of position increment, uniformly distributed r.v

The step length § defines the rate of convergence and is generally between 1 and 2. A higher value
represents faster convergence.

2. Mutation: The mutation provides the required exploratory mechanics for optimization. It can be given by
the equation:
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xf=xt+eM (2)
Where,
€: Uniformr.v [-1, 1]
M: Mutation vector,
M; = (max(xj; —a, b — x{;) ; [a, b] = range of j"™ dimension
According to GEA, the probability of mutation is given by the following:
p=cxin -mer 3)
Where,
Tinax: max number of generations
t: current generation
¢: 0.2 (constant)

The above equation shows that the probability of mutation increases as the generations pass, thus it helps
ensuring that the solution does not settle around the local maxima / minima.

3. Local Search: As before, the local search provides the necessary exploitative dynamics and can be given as

follows:

xf=xt"1+ el 4)

Where,

L: Local search vector

Li=0.1b—a ;[a b]=range of j"™ dimension
Similar to the mutation vector, the local search functions similar to the mutation except that it serves to
find a solution around the current best unlike mutation, which helps to find a new solution around the
unsearched territory.

Again, the probability of local search is given by p defined by equation (3).

2.2 Parameterization

Before simulating the above functions, the appropriate parameters must be set correctly to ensure that the
algorithm works in an efficient manner. One of the advantages of the GEA lies in its inherent simplicity in that it
consists of only a few parameters which can be easily tuned to ensure quick convergence. In this case, the main
parameters for tuning are § and ¢ which are taken directly from literature [1] as:

Parameter Value
c 0.97
B [0, 2]

The value of § determines how quickly or slowly the solution moves towards the best solution. A higher value of
this parameter indicates quicker convergence, but it can also result in the final solution moving about the optimum
value, whereas a lower value indicates a slower convergence to the optimum. For the following simulations, the
value is taken as 2.

2.3 Results

The above algorithm was evaluated in the article [5] and it was shown that the GEA performs considerable
better than some of the other existing algorithms namely, BA and PSO in terms of convergence rate and its tendency
to reach the global optimum solution. Furthermore, it was shown that to achieve reaching the global optimum, it was
necessary to apply the modified mutation and local search operations to equations (2) and (4) as:

x{ = x{ + eMy.x (rand 1,j <p) ®

And,
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xf=xt""+eLx (rand 1,j <p) (6)

The above modifications improve the exploratory tendencies of multimodal functions, by performing a
probabilistic mutation and local search operation to the individual dimensions of each solution rather than to the
solution as a whole. This helps avoiding the solution jumping over the optimum value, thereby enhancing the
convergence characteristics.

3 Relay-based Feedback Identification

Following the above-described optimization approach, the next step is to apply this same algorithm in
parametric identification of a dynamic system. The goal of the system identification task is to perform black box
identification of an unknown process. The advantage of black box identification is the fact that this approach
necessitates no knowledge about the physical system, but instead, uses the experimental data which includes inputs
and outputs and a certain defining factor in terms of the cost function to identify the system to a reasonable
accuracy. In this case, the ITAE (Infegral Time Absolute Error) Method is used as a criterion for the cost function.
With system identification, the end goal is to find an accurate model of the process so as to control it correctly.

3.1 System Schematic

The identification schematic can be seen in the below figure (2).

Figure 2 - Experimental Block Diagram Using Simulink

The above figure shows the process or system that is to be identified and then controlled. The input u is given
by the output of the on-off relay which is used to generate sustained oscillations within the closed-loop system as
proposed by Astrom and Hagglund [6]. Once the closed-loop system is running automatically, the output from the
controller ‘u’ is fed as input to the model Gy (s) which, is considered to be a Second Order Plus Time Delay
(SOPTD) model. The reason for using an SOPTD model is that this model can represent almost any linear system.
As explained by Ramakrishnan and Chidambaram, the SOPTD model can incorporate various processes such as
under-damped and higher order processes in which case, an FOPTD model is not sufficient [7]. Furthermore,
SOPTD models can also be used for unstable processes in which case, an FOPTD model is not sufficient.

Thus, by knowing the input ‘u’, the outputs ‘y’ and ‘yy’, we can proceed with identification of the process.

3.2 Problem Statement
First, the terms related to the problem are defined as follows:

1. Model: The SOPTD model describe above can be represented as follows:

Gy s = —K e~sTa )
a,s?+a;s+1

Where, ‘K’ = Process gain, ‘0’ = Time Delay, ‘a,’ and ‘a,’ are dynamic constants of the transfer function.

2. Parameters: Using the SOPTD model from equation (7), the goal is to identify the parameters as follows:
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x= K,a,a,T; " 3

3. Cost function: The criterion for optimization can be given by the cost function J which can be given by:
Tk (9)

J = ymt—ytzdt
0

Where,

Ym = Model output
y. = Process output
T, = Simulation time

The above cost function uses the ITAE criterion as our optimization constraint for minimizing the error
over a pre-set simulation time.

4. Constraints: The constraints restrict the upper and lower limits of each parameter
K,a,,a,T; >0 (10)

Thus, the problem statement can be reduced to the following:
Estimate parameters x of process model Gy, by minimizing the cost function J subject to the constraints
K,a,,a,,T; > 0.

4 PID Control

With the identification procedure described in the previous section, the next step is controlling the actual
process using the identified model of the system.

4.1 Closed-Loop System schematic

In this article, the controller in use is a PID controller. The block diagram of the controller can be shown in the
below figure.

Figure 3 - PID Controller Block Diagram [8]

The equation for the controller in Laplace domain can be given by:

N
Rs =rp+;1+rDs (1)

Where,

1p = Proportional Gain — P-term Kp

1; = Integral Gain — I-term (K;)

1p = Derivative Gain — D-term (Kp)

It must be noted that in the above figure (3), the real unknown process is to be controlled using only the
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identified model with no more information about the system.

4.2 Tuning Methods

To tune the controller is to find suitable values of the proportional, integral and derivative gain so as to achieve
the desired control objectives. In this article, the PMC method [9] for tuning the controller is used.

e_STd

Before applying the tuning procedure, the SOPTD Model G, s = K. obtained in section (3) is

a;s?+a s+1
reduced to one of the below forms:

(Kw3)e 5Td . (12)
Er2wgsral for oscillatory processes

Gs =

Where,
w, = oscillation frequency
¢ = damping ratio

or

KesTd . 13
G s = ————— for non-oscillatory processes (13)
Tis+1 Tps+1

Where,
T,, T, = Time constants of modelled system

The relations for tuning the controller are given by the below tables

a) Non-oscillatory Processes ({ = 1)

Table 1 - Tuning Equations (Non-Oscillatory Process)

PMC
No. Parameter T,>0 T,= 0
1 Tp T = Q1T T, = an
m—2y
T, =
2 KTy 1
2 r; or T =
T ' Kr,
7"1 -
2T;. my. K
3 Tp Ty = ay.7; Ty = ATy

In the above equations, the parameter 7. is the closed loop time constant and can be estimated using a
general rule:

Tagom > Te > Ty (14)
Where,
Tiom = dominant time constant of the process

As a thumb rule, we shall estimate the value of 7, as: 7, = Td%.

For PMC Tuning, the parameters y and my, refer to the phase margin and gain margin respectively. These
values are generally in the range:

%<y<§;2<ma<5 (15)
It must be noted that the PMC tuning method is suitable for an SOPTD Model only.

b) Oscillatory Processes (¢ < 1)
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Table 2 - Tuning Equations (Oscillatory Process)

PMC
No. Parameter T,>0 T,= 0
1 e Tp =a,.1; rp =a,m
m—2y
Ti =
2 r or 1=

- " Kt

TI -

2T;. my. K
3 Tp Tqg = Qy.T; Ty = a1

Using the identified model of the system and the formulas listed in the above table, the tuning of the actual

process is carried out.

5 Identification and Control on Physical System

To verify the theory and algorithms presented in the previous sections, we apply the same concepts of
identification and PID control on a real system from the Automatic Control Laboratory.

5.1 Experimental Setup

The system which we will be using is a combination of two chambers arranged vertically in a tube with a
system of interconnecting valves. The schematic of the setup can be seen in the below figures.

= d=4 mm

Electrical Water Pump

Water Tank ‘

Figure 4 - Two tanks - Functional
Diagram
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The experiment is a combination of two hollow chambers arranged vertically in a tube with a system of
interconnecting valves. Pump C1 supplies water to the upper chamber, thus, delivering a pressure head which causes
the accumulated water in the upper chamber to trickle down into the lower chamber and eventually back into the
tank. A pressure differential sensor is used to map the height of the water in the lower column. Since the upper and
lower tanks are connected to each other in series, the system is, by default a second-order system.

To perform the experiment, we need to supply an input signal 0-10V to the pump via the MATLAB / SIMULINK
software from the PC which is then transmitted to the pump which in turn pumps up water to the upper chamber Al.
From the bottom hole of the upper chamber, water trickles down to the lower tank B1. The system output is
measured in terms of the height of water column in the lower chamber B1. This output is measured by a pressure
sensor which converts the pressure head to an equivalent height of water column. Before the experiment is
performed, it is necessary to test the system for its static characteristics so that we supply the inputs and obtain the
readings at around the operating point.

5.2 Simulink Schematic Setup

Similar to the Simulink setup in section (3), the experimental Simulink Schema of the physical system is
arranged likewise, except that in this case, the input is not fed directly to the theoretical model (see figure (5)), but
instead is done separately once the readings have been collected. Therefore, there are two separate schematics, one
for the physical system and the other, the Identification Schematic similar to the one shown in figure (2)..

Figure 5 - Simulink Schematic - Physical system

As can be seen from the schematic in Figure (5), the Simulnk model is supplied with an input from the relay
controller which in turn causes the system to auto-oscillate. From this setup, the input to the system ul and the
output yL are recorded from the practical setup.

Once the values are collected, these are now fed to the simulation setup (/dentification Schematic) which
operates within the MATLAB / Simulink environment only. The advantage of this is that using just one reading
from the physical setup, we can simulate the theoretical model a number of times until we obtain the model which
nearly describes the unknown process. For optimization, the same input u1 which was supplied to the real process is
fed to the theoretical SOPTD model to obtain its output y,,. By comparing the model output y,, with the real output
Y1, the previously described method using the ITAE criterion can be applied.

5.3 Identification Process Model

Using the above-described procedure and the one described in section (3), the identified parameters x is given
by:
x= 1.1179,1.295,35.17,4.43 T (16)

or
1.1179

— —4.43s
129552 +3517s +1°

Gy S
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5.4 PID Control

Using the model obtained in the previous section, the experimental process is controlled using the PID control
method detailed in section (4.2). The tuning parameters for control of the identified process from equation (16) are
computed as follows:

Table 3 - PID Tuning Parameters - Physical System

No. Parameter PMC
1 Proportional Gain, rp 0.961
2 Integral Gain, ri 0.027
3 Derivative Gain, rd 0.035

Figure 6 - PID tuning results

The figure (6) shows the PID tuning results of the physical setup. As can be seen from the figure, the controlled
variable from the real setup closely matches the controlled variable from the simulated model and thus, is a close
reflection of the actual process. Additionally, the PID parameters selected using the PMC tuning procedure are
extremely precise and with minimum overshoot.

6 Conclusion

The GEA algorithm is evaluated as a potential method for optimization of a wide variety of functions. In this
article, the algorithm is used perform system identification of an unknown process from which the controller
parameters are calculated. One of the main advantages is that the method is suitable for different types of processes,
be it linear or non-linear processes. Additionally, for higher order controllers, optimization of the controller can be
performed using the GEA, thus making it a universal approach in solving problems of greater complexity.
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Abstrakt: Obsahem této prace je vyvoj backendu aplikace pro systém Industrial Edge v programovacim
Jazyce Java. Tato aplikace je urcena pro monitorovani lisovactho procesu prostrednictvim protokolu
OPC UA a zajistuje detekci odchylek od uzivatelem stanovené tolerance, zpétnou vazbu pro PLC Fidici lis
a pripadné ukladani zjisténych problémii do databaze za uicelem pozdéjsiho zobrazeni. Kromé samotného
vyvoje backendu je cast prace vénovana téz tvorbé Dockerového obrazu celé aplikace, jenz je mozny
pouczit se systémem Industrial Edge.

Klicova slova: Industrial Edge, Java, backend, lis, tvareni kovii, OPC UA, Docker

1. Uvod

Pramysl prochazi neustalym technologickym vyvojem, ktery vede ke zvySeni kvality a efektivity vyroby.
Tento vyvoj je Casto rozdélovan do ctyf kategorii viz [1], a to na prvni prumyslovou revoluci (pramysl 1.0), pro
kterou byl typicky pfechod od vyuzivani lidské a zviteci sily k vyuziti parnich stroji. Dalsi velkou zménu piineslo
zavadéni elektrifikace a rozsifeni masové vyroby, které nastalo v devatenactém stoleti a je oznacovano za prumysl
2.0. Dvacaté stoleti poté patiilo rozvoji vypocetni techniky a tento trend se promitl i do vyroby. Zavadéni PLC pro
fizeni produkce dalo zaklady pramyslu 3.0, bez kterého je t€zké si predstavit jakoukoli dnesni tovarnu. Nyni se
nachazime na hrané dalsi velké primyslové revoluce. Za zaklady primyslu 4.0 je brana vSudypiitomna komunikace
mezi zafizenimi a sbér dat z nich. Tento vyvoj je naznacen na Obr 1.

—
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L | L

Primysl 1.0 1800 Primysl 2.0 1900 Primysl 3.0 2000 Primysl 4.0

By

I

é.
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Obr. 1  Vyvoj praimyslu

Spolecnost SIEMENS nedavno pfisla se svou platformou Industrial Edge, ktera je pravé zamétend na prumysl
4.0 a umoznuje snadny sbér, analyzu a sdileni dat z jednotlivych ¢asti vyroby. Mezi jednu z jejich vyhod patii
jednoducha sprava a instalace aplikaci, a to jak pro vyvojafe, tak pro koncového uzivatele. Aplikace jsou zalozeny
na technologii Docker, kterd umoznuje jejich béh nezavisly na platformé a programovacim jazyce, a tak je neni
tézké vyvijet 1 bez drahého hardwaru, coz by mohlo prilakat velké mnozstvi developert.

Tato prace byla zaméfena na vyvoj backendové casti aplikace pravé pro tuto platformu a na vytvoreni
vysledného dockerového obrazu.
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2. Predstaveni aplikace

Aplikace slouzi k monitorovani lisovaciho procesu na zakladé¢ porovnavani naméiené a referencni kiivky
reprezentujici jeden lisovaci cyklus. Tato data jsou ziskavana pies protokol OPC UA v podobé dvou poli
obsahujicich 360 hodnot rychlosti, resp. kroutictho momentu. Ovladani celé aplikace probiha skrze frontend, jehoz
tvorba nebyla soucasti této prace, jenz je rozdélen do tii hlavnich sekci. Spravy PLC, spravy nastrojii a spravy a
zobrazeni logl. Posledni jmenovana ¢ast je znazornéna na nasledujicim obrazku.

Obr. 2 Ukazka ¢asti frontendu vysledné aplikace pro spravu logt

V sekci pro spravu PLC je mozné vytvofit pfipojeni k jednotlivym PLC, které fidi lisovaci proces. Cast
vénovana nastrojim umoziuje spusténi ¢i vypnuti automatického monitorovani, spusténi kalkulace referencni
ktivky pro jednotlivé nastroje, nebo upravu jejich parametrt jako jsou napfiklad jméno, pozadovana tolerance €i typ
zpétné reakce, ktery je predavan zpét do PLC v piipadé, ze dojde na aktuadlnim cyklu k prekroceni uZivatelem
stanovené tolerance. Jakmile tato situace nastane dojde téz k vytvoreni zdznamu v databazi. Tyto informace je po té
mozné zobrazit na posledni obrazovce, které je pravé na Obr. 2. Zde je vidét graf naméfenych hodnot jak pro
referenéni kfivku, tak pro kiivku naméfenou. Cervenymi body jsou zde znazornény ty &asti, v kterych doslo
k ptrekroceni limiti. Pod grafem je téz mozné dohledat jaka tolerance byla nastavena, ¢i kdy k problému doslo.

Veskera logika a zajisténi komunikace jak s PLC, tak s databazi je zpracovavana na backednu, pro pfedavani
dat mezi frontendem a backendem bylo tedy nutné vytvofit vhodné API, které by jednoduse a efektivné piedavalo
ziskana data a umoznilo ovladani jednotlivych ukona.

3. Architektura backendu

Architekturu backendové ¢asti je mozné rozdélit do trech hlavnich vrstev, a to vrstvy kontrolerd, servisni
vrstvy a databazové vrstvy.
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3.1 Vrstva kontroleru

Tato vrstva se stara o zpracovavani dotazl zasilanych z frontendu, pievod tfid pouzitych v backedové ¢asti na
DTO pro zajisténi co nejvetsi separace a o kontrolu formatu piijatych dat. Je zde tedy formovana struktura API,
ktera je naznacena na nasledujicim obrazku.

Obr. 3 Struktura API pro zajisténi komunikace mezi frontendem a backednem

Endpointy na Obr. 3 slouzi ke kontrole vSech dulezitych casti backendu a komunikace zde probiha pomoci
protokolu HTTP. Kromé této ¢asti backend disponuje téz Casti, ktera se stara o zasilani informaci pomoci protokolu
WebSocket, ktery umoznuje zasilani dat bez prvotniho dotazu z frontendu. To se hodi naptiklad v situaci, kdy dojde
k detekci nového nastroje.

3.2 Servisni vrstva

Zde se nachazi jak veskera dilezita logika, tak i kod zajistujici pfipojeni k jednotlivym PLC. Lze zde tak nalézt
c¢ast obstaravajici vypocet referencni kiivky a Cast slouzici k vyhodnoceni pravé probéhlého lisovaciho cyklu. Obé
tyto ¢asti jsou zaloZené na navrhovém vzoru pozorovatel, a tak jsou okamzité informovany o nové prichozich datech
z PLC. Pokud je tedy spustén vypocet referencni ktivky a jsou zaznamenana nova data dojde k jeji tvorbé na zakladeé
uzivatelem zvoleného poctu cykli. Tento proces je naznacen na Obr. 4, kde je mozné vidét princip vypoctu
referencni kiivky ze tfech cykll. Vypocet neni nikterak komplikovany a pro sob&é odpovidajici body je pouze
vypocten jejich aritmeticky prumér jak pro rychlosti, tak pro kroutici momenty.

Referenéni kfivka

Namérena kfivka 1

Namérena kfivka 3

Namérena kfivka 2

Obr. 4  Vypocet referenéni kiivky

Takto vypoctena kiivka muze byt poté nasledné pouZita jako vzor pro automatické monitorovani lisovaciho
cyklu, kdy nové ziskana data nesmi byt od jejich bodi vice vzdalené nez uzivatelem stanovené tolerance. Toto je
zajisténo tak, Zze bod musi lezet uvnitt elipsy jejiz stied je v bod¢ referencni ktivky a délky jeji hlavni a vedlejsi
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poloosy odpovidaji tolerancim viz Obr. 5. Rovnice (1) tedy predstavuje rovnici, kterou musi porovnavany bod
spliovat.

(x—xref) + (y_yzref) <1 (])

2
Xtol Ytol

Bod mimo toleranci

Obr. 5  Princip validace aktualné namefené kiivky v porovnani s kiivkou referencni

3.3 Databazova vrstva

Posledni vrstvou je vrstva databazova zajistujici ziskavani a ukladani dat do databaze. Aplikace vyuziva
k ukladani dat relacni databazi PostgreSQL. Struktura tabulek v databazi by $la rozd€lit do dvou hlavnich sekci a to
sekce, ktera obsahuje aktualni data o spravovanych PLC a jejich nastrojich a ¢asti, kterd udrzuje historické
informace zaznamenané pfi piekroceni tolerance.

4. Zavér

V ramci této prace byl vytvoren plné funkéni backend v programovacim jazyce Java pro Industrial Edge
aplikaci monitorujici lisovaci proces. Kromé vyvoje backendu byly téz vytvofeny i piedpisy pro tvorbu
Dockerovych obrazt, kombinujicich databazi, backend a frontend. Ty poté umoznuji béh aplikace na platforme
Industrial Edge. Vyvijena ¢ast kodu byla psana technikou TDD, a proto je vice nez 80 % tiid pokryto unit testy,
které pii kazdé kompilaci kontroluji spravnou funkénost programu, coz zarucuje jeho vysokou spolehlivost. Kromé
testovani kodu byla tfeti stranou otestovana i samotna aplikace v laboratoii spolecnosti SIEMENS v Némecku. V
prubéhu ovérovani funkénosti aplikace s realnym lisem nedoslo k odhaleni Zadného problému.
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CONTROLLING MOTION APPS OF MOTION TERMINAL
FESTO VTEM BY NODE-RED

Jan Janovsky
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Abstrakt:Clanek nejprve piiblizuje tzv. Motion Terminal Festo VIEM, novy fenomén spojeny s érou
priumyslu 4.0 a pojmem digitalizovand pneumatika. Dadle se zabyva vyvojarskym ndstrojem Node-RED,
ktery je ve znacné mire pouzivan pro programovani loT (Internet véci) aplikaci. Na konec je predstavena
Jednoducha prakticka ukdazka prace, kdy je strucné vysvétleno naprogramovani aplikace pro komunikaci a
Fizeni produktu Motion Terminal Festo VTEM.

Klicova slova: node-red, modbus, Motion Terminal Festo VTEM, vizualizace

1 Uvod

Digitalizovana pneumatika, pojem, pod kterym si lze pfedstavit mnoho. Spojeni téchto dvou slov si firma Festo
AG & Co. KG vzala za své pfi zvefejnéni svého vyrobku Motion Terminal Festo VTEM v poloviné¢ minulého
desetileti. Novy ventilovy terminal, jehoZ jednotlivé ventily jsou fizeny aplikacemi riznych funkci, kterymi lze
nahradit az 50 standartnich vyrobku. [1] Docileno toho bylo diky dvojici piezoventilim a ¢tyi sedlovych ventild
zapojenych do pIného mustku a integrovanému systému ¢idel pro regulaci a diagnostiku v kazdém z ventili. Spojenim
mechaniky, elektroniky a softwaru je vytvofen velice kompaktni vyrobek, ktery dokéze svou schopnosti pfizptisobit
se chténé primyslové aplikaci zjednodusit a zrychlit objednavku, montaz i programovani. [2] I pfes nékolik let
piitomnosti na trhu neni tento produkt v primyslu pfili§ rozsifeny, i pies to Ze vytvari samotny oddil na trhu bez zatim
znatelné konkurence. Diivodem muize byt nedostatek zkuSenosti s jeho praci.

Za internet véci (Internet of Things) je povazovana sit’ fyzickych zafizeni, ktera jsou vybavena elektronikou,
softwarem, senzory a sitovou konektivitou, které umoznuji tyto zatizeni propojit a vyméniovat si data ¢i je posilat
online sluzbam. [3] Kazdé zafizeni je vSak schopno samostatné pracovat. Kviili velké rozmanitosti komunikacnich
feSeni, vyrobct zatizeni a velké konkurenci je vSak v dne$ni dob& obcas problém takovouto sit’ jednoduse vytvofit.
Kazdy vyrobce chytrych zatizeni, ktera jsou schopna mezi sebou komunikovat, prosazuje svoje feSeni. Pfi pouziti
zafizeni od jinych vyrobci stoupa riziko nekompatibility ¢i mnozstvi ¢asu straveného nad dokumentaci vyrobku. Pro
tento problém spole¢nost IBM vytvofila vyvojarsky nastroj pro vizualni programovani Node-RED. Jeho cilem je spojit
hardware zafizeni s online sluzbami a vytvofit tak sit' pro komunikaci mezi jednotlivymi ¢astmi i pfes odli§né
komunikacni protokoly ¢i dalsi problémy. [4]

2  Motion Terminal Festo VTEM

2.1 Komponenty

Motion Terminal se sklada ze 4 az 5 hlavnich komponent. Jsou jimi zédkladna, fidici blok CPX, ovlada¢ Motion
Terminal CTMM, ventily VEVM (4-8) a vstupni moduly (volitelné). CPX terminal navazuje spojeni s vy$$im fidicim
systémem bud’ jako samotny interni ovlada¢ nebo mize slouzit jako komunikaéni uzel. CMMT ovlada¢ vytvari
rozhrani mezi CPX termindlem a komponenty umisténymi na termindlu. Obsahuje také rozhrani ethernet pro
zptistupnéni rozhrani WebConfig, které slouzi ptedevsim pro zacate¢nické pochopeni jednotlivych aplikaci (Motion
Apps), které fidi funkci a ¢innost jednotlivych ventild. [5]
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2.2 Motion Apps

V soucasné dobé¢ je k dispozici 10 aplikaci, z nichz nékteré jsou soucasti zakladniho balicku a nékteré je tieba
dokoupit. Licence se vztahuji pfimo na jedine¢ny kéd vyrobku a jsou nepienositelné mezi zafizenimi. Zakoupené
aplikace lze pouzivat libovolné ¢asto na jakychkoliv pozicich. [6]

Soucasné dostupné Motion Apps:
e funkce spinaciho ventilu
e  proporcionalni pritokovy ventil
e  proporcionalni regulacni ventil
e proporcionalni redukce tlaku podle modelu
e skrceni pfivodu a odvétrani
e pohyb ECO
e piedvolba ¢asu pohybu
e volitelny tlak (ECO)
e softstop Obrazek 1 Motion Terminal Festo VTEM [2]
e diagnostika unikt
2.3 Komunikace mezi CPX a CMMT
Kazdému z ptitomnych ventili na Motion termindlu je pfidéleno 6 vstupnich a 6 vystupnich bajti pro
komunikaci mezi CPX a CMMT ovladaci. Skrze tyto bajty 1ze mohou byt pieposilany povely pro spusténi, zastaveni
¢i zménéni parametril praveé pracujici Motion App. Lze také zménit praveé bézici aplikaci za jinou dle potieb
programatora v readlném Case. Rozsahla dokumentace je dostupna na strankach vyrobce. [5]

3 Node-RED

Vyvojatsky nastroj pro grafické programovani, ktery poskytuje prohlizecovy editor. Funguje na tzv. flow-based
principu. Zpravy teCou pomoci vétvi (branches) mezi jednotlivymi uzly (nodes), které maji jasné dany tucel. Pti
prijmuti zpravy s ni néco udélaji a poté ji poslou dale. Dal§i moznosti je vytvoreni vlastnich funkci v jazyce JavaScript.
Cely béh programu je postaven na zakladech Node.js. Diky tomu je vytvofena idedlni situace pro b¢h na levnych
zafizenich, naptiklad Raspberry Pi. [7]

Obrazek 2 Ukazka naprogramovani ptistrojové desky pro ovladani Motion Apps €. 2, 6
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3.1 Zaklady

Pro Gsp&sné zahdjeni projektu je nejdiive si tieba nainstalovat Node.js a Node-RED, vSe dostupné jako open-
source software. Po spusténi Node-RED je editor pristupny pies jakykoliv prohlize¢ webu na portu 1880, doporucen
je v8ak prohlize¢ Google Chrome.

Hlavni strana editoru je rozdélena do tii hlavnich ¢asti. Vlevo se nachazi panel se vSemi nainstalovanymi uzly
(nodes). Nejvetsi ¢ast uprostied tvoii pracovni plocha pro programovani tzv. toki (flows). Vpravo pak vystupni panel,
kde 1ze zobrazit naptiklad informace o pravé zvoleném uzlu ¢i vystupni kontrolni konzoli.

Pfedem nainstalované uzly se oznacuji jako jaderné. Pro pfidani rozsifujicich uzlt slouzi obsahla knihovna, ve
které 1ze hledat rozkliknutim nabidky v pravém hornim rohu a vybranim moznosti ,,Manage pallete*. Dal$i moznosti
jak objevit nové uzly je na oficialnich strankach https://flows.nodered.org/. Velmi mocnou rozsitujici funkci je
naptiklad programovatelna ptfistrojova deska (dashboard) jako uzivatelské rozhrani.

3.2 Vytvareni aplikaci

Node-RED funguje na zaklad¢ toku dat, respektive zprav. Na zac¢atku kazdého toku je nutné nejdiive né&jakou
zpravu vygenerovat, at’ uz pouhym kliknutim (uzel ,,inject*), ¢tenim dat z databaze ¢i ptipojeného zatizeni, pfipojenim
tlacitka z pfistrojové desky atd. Zpravy pak rizné uzly zpracovavaji dle jejich funkce a posilaji je v toku dale. Pro
kontrolu programu slouZi uzel ,,debug®, ktery aktualné prochazejici zpravu posle do kontrolni konzole vpravo. Zpravy
jsou standartni JavaScript objekty s n¢kolika existujicimi vlastnostmi vychazejici ze zptisobu, jakym byla zprava
generovana. [8]

Aplikace, v jazyku Node-RED toky (flows), se vytvaieji jednoduse pfesunutim uzli z levého panelu na pracovni
plochu. Kazdy uzel vyzaduje dodate¢né nastaveni. Uzle maji vzdy bud’ jeden ¢i vice vstupnich konektorti a nebo jeden
¢i vice vystupnich konektort. Uzle se mezi sebou propojuji pomoci dratl, které charakterizuji tok zprav. Propojeni
maji pouze distribu¢ni funkci, nijak zpravy neméni. Mocnym vyvojafskym nazorem je uzel ,,function®, ktery obsahuje
textovy editor a ve kterém lze programovat funkce v jazyce JavaScript.

4 Ukazka ovladani Motion Terminal skrz Node-RED

Cilem této nazorné ukazky prace je piiblizit zptisob ovladani Motion Apps spolu s ukazkou, jak efektivné vyuzit
Node-RED k navazani komunikace a naprogramovani ovladacich prvki. Ridici blok CPX, ktery je soucasti Motion
Terminal 1ze programovat v prosttedi CODESYS.

Podrobny navod jak programovat aplikace Motion Terminal Festo VTEM lze najit v dokumentaci spole¢nosti
Festo vztahujici se ke knihovné bloki pro ovladani ventilti z CPX jako vy$siho ovladace. Dalsi moznosti je dokument
... Strucnéji feceno, do PLC jsou nahrany dva programy POU (Program Organization Unit) obsahujici jiz zminény
funk¢ni blok a hlavni program napsany v jazyce ST. K ukazce byly pouzity Motion App Cislo 2 (proporcialni
pritokovy ventil) a ¢islo 6 (pohyb ECO).

Obrazek 3 Ukézka piistrojové desky (dashboard) 76
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Pro komunikaci mezi poc€itacem, na kterém b&zi Node-RED a Motion Terminal jsem vybral protokol Modbus
TCP. Pro zprovoznéni protokolu na terminalu CPX je tfeba ptidat pod zafizeni rozhrani ethernet, vybrat moznost
Modbus_Slave Device pro vytvofeni serveru a nastavit IP adresu, port a ID. V Node-RED je nutno nainstalovat
balicek uzlt pro protokol Modbus. Nakonec je nutné zadefinovat vnitini proménné vstupnich registri protokolu
Modbus v systému CODESYSS.

Poslednim krokem je naprogramovani pristrojové desky jako uzivatelského rozhrani v Node-RED. Ta je
rozdé€lena na dvé Casti. Leva ¢ast slouzi jako sekce ovladaci. Pomoci tladitek a jezdce lze piepinat mezi aplikacemi a
ovladat jejich pracovni hodnoty. K tomuto Gcelu je vyuzito uzl typu Modbus_Write, které zapisuji aktualni hodnoty
podle protokolu na vytvofeny server. Prava ¢ast je poté vyuzita pro sledovani stavu Motion Apps a pfipojeného
pneumotoru. K tomuto ukolu vyuziva uzel Modbus_Read, jimz ¢te aktudlni hodnoty vystupnich registri serveru.
Inspirace byla nacerpana z nativniho rozhrani WebConfig.

5 Zavér

Cilem ¢lanku bylo pfiblizit soucasti a funkci produktu Motion Terminal Festo VTEM. Dale seznamit se
s vyvojarskym nastrojem pro vizualni programovani pfedev§im pro oblast internetu véci Node-RED a popsat zaklady
programovani a prace v tomto nastroji. Nakonec poskytnout malou ukazku moznosti ovladani a diagnostiky Motion
Apps skrze pfistrojovou desku Node-RED pomoci komunika¢niho protokolu Modbus TCP.
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Abstrakt: Vicevrstva neuronova sit typu MLP (multi-layer perceptron) je schopna interpolovat jakoukoli
béznou spojitou funkci, napriklad kombinaci riznych goniometrickych funkci a jejich inverzi. Nasledujici
¢lanek popisuje jeji uziti pro reSeni ulohy inverzni kinematiky manipulatoru. Zatimco reSenou ulohu
vzorce pomérné komplikovanéjsi a neuronova sit miize predstavovat spolehlivejsi resent.

Klicova slova:Neuronova sit, MLP NN, plandrni manipulator, inverzni kinematika.

1. Uvod

Problematika robotickych manipulatort je popsana naptiklad v doktorské prezentaci ing. Svejdy ke statni zkousce
[1]. Samotna disertaéni prace je dohledatelna na https://portal.zcu.cz/portal/studium/, zvolit “Kvalifikaéni prace” a

Redeni s pouzitim neuronové sité je popsano v [3], [4]. Clanky jsou v podstaté totozné. Piinasi popis ulohy a

grafy z trénovani neuronové sité. V nasledujicim textu naleznete naproti tomu popis, jak postupovat a vizualizaci
dosazenych poloh po trénovani neuronové site.

Obr. 1  Schematické zndzornéni ulohy. Poloha koncového bodu ramene je dana nastavenim thla (kloubt)
mezi jednotlivymi segmenty a jejich délkou. Uhly se samoziejmé pocitaji jako kladné, pokud jsou
proti sméru hodinovych rucicek; tak, jak je vyznacen uhel 3,, ma zapornou hodnotu.
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2. Kinematika planarniho robotického manipulatoru

Jak je znazornéno na obr. 1, polohu koncového bodu Ize snadno spoditat:

x = acosf; +acos(f; + B,) (1)
y = asinf; + asin(f; + B,) (1b)

Tento vypocet se oznacuje jako pfima kinematika robotického manipulatoru. Vétsinou potfebujeme fesit opacnou
ulohu, k zadanym soufadnicim navrhnout nastaveni uhl v kloubech manipulatoru, kterymi jich Ize dosahnout. Tato
uloha se oznacuje jako inverzni kinematika. Pro planarni manipulator je vypocet pomérné jednoduchy. Naptiklad
muzeme nejprve prevést pozadovanou polohu koncového bodu do polarnich soufadnic:

r= Jxlty? S

@ = arctan(x/y) (2b)

K dosazeni tohoto bodu bude muset byt délka ramena manipulatoru rovna ». Abychom ji nastavili, musime nastavit
uhel mezi obéma segmenty. Nasledujici vypocet pfedpoklada, ze délky obou segmentti budou stejné. Pak plati:

r = 2acosf, 3)
Bo = arccos(r/2a) (3b)

Pokud zname uhel mezi obéma segmenty f,a pozadovany thel koncového bodu oproti pocatku v polarnich
soufadnicich, mtizeme snadno dopocist oba nastavované uhly:

Br = ¢+ P “)
B2 = —2po (4b)
Uloha ma samoziejmé dvé feseni, podle toho, zda je rameno vyhnuto doprava, & doleva. Symetrické feseni je:
B = @ —Po (5)
B2 = 2B, (5b)

Ulohu lze fesit i kdyZ jsou ramena rizné dlouha, jen bude postup trochu komplikovang;jsi.

Obr. 2 Transformace do polarnich soufadnic.
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3. ReSeni neuronovou siti

3.1 Piiprava dat a trénovani sité

Data mizeme pfipravit pfimo v Matlabu podle (1). U manipulatoru zndme rozsah thla p i délku segmentl. Zvolime
vhodny krok a zadame pfislusné proménné:
bl=(-0.2:0.1:2.4)";
b2=(0:0.1:2.6)"';
Uhel, ktery sviraji mezi sebou segmenty ramena manipulétoru, je generovan vzdy bud’ jako zaporny, nebo jen jako
kladny, abychom se vyhnuli duplicitnimu feSeni kinematiky (pro vypocet inverzni funkce musi byt funkce
jednoznaéna).
Budeme zkouset riizné pocty neuronti ve skryté vrstve. Celkovy pocet parametri neuronoveé sité 1ze spocitat:
ny = (ni+tn,+(ny+1)n, (6)
n, — pocet stavitelnych paramatrd
n; — pocet vstupti
n;, — pocet neuront ve skryté vrstvé
n, — pocet vystupnich neuront

Naptiklad pro dva vstupy, dva vystupy a deset neuronti ve skryté vrstvé vychazi 52 parametrt (+1 reprezentuje bias,
posunuti pracovniho bodu neuronu). Obecné€ plati, Ze pro trénovani neuronove sité by mélo byt desetkrat tolik
vzorkt, tedy naptiklad 520.
Pro zndzornéni v grafu by ale vychazelo pfili§ mnoho bodl, proto pro vykresleni grafu pfipravime jiné

proménné s mnohem mensim poctem bodi:

bvl=(-0.2:0.2:2.4)";

bv2=(0:0.2:2.06)";
Pro ob¢ dvojice proménnych bl, b2 a bvl, bv2 pfipravime k tthlim i soufadnice x,y, zde jen bl:

x=L1l*cos (bl)+L2*cos (b1l+b2) ;

y=L1*sin (bl)+L2*sin (bl+b2) ;
Proménné L1, L2 reprezentuji délky segmentll a musime je nastavit predem.
Pole musime spojit, knihovna nftool Matlabu potaduje pole vstupt a pole vystupti:

beta=[bl,b2];

xy=[x,y1];
Alternativné mizeme vektor s uhly vygenerovat nahodné. Je to dokonce jednodussi, sta¢i zadat pocet a pak pricist
minimalni hodnotu (byva zaporna) a ponasobit rozsahem:

brl = (rand(500,1)-0.2)*2.6;

br2 = rand(500,1)*2.6;
Kdyby rozsah obou ihll byl stejny, §lo by pole hodnot vygenerovat v jednom kroku. Dale postupujeme stejné,
vygenerujeme dosazené souradnice, slou¢ime do dvou poli a natrénujeme neuronovou sit’.

Pro trénovani sité vyuzijeme knihovnu nftool. Pozadujeme, aby vstupem sité byly rektangularni souradnice, a
vystupem uhly v kloubech manipulatoru, kterymi jich 1ze dosdhnout. Takto musime proménné pro trénovani zadat.

V dalsich krocich zvolime pocet neuronti ve skryté vrstveé (osvédcil se mi velmi vysoky pocet, napiiklad 25), a
trénovaci metodu. Nejlepsi vysledky ddva Bayesian regularization.

Na konci si nechame vygenerovat funkci pro Matlab, ktera pracuje s polem (matrix only function). Doporucu;ji
pfejmenovat (zde nn2reg) a ulozit.

3.2 Zobrazeni vysledki

Pro ptipravené testovaci pole si nechdme nové vygenerovanou neuronovou siti spocitat uhly:
b = nn2reg(xy2);
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Uhly opét dosadime do pfimé kinematiky
x=L1 * cos(b(:,1))+ L2*cos(b(:,1)+b(:,2));
y=L1 * sin(b(:,1))+ L2*sin(b(:,1)+b(:,2));
Zobrazime v grafu. Zde jsou napfiklad kolecka jako cile (spravna hodnota) a kiizky jako dosazena hodnota:

plot (x2,y2,"'bo'")
plot(x,y,'rt+")

Obr. 3 Vysledek trénovani. Modra kolecka jsou zadana data x,y, ktera se zadaji jako vstup natrénované
neuronové sité, ziskané thly se pomoci (pfimé) kinematiky (1) pfevedou na soufadnice a ty se zobrazi ¢ervenymi
kiizky. Délky segmentt byly 14 a 10.
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Neuronova sit), jejiz vysledek je na obr. 3, méla 25 neuront ve skryté vrstvé. Vysledek t€hoz experimentu, ale pro
15 neuront:

Obr. 4 Vysledek trénovani. Stejna trénovaci data, ale jen 15 neuront ve skryté vrstve.
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Pokus byl zopakovan s ndhodné vygenerovanymi daty (ndhodné generované body jsou na nasledujicim obrazku):

Obr. 5 Pro tyto body bylo vytvofeno zadani pro trénovani neuronové site.
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Neni ovSem diivod zobrazovat vysledek s nahodnymi daty, takze i pro vizualizaci vysledku pouZzijeme pravidelna
data:

Obr. 6 Vysledek trénovani pti pouziti nahodné generovanych dat (natrénovana sit’ byla pouzita pro stejné
body, jako na obr. 3 a obr. 4 a vysledky vyneseny do grafu). Nejvétsi rozdil je v pokryti okrajovych oblasti, kde
je mozné, ze se vzorky pro trénovani ani nevygenerovaly (zatimco pravidelné generovana data obsahuji i
hrani¢ni body na mezi dosahu manipulatoru).

4. Zavér

Vicevrstva neuronova sit’ poskytuje jednoduché feseni inverzni kinematiky manipulatoru. Tuto metodu lze
rozsifit nejen na 3D manipulatory, ale také na redundantni manipulatory. Mozné feseni je popsano v [5].
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Abstrakt: Tato prdce se zabyva programovanim lisovaciho pripravku pomoci ventilii VEVM - Festo
Motion Termindlu (FMT) VTEM. Cilem je ukdazka mozného zpusobu programovani tohoto fenoménu
v prostiedi CoDeSys, a to pomoci jazyku ST (structured text). ReSen je tak CoDeSys projekt Fizeni
lisovaciho pripravku s vyuZitim instrumentace pomoci technologie Festo Motion Terminal s moznosti
zadavat riizné vyrobni sekvence, riizné parametry vyrobnich sekvenci, riizné vyrobni davky.

Klicova slova: FTM, FESTO, MOTION, TERMINAL, CPX, VTEM, MECHATRONIKA, PNEUMATICKE
SYSTEMY, PRUMYSL 4.0, MOTION APPS

1. Uvod

V dnesni dobé jsou pneumatické systémy nedilnou soucasti primyslu, ale i bézného Zzivota ¢loveéka. Diky
rychlému vyvoji elektroniky a dalSich novych technologii se moderni pneumatika poji s vypocetni technikou. Vznikl
tak koncept digitalni pneumatiky, ktery spada pod Primysl 4.0. Firma Festo si pojmy jako mechatronika, primysl
4.0, IoT (internet of things, resp. internet véci) vzala za své a piedstavila Festo Motion Terminal VTEM (FMT) a
ventil VEVM. Jednotlivé ventily tohoto terminalu jsou fizeny aplikacemi funkci (Motion Apps) a lze tak jedinym
ventilem nahradit funkci az 50 standardnich vyrobku. V této praci je vénovana pozornost programovani tohoto
fenoménu v prostiedi CoDeSys.

2. Lisovaci pripravek

2.1 Popis alohy

Podle zadani ma byt po stisknuti tlacitka START postupné zalisovano N obrobkl. Raznice upevnéna na
pneumotoru A jednim dlouhym a kratkym tderem provede zalisovani polotovaru. Nasledné, kdy ztustane motor A ve
vysunuté poloze, nalisuje pneumotor B z boku pojistny kolik do obrobku. Nalisovani pneumotorem B je provedeno
jednim pomalym a dvéma rychlymi tdery. Nakonec pneumotor C (vyhazovac¢) vysune hotovy kus z lisovaciho
ukotveni a vyroba mize pokracovat do dalsiho cyklu [1].

Obr. 1 — Krokovy diagram ulohy &5
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2.2 Navrh projektu FMT

Cely projekt byl zpracovéan bez fyzického piistupu k FMT. Proto neni mozné program odzkouset a ladit.
Algoritmus a jednotlivé kroky byly navrzeny pomoci vétveni CASE - OF a podminek IF - THEN. Zakladni
sekvence byla navrzena podle obecného krokového diagramu na obr. 1, a to s tim rozdilem, ze bylo pfidano
cyklovani lisovani pneumotorem B a diky funkcim FMT bylo pfidano ovladani nejen rychlosti pneumotorti a
casovych prodlev, ale také tlakii [3]. Stavovy diagram je pak v podob¢ nasledujiciho obr. 2.

Tab. 1 — Popis oznaceni krokového a stavového diagramu

0zZNACENI POPIS
INIT Inicializace

A+, B+, C+ | Akce pneumotoru vysunout

A-, B-, C- | Akce pneumotorl zasunout

vX Rychlost pistu
PX Tlak vzduchu
Tau, tx Casova prodleva
NX Délka ¢asové prodlevy
Counter Cita¢
N, NC Limit Citace
START Startovaci tlacitko

Obr. 2 — Stavovy diagram ulohy

Nejprve bylo zapotiebi v ramci projektu zvolit typ fidictho modulu CPX-CEC a programovaci jazyk, ve
kterém bude program pro PLC zalozen. Zafizeno bylo zvoleno CPX-CEC-S1-V3 a programovaci jazyk
strukturovaného textu. Do spravce knihoven byla pfidana knihovna ,,Festo VTEM DevCon®, kterd je nutna pro
navrh celého projektu [2].

Aby bylo mozné zadit s programovanim, bylo nejdiiv nutné vytvofit programovou organizac¢ni jednotku (POU)
a v ni zalozit funkéni bloky (FB) pro MotionApp ¢.8, pomoci kterych se fidi vSechny 3 pneumotory, resp. ventily
[2]. Tyto bloky je mozné vytvofit pomoci funkce ,Input Asistant”, a to diky pfidané zminéné knihovné. V
nasledujicim obr. 3 jsou funkéni bloky ,,FB_ValveControl* a ,,FB_Statelnterpreter MA 08“. Vstupy a vystupy
téchto blokl jsou navazany na globalni proménné, se kterymi funkéni bloky pracuji.
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GVLV1_ValveControl [

FestoVTEMdc.FB_ValveControl =
GVLY1_BusDataFrom\/TEM I—awBusDataFrom\-"'l'EM byActualValveMode I GVLV1_ActualValveMode [q
GYLW1_BusDataToVTEM I—"’awBusDataToVTEM byActual\ValveState —
GVL.V1_Enable F————{«Fnable byActual AppState GVLV1_Actualb=~State q
GVLV1_Mode by SefValveMod iActualValuel GVLVI_AV1 t_:
GYLW1_AppC by SetfppControl iActualValue2 GYLV1_Av2 =
GVLVI_AppD by SetppOption iResponseToValveModeSet - B
GVLVI_Setl iSetpaintValuel \ErrorCode
GVLV1_Set2 iSetpointValue2
GVLAck f M lAcknowledg

GYLW1_ValveState =
FesloVTEMdc.FB_Stnalmrprder_m_lB_E
| GYLV1_Actual 4ppState I by | AppState xRetractedEndPos_optional GVL W1_Retracted
xAdvancedEndPos_optional GVLV1_Advanced
xWarning GVLV1_Warn
GVLV2_ValveCaontrol [

FestoVTEMdc.FB_ValveControl == "
GYLV2_BusDataFrom\VTEM I—awBusDataFrom\-'"I'EM by I'ValveMode I GYLV2_ActualValveMode q
GYLV2_BusDataToVTEM MawBusDataToWEM byctual\ValveState —

GYLW2_Enable IixEnable byActual AppState GVLV2_Actuali=~State E]
GYLV2_Mode by SetValveMod iActualValuel GVLV2_AV1 tf:
GVLVZ_ W2 =

GVLV2_AppC by SetAppCaontrol iActualValue2
GVLV2_App0 by SetAppOption iResponseToValveModeSet - B
GVLV2_Setl i SetpointValuel iErrarCode
GVLV2_Set? iSetpointValue?
GYL.Ack f Ack led
GYLMV2_ValveState =
Fe_-atoVTEHdc,FB_Stmalm_m_m_E a
| GVL.V2_Actual AppState I by Actual AppStat xRetractedEndPos_optional E
xhdvancedEndPos_optional .
XWarming
GVLV3_ValveControl [
FestoVTEMdc. FB_ValveControl — =
GYL.V3_BusDataFrom\VTEM I—awBusDataFrom\-'"I'EM by I'ValveMode I GYLV3_ActualValveMode q
GYLV3_BusDataToVTEM MawBusDataTﬁ\.’TEM byfctual\ValveState —
GVLV3_Enable IixEnable by Actuzl AppState GVLV3_ActualippState '—
GVLV3_Mode by SetValveMod iActualValuel GVLV3_AVT g
GVLV3_AppC by SetAppCaontral iActualValue2 GVLV3_AVZ
GVLV3_AppD by SetAppOption iResponseToValveModeSet - .
GVLV3_Setl i SetpointValuel iErrorCode
GVLV3_Set? iSetpointValue2
GYL.Ack f Ack led

GVLV3_ValveState -
FesloVTEMdc.FB_StaHm-prehr_m_m_E

GVLV3_Actual AppState | by Actual AppStat *RetractedEndPos_optional GVLV3_Retracted =
I
whdvancedEndPas_optional GVLV3_Advanced

xWWarning
Obr. 3 — Zapojeni funk¢nich blokt

2.3 Navrh programu FMT

Hlavni ¢ast programu je slozend z vétveni pomoci CASE — OF a IF — THEN, tedy skoku mezi jednotlivymi
¢islovanymi kroky a vykonavani akci po splnéni zadanych podminek. Na zac¢atku programu se nachazi deklarace
Casovacu a ¢itacl. Na zacatku programu, tj. pred casti, ktera je vytvofena pomoci CASE — OF, se také nachazi
ovladani tlacitka ON ve vizualizaci programu, stejné jako kratké vétveni pro ovladani prvku ,,spin control®. Typicky
se v praxi program pro HMI nebo napf. také pro alarmy nachazi v jiné ¢asti projektu, tedy mimo hlavni sekvencér,
ovSem v tomto piipadé je program pro HMI kratky, a proto bylo usouzeno, Ze cely program bude v jediném celku.

Program zacina v ,,IDLE* stavu, ve kterém ¢eka na prepnuti BOOL vstup ,,ON_OFF“ z HMI. Po splnéni této
podminky se v HMI zobrazi zbylé ovladaci prvky HMI.

Pro HMI prvek ,,spin control®, ktery ovlada vybér kroku, ve kterém jsou nastavovany parametry rychlost
(INT), tlak (INT) a ¢as (REAL), byl vytvofen ,,struct”. V tomto prvku je vytvoteno 8 dalSich prvkd, resp. ¢isel v poli
(array [1..8]), coz je pocet krokti, ve kterych jsou ménény zminéné parametry. Nastavena hodnota (INT) v HMI
prvku ,,spin control“ (dale jako ,,vybér kroku®) se porovnava s aktualni hodnotou v bufferu a pokud se nerovnaji,
hodnota z vybéru kroku se do bufferu nahraje. Poté se hodnoty v proménnych zminéného structu ulozi do HMI
proménnych, tak se v HMI tyto hodnoty zobrazi. Posledni vétev IF zajistuje ukladani z HMI do hodnot pole structu,
a tim tak uklada parametry vSech krokd, ve kterych se prvky structu nachazi.

Dale nasleduji vétveni pomoci CASE — OF [4]. V nulovém kroku na zacatku dochazi k resetovani / odstranéni
chybovych hlasek ventild. Nasleduji vstupy pro inicializaci stavi ventild, ¢itact a parametra ventilii, dale vstupy pro
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zapnuti automatického rezimu a rezimu manudlniho ovladani ventili. Pro zapnuti jednoho nebo druhého rezimu je
nutné pomoci HMI spustit inicializaci.

V algoritmu sekvencéru automatické¢ho rezimu se vzdy opakuji dva kroky pro vykonani jedné celé akce
pneumotoru (napf. vysunuti pistu). Prvni krok, po splnéni IF podminky (inicializovany stav, nebo sepnuti
koncového spinace z akce predeslého kroku a piipadné dobéhnuti ¢asovace), slouzi v této posloupnosti k provedeni:
resetu Casovace, nastaveni parametrl rychlosti, tlaku a casové prodlevy po vykonani kroku, vykonani akce
pneumotoru (vysunout pist / zasunout pist) a skok do dalsiho kroku. Druhy krok slouzi pro vykonani ¢asové
prodlevy po vykonani akci z pfedeslého kroku. Pro lepsi pfehlednost jsou tyto dva kroky oddélené, avsak pro
funkénost to neni nutnost (pocet vétvi IF — THEN neni nijak omezeny ve vétvich CASE — OF)[5]. Na konci
sekvencéru je ¢ita¢, pomoci kterého je feSené opakovani celé sekvence. Pocet cykli se nastavuje v HMI a do vyse
tohoto Cisla se postupné inkrementuje hodnota po kazdém dokonceném cyklu hlavni sekvence. Pokud je ¢itac ve své
maximalni prednastavené hodnoté, tzn. ub&hl dany pocet cykla sekvence, skoc¢i program do nulového kroku a tim je
cely cyklus u konce. Akce pneumotoru B jsou stejnym zptisobem zacyklené od 40. az do 60. kroku. Pocet lisovacich
akci pneumotorem B je mozné v HMI nastavit stejnym zpisobem, jako pocet cykld celé sekvence. Parametry pro
cyklus lisovani pneumotorem B jsou také parametrizovatelné, ov§em jsou stejné pro cely cyklus.

1 BOU( ): 50 IF (GVL.V1_ActualValveMode = 61 OR GVL.V2_ActualValveMode = 61
2 /7 casovafe, citafe a defaul 3 51 OR GVL.V3_ActualValwveMode = £1) THEN
3 Casovac (IN:= Cas_CN, PT:= REAL TO TIME(Cas_kroku*l000), == GVL.xMan := TRUE:

Q=> Cas_ubehl , ET=> }; 53 END IF

Citac Cyklu( 5
CU:= (Cyklus_sekvence), 5

IF INIT_SET THEN

7 RESET:=(Reset_citac_sekvence) , SE Cyklus seskvence := 0 ;
PV:= Cyklus_CNT , 57 Cyklus_b dokoncen := 0 ;
Q => Sekvence_vykonana , 58 GVL.V1 Mode := &>

10 CV=> HMI_CNT Cyklu_aktualni); 53 GVL.V2 Mode :

11|  Ccitac_B( o GVL.V3_Mode :

12 CU:= (Cyklus_b dokoncen), &1 GVL.V1_AppC : Zasunuti motoru

13 RESET:=(Reset_citac_b) , 62 G'\.I—LIY.\.I?_APPC 1= 21

14 PV:= B_POCETCYKLU CNT , - GVL.V3 AppC := 2;

15 Q@ => B_wykonano , £4 Reset_citac_sekvence := 17

1€ CV=> HMI_CNT_B aktualni); €5 Beset citac b o= 1:

17 €€ GVL.V1_Setl := H

13 IF spinindex <> spinbuffer THEN &7 GVL.V1 Set2 :=

15 load :=1; €8 GVL.V2_5etl := 10 H

20 spinbuffer := spinindex; £9 GVL.V2 Set2 =

._ END_IF; 70 GVL.V3_Setl := 10000 ;

22 71 GVL.W3_Set2 := €000 ;

23 IF load = 1 THEN 732 INIT_DONE := 1;

GVL.HMI_RYCHLOST := GVL.HMI_ CONTROL[SpinIndex].Rychlost; -_,
- :"—L"HMI—“AS = “'::L'HKI—“:TTR“"I:‘[Splr_lIndEX] -LBS: 74 Cyklus_CNT := HMI pocet_cyklu sekvence;
2z GVL.HMI TLRK := GVL.HMI_CONTROL[SpinIndex].Ilak; 75 B_POCETCYKLU CNT := HMI pocet_cyklu b;

2 load := 0; 7€ Erok := 0;

25| END_IF; 77 END_IF
irlhmﬂ;fif;;ni ';'HFNI . e I 75 IF LutoMod THEN
’u"\"L.IHI;I_::NTR:L[SPJ'-HIH:IEX] - : I_’"u{. HYI CAS ’ S
GVL.HMI_CONTROL[SpinIndex].Cas := GVL.HMI_CR3; a1 LutcMod STATE := 1;
GVL.HMI_CONTROL [SpinIndex].Rychlost := GVL.HMI_RYCHLOST:; _. Krok .= -
END IE; 23 END IF

IF ON_OFF THEN
Viditelnost HMI :
GVL.V1_Enable :
GVL.VZ_Enable
GVL.V3_Enable :

IF RutoMod_STATE AND Start AND GVL.V1_Retracted AND GVL.VZ_Retracted
AND GVL.V3_Retracted AND INIT_DONE THEN
Reset_citac_sekvence := 07
Beset_citac_ b := 07
Erok := 10 ;
END IF

oy

41 ELSE

13 GVL.V1_Enable :
GVL.VZ_Enable
GVL.V3_Enable :
Viditelnost HMI :
INIT_DONE := 0
47 MRNURL :=
42 AutoMod
END IF
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10:
IF GVL.V1_Retracted THEN
Cas_ON := 0 ;
Reset_citac_buchar := FALSE ;
GVL.V1_Setl := GVL.HMI CONIROL[L].Rychlost*l00 ;
//Nastaveni rychlosti pnemmotoru V1 z HMT pro krok 1

GVL.V1_Set2 := GVL.HMI CONTROL[1l].Tlak ;
Nastaveni tlaku pro krokl

Cas_kroku := GVL.HMI_ CONTROL[l].Cas ;
//Nastaveni Casovacde z HMI po kroku 1

GVL.V1_2ppC := 1 ;//FPneumotor 1 vysunout
Krok := 15 ;

END IF

15:

IF GVL.V1_RZdvanced THEN
Cas ON =1 ;
Krok = 20 ;

END_IF

IF (GVL.V1_Rdvanced AND Cas_ubehl) THEN

Cas_ON =0 ; //Reset dasovade

GVL.V1_3etl := GVL.HMI_CONTROL[Z].Rychlost*100
staveni rychlosti ppeumotoru V1 z HMI pro krok 2

GVL.V1_3et2 := GVL.HMI_CONTROL[Z].Tlak ;
J/Nastaveni tlaku pro krokZ

Cas_kroku := GVL.HMI_CONTROL[Z2].Cas ;

//Nastaveni fasovade z HMI po kroku 2

GVL.V1_2ppC := 4 ;//Pneumotor 1 zasunout

Erok := 25 ;
END_IF
25:
IF GVL.V1_Retracted THEN
Cas_ON :=1 ;
Erok := 30 ;
END IF
30: B

IF (GVL.V1_Retracted AND Cas_ubshl) THEN
Cas_ON := 0 ; A/ /Reset éasovacde
GVL.V1_5Setl := GVL.HMI_CONTROL([3].Rychlost*l00 ;
Nastaveni rychlosti pneumotoru Vi z HMI pro krok 3

GVL.V1_Set2 := GVL.HMI CONTROL[3].Tlak ;
//Nastaveni tlaku pro krok3
Cas_kroku := GVL.HMI_ CONTROL[3].Cas ;
//Nastaveni casovace z HMI po kroku 3
GVL.V1_2ppC := 1 ;//FPneumotor 1 vysunout
Krok = 35 ;
END_IF
35:
IF GVL.V1_RZdvanced THEN
Cas ON =1 ;
Krok := 40 ;
END IF
a0
IF GVL.VZ_Retracted AND Cas_ubshl THEN
Cas_ON := 0 ; t
Cyklus_b_dokoncen := 0 ; //Reset vstupn £
GVL.V2_Setl := GVL.HMI CONTROL[4].Rychlost*l00 ;
//Nastaveni rychlosti pneumotorn V2 z HMT pro aktudlni krok

GVL.V2_Set2 := GVL.HMI CONTROL[4].Tlak ;
tlaku pro krok

kroku := GVL.HMI_ CONTROL[4].Cas ;

Nastaveni

Cas

//Nastaveni fasovade z HMI po kroku
GVL.V2_RppC := 1 ;
Erok = 45 ;
END IF
45:
IF GVL.V2_RAdvanced THEN
Cas ON =1 ;
KErok := 30 ;
END IF
50 -

IF GVL.V2_Rdvanced
Cas_ON := 0 ;
GVL.V2_Setl := GVL.HMI_CONTROL[S].Rychlost*100 ;

AND Cas_ubshl THEN

Obr. 5 — Druh
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//Nastaveni rychlosti pneumotoru V2 z HMI pro aktpdlni krok

GVL.V2_Set2 := GVL.HMI_CONTROL[S].Tlak ;
//Nastaveni tlaku pro krok

Cas_kroku := GVL.HMI_CONTROL[5].Cas :
//Nastaveni fasovade z HMT po kroku

GVL.V2_RppC := 4 ;

Krok := 55 ;

END_IF

IF GVL.VZ_Retracted THEN

Cas_ON := 1 ;
Cyklus_b_dokoncen := 1 ;
Krok := @0 ;

END IF

o _

IF GVL.V2_Retracted AND Cas_ubehl AND B wvykonano = 0 THEN
Erok := 40 ;

END IF

IF GVL.V2_Retracted AND Cas_ubshl AND B wykonano = 1 THEN

'/ 10. krok dle obecneho krokoveho diagramu
Cas_ON := 0 ;
Beset_citac_b := TRIE ;

GVL.V1_Setl := GVL.HMI_CONTROL[c].Rychlost*100
Nastaveni rychlosti ppeumotoru V1 z HMI pro aktualn
GVL.V1_Set2 := GVL.HMI_CONTROL[c].Tlak ;

astaveni tlaku pro aktudlpni krok
Cas_kroku := GVL.HMI_CONTROL[&].Cas »
Nastaveni fe z HMI po aktuwalnim kroku

GVL.V1_RppC := 4 ;

fasow

Krok := 105 ;
END IF
10s:
IF GVL.V1_Retracted THEN
Cas_ON := 1 ;
Krok := 110 ;
END IF
1o:

IF GVL.V1_Retracted AND Cas_ubehl THEN
Cas_ON =0 ;
GVL.V3_Setl := GVL.HMI_CONTROL[7].Rychlost*100 ;
//Nastaveni rychlosti pneumotoru V3 z HMI pro aktwalni krok
GVL.V3_Set2 := GVL.HMI_CONIROL[7].Tlak ;
stawveni tlaku pro aktudlni krok
Cas_krolu := GVL.HMI_CONTROL[7].Cas ;
//Nastaveni fasovade z HMI po aktwpalnim krokn

GVL.V3_RppC := 1 ;

Krok := 115 ;
END IF
115:
IF GVL.V3_Rdvanced THEN
Cas_ON :=1 ;
Krok := 120 ;
END IF
120:

IF GVL.V3_hdvanced
Cas_ON :=0 ;
GVL.¥3_Setl := GVL.HMI_CONTROL[Z].Rychlost*100 ;

astaveni rychlosti pneumotoru V3 ¢ HMI pro aktwalni krok
GVL.V3_Set2 := GVL.HMI_CONTROL[Z].Tlak ;
//Nastaveni tlaku pro aktudlni krok
Cas_kroku := GVL.HMI_CONTROL[Z].Cas »
astaveni fasovade z HMT po aktuwalnim kroku
GVL.V3_RppC = 1 ;
Krok := 125 ;
END_IF
125z
IF GVL.V3_Retracted THEN
Cas_ON := 1 ;
Cyklus_sekvence
Cyklus_sekvence
Krok := 130 ;
END_IF

AND Cas_ubehl THEN
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IF GVL.V3_Retracted AND Cas_ubshl AND Sekvence_vykonana = 0 THEN

Erok := 10 7

END IF

IF GVL.V3_Retracted AND Cas_ubehl AND Sekvence_wykonana = 1 THEN
HMI_ sekvence_dokoncena := Sekvence vykonana;
Cas_ON := 0
Reset_citac sekvence := TEUE ;
Krok := 0 ;

END IF

7 END_CASE

Obr. 6 — Tteti ¢ast ST programu

3. Zavér

Byl vytvoten projekt v prostiedi CoDeSys pro ovladani 3 pneumotorti pomoci Festo Motion Terminalu VTEM
- VEVM ventilt zahrnujici: volbu aplikace funkei ,,Motion Apps® ¢.8 s ndzvem ,,volitelna uroven tlaku®, ktera
dovoluje parametrizovat troven tlaku v milibarech a otevieni vétrani ventilu v procentech - pro fizeni rychlosti pisti
pneumotord. Dale je v projektu vybran fidici modul CPC-CEC-S1-V3 a programovaci jazyk ST (strukturovany
text). Byla pridana knihovna ,,Festo VTEM_DevCon® pro nasledné programovani zminéného hardwaru.

V ramci projektu byla vytvofena programova organizaéni jednotka, ve které se nachazi funkéni bloky pridané
ze zminéné knihovny. Pro ovladani jednoho VEVM ventilu, v ramci aplikace funkci ¢.8, byly piidany vzdy dva
funk¢éni bloky (tzn. celkové 6 bloki), pracujici s globalnimi proménnymi, které jsou nasledné pfimo ovliviiovany
programem a ovladanim z HMI. Byl vytvofen navrh fidiciho algoritmu VEVM ventild pro ovladani 3 pneumotorti.
Toho bylo docileno pomoci vétveni CASE — OF a podminek IF — THEN. Jednotlivé kroky sekvence lze
parametrizovat (rychlost pistu pneumotoru, tlak a ¢asova prodleva po vykonani kroku). Celou sekvenci je mozné
cyklit pomoci ¢itace. Akce pneumotorem B je mozné uvniti kazdého jednoho cyklu také cyklit pomoci druhého
Citace. VSechny tyto parametry, tedy rychlost, tlak, as a oba citace, 1ze ménit ve vizualizaci HMI.

Byl tak vytvoren projekt fizeni lisovaciho pfipravku s vyuZitim instrumentace pomoci technologie Festo
Motion Terminal s moznosti zadavat rizné vyrobni sekvence, riizné parametry vyrobnich sekvenci, rizné vyrobni
davky

Na tento projekt navazuje vytvoieni vizualizace. Pomoci vizualizace HMI by bylo mozné ovladat inicializaci,
start sekvence a ménit zminéné parametry v jednotlivych krocich. V takové vizualizaci by také bylo mozné sledovat
a ukladat provozni data pro jejich vyhodnoceni.
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Abstrakt: V clanku je popsano pokracovani na navrhu interferencniho spektrometru s Fourierovou
transformaci s ohledem na hysterezni chovani piezoposuvu pohyblivého zrcatka v Michelsonové
interferometru. Prace zacind strucnym teoretickym uvodem do problematiky interferencniho spektrometru
s Fourierovou transformaci a rekapitulaci vysledkii, kterych bylo dosazeno v predeslém projektu.
Nasleduji kapitoly praktické casti, ktera zacina popisem korekcniho algoritmu kompenzujici viiv
hysterezniho chovani piezoposuvu pohyblivého zrcatka. VyresSeni tohoto problému bylo nezbytné pro
spravnou funkci navrhovaného spektrometru. Po vyzkouSeni funkcnosti algoritmu nasleduje popis navrhu
spektrometru a jeho findlni realizace. Na zaver je ovérena funkcnost spektrometru a zhodnoceni
dosazenych vysledkal.

Klicova slova: Interferencni spektrometr, Fourierova transformace, Michelsonitv interferometr,
hystereze, piezoaktuator, autokorelacni funkce

Abstract: The article describes the continuation of the design of Fourier Transform Spectrometer with
respect to the behavior of the piezo mirror-shifter in Michelson interferometer. The work begins with
a brief theoretical introduction to the issue of interference spectrometer and recapitulation of the results
that were in the previous project. The chapters of the practical part follow, which begins with
a description of the correction algorithm, which compensates for the influence of the piezo mirror-shifter.
The solution of this problem was necessary for the correct function of the proposed spectrometer. After
testing the functionality of the algorithm, a description of the spectrometer design and its final
implementation follows. Finally, the functionality of the spectrometer and the evaluation of the achieved
results are verified.

Keywords: Interference spectrometer, Fourier transform, Michelson interferometer, hysteresis,
piezoactuator, autocorrelation function

1 Uvod

Tato prace je vénovana problematice spektrometru, ktery spojuje poznatky z optiky i matematiky. Interferencni
spektrometr s Fourierovou transformaci vznikl aplikaci Fourierovy transformace, kterd je povazovana za jeden
z nejdulezitéjsich algoritml v oblasti zpracovani signalu, na interferometrii. Vzniklo tak zafizeni, jenz naslo své
uplatnéni zejména v oblasti chemie, optiky a astronomie a v fad¢ vlastnosti jako je napiiklad rychlost a rozliSeni
pred¢i konvenéni disperzni spektrometry. Dnesni plné automatizované interferencni spektrometry dokonce umoznuji
praci ilidem, ktefi nemaji v oblasti Fourieovy transformace a optiky Zadné znalosti. Prace popisuje navrh
interferencniho spektrometru s Fourierovou transformaci, ktery by byl realizovatelny ve Skolni laboratoti. Velka cast
prace je vénovana navrhu korekéniho algoritmu, ktery kompenzuje vliv hysterezniho chovani piezoposuvu
pohyblivého zrcatka v Michelsonove interferemetru, ktery je soucasti navrhovaného spektrometru.

Tento ¢lanek popisuje praci v ramci Skolniho projektu, nicméné toto téma se stalo i tématem moji diplomové
prace [6] pod vedenim doc. Ing. Jana Hoska, Ph.D. Clanek je tedy primarné zkracenou verzi ¢asti moji diplomové
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préce.

2 Interferencni spektrometr s Fourierovou transformaci

Interferencni spektrometr s Fourierovou transformaci (zkracen¢ FTS z angl. Fourier transform spectrometry) je
spektrometr, ktery dokaze analyzovat spektrum ve vysokém rozliSeni a v Sirokém rozsahu. Jeho pfednosti je také
vysoka opticka ucinnost. Na jedno skenovéani pojme spektralni data z velmi Sirokého spektralniho rozsahu. Diky
jeho presnosti se pouziva ke kalibraci méné ptesnych typt spektrometrii [1]. Vyhodou také je, ze lze jeho parametry
menit. Jadrem interferencniho spektrometru je Michelsontiv interferometr vyuzivajici jev zvany interference.

Interference svétla je jev, ktery nastava v pripadé, kdy se dostanou do zakrytu dva nebo vice svételnych
koherentnich svazkd. Vychylka slozeného signalu je dana superpozici jednotlivych svazkd, ¢imz se mysli
algebraicky soucet jejich okamzitych vychylek. Vyslednd vychylka je zavisla na fazovém posuvu jednotlivych
skladanych vin [2]. Pokud je fazovy posuv 6 viéi druhému signalu nulovy, tak dochazi ke konstruktivni interferenci
a ziskdme maximalné mozné zesileni vysledné viny. Pokud je naopak posuv roven pilperiod¢, tak dochazi k plné
destruktivni inteferenci a signal se zeslabi. V piipad¢ stejnych amplitud obou signald by mél vysledny signal pfi
destruktivni interferenci nulovou amplitudu. Pti posuvu mensim nez je ptlperioda dochazi k ¢astecné interferenci.

Obr. 1 Michelsonuv interferometr

Michelsontv interferometr méfi rozdil optickych drah. Jeho schéma je na obr. 1. Kolimator b) vytvafi rovinnou
vilnu ze zafeni zdroje a), ktera vstupuje do optického délice c). Ten déli paprsek amplitudové v poméru 50:50.
Svételny modry svazek odrazeny od referencniho (nehybného) zrcatka e) je oznacen jako referecni a Cerveny
svazek, odrazeny od pohyblivého zrcatka d) je oznaCen jako méfici. Oba svazky jsou délicem opét slouceny
a interferuji spolu. Podle faze, kterou realizuje pohyblivé zrcatko zaznamename na detektoru g) vyslednou intenzitu
slozenych svazku.

Interferencni spektrometr funguje tak, ze pfivedeme zafeni do Michelsonova interferometru a posouvame
linearn€ pohyblivym zrcatkem, ¢imz se méni fazovy rozdil referencni a méfici svételné viny. Na vystupu detektoru
ziskame tzv. autokorelacni funkci (korelogram), coz je pribéh intenzity interferovaného zafeni v zavislosti na
fazovém rozdilu interferujicich vIn [3]. Tato autokorelacni funkce v podobé diskrétnich dat ze senzoru se nasledné
zpracuje algoritmem Fourierovy transformace (nejcastéji se pouziva Rychla Fourierova transformace FFT), ¢imz
ziskame hledané spektralni rozdéleni svétla na vstupu interferometru.
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Obr. 2 Princip funkce interferen¢niho spektrometru s Fourierovou transformaci [4]

3 Rekapitulace vysledki dosaZzenych v minulosti

V ramci projektu II v roce 2020 jsem zapocal praci na navrhu interferencniho spektrometru. Motivaci bylo
nalezeni problému hysterezniho chovani piezoposuvu pohyblivého zrcatka v Michelsonové interferometru, ktery byl
soucasti spektrometru, ktery sestavil milj vedouci prace. Na obr. 3 je znazornéno chovani pouzitého piezostolku

PX 100 od firmy piezosystem jena. Zavislost posuvu na napajecim napéti je silné nelinearni. Dal§im problémem byl
fakt, ze hysterezni kiivky se s casem ménily.

Obr. 3: Hysterezni chovani piezostolku PX 100
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Mym tkolem bylo zjistit, do jaké miry toto chovani ovlivituje namétené spektrum. Vyuzil jsem prostiedi MATLAB,
kde jsem si vytvotil simulaci daného problému. Vsiml jsem si, ze data autokorela¢ni funkce namétena pfi linearnim
posuvu a nelinearnim posuvu se vyrazn¢ nelisi. Data odpovidajici nelinedrnimu posuvu pouze ziskavam ve Spatny
okamzik. Tento piedpoklad mi pomohl k realizaci funkéniho algoritmu. I kdyz se data moc nelisi, tak vliv
nelinearity na nameéfené spektrum je fatalni. Simulovana spektra jsou na obr. 4.

Obr. 4 Simulovana spektra ¢tyf monochromatickych signalti — vliv hysterezniho chovani piezoposuvu

4 Korekéni algoritmus

Jak uz jsem zminil, ziskana data pfi nelinearnim posuvu zrcadla nejsou nepouzitelna. Pouze je ziskavam béhem
vzorkovani ve $patny okamzik vlivem ménici se rychlosti zrcatka. Pokud bych tedy vynesl zavislost intenzity zatreni
na nelinedrnim posuvu ve formé diskrétnich dat a provedl linearni interpolaci, tak bych mohl zjistit hodnotu
autokorelacni funkce pro idedlni, tedy linearni posuv. Tuto myslenku ilustruje obr. 5. V grafu je modrymi kiizky
vyjadiena naméfend hodnota intenzity zafeni v jednotlivych krocich zrcadla béhem nelinearniho posuvu (velikost
krokl je proménna pii konstantni frekvenci vzorkovani). Po provedeni linedrni interpolace dat se zjisti hodnota
intenzity odpovidajici linearnimu krokovani zrcadla. Tato data jsou znazornéna Cervenymi kiizky a z nich se poté
provede Fourierova transformace. Data se dale interpretuji jako by se zrcadlo pohybovalo konstantni rychlosti, ktera
lze dopocitat pokud znam délku urazené drahy zrcadla a dobu trvani pohybu zrcadla. Pocet krokl nelinedrniho
i linearniho posuvu se v§ak musi rovnat a to znamena, ze se musi rovnat i poc¢ty dat autokorela¢ni funkce.

94


https://usermap.cvut.cz/profile/c0c59809-add8-461f-9349-7eacb2fe95ba
https://usermap.cvut.cz/profile/c0c59809-add8-461f-9349-7eacb2fe95ba

Pavel Blazek MOZNOSTI REALIZACE INTERFERENCNIHO SPEKTROMETRU

Obr. 5 Princip korekce autokorela¢ni funkce

Jinymi slovy, nezabyvam se samotnou hysterezi piezoposuvu, ale opravuji az naméfena data. K realizaci jsem vSak
potfeboval pfesné métit polohu pohyblivého zrcadla. Nabidlo se mi méfeni pomoci monochromatického laseru
o vlnové délce 632,8 nm (He-Ne laser). Ten se pfipoji na vstup interferometru a necha se interferovat soucasné
s analyzovanym zafenim. Jeho vyhodou je, Ze na vystupu ziskam autokorela¢ni funkci, kterda ma Cisté kosinovy
prabéh. Perioda viny ma délku 632,8 nm, coz odpovida urazené vzdalenosti zrcadla o délce 316,4 nm (polovina
z vinové délky laseru). Podle poctu vin této autokorelacni funkce tak zjistim vzdalenost, kterou zrcadlo urazilo.
Nelinearitu pohybu pak méfim z ménici se délky periody této kosinové funkce. Mam totiz k dispozici periodu
vzorkovaci frekvence, a tak mohu z rozloZeni korelogramu i zjistit, jak rychle se zrcatko pohybovalo.

Algoritmus jsem implementoval v prosttedi MATLAB a vyzkousel ho na redlném zatfizeni ve skole, které sestavil
mij vedouci prace. Pro zaéatek jsem vyuzil He-Ne laser jak pro méfeni zrcatka, tak i jako analyzovany zdroj zafeni.
Na obr. 7 je vysledek méfeni. Algoritmus byl tedy funk¢ni a ja tak mohl zacit s navrhem vlastniho spektrometru, kde
bych tento algoritmus mohl aplikovat.

5 Navrh vlastniho spektrometru

Na obr. 8 je schéma vlastniho névrhu spektrometru, ktery byl Gisp&sné realizovan a vyzkousen. Cerveny svazek
piedstavuje zafeni z He-Ne laseru a). Do slucovace d) vstupuje zaieni ze zdroje j) jehoZ spektrum analyzuji. Zateni
obou zdroji prochdzi prostorovym filtrem e) a kolimator f) z nich vytvaii dvé rovinné viny. Ty vstupuji do
Michelsonova interferometru. DEli¢ i) rozdeli obé interferovana zafeni amplitudové v poméru 50:50. Filtr k)
propousti pouze zareni He-Ne laseru a senzor 1) zaznamenava jeho korelogram. Polarizdtorem m) filtruji polarizaci
He-Ne laseru a na senzoru n) zaznamenavam autokorelacni funkci analyzovaného zafeni.
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Obr. 6 Namodelovana nelinearita posuvu piezostolku z rozlozeni korelogramu He-Ne laseru

Obr. 7: Naméiena spektralni ¢ara He-Ne laseru — modré spektrum je ziskané z neopravenych dat
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Realizace navrzené¢ho spektrometru se vSak neobeSla bez potizi. Vyznamnym problémem byly naptiklad
mechanické vibrace. Cela konstrukce stala ptivodné na systému z piesnych posuvnych a oto¢nych stolkl, které
umoziovaly naklapét a posouvat interferometr vic¢i vstupujici rovinné viné tak, aby vlna vstupovala do systému
kolmo. Konstrukce v§ak nebyla pravdépodobné dost tuha, coz se projevilo na nestabilnim interferenénim obrazci na
vystupu spektrometru. Takové chovéani vSak negativné ovlivnilo funkci korekéniho algoritmu, ktery vyzadoval
hladky pribéh zejména He-Ne korelogramu, pouzitého k métfeni polohy zrcadla. Vibrace jsem feSil maximalnim
zjednodusenim konstrukce a postupnym piidavanim optickych prvki.

Obr. 8 Schéma navrzeného spektrometru

Dal§im problémem byl zaznam dat na senzoru n). Nepodafilo se mi opticky odfiltrovat interferované zateni He-Ne
laseru z analyzovaného zafeni. Ve finalnim spektru se proto objevovala spektralni ¢ara méfictho laseru. Problém
jsem fesil softwarovou filtraci dat (v mém piipadé pasmovou zadrzi). V souvislosti s tim jsem preventivné filtroval
i Sum z celého datového souboru. Pouzité filtry jsem navrhl tak, aby propoustély s maximalnim zesilenim vinové
délky od 400 — 700 nm, pro které byl spektrometr navrzen.
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Obr. 9 Celkova opticka sestava. Popisky odpovidaji schématu

Obr. 10 Michelsoniv interferometr se senzorickou ¢asti

98



Pavel Blazek MOZNOSTI REALIZACE INTERFERENCNIHO SPEKTROMETRU

6 Ovéreni funkénosti

Pro ovéfeni funk¢nosti spektrometru jsem pouzil zelené a fialové laserové ukazovatko, jejichz vinovou délku
jsem chtél pomoci spektrometru zméfit. Znal jsem katalogové hodnoty vinovych délek [5], nicméné méfeni jsem si
jesté ovetil konvencim disperznim spektrometrem. Na obr. 11 je tabulka s naméfenymi vinovymi délkami.

Katalogova hodnota Disperzni spektrometr NavrZeny spektrometr
Zeleny laser 532 nm 532 nm 532,2 nm
Fialovy laser 405 nm 409 nm 409,5 nm

Obr. 11 Porovnani naméfenych vinovych délek zeleného a fialového laseru

Na obr. 12 a 13 jsou naméfené spektralni ¢ary obou laserd. VIinova délka zeleného laseru byla stanovena na
532,2 nm s rozliSenim 1,7 nm. Vlnova délka fialového laseru je pak 409,5 nm a byla zméfena s rozliSenim 1 nm.
Spektrum fialového laseru je pomérné siln€ zatizeno Sumem. Signal byl velice slaby, a tak je pomér signal — Sum
maly. Nicméné vinové délky naméfené navrzenym spektrometrem se 1isi jen o desetiny nm oproti vinovym délkam
naméfenym disperznim spektrometrem. V ramci navrhu spektrometru jsem provadél i analyzu moznych chyb
spektrometru, ale zjistil jsem, Ze veskeré chyby jsou zanedbatelné v porovnani s rozliSenim spektrometru. Navrzeny
spektrometr jsem tedy prohlésil za funkéni.

Obr. 12 Spektralni ¢ara zeleného laseru naméfena navrzenym spektrometrem
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Obr. 13 Spektralni ¢ara fialového laseru naméiena navrzenym spektrometrem

7 Zavér

V ramci projektu bylo cilem navrhnout a postavit interferenéni spektrometr s Fourierovou transformaci
a vyftesit problém hysterezniho chovani piezoposuvu pohyblivého zrcatka. Jednalo se o komplexni ulohu, kde jsem
si vyzkousel praci s optickymi prvky v kombinaci s programovanim v prosttedi MATLAB. Zaroven se toto téma
stalo i t¢ématem pro moji diplomovou préaci.

Navazoval jsem na vysledky, ke kterym jsem dospél v minulém projektu. Vytvarel jsem matematické simulace
daného problému a navrhl funkéni algoritmus korigujici nelinearity jiz zminéného posuvu. Praktické cinnosti
predchézelo studium odborné literatury a sepsani odborné reserse.

V ramci tohoto projektu jsem navrzeny korekéni program modifikoval tak, aby se dal ovéfit na realném
zafizeni ve $kolni laboratofi, kde byl sestaven spektrometr mym vedoucim diplomové prace. Algoritmus byl Gspésné
vyzkousen a ja zaal s navrhem vlastniho spektrometru. Navrzeny spektrometr méfi v rozsahu od 400 — 700 nm
(viditelna oblast zafeni) s rozliSenim 1,7 nm pfi vinové délce 532 nm. Byl Gspésné realizovan ovétovaci experiment,
kdy jsem zjistoval pomoci spektrometru vinovou délku zeleného a fialového laseru.

Spektrometr je funkcni, ale stale se nabizi prostor pro rtizna vylepseni. Urcité by se dalo 1épe vyuzit svétla ze
svételného zdroje, jehoz ztraty jsou poméermné veliké. Dale jsem omezen koherencni délkou zdroje zareni, které do
spektrometru vpoustim. Problém je v sefizeni pfistroje na nulovy rozdil optickych drah v Michelsonoveé
interferometru. Ru¢nim mikrometrickym posuvem referenc¢niho zrcadla s rozliSenim 0,01 mm je pfesné nalezeni této
pozice témét nemozné, a proto bilé svétlo o koherencni délce v jednotkach mikronti nebude nikdy interferovat.
Resenim by tedy bylo, kdyby i referenéni zrcadlo bylo posouvano piezoaktuitorem s vyrazné vy$§im rozligenim.
Protoze je spektrometr provozovan v oblasti viditelného zafeni, bylo by vhodné navysit rozliSeni pfistroje pouzitim
posuvu s del§im pracovnim rozsahem nez je pouhych 100 um. Dosazené rozliSeni 1,7 nm pfi vinové délce 532 nm
by bylo dostate¢né pro provoz spektrometru v infracervené oblasti. Pro rozsifeni spektralniho rozsahu spektrometru
by bylo potieba pouzit optické prvky navrzené pro vétsi rozsah vinovych délek.
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Prace mé¢ obohatila o fadu novych zkusenosti, zejména pii praci s optickymi prvky a jejich sefizovani.

Piekonavani prekazek mé naucilo, Ze pii navrhu zafizeni je nejlepsi hledat co nejjednodussi cesty, vyuzivat
zakladnich fyzikalnich principil a predevsim nabyt dostate¢ného mnozstvi informaci, ze kterych poté mohu tézit.
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POUZITI NAVADENEHO EVOLUCNIHO ALGORITMU K
OPTIMALIZACI PARAMETRU PSD REGULATORU
(USE OF GUIDING EVOLUTIONARY ALGORITHM FOR
OPTIMIZATION OF PSD REGULATOR PARAMETERS)

Petr Siblik!
1 Ustav piistrojové a Fidici techniky, fakulta strojni, CVUT v Praze, siblpetr@gmail.com

Abstrakt: Clanek nejprve predstavuje ,, navadeény evolucni algoritmus “ (,, guiding evolutionary algorithm *,
GEA) urceny pro resent problémii globalni optimalizace. Ddle je predstaveno vyuziti tohoto algoritmu pro
optimalizaci parametrii diskrétnich regulatorii. Nasledné je prostrednictvim simulovanych soustav
otestovana funkcnost a spolehlivost vytvorené optimalizacni metody. V posledni casti je algoritmus
otestovan také na redlné experimentalni iiloze.

Kli¢ova slova: navadeny evolucni algoritmus, GEA, Optimalizace rizeni, PSD regulace

1. Uvod

V dnes$ni dobé je nemozné si piedstavit vyrobu bez automatizovanych procest. Mezi stézejni useky automatizace
patii pfevazné vhodné nastaveni regulatoru piislusného fizeného procesu. V praxi je vyuzivana Siroka Skala
nastavovacich metod, které kazda skryva jisté uskali. Naptiklad experimentalni metody mohou vést k nebezpecnému
poskozeni soustavy, zatimco analytické zase potebuji pfesnou matematicko-fyzikalni analyzu systému, coz mize byt
pro nekteré systémy velmi slozity tikol. Velmi Casto se také vyuzivaji metody kombinujici oba zminéné piistupy, ¢imz
eliminuji jejich negativa.

Bezpecné sefizeni regulatoru u neznamych (matematicko-fyzikalné nepopsanych) soustav je velice lakava
myslenka. Velkou pomoci v této oblasti pfedstavuji nejriiznéjsi optimalizacni algoritmy, které prostfednictvim
simulovanych béhi regulované soustavy naleznou optimalni nastaveni regulatoru pro danou soustavu.

Cilem této prace je vyuziti optimaliza¢ni metody ,,navadény evoluéni algoritmus (Guiding Evolutionary
Algorithm, GEA) na hledani optimalnich parametr vybranych regulator. Schopnost nalezeni optimalniho nastaveni
regulatord je nejprve testovana na simulovanych soustavach. Optimaliza¢ni simulace jsou provadény na aproximacich
zminénych soustav. Nepfesnost mezi plivodni soustavou a jeji aproximaci simuluje realné vyuziti v praxi, kdy model
soustavy, na kterém je provadéna optimalizace, také dokonale neodpovida redlné soustavé. Na zavér je optimalizace
otestovana na realné experimentalni tloze.

2. Navadény evoluéni algoritmus

Guiding Evolutionary Algorithm with Greedy Strategy [1] (GEA) byla pfedstavena tymem Cao, Xu & Good-
man v roce 2016 pro feseni globalnich optimaliza¢nich problémil. Jedna se o metaheuristicky algoritmus zaloZeny na
dvou dfive vytvofenych optimalizatnich metodach: Netopyfi algoritmus (Bat Algorithm, Yang, 2010) [2] a
Optimalizace hejnem ¢astic (Particle Swarm Optimization, Kennedy & Eberhart, 1995) [3]. Kombinaci téchto
algoritmt ziskdvda GEA vyhody kazdého z nich a zaroven jest¢ vylepSuje schopnost konvergence ke globalnimu
optimu.

Stejné jako jiné evoluéni algoritmy pracuje GEA s populaci n jedinct, jenz reprezentuji d optimalizovanych
parametrti ve formé vektoru.

Xi (l = 1,2, ,n) = (xl'l,xiz, ...,xid) (1)
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Kvalita ¢i vhodnost jedince je posuzovana prostfednictvim kriterialni funkce (2). Hledani globalniho
optima — feSeni optimaliza¢ni lohy pak probiha skrze minimalizaci nebo maximalizaci této funkce.

), x = (x1,%9, e, Xq ) )
Jedinec s nejlepsi kriterialni funkci v populaci je ozna¢ovan jako nejlepsi jedinec x*.

Optimalizace, hledani nejlepsiho feSeni, probiha postupnou aplikaci tif po sobé nasledujicich operaci (kfiZeni,
mutace a lokalni hledani), které modifikuji optimalizované parametry jedincti.

2.1 KiiZeni
Kfizeni je operace zahajujici modifikaci jedince. V ramci navadéného evolucniho algoritmu zprostiedkovava
hlavni mechanismus optimalizace a je realizovano podle nésledujiciho vyrazu:

xp=xi '+ —x) B, 3)

kde x} je novy jedinec, xf~* je modifikovany jedinec x; v predchozi generaci, x, je aktuélni nejlepsi jedinec a
je délka kroku prirtistku parametri — ndhodna hodnota ze zadaného rozsahu s uniformnim rozdélenim. Aktudlni
nejlepsi jedinec x* je zkombinovan s aktualné modifikovanym jedincem x!~! za vzniku nového jedince xf.
Efektivnost této operace spociva v tom, Ze se jedinci v kazdé iteraci ,,pohybuji“ smerem k aktualnimu nejlepSimu

jedinci, pricemz dlouhodobé spolecné putuji ke globalnimu/lokalnimu optimu.

2.2 Mutace

PrestozZe je kiiZeni velmi u€inny optimalizacni néstroj, jeho nevyhodou je jeho velka pravdépodobnost uviznuti
v lokalnim optimu. Z toho dévodu je do algoritmu zatazena mutace dana vzorcem (4). Ndhodna zména parametri
jednice zvySuje rozmanitost populace a tim zprostfedkovava unik z lokalniho optima.

xf=xt+eM, 4)
kde x} je jedinec po kiizeni, € je ndhodné &islo s uniformnim rozdélenim [-1,1] a M je vektor uréujici rozsah
mutace. Za predpokladu, ze rozsah j-té dimenze jedince x je [a, b] pak:

M; = max (x{; — a,b — xf;),j = (1,2, ... ,d) %)

Nebezpeci uviznuti v lokalnim optimu prostfednictvim kiizeni hrozi prevazné v pozdéjsich generacich
optimalizace. Proto je vyhodné mutaci aplikovat az v téchto pozd¢jsich iteracich algoritmu. Z toho divodu je mutace
jedince zatiZzena pravdépodobnosti p kterd se s ptibyvajicimi generacemi zvySuje. Procentudlni pravdépodobnost
mutace p je dana vztahem:

p=clnGme) (6

max—t

kde c je limitujici parametr, Ty, 4, je celkovy pocet generaci, t je aktualni generace. Za predpokladu, ze Tp,qx =
50 a c = 0.2, pak se pravdépodobnost p zvysuje v prub&éhu generaci podle Obr.1.

Obr. 1. Pravdépodobnost mutace
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2.3 Lokalni hledani

Funkce lokalniho hledani spoc¢iva v dikladném prozkoumani blizkého okoli nejlepsiho jedince. Znaéné piinosna
je v momenté, kdy je jiz nalezeno okoli globalniho optima a pomaha tak nalézt to skute¢né nejlepsi feSeni. Z toho
divodu je opét vhodné aplikovat lokalni hledani az v pozdéjsich generacich, a proto je také spjato s pravdépodobnosti
p. Predpis lokalniho hledani je definovan rovnici:

xf=x,+ €L, 7

Kde x, je aktualni nejlepsi jedinec, € je ndhodné ¢islo s uniformnim rozdélenim [—1,1] a L je vektor urcujici
rozsah nahodného pohybu. Za stalého predpokladu, Ze rozsah j-té dimenze jedince x je [a, b] pak:

Li=1l-(b—a) ®)
Kde [ je koeficient rozsahu nahodného pohybu.

Nasledné dojde k vySe zminénému ohodnoceni modifikovaného jedince pomoci kriterialni funkce f(x). Nové
parametry jsou piijmuty pouze v piipadé, Ze je modifikovany jedinec, z hlediska kriterialni funkce, V opa¢ném piipadé
jsou jeho parametry navraceny do ptivodniho stavu pied modifikaci. Je-li pfijaty jedinec lepsi nez dosavadni nejlepsi
jedinec, pfevezme novy jedinec titul nejlepsiho jedince. Nasledné za¢ne navadény evoluéni algoritmus upravovat
dalsiho jedince v poradi, dokud timto zpisobem neprojde celou populaci ¢imz vytvoii novou generaci. Popsany
optimalizacni cyklus se iterativné opakuje do té doby, dokud nedojde splnéni nékteré z ukoncovacich podminek (napf.
dosazeni pozadované kvality feSeni, pocet prob&hlych generaci nebo nalezeni nejlep$iho mozného jedince).
Pseudokod navadéného evoluéniho algoritmu (Guiding Evolutionary Algorithm with Greedy Strategy) je vidét na
obrazku 2.

Obr. 2. Pseudokdd navadéného evolucniho algoritmu

3. Aplikace navadéného evoluéniho algoritmu na optimalizaci diskrétnich regulatori

Cilem této prace byla optimalizace parametrti diskrétnich regulator. Konkrétné normalniho PSD regulatoru a
dvou jeho modifikaci PS-D a S-PD, kter¢é jsou blize popsané v [4] (kapitola 4.3). Navadény evolucni algoritmus byl
vytvofen v prostfedi programu Matlab. Jedinec x v této konkrétni aplikaci reprezentuje vektor jednotlivych
nastavitelnych parametrti regulatoru ry, 1; a 1.

X = (rp ) rl'ﬁrd) (9)
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Hodnoceni jedincti pomoci kriteridlni funkce je realizovano v prostiedi programu Matlab — Simulink. Pfi
hodnoceni je provedena simulace reakce regulacniho obvodu na jednotkovy skok akéni veli¢iny. Kriteridlni funkce
pak hodnoti jak ,,vhodny* byl ziskany regulacni pochod. V této praci bylo vyuzito modifikované kritérium ITAE
doplnéné o ¢leny minimalizujici ak¢éni zasah a postihujici velké zmény akénich veliiny. Piedpis této pouzité
kriteridlni funkce je dan rovnici ().

FGO) = [, (Cot-le(®)] +Cy - u(t)? + Cay - A, (10)

kde e(t) je regulaéni odchylka, u(t) je akéni zasah, Au je diference akéniho zésahu, t je Cas simulace, C, je
véhovy koeficient regulacni odchylky, C, je vahovy koeficient akéniho zasahu a Cy,, je vahovy koeficient diference
akéniho zésahu. Spravné nastaveni koeficienti C,, C, a Cg4, je pro optimalizaci kli¢ovée, jelikoz znaéné ovliviuji
vyslednou kriterialni funkci. Pro obdrzeni optimalniho nastaveni regulatoru tak, aby vysledny regula¢ni obvod
vyhovoval technologickym pozadavktm, je nutné nalézt mezi témito vahovymi koeficienty spravnou rovnovahu.

4. Testy na simulovanych soustavach

Testovani bylo provedeno na 5 soustavach rGznych vlastnosti bézné pouzivanych v praxi pro testovani
regulatord. Pro tyto soustavy byla ziskana aproximace modelem druhého fadu s dopravnim zpozdénim (SOPTD). Pro
ziskané aproximace bylo prostfednictvim navadéného evoluéniho algoritmu ziskdno optimalni nastaveni parametra
regulatord. Tyto regulatory byly nasledné aplikovany na ptivodni systémy. Nepiesnosti mezi ptivodni soustavou a jeji
aproximaci simuluji redlné vyuziti algoritmu, kdy model vyuzity pro optimalizaci také nebude dokonale reprezentovat
realnou soustavu.

V tomto ¢lanku je uveden jeden piiklad vyuzité simulované soustavy.

4.1 Systém s dominantnim nabéhem

Pro soustavu s pienosem (11) byla ziskana aproximace SOPTD modelem ve tvaru (12). Pfrechodova
charakteristika obou soustav je vidét na obrazku (3). Pro aproximacni model G, bylo pro kazdy regulator provedeno
deset optimalizacnich béhd. Primérmé hodnoty obdrzenych parametrii a jejich smérodatné odchylky jsou
zaznamenany v tabulce (1).

1
Gi(s) = (s+1)(0.15+1)(0.015+1)-(0.0015+1)

Gim(s) =

an

0.9843
0.109552+1.038s5+1

(12)

Obr. 3 Porovnani ptrechodovych charakteristik G1 a Glm

Tab. 1: Optimalizované parametry regulatori PSD, PS-D a S-PD pro soustavu G1
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Z hodnot v tabulce (1) je patrné, Ze optimalizacni béhy vedly u kazdého z regulatord ke stabilnim vysledkiim,
coz je patrné z velmi malych smérodatnych odchylek. Pro kazdy regulator (PSD, PS-D, S-PD) bylo vybrano nejlepsi
nastaveni parametra regulatort a tento regulator byl pouzit pro regulaci piivodni soustavy G;. Na obrazku (4) je vidét
reakce soustavy na jednotkovy skok a na obrazku (5) jsou znadzornény akéni zasahy jednotlivych regulatort.

Obr. 4 Reakce regulované soustavy G2 na jednotkovy skok

Obr. 5 Porovnani akénich zasaht pro systém s dominantnim nab&hem

5. Testy na realné experimentalni uloze

Pro experimentalni ovéteni funkénosti optimalizacniho algoritmu na realné soustavé byla pouzita tloha jejiz schéma
je na obrazku (6). Cilem byla regulace vysky hladiny pomoci ¢erpadla P1a. Vyska hladiny byla snimana tlakovym
senzorem a posilana prostiednictvim fidici jednoty WinCon do pocitace, kde byly v prostfedi programu Matlab —
Simulink realizované jednotlivé regulatory vyuzité pro regulaci vysky hladiny. Pro realnou soustavu byla opét
ziskana aproximace modelem druhého fadu s dopravnim zpozdénim (13), ktery byl nasledné vyuzit pro
optimalizacni simulace.
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Obr. 6. Schéma experimentalni ulohy

15,1304
G S) = ’ . e—2.084-7s 13
m(S) 28.766752+119.68235+1 (13)

V tabulce (2) jsou uvedeny prumérné hodnoty a jejich smérodatné odchylky optimalizovanych parametrt ziskanych
v ramci deseti optimalizac¢nich béht pro kazdy regulator. Podle vysoké smérodatné odchylky u parametra regulatoru
i u kriterialni funkce jde usoudit, ze optimalizaéni béhy pro PSD a PS-D regulatory podavali nekonzistentni, a tedy
neuspokojivé vysledky. To miize byt zptisobeno pouzitim nevhodnych parametrti kriterialni funkce pro danou
kombinaci regulované soustavy a regulatoru. Oproti tomu vysledky obdrzené pro S-PD regulator se vykazuji
velikou konzistenci.

Tab. 2: Optimalizované parametry regulatortt PSD, PS-D a S-PD pro aproximacni soustavu Gm

Pro kazdy regulator bylo vybrano nejlepsi optimalizované nastaveni parametrti a vzniklé regulatory byly pouzity

k regulaci realni experimentalni Glohy. Na obrazku (7) jsou vidét obdrzené regulacni pochody. Na obrazku (8) jsou
pak vyobrazeny ptislusné pribéhy akéni veli¢iny. Prechodové pochody regulatortt PS-D a S-PD jsou si velmi
podobné, zatimco regulator PSD reguluje soustavu nejpomaleji.
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Obr. 7. Regulace experimentalni soustavy pomoci optimalizovanych regulatord PSD, PS-D a S-PD

Obr. 8. Porovnani akénich zasahii pro regulaci experimentalni tlohy

6. Zavér

V ramci této prace byl v prostiedi MATLAB vytvoien navadény evoluéni algoritmus pro optimalizaci parametra
diskrétnich regulatord (PSD, PS-D a S-PD). Taktéz byla vytvotena modifikovatelna kriterialni funkce, umoznujici
respektujici technologické pozadavky na regulovanou soustavu. Ze simulacnich testl této optimaliza¢ni metody lze
usoudit, ze podava velmi konzistentni a stabilni vysledky. Z experimentalniho testovani je patrné, ze optimalizace
parametri PSD a PS-D regulatorti podavala neuspokojivé a nekonzistentni vysledky. Tato skutecnost byla nejspise
zpisobena nevodnym nastavenim vahovych koeficientti kriteridlni funkce. Oproti tomu pro S-PD regulator byly
vysledky velmi konzistentni.

Z vysledkd provedenych simulaci a experimentu na redlné soustavé lze usoudit, Ze pouziti navadéného
evoluéniho algoritmu k optimalizaci parametrti regulatort je diky své snadné pouzitelnosti a adaptabilité pro ptipadné
vyuziti v praxi lukrativni.
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Abstrakt: Prispévek prezentuje vyuZiti konceptu digitdlniho dvojcete a Software (SiL) a Hardware (HiL)
In the Loop v distancni vyuce po dobu koronavirovych LockDownii v ¢eské Republice. Popsdny jsou
dva systémy. Jeden zaloZeny na simulaci elektropneumatickych prvkii polni instrumentace v prostiedi
FluidSim a jejich p¥ipojeni k redlnému ridicimu systému. Druhy je zaloZeny na simuldtoru vyrobniho
systému FactorylO, ktery je pripojen k SoftPLC pomoci komunikacniho protokolu Modbus po fyzické
vrstvé Ethernetu.

Klicova slova: Digitalni dvojce, virtudlni zprovoznéni, distancni vyuka, SiL, HiL,

Abstract:  The submission presents the use of the digital twin and software (SiL) and hardware (HiL)
In the Loop concept in distance learning during coronavirus Lock-Downs in the Czech Republic. Two
systems are described in this article. One is based on the simulation of electro pneumatic field devices
in the FluidSim environment and their connection to a real control system (PLC). The second is based
on the factory production simulator, which is connected to SoftPLC using the Modbus communication
protocol over the Ethernet physical layer.

Keywords: Digital Twin, Virtually commission, distancni vyuka, SiL, HiL,

1 Uvod

V poslednim roce a ptl, tedy po dobu distanéni vyuky, v semestrech jaro 2020, podzim 2020 a jaro 2021,
jsme se pfi snaze distancné vyucovat kybernetické predmeéty potykali s tim, jak studentlim zptistupnit zkuSenost
s programovanim fidictho systému bez laboratorni vyuky. Vyuka je normdlné koncipovédna tak, Ze studenti
programuji fidici systém. S nafizenim lockdownu najednou chybélo vyvojové prostiedi pro programovani, na
kterém by mohli studenti pracovat doma - problém byl pfedeviim s licencemi komerénich softward. Chybél
samoziejmé fidici systém - zde se nabizela mozZnost jeho simulace a posléze i nouzové feseni zaloZzené na vyuZit
osobnich pocitact a vyvojarskych kit RPi, Arduino, ESP. A (ne)poslednim problémem byla absence fizeného
systému. Krizovd situace paradoxné akcelerovala rozvoj perspektivnich koncepti jako je digitalni dvojce, virtualn{
zprovoznéni a hardware a software in the loop a jejich zavedeni do vyuky.

1.0.1 Digitalni dvojce

Pojem digitdlni dvoj¢e pohcdzi od Michaela Grievese (pfedndSka na téma PLM, 2003 [1]) a je definovano
jako Virtudlni ekvivalent fyzického produktu. Nebo specifictéji jako virtudlni reprezentace produktu zaloZena
na informacich (virtual representation of a physical product containing information about said product, with its
origins in the field of product life-cycle management [1] parafrdzovano dle [2].). Grieves rozsifuje popis o schéma
obsahujict:

* redlny produkt ve fyzickém prostoru,
e virtudlni produkt (digitaln{ dvojce) ve virtudlnim prostoru a

* obousmérnou komunikaci mezi nimi, tedy, data z redlného produktu do digitdlniho dvojcete a informace z
virtudlni reprezentace pro fyzicky systém.
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Fig. 1: Vztah zrcadleni virtudlniho a fyzického prostoru, respektive virtudlntho a fyzického produktu v ném

note: Grieves to definuje opacné, stejn€ jako na obrazku, tedy Real Space - Physical Product, ale v ¢estiné ddva
lepsi smysl opacny preklad redlny produkt - fyzicky prostor.

Jak je zminéno vyse, digitdlni dvojce je zasazeno do kontextu Zivotniho cyklu produktu (potud jeté Grieves) a
v tomto smyslu se digitdlni dvojce vyskytuje ve vSech fazich Zivotniho cyklu a ma rizné podoby a vyuZiti - Navrh,
prototyp, Instance. Za ucelem ndvrhu, monitoringu, fizeni, zlepSovani, dokumentaci atp. V naSem piipadé se
jednalo o vyuziti k ndvrhu + vyuce.

David Jones a kolektiv ve svém reSerSnim ¢lanku [2] nadefinovali zdsadni pojmy tykajici se digitdlnich dvojcat,
jejichZ vybrané podstatné polozZky jsou:

Tab. 1: Tabulka pojmi vztahujici se k digitdlnimu dvojceti. Vybér z [2]

Definiendum Definiens

fyzick4 entita Artefakt (radéji prvek) redlného svéta

virtudln{ entita Pocitacové generovand reprezentace fyzického artefaktu

fyzické prostfedi redlny svét, v kterém je fyzicka entita umisténa. Aspekty
tohoto prostfedi jsou méfeny a preddvany do virtudlniho
prostredi

virtudlni prostfedi Existuje v digitdlni doméné a je obrazem fyzického
prostiedi.

Fidelity Vérnost, presnost virtudlni entity, vyjadfend napiiklad
mnozstvim parametr pfenesenych z redlné na virtudlni en-
titu, jejich presnost nebo tiroven abstrakce

stav aktudlni hodnoty vSech parametrii (radéji stavovych promén-
nych)

Twinning Akt synchronizace redlné a virtudlni entity

Domény vyuziti jsou téméf neomezené. Od digitdlnich dvojcat primyslovych vyrobnich systémt se pres
dalsi technické systémy jako jsou chytré domy nebo Smart Cities dostdvdme k digitdlnim dvojcatim v rostlinné i
Zivo€isné vyrobé [3].

Jako zptisob vyuziti digitdlniho dvojcete Jones [2] uvadi pfedevsim (dle literarni reSerSe) optimaliazaci, "data
management” a monitoring, ndvrh, rekonfiguraci a "data driven design", "Model-based predictive control”, sle-
dovan{ stavu strojii (mozno pfidat i prediktivni idrzbu) a v nespoledni fadé vyuku. V souvislosti s tzv. distancn{
vyukou v dobé koronavirové epidemie jsme byli postaveni pfed problém "jak ucit programovéni primyslovych
systémi bez primyslovych systéma". Tedy fizeni bez fizeného objektu. Zatimco v jinych pfedmétech byla sim-
ulace b&7nd praxe, tak v Rizeni programovatelnymi automaty bylo v popfedi pravé piipojeni redlného systému a
simulace nebyla vyuZivdna. Pro bezkontatkni vyuku tedy bylo potieba pokud mozno zachovat prici s redlnym
kontrolérem a simulovat jen fizeny systém. Tedy v podstaté pouZit digitdlni dvojce jako hardware in the loop.
Vznikly z toho dva systémy. Jeden vyuZiva simulaci elektropneumatického systému v prostfedi FluidSim [4] a
druhy simulaci vyrobniho systému v softwaru FactorylO [5]. Predchtidcem téchto dvojcat byla bakalaiska prace
[6], kde simulace probihala na RPi/Unipi, kteréZto bylo pfipojeno k PLC Siemens S7-1200. Pokud jsme chtéli
vyuzit softwarové simulace, museli jsme i zde mit nejen simula¢n{ program, ale k nému i interface pro pfipojeni k
redlnému PLC.

2 Digitalni dvojce ve FluidSimu

FluidSim [4] je software pro simulaci pneumatickych, elektropneumatickych a hydraulickych systému. Studenti
méli za dkol si namisto redlného zapojeni tlohu "zapojit" pouze ve FluidSimové simulaci. K tomu byl pfipojen
interface doddvany vyrobcem a nazvany EasyPort. Ten z jedné strany komunikuje po USB s pocitacem, na kterém
FluidSim béZ{ a z druhé strany poskytuje vystupy odpovidajici 24 V primyslovému systému - k ¢emuZ je pfipojeno
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PLC 3. Aby studenti mohli vyvijet program doma, bylo zvoleno PLC Unipi Neuron [7], které je postavené na

Fig. 2: Simulace elektropneumatického systému ve FluidSimu s pfipojenym konektorem fyzickych vystupti

minipocitaci RPi. Vyhodou je SW otevfenost systému - v PLC je operaéni systém Linux a tudiZ je moZné do néj
nahrat/nainstalovat runtime vlastniho vybéru. Zvolen byl OpenPLC [8], ktery téméf stoprocentné splituje normu
pro PLC IEC 61131 a disponuje vSemi jazyky vcetné SFC. Soucasné se jednd o svobodny a software. Vyvojové
prostiedi je pro Linux i Windows. Studenti tedy mohli vyvijet doma a testovat na digitdlnim dvojceti, které bylo
dostupné pies vzdalenou plochu Windows.

Fig. 3: Zapojeni FluidSIMu jakoZto digitidlnitho dvojéete redlného elektropneumatického systému vyuzité pro
virtudlni zprovoznéni dlohy v dobé distan¢ni vyuky

3 Digitalni dvojce ve FactorylO [5]

Digitdlni dvojce ve FactorylO [5] mélo vice variant vyuZiti. FactorylO je simuldtor vyrobniho procesu

vytvofeny herni spole¢nosti Real Games. Ma vlastn{ fidici systém ControllO a je moZné k nému pfipojit extern{
fidici systémy po fyzické vrstvé Ethernetu. Umi komunikovat po rtiznych protokolech:

* Siemens: LOGO!, S7-200 / 200 SMART / 300 / 400, S7-1200 / 1500, S7-PLCSIM, WinSPS-S7

¢ Allen-Bradley: ControlLogix, CompactLogix, Micro800, MicroLogix 1100 1400, SLC 5/0X and SoftLogix
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Fig. 4: Celd simulovand scéna s robotizovanou butikou s CNC strojem

* Modbus: Modbus TCP/IP Server and Client
* OPC: Client DA/UA
» Simulator Grafcet-Studio (Automgen: Grafcet and SysML)

Pro nase tcely jsme pouzivali komunikacni fetézec: OpenPLC - Modbus - FactorylO

4 Kyberpunkovy zavér

,,Konsenzudlni halucinace proZivand denné€ miliardami legitimnich operatorii, v kazdém narodé, détmi, které
se u¢i matematickym pojmim ... grafické zobrazeni dat abstrahovanych z paméti kazdého pocitace v lidské
spolecnosti. Nepfedstavitelnd komplexita. Linie svétla rozprostirajici se v neprostoru mysli, klastry a konstelace dat.
Jako svétla velkomésta, vzdalujici se..." [9] Svobodny svét oprostény od omezeni fyzickou télesnosti. Kyberkultura
a kyberpunk jsou koncepty a hnuti, kterd pronikla do spole¢enského prostoru nejdiive v dobé¢, kdy vlastnictvi
pocitace bylo vysadou tzkého okruhu vyvolenct, které prvni pocitace vtihly do jejich svéta a drZely. Pohledem z
vnéjsku nenf jasné zda oni mistrné ovlddali pocitace ... nebo to bylo naopak. Typickym obrazem byl outsidersky
vzhled, neatletickd postava, muZské pohlavi a soustfedéni na to, jak pocita¢ dokaZe rozsitit nase mentalni schopnosti
(nebo naopak oni rozsifovali schopnosti pocitace?) a pocitac, ktery jako pamétové médium pouzival kazetovy
pasek. Prostor vytvofeny technologii nemusi byt jen prostorem otevienym simulaci a manipulaci - je i kreativnim
rozhranim, dovolujicim seberealizaci ,,redln€ neuskuteCnitelnym" zptisobem [10].

Stdvaji se z nds kyborgové, kombinace stroje a ¢lovéka. NaSe technika se stile zmenSuje, je ndm ¢im dél blizs{
a zanedlouho ndmi prostoupi.

* Bojuj s moci.
* Posli zpétnou vazbu zpétky do vladnouciho systému.
* Surfuj na Okrajich

BRANWYN, G. Kyberpunkové teze. cit dle [11]

Ale ona tato romantika exkluzivity kon¢i v okamziku, kdy je v tajném bratrstvu kyberpunkert a pocitacovych
magt kazdy kdo chce. A po dobu online vyuky tam do jisté miry museli byt i ti, kdoZ ani nikdy nechtéli. A iti
si museli vyzkousSet zapojeni se do online systému. Byt neustdle pfipojen k t€ "konsenzudlni halucinaci". Témér
Matrix nazivo. Literdrni kyberpunk se ve srovnani s online vyukou minulych ti{ semestrti jevi jako pohddka pro
malé déti.
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Fig. 5: Ridici program v jazyce FBD napsany v internim programovacim prosttedi ControlIO
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Abstrakt: Tato prdce pojednava o trech laboratornich uilohdch, které byly vytvoreny na modularni stanici CP Lab. Vyuzivame tak
technologii, jenz se bezné vyskytuje v praxi, na aplikovani naucené teorie z predmétu Automatické rizeni v bakalarském studiu.
Studenti zde maji moznost videt jak hardwarové zpracovani stanice, tak se podilet na jejim programovani a propojit si teorii
Fizeni s praxi.

Klicova slova: CP Lab; Automatické fizeni; Laboratorni iloha

Abstract: This work deals with three laboratory tasks that were created on a modular station CP Lab. We use the technology that
commonly occurs in practice to apply the theory learned from the subject of Automatic Control in the bachelor's degree. Students
have the opportunity to see both the hardware processing of the station and participate in its programming and connect control
theory with practice.

Keywords: CP Lab; Automatic control; Laboratory task

1 Uvod

V laboratofi jsem mél na vybér ze dvou moznosti. Vrtaci stanice, nebo horkovzdusny tunel. Kazda z nich byla
pripevnéna k paletovému dopravniku s ovladacim panelem. Ja jsem si zvolil horkovzdusny tunel, jelikoz mi pfisel
jako idealni kandidat pro vSechny tfi Glohy. Samotné stanice jiz byly fyzicky sestaveny a naprogramovany. Bohuzel
vSak dodany program nespliioval potiebné pozadavky. Slouzil spiSe, jako ukazka funk¢nosti stanice, nez pomucka
pro studenty v jejich rozvoji v oblasti automatizace. Bylo tedy zapotiebi stanici celou pfeprogramovat, vymyslet
zpusob, jakym budou moci studenti na ni pracovat a zachovat ptivodni program, jako ukazku ptvodniho feseni.

1.1. CP Lab Heat Tunnel

Horkovzdu$ny tunel — Tato stanice ma za ukol simulovat praimyslové feseni suseni natéru (barvy) pti prijezdu
tunelem. Jako akéni ¢len zde slouZzi ventilator se zabudovanou vyhievnou spiralou, kterou lze regulovat na vykonu,
pro méfeni teploty zde pouzivame odporovy teplomér PT100 a jako moznost simulace vné&jSiho ruSeni procesu
suSeni, kovovy rost s dirami, jenz je pridélan na peci a ovladan skrze pohybovy Sroub pies plastové kolecko. Jako
ukazatele zapnuté pece, tedy probihajiciho procesu schnuti, zde mame ¢ervenou LED lampu, kterd ndm symbolizuje
svou ¢ervenou barvou rozzhavenou pec. Senzor nam dovoluje méfit az do teplot okolo 200°C. Jelikoz se ale jedna o
Skolici stanici, tak z diivodu bezpecnosti skuteéna maximalni dosazitelna teplota, po kterou mtizeme pec rozehtat je
75~80 °C. [1]

Obr. 1. Heat Tunnell[l]
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1.2. CP Lab Pallet Transfer Line

Dopravnikovy pas - Slouzi jako urcity zakladni modul pro vSechny ostatni aplikacni moduly (napf. pec,
vrtacka, kamerovd kontrola a mnoho dal§ich). Kazda dopravnikova stanice je vybavena na svych strandch
fotoelektrickymi senzory, které zajistuji celkové propojeni s vice stanicemi sériové za sebou. Mame zde velké
zastoupeni indukénich a kapacitnich senzoru, slouzicich pro sledovani pozice voziku na pase a RFID senzor, ktery
zpracovava data, jenz vozik se sebou prenasi v datové minci. Nejdulezitéjsi ¢ast je zde rozvodna skiin, ktera v sobé
ukryva veskerou fidici elektroniku. Velice duleZitou soucasti pro studenta, je ovladaci dotykovy panel, na némz
probiha veskeré méfeni a nastavovani laboratornich tuloh. [2]

Obr. 2. Pallet Transfer Line[2]

2. Samotné laboratorni ilohy

Pfi vyuce automatizace v laboratofich pfistupujeme ke tfem zakladnim typiim uloh: Logické fizeni, Frekvencni
vlastnosti a Uzavieny regulacni obvod.

Obr. 3. Menu — Jednotlivé ulohy

2.1. Logické Fizeni

Pro tlohu mam pfipravenou obrazovku s modelem tunelu a vyznaenymi ¢idly. Obrazek stanice na
obrazovkach jsem pouzil pfimo od vyrobce stanice[1,2]. Jednotlivé puntiky ndm zobrazuji, ¢i je €idlo ,,senzor® v
log.1 (zelené ,,© ), nebo v log.0 (3edé () *). Jako ukéazku principu fungujici naprogramované stanice jsem zde pfi-
dal tlacitko ,,Video®, které spusti na obrazovce animaci funkéni linky, kterou jsem stdhl od vyrobct této sestavy.
Smér otaceni dopravniho pasu je znazornén blikajicimi zelenymi Sipkami ve sméru jizdy ,,<:I ,I:>“. V levém
dolnim rohu pak mame moznost zobrazeni, nebo skryti aplikacni stanice horkovzdusného tunelu. Na ném je ukazana
aktualni teplota a sepnuty vykon tunelu. Program, v némz budou studenti tuto Glohu programovat, se nazyva TIA
Portal. Jedna se o platformu firmy SIEMENS. Prostfedi tohoto softwaru je vcelku obsahlé, a proto jsem ve své praci
popsal jen ¢asti, které vyuziji studenti pfi svém programovani. Ostatni véci si jde samoziejmé vyhledat na internetu,
kde jsou volné dostupné navody od autorti programu. Pro programovani jsem vytvoftil funkéni blok ,,Logicke_rizeni
[FB5]%, v kterém budou moct studenti tvofit sviij algoritmus horkovzdusného tunelu. Zptsob programovani je jiz na
studentech. D4 se fict, ze s jakymkoliv (pro PLC dostupnym) jazykem dokdZeme naprogramovat funkcni stanici, je
ale otazka, jaky zplisob je pro nas nejptijemnéjsi. Jsou k dispozici jazyky dle normy IEC 61131-3[8]. Co se tyce
piehlednosti, tak bych urcité doporucil LAD jazyk, jelikoz se da velice dobfe pozorovat v jednotlivych reléovych
schématech funkc¢nost programu. Co se ty¢e pracovani s daty tak SCL. Velice jednoduchd metoda pomoci
zékladnich znalosti programovani, které vam uSetii spoustu starosti, naptiklad pii praci s nepfimou adresaci dat v
LAD. Hlavni vyhoda je, ze LAD, SCL a STL, se daji pouzivat a kombinovat v jednom bloku naraz. Co se ty¢e FBD
a GRAPH, tak pro jejich pouziti musime vytvofit bloky s patfiénym jazykem zvlast’. [7]
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2.1.1. Postup studenta
Studenti tak na zacatku dostanou seznam dostupnych PLC adres, na které jsou pfipojena jednotlivé zatizeni
a dle zadani maji za kol zprovoznit chod stanice v automatickém rezimu.

Obr.4. TIA Portal prostredi Obr. 5. Obrazovka — Logické rizeni
2.2. Frekvenc¢ni vlastnosti

Tato uloha se zabyva metodami pro analyzu chovani neznamych soustav, tedy v nasem piipadé
»horkovzdusného modelu®“. To provadime tak, ze za pomoci budiciho harmonického signalu u =A*sin(wt)
pusobime na soustavu a sledujeme jeji chovani skrze vynuceny vystup y =A*sin(ot + ¢). Vynucené kmity byvaji
opozdény za budicim signalem a to pravé skrze pribéhy pozorujeme a méfime. [4]

Obr.6. Obrazovka — Frekvencni viastnosti

2.2.1. Lissajousuv obrazec

Lissajousova kiivka ,,0brazec® je vytvofena dvéma harmonickymi signaly, promitanymi na osach x, vy,
kde: x = Ai-sin(ot +@1) + b1; y = Az-sin(ot +¢2) + b2 (1.1)

Co se tyce laboratorni ulohy pro studenty, tak na ose ,,x je zobrazovan ,,u* budici harmonicky signal z
generatoru, ktery si sami nadefinujeme a na ose ,,y* je zobrazena hodnota teploty soustavy, ktera je pravé vynucena
ménicimi se pozadavky budiciho signalu a jejiz chovani je pro nas neznamé.

Vykreslovani kiivky funguje skrze funkci ,,f(x) (TrendView)“, kde nam jeden bod jezdi po vypoctenych
souiadnicich k¥rivky ,,X, y* a pfiblizné co 150 ms zaznamenava do grafu ernym puntikem svou dréhu. Po uplynuti
urcité doby tedy dostavame z téchto bodu celkovy graf “obrazec”. [4, 5]
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Obr.7. Obrazovka — Vykreslovani krivek

2.2.2. Casové priibéhy

Stejné jako u predchozi metody, tak na ose ,,x* je zobrazovan ,,u* budici harmonicky signal z generatoru a
na ose ,,y*“ je zobrazena hodnota vystupu soustavy. Rozdil oproti pfedchozi metod¢ je tedy pouze v tom, Ze tyto
rovnice zobrazujeme spole¢n¢ na jedné ¢asové ose.

Vykreslovani kiivky funguje skrze funkci ,,TrendView®, kde se naim v zavislosti na pfibyvajicim Case
(ktery fidi PLC) zobrazuji co 100ms nové hodnoty v grafu ve form¢ bodu, které jsou interpolovany ,,spojeny* s
predchozimi, aby tak kiivka vypadala spojité a hladce. Mame zde moZnost pomoci posuvné osy méfit hodnoty
jednotlivych kiivek a zméfené hodnoty se ndm pak zobrazuji spole¢né s ¢asem ve spodni tabulce grafu. Dalsi z
moznosti, je zde pak pomoci potenciometru na panelu ovliviiovat ,,ladit* parametry budiciho signalu. [4]

Obr.8. Obrazovka — Vykreslovani kiivek

2.2.3. Postup studenta

Student si tak na zacatku zvoli fidici ,,budici hodnotu teploty, a to z n¢kolika moznosti pomoci generatoru
signalu a poté ma za ukol zjistit odezvu nezname soustavy. Pomoci Lissajuse, ¢i ¢asovych pribeht (tedy grafickych
metod) pak vyhodnocuje chovani horkovzdusného tunelu na ménici se pozadovanou hodnotu. Grafy jsou ukladany
do excelu, z kterého pak student zpracovava protokol. Pro pracovani s grafy je popsan podrobny navod v manualu
pro tuto laboratorni tlohu.
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2.3. Uzavi‘eny regula¢ni obvod

Jednim ze zakladnich znalosti, jakoZto studenta automatického fizeni, je nastavovani a rozpoznani riznych
typt regulator. A o tomto taky tato tuloha bude. Ukolem studenta, je zde sefidit nastavovani teploty
horkovzdusného tunelu dle Zadané hodnoty.

Obr.9. Obrazovka — Uzavieny regulacni obvod

2.3.1. Moznosti volby regulatoru

Jako prvotni krok je dulezité zvolit spravny regulator. S tim pak studenti pracuji a spravné jej parametrizuji
pomoci riznych metod. S nejvét§im zastoupenim v praxi se da povazovat PID regulator (¢i jeho modifikace PI, PD,
uréitého zafizeni, ale dnes se vyskytuje spiSe ve formé programové a to tak, Ze je jeho algoritmus naprogramovan v
PLC. Velice Casto pouzivany regulator je také typu ON/OFF. Jednd se o primitivnéjsi metodu dvoupolohové
regulace, avsak Casto velmi dostacujici (napf. pro ohiev vody v bojleru, napousténi a vypousténi nadrzi). Oba tyto
regulatory zde mame a pro laboratorni tlohu vyuzivame. [6]

Obr.10. Volba reguldtoru
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2.3.2. Typy Fizeni a sefizeni regulatoru

V praci jsou také osvétleny mozné pristupy k fizeni vystupu daného regulatoru (PWM, ¢i analogovy
je obrovské mnozstvi, a proto jsem popsal pouze pét moznych ptistupt. Kazda metoda je popsana krok, po kroku i s
patfiénymi grafy a tabulkami. Doporucenou cestu pro studenty jsem viak zvolil Metodu relé Astrom-Higglund.
Timto zpisobem maji moznost vyuzit obou typd regulatoru a pro nasi tlohu, je to jedna z nejlepSich moznosti
nastaveni spravného fizeni teploty. [3, 6]

Obr.11. Metodika serizovani[3]

2.3.3. Postup studenta

Uloha je délana tak, aby byla co nejvice intuitivni. Student si tak na za¢atku zvoli fidici ,,poZadovanou*
hodnotu teploty, a to z n€kolika moznosti pomoci generatoru signalu. Poté pfida patficny regulator a mize zvolit
vykon pece. Pomoci TrendView ,,Zobrazit méfeni*“ pak vyhodnocuje, jestli PLC nastavuje teplotu dobfe, nebo je
tteba néco upravit. Graf je pfitom ukladan do excelu, z kterého pak student zpracovava protokol. Pro zvidavéjsi
studenty jsem zde pfipravil moznost auto-tuningu a rozsahlejsiho nastaveni regulatoru (jenz je nad ramec
pozadovanych znalosti). Hodnoty fidici veliiny jdou navic ménit i po-moci potenciometru, ktery je fyzicky
pfitomen na ovladacim panelu. Diky vykreslovani na operatorském panelu tak mizou studenti v realném case vidét,
jak jejich nastavovani méni chovani stroje.

Obr.12. Probihajici méreni
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3. Generator signalu

V druhé a tfeti laboratorni loze bylo tieba generovat urcity signdl. V ptipad¢ frekvencnich vlastnosti to byl
»signal budici® a pro uzavieny regulacni obvod zase ,,Zadana hodnota®. Z tohoto diivodu jsem se rozhodl vytvofit
generator, ktery bude mit na vybér ze Ctyf plné nastavitelnych signald. Jedna se vlastn¢ o funkéni blok FB1, jenz je
volan v hlavnim organiza¢nim bloku OB1. Jeho vnitini struktura je napsana v LAD a SCL jazyce a je ovladan skrze
grafické rozhrani HMI ovladaciho panelu. Podrobny popis naprogramovani je pak vysvétlen v bakalarské praci.
Specificky pak pro signal Vlastni, bylo tfeba vymyslet vykreslovani dané kiivky jiz pfimo v editoru, aby uZzivatel
vidél, co pfesné do PLC posila. Hlavni snahou byla jednoduchost zadavani hodnot a jejich ptehlednost.

Obr.13. Menu - Generator signalu

3.1. Konstanta
Jedna se o nejjednodussi druh signalu, pouze zde pre-Cteme zadanou hodnotu v HMI, ktera se vs$ak nahraje
na vystup generatoru az po stlaceni tlacitka ,,POTVRDIT VOLBU*.

Obr.14. Generator signalu — Konstanta
3.2. Obdélnik
Tento signal je tvofen tfemi volenymi parametry v HMI (Amplitudou, Offsetem a Periodou). Generator

poté co dostane ,,POTVRDIT VOLBU¥, periodu rozpiili a v prvni poloviné hodnotu amplitudy k offsetu pficita a v
druhé poloviné zase odecéita, pricemz na konci periody ¢asova¢ vynuluje a jede znovu.

Obr.15. Generator signalu — Obdélnik
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3.3. Harmonicky

Zde mame sinus, ktery pracuje pres matematicky blok s parametry (Amplituda, Frekvence, Posuv a Offset).
Ty spolu tvofi rovnici: Y = A*sin(2*m*f*t + f0) + b
Veskeré parametry jsou zde vlozeny skrze HMI a naslednym ,,POTVRDIT VOLBU* nahrany do generatoru.
Féazovy posuv je zde pfepocten, aby Sel zadavat ve stupnich.

Obr.16. Generator signalu — Harmonicky

3.4. Vlastni

Generator mize mit celkove az devét nastavitelnych poli, kde kazdé pole ma maximalni periodu trvani 60ti
sekund. Tvar signalu je zde tvofen pomoci dvou posuvnych jezdci ,,A, B%, které maji maximalni nastaveni 100°C).
Periodu ,,t* také nastavujeme pomoci jezdce, ale je zde pouze v ¢iselné reprezentaci a na tvar kiivky signalu v tomto
editoru nema zadny vliv.

Obr.17. Generator signalu — Viastni

4. Tvorba niavodu

Pro kazdou tlohu je pak vytvofen podrobny navod postupu v laboratofi. Na kazdou jsou vymysleny tii
ukoly, z kterych se pak vypracovava protokol. Kromé zadani a popisu, je pak pfesné popsano co, a jak se zadava,
nebo méfi, aby méli studenti v pomérné kratkém ¢asovém useku laboratorniho cvic¢eni vilbec $anci vSe stihnout.
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Obr.18. Navody k uloham

5. Zavérecné informace

Pro kazdou tlohu jsem vytvofil jak samotny program, tak grafické rozhrani v HMI, spole¢né s podrobny
navodem do laboratofe. Jelikoz samotné FESTO stanice jiz mély urcity algoritmus v sobé, tak jsem ho zachoval a
pouze vse zablokoval. Je zde tak kdykoliv moznost piejit do pivodniho ,,ukazkového programu® chodu stanice
pfimo od vyrobce, a to skrze tlacitko na hlavni obrazovce. Pfidal jsem zde i dal$i funkce, jakoZ jsou rlizné nastaveni
limith zadavanych parametrti, simulace a dalsi. Které vSak nejsou bez zadani hesla pfistupny, a to jak z divodu
bezpecnosti, tak i proto, aby se studenti nepustili do néceho, co po nich neni v zadani pozadovano. Jsou to tedy spise
funkce pro pokrocilejsi studenty, kdyz by jim zbyl ¢as navic.

Podékovani
Tato prace byla podpofena grantem Studentské grantové soutéze CVUT &. SGS19/158/OHK2/3T/12.
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Abstrakt: Projekt PROCRAFT je realizovan v ramci projektu JPICH Cultural Heritage. Je zaméren
predevsim na ochranu leteckych artefaktii z druhé sveétové valky, soustredi se predevsim na konzervaci a
restaurovani slitin hliniku a vytvoreni vhodnych podminek k jejich uchovani. V ramci spoluprace na
Fesent projektu mezi CVUT a Leteckym muzeem Kbely byly vybrany objekty vhodné k piipadné ochrané
(napt. bitevni letoun Iljusin 1l-2m3) a budovy (hangary), v nichz budou méreny podminky vnitiniho
prostiedi a navrzeno mozné reseni rizeni mikroklimatu.

Klicova slova: PROCRAFT, Fizeni mikroklimatu, hangar, Culture Heritage, letecké artefakty

1 Uvod

Druha svétova valka znamenala velké lidské i materialni ztraty, pfinesla vsak také obrovsky pokrok ve vyvoji
predevsim vojenské techniky. Zna¢ny vliv méla také na pokrok v ramci leteckého vyzkumu a primyslu. Projekt
PROCRAFT (PROtection and Conservation of Heritage AirCRAFT) je zaméfen piedev§im na toto obdobi. Letecké
artefakty se nachazeji vrizném stavu, riznych podminkach i velikostech, jsou vlastnény rozliénymi subjekt.
Ukolem projektu je vytvofeni pokynii pro restaurovani a konzervaci slitin hliniku leteckych artefaktdi pro
neprofesionalni aktéry.

V ramci tohoto projektu vznikla uzka spoluprace mezi CVUT a Leteckym muzeem Kbely, které nam poskytlo
vhodné objekty pro dal$i moznosti vyzkumu a potfebné prostory k pfipadnému navrhu vhodnych mikroklimatickych
podminek.

2 PROCRAFT (PROtection and Conservation of Heritage AirCRAFT)

Projekt je realizovan v obdobi 2. 11. 2020 — 1. 11. 2023 v ramci JPICH Cultural Heritage projektu, ktery ziskal
dotacni podporu z EU Horizon 2020 Research and innovation programme. Projekt je zaméfen na vytvoreni
inovativnich postupti a feSeni pro kazdy kliCovy krok pfi konzervaci letadel. Zaroven propojuje vice aktéru
operaéniho fetézce jako jsou obnova, Gdrzba a vytvofeni vhodnych okolnich podminek. Zasahuje do riznych
oborovych oblasti pies archeologii, historii, hmotné dédictvi, objekty, materidly, ochranu, preventivni konzervaci az
po technologicko — védecké procesy a management kulturniho dédictvi. Koordinatorem celého projektu je
Arc’Antique laboratory (GPLA, Nantes, Francie) a hlavnimi partnery: CNRS - Centre d'élaboration de matériaux et
d'é¢tudes structurales (Toulouse, Francie), University of Bologna (UNIBO, Italie) and University of Ferrara (UNIFE,
Italie) a CVUT v Praze. [1]

2.1 Hlavni cile projektu

Cilem projektu je predevSim vytvorit dil¢i postupy pro udrzbu leteckych artefaktii a ptizplsobit tak
restauratorské — konzervacni techniky, pouziti inteligentnich natérti pro venkovni ochranu pii respektovani
pozadavkl ochrany kulturniho dédictvi, povlakovani (potazeni ¢i navalcovani ochrannou vrstvou), inovativni feSeni
pro preventivni konzervaci v omezeném nebo casteCné uzavieném prostiedi a poskytnuti navodu pro obnovu a
konzervaci slitin hliniku pro neprofesionalni subjekty. [1]

Tym pii CVUT si klade predev§im za cil vytvofit rozhodovaci systém pro ochranu leteckych pamatek, vyuziti
matematickych modeld (zejména redukovanych modelit CFD) pfi analyze dopadu prostiedi na zivotnost leteckych
komponent, dale pak pouziti senzorii a zpracovani velkych dat. Dle pfedchozi analyzy navrhneme energeticky
ucinny systém HVAC pro potencidlni moznou instalaci.
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3  Letecké muzeum Kbely

V soucasné dob¢ Letecké muzeum Vojenského historického ustavu zahrnuje 6 hangarti se stalymi expozicemi,
sél pro konani pfilezitostnych vystav a rozsahlé venkovni prostory. Celkove je zde vystaveno 143 letadel, 50 motort
a desitky dalsich casti letadel. [2]

S ohledem na vystavované objekty a moznym navrhem vhodného mikroklimatu byly vybrany 4 typové rizné
hangary z hlediska jejich konstrukce a materialového slozeni.

3.1 Hangar gen. Karla Janouska (letectvi 2. svétové valky)

Jedna se o hangar typu Wagner o rozmérech 30,8 x 32,0 m, ktery prosel v roce 2008 generalni opravou. Tvofi
jej ocelova nosna konstrukce oplasténa dievem a lepenkou. Hangér neni vytapén ani jinak temperovan, ventilace je
zde zajisténa pouze 4 vétracimi otvory u stropu a otvory ve vratech hangaru a inikovych dvefich. [2]

Obr. 1.: Hangar gen. Karla Janouska (letectvi 2. svétové valky) — €. 87

Jsou zde vystaveny zejména letouny a dalsi predméty vztahujici se k ¢innosti ¢eskoslovenskych letcti v obdobi
2. sveétové valky. Jedna se predevsSim o sovétské letouny — bitevni Iljusin I1-2m3 a stihaci Lavockin La-7, britské
cviéné stroje De Havilland DH-82 Tiger Moth a Norduyn Harvard Mk.IL., francouzsky cviény Morane Saulnier MS-
230, némecky proudovy letoun Messerschmitt Me 262B a némecka fizena puma Fritz X. [2]

Iljusin 11-2m3 Sturmovik

Tento sovétsky bitevni letoun byl zatazen do projektu PROCRAFT rovnéz diky jeho konstrukci a interakci
ruznych materialt, pfedev§im kova (Al, Fe) a dieva. Byl navrzen jiz vroce 1938 Sergejem Vladimirovicem
IljuSinem, jeho sériova vyroba zapocala v roce 1941. Jedna se o jednomotorovy dvousedadlovy dolnoplosnik se
zatahovacim podvozkem. Béhem 2. svétové valky pattil k zdkladnim typtim bitevnich jednotek sovétského letectva,
véetné polskych, ¢eskoslovenskych a jugoslavskych utvard, které vznikly v SSSR. Ceskoslovensti piloti pouzivali
stroje I1-2 u 3. bitevniho pluku v ramci 1. ¢eskoslovenské smisené letecké divize v SSSR. [3]

Vystavovany expondt pouzivali u 3. Ceskoslovenského bitevniho leteckého pluku, ktery byl soucasti 1.
Ceskoslovenské smiSené letecké divize v SSSR. Pii Ostravské operaci 20. dubna 1945 byl sestielen a jeho posadka
byla nucena nouzove pfistat mezi frontovymi liniemi. Poté byl rozebran a pievezen zpét k pluku. Po skonceni valky
slouzil v ¢eskoslovenském vojenském letectvu az do roku 1948. Poté byl predan do Néarodniho technického muzea.
(3]

V roce 1966 byl nalezen v tézce poskozeném stavu na letiSti Praha — Kbely. ProsSel renovaci ve vojenskych
opravnach v Linich, v letech 2005 a 2006 pak probé&hly dalsi opravy u firmy BMZ Air Service, letoun byl opatien
autentickym zbarvenim z doby sluzby u 3. ¢eskoslovenského bitevniho pluku. [4]
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Letoun je smiSené konstrukce. Pedni ¢ast (motorové loze a prostor posadky) se sklada z pancérovych platd,
zadni ¢ast je dfevéno-ocelové konstrukce (trup potazen tvarovanou pieklizkou), ocasni plochy obsahuji 2 nosniky a
10 zeber z duralu, jeho kovova konstrukce je potazena platnem, kiidlo tvoii dfevéno-ocelova konstrukce. Ocelové
Casti byly kompletné mechanicky ocistény od koroze, natfeny zakladni akrylovou uretanovou barvou a oSetfeny
akrylovou barvou. Dievéné Casti jsou naimpregnovany epoxidovym lepidlem, poté natfeny proti dievokaznym
Sktdctim, oSetfeny zakladni akrylovou barvou na dfevo a povrchové upraveny akrylovou barvou. Elektronické
soucastky jsou oSetfeny kyselinou kiemicitou, nasledné opatfeny zdkladnim natérem a povrchove upraveny barvou.
Letoun je po opravé kompletni, nefunk¢ni, ve velmi dobrém technickém stavu. [4], [5]

Obr. 2.: Iljudin 11-2m3 Sturmovik, Motor: AM-38F o vykonu 1 250 kW; rozpéti: 14,60 m; délka: 11,65 m; hmotnost
prazdného letounu: 4 525 kg; vzletova hmotnost: 6 360 kg; maximalni rychlost: 404 km/h; dostup: 3 500 m;
dolet: 765 km [3]

Obr. 3.: ljusin I1-2m3 Sturmovik v roce 1966, Letisté Kbely [4]
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3.2 Proudové letouny 1. generace (2. svétova valka)

Hangar typu Picha je opatien kovovou konstrukci s plechovym oplasténim o rozmérech 30,8 x 32,0 m. Je to
standardni hangar Ceskoslovenské konstrukce ze 30. letech minulého stoleti. Neni opatfen okny, vétrani probiha
pouze prirozené vraty hangaru a 4 vétracimi otvory. [2]

Jsou zde vystaveny predevsim proudové letouny 1. generace, z nichz nékteré vznikly jiz v letech 2. svétové
valky a zbyvajici zahy po jejim skonéeni: letouny Avia S-92 (v Ceskoslovensku sestaveny Messerschmitt Me
262A), britské stihacky Gloster Meteor F Mk.8 a De Havilland Vampire FB Mk.6, sovétsky stihaci Jakovlev Jak-17
a americky cviény Lockheed T-33. [2]

Obr. 4.: 3.2 Hangar ¢. 17 — proudové letouny 1. generace

3.3 Hangar plukovnika Jaroslava Janecky (Ceskoslovenské letectvo 1918-1924)

Jeden z prvnich postavenych hangari ve Kbelich je hangar typu Hart, byl sem pfevezen z Chebu v roce 1919.
Béhem 2. svétové valky slouzil jako kinosal, na ktery ho predélala némecka armada, takto byl pouzivan az do 80. let
20. stoleti. V roce 2003 prosel nakladnou rekonstrukei (podatilo se zachranit nékteré ptivodni tramy a ¢asti hangaru).
Jeho konstrukce je dievéna s difevénym lepenkovym oplasténim se 2 vétracimi otvory. [2]

K nejvyznamnéjsim exponatim patii francouzsky stihaci letoun SPAD VII z obdobi 1. svétové valky a prvni
vojensky letoun CGeskoslovenské konstrukce Letov S-2. Expozice je doplnéna ukazkou letecké dilny vcéetné
dobového vybaveni a soucasti letadel. [2]

Obr. 5.: 3.2 Hangar ¢. 88 — Ceskoslovenské letectvo 1918-1924
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3.4 Ceskoslovenské letectvo po roce 1945

Na mist¢ 4 bombardovanim zni¢enych hangart byl po skoncéeni 2. svétové valky postaven tento dosud nejveétsi
expozicni hangar typu Picha (rozméry: 86,15 x 30 m). Az do roku 1988 byl jedinym expozi¢nim hangarem muzea.
Hangar se sklada z kovové a zdéné konstrukce, uvniti je zateplen sadrokartonem — mezi nim a zdi jsou umistény
prufuky v horni i spodni Casti. Vstupni vrata hangaru jsou po celé délce horni Casti opatiena okny (mezi nimi —
uprostied — jsou umistény vétraci zaluzie). [2]

Je zde vystaveno témét 60 letountt a mnozstvi dal§ich sbirkovych pfedmét, dokumentujicich vyvoj
Ceskoslovenského vojenského, dopravniho a sportovniho letectvi po r. 1945. K vystavovanym patii napf.: stihaci
letouny Avia S a CS 199, dopravni Aero C-3A, bitevni Avia B-33 a n¢které dalsi stroje, Jak-23, fada migl pocinaje
MiGem 15 a 17 ptes MiG-19 az po MiG-21 a MiG-23, ¢eskoslovenské konstrukce Aero Ae-45, Let L-200 Morava,
Ceskoslovenské vrtulniky, znamé stroje Zlin a vrchol ¢eskoslovenského leteckého primyslu Aero L-29 Delfin a L-
39 Albatros, mezivalecné tradice Ceskoslovenského letectvi: akrobaticky stroj Avia Ba-122, jediny obojzivelny
letoun CSA — Saunders Roe Cloud, navratova kabina kosmické lodi Sojuz 28 spolu se skafandrem Vladimira
Remka. [2]

Obr. 6.: 3.2 Hangar ¢. 40 — ¢eskoslovenské letectvo po roce 1945

4 Zavér

Spoluprace na projektu s Leteckym muzeem Praha nadale probiha a v soucasné dobé jsou v jednotlivych
expozi¢nich hangarech umistény sensory pro monitorovani vnitiniho mikroklimatu. Soucasné jsou stahovana a
ukladana data z Ceského hydrometeorologického tstavu monitorujici podminky vnéjsiho prostiedi v hodinovych
intervalech béhem celého dne. Tato data budou dale zpracovana a pii analyze dopadu prostfedi na Zivotnost

leteckych komponent bude vyuzito matematickych modelt. Dle pfedchozi analyzy bude navrzen energeticky ucinny
systém HVAC.
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Abstract

The problem of obtaining models describing the dynamics of a certain system is current
across many industries. The model can be created from the physical principles of the system,
this approach however requires a developed theory of the underlying system. An alternative
approach is model identification from measured data, which is often the only viable approach
for complex systems without a developed theory. In this paper, I apply a method called Sparse
Identification of Nonlinear Dynamics (SINDy), which utilizes both approaches, identification
from data using at least some limited knowledge of the system. The method will be used
to identify a nonlinear model of a pendulum-cart system from data with additive noise. The
paper also describes methods for filtering and numerical differentiation of the measured signals
and a new method for model selection for sparse models.

Key-words: Machine learning; system identification; sparse regression; dynamical systems;
numerical differentiation; spectral methods

1. Introduction

The problem of discovering mathematical models describing real-world phenomena is relevant
since the start of the scientific revolution. Having the ability to quantitatively describe reality
opens new opportunities in both engineering and sciences. This paper focuses on dynamical
models, which are mathematical models that describe the behaviour of a system in time.

The model discovery process is about identifying and describing patterns in the measurements.
Traditionally, this relied heavily on expert knowledge and intuition. An expert had to notice the
patterns, be able to reduce them into mathematical form and create the mathematical model
describing the observations. The emergence of computers, increasing computational power,
and advances in machine learning enable an alternative approach. Many machine learning
methods, such as neural networks, are capable of describing dynamical systems purely from
data. These models are however difficult to interpret (black box models), and they often don’t
respect physical constraints on the model dynamics. These issues justify the recent interest in
physics-informed machine learning, which combines expert knowledge of physics and machine
learning.

The identified model then has to be evaluated. According to the philosophy of Occam’s razor,
also known as the law of parsimony, a good model should be as simple as is necessary to ac-
curately describe the observations. The mathematical model should also be able to generalize
to data that haven’t been seen during the model creation process. Physics-informed machine
learning constrains the space of possible models, which prevents overfitting and therefore pro-
motes the model’s generalization capability.

2. Sparse Identification of Nonlinear Dynamics

Sparse Identification of Nonlinear Dynamics [1], or SINDy, is a method that utilizes both expert
knowledge and machine learning. The expert’s input is in reducing the space of possible models
by picking a set of functions that might describe the real system dynamics. Sparsity-promoting
regression is then used to create models from measurement data. By promoting sparsity, the
functions that turn out to not be relevant in the underlying dynamics will be completely omitted
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in the final model. Sparsity therefore means that the final model contains as few functions as
possible. This follows the law of parsimony, which in the context of mathematical models means
that we should value the simplicity of our models as well as their accuracy.

2.1. Regression for dynamical systems
2.1.1. General formulation

Dynamical systems are described by a system of ordinary differential equations (ODEs). Sys-
tems of ODEs are generally described by

x(t) = £(x(t)) + g(x(t), u(t)). (1)

The vector x(t) € R?, where d is the number of state variables, defines the state of the system
at time t. The vector function f describes the effect of natural dynamics at time ¢. The external
input vector u(t) € R®, where b is the number of external inputs, and g is the vector function
describing the effect of external forcing on the system. Note that g is a function of both state
and input, as an input might have different effect on the system depending on its current state.

2.1.2. Matrix-vector formulation
For the SINDy [1] algorithm to be directly applicable, every single ODE i; from x = [x1, ..., 14]T
must be expressible as a linear combination of functions of x and u

(1) = &1 (x(1), u(t)) + ... + Embm (x(1), u(t)) (2)

where £ are scalar parameters and m is the total number of candidate functions. Simplifying
the notation so that 6;(¢) = 0;(x(t),u(t)), the equation (1) can be formulated in vector notation

as
&
a(t) =[0:(t) ... On(D)] |1 | =OF (3)
Em
where the matrix © is the set of candidate functions and the vector £ is the vector of coefficients
of those functions. The regression task is therefore to find a vector of coefficients £ that
represents x; using functions from .
Because the continuous functions #(¢) are only an abstraction that cannot be worked with
numerically, we must approximate them with a finite number of measurements 0[k], where
k is the time-sample index. Note that O[k] are vectors of measurements, so they’re far from
a perfect substitute for the actual functions 6(¢). Whether measurements 6[k] represent the
underlying function (¢) well doesn’t depend only on the sampling frequency or the number
of samples, but also on the way they’ve been generated. If, for example, we had a function
0(t) = x1sin(z2) + 1, but the state variable x5 was kept constant at 0 during the experiment,
then the set of measurements 6[k] would be a terrible representative of 6(t), because it wouldn’t

describe the effects of any of its variables x; and x».
The approximation of (3) therefore has the form

o &
i3k = [91|[/<;] Hm‘[k]] | —ex U)e (@)
o

O(X,U) € RY¥*™ g called the function library, it has m columns representing the candidate
functions, and N rows representing time-samples. The columns 6;[k] representing the candidate
functions are computed from state measurements X and input measurements U. The state

derivative measurements X must be computed from the state measurements X numerically,
using for example spectral differentiation described later in this paper.

The original paper [1] didn’t mention identification of systems with external inputs u as in the
case above. Another paper was released shortly after, where an extension named SINDYc [2]
included the control input u in the function library. The extension essentially doesn’t make a
distinction between the inputs u and states x, they can be treated equally with no extra cost.
The inputs u will not appear in the equations later in the paper, since adding them is trivial.
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2.2. Sparse regression
2.2.1. Description

The equation (4) represents the general regression problem
Ax=bh. ()

The objective is to find a solution vector x (not to be confused with the state vector x), or £ in
the ODE formulation. There are many algorithms for solving this problem, many of them put
some constraints on the solution . Following the law of parsimony, we want to find a solution
x that is sparse, meaning it has as few non-zero elements as possible. Note that when a solution
coefficient ¢; is 0, its respective candidate function 6;(¢) isn’t present in the final model.

2.2.2. Sequentially thresholded least squares

The sequentially thresholded least squares (STLS) algorithm used in the original SINDy [1]
paper uses standard least-squares regression

arg min || Ax — b)* (6)

and then sets all elements z € x that are below a defined hyperparameter threshold A to 0.
These two steps are then repeated multiple times until the solution x no longer changes between
iterations. In the ODE formulation (4), the algorithm sequentially reduces the number of
considered candidate functions #. On the first iteration, it works with the full function library
© € RY¥*™ and produces a non-sparse solution &€, whose elements & which are below the
threshold A are set to 0. If an element &; is set to 0, its respective candidate function 6; is dropped
from ® and won’t be considered in the next iterations. The number of candidate functions
usually drops significantly after the first iteration. The condition number k, representing the
well-posedness of the regression problem, is defined as a ratio of the biggest and the smallest
singular value

. _ mmax o(O)
mino(©) (7)

The condition number k, is very high at the first iteration, meaning the problem is ill-posed
and the solution isn’t reliable. In the later iterations, as columns of © are dropped, k also
usually decreases to acceptable values. The STLS method produces sparse solutions x while
preserving the numerical robustness and low time complexity of least-squares algorithms.

2.2.3. Sequentially energy thresholded least squares

The STLS algorithm sequentially drops candidate functions 6; based on their respective param-
eter values & under the assumption that low values of &; indicate that the respective candidate
function 6; has a small effect on the target variable. However, when working with unnormalized
measurements 6[k|, this isn’t necessarily true. Interpreting the measurements 0[k] as signals,
a high energy signal 6;[k] with a low coefficient & might have a higher effect than another
signal 0;[k] with a relatively higher coefficient ¢;. To deal with this issue, I modified the STLS
algorithm so that the thresholding is done based on the signal’s total implied energy, defined
for every candidate function and parameter vector (0[k], &) pair as

N-1

E(&,0[k) =) (60 (8)

k=0

This energy FE is calculated for every candidate function present in the function library, the
highest energy max{ E(, 0[k])} then becomes a baseline from which the threshold A is calculated
as

A = max{E(¢, 0[k])} - Ar (9)

where Ag is a hyperparameter setting the relative energy ratio between the lowest acceptable
energy signal and the maximum energy signal. The candidate functions # whose implied energies
are lower than \ are then dropped from ©® and their respective coefficients £ set to 0.
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2.3. Implicit SINDy

According to the equation (1), the standard SINDy method cannot be used if the dynamical
system is described by a rational function in the general form

()
X0 = )

In this case, the dynamics cannot be reduced into a linear combination of functions as before in
(2). An extension called implicit-SINDy [3] can deal with this problem. The system of ODEs
is transformed into an implicit form by multiplying both sides by the function h

x(t) h(x(t)) = f(x(?)) (11a)

(10)

0= f(x(t)) —x(t) h(x(t)) (11b)

For a single ODE #; from %, the equation (10) can again be simplified by using a single
symbol 6 for all right-hand side functions f,  and h.

0(t) = &1601(x(t)) + ... + Embm(x(2)) (12)
In this formulation, the equation can be again transformed into matrix-vector notation as
3 |
0(t) =[01(t) .. Om(@)] | | =O(X,X)& (13)
€m

One issue now is that our target function #, which we want to model, now has to be em-

bedded within the function library ©(X,X). This means that even if we had the solution
&, it wouldn’t be as trivial to reconstruct & as before, where we simply had to multiply each
candidate function by its coefficient and sum the functions. The reconstruction step essentially
requires doing the step equations (10), (11a) and (11b) in reverse and the specific operations
depend on the chosen structure of the candidate functions. In practice, this can be automated
using symbolic math software, in the case of this paper using the SymPy [4] package for Python.
Another problem is that the standard regression problem Ax = b changed into the homoge-
neous problem

Ax =0. (14)

The algorithms for solving (14) aren’t as robust as for the more general problem (5). The
existing methods are very sensitive to noise, making this extension by itself unpractical for
real-world applications, where measurement noise is unavoidable.

2.4. Parallel implicit SINDy

Another extension, called SINDy-PT [5], deals with the high sensitivity of implicit-SINDy by
picking one of the columns 6; from ©(X,X) and moving it to the left-hand side, effectively

transforming the problem back into the more general Ax = b formulation. If the chosen
candidate function #; is in the real target dynamics, the solution £ will be sparse and the model
it generates will likely be accurate. The problem (13) is transformed, using a guess 6;, into

Ok ] 6]

0 1 k i;l i Y i
91+1H §i+1 =X, X)¢ (15)

Hm:[k;] £;n |

where ®(X, X) is the function library without the -th function (column) and & is the solution
vector without the i-th coefficient. 133
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The problem (15) is solved for many different left-hand side guess functions 6;, with different
hyperparameter values Ag for each run. This generates a very large number of models, and
requires techniques to sort through them to pick the best ones. When selecting the models, I
utilize the fact that when the real model contains some different candidate functions 6;, 0;, 0y,
then it will likely be identified whenever one of those functions acts as the left-hand side guess.
A model that appears consistently therefore is likely to be correct.

Because the method relies on guessing and has to generate a lot of models, it’s significantly
more computationally difficult. However, the identification method is highly parallelizable,
since each model can be identified separately. This high parallelization capability is why the
method is called Parallel Implicit.

3. Data preprocessing

The SINDy method requires measurement data to identify the dynamics. The dynamics of every
generalized coordinate in a mechanical dynamical system are, as a consequence of Newton’s
second law, descibed by second-order ODEs. When described in the state-space representation,
this leads to two state-space variables for generalized coordinate, one for its current value, one
for its rate of change. In this paper, I'll assume that we’re measuring only the value of the
generalized coordinate. The goal of modeling is to find a model for the acceleration. In other
words, the acceleration is the target variable. To train the models, we need to estimate these
target variables from data. Both velocities and accelerations can be obtained from position
measurements using numerical differentiation.

3.1. Spectral differentiation

Spectral differentiation uses the properties of Fourier transforms to compute derivative esti-
mates from measured data [6]. Because we’re working with discrete signals and Fourier trans-
forms are a just a mathematical abstraction, we must use Discrete Fourier Transforms (DFTs)
instead. DFTs are usually computed using the Fast Fourier Transform (FFT) algorithm, be-
cause of its low time complexity.

Assuming a measured discrete signal x[k], its representation in the frequency domain is

#[v] = DFT{z[k]}, (16)

rad
s

where v is known as the wavenumber. The frequency (in 2¢) w can be computed from v as

2T v
= — 17
o] = = (7)
where At is the sampling period. The convenient property of Fourier transforms is that
F{i(t)} = iwi(w), (18)

meaning the Fourier transform of the function derivative in the time domain is equal to the
function itself in the frequency domain multiplied by ¢w. Using this property, we can estimate
the time-derivative of x[k| as

DFT{z[k]} = iwz|w], (19)
which can be transformed back into the time domain using inverse-DFT
t[k] = iDFT{iwz[w]}, (20)

where z[k] is the estimate of the function derivative.

Notice that the property 18 implies that the time-derivative of z is the function itself in the
frequency domain passed through a high-pass filter defined by iw. When our signals are mea-
surements of some physical process, the signal itself has most of its energy in the lower frequen-
cies, while (white) noise has the same energy at all frequencies. This unfortunately means that
numerical differentiation decreases the signal-to-noise ratio, which raises requirements on low

sensor noise and filtering methods.
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3.2. Spectral filtering

An ideal filter has a gain of 1 in the specified frequency range and a gain of 0 outside the
range. Traditional filters cannot meet these demands. Spectral filtering techniques use the
FFT to calculate the signal’s representation in the frequency domain. When we have this
representation, we can simply set all the high-frequency coefficients to 0 and then use inverse-
FFT to reconstruct the signal in the time domain. Mathematically, setting frequencies outside
some defined range is equivalent to multiplying the frequency-domain signal with a square
function fy,(w).

#[w] = DFT{z[k]} (21a)

R . 1, if w < weutoff-
el = fu@)ile]  Lal)={g S e

xflx] = 1IDFT{zs|w]} (21c)

When designing filters, the most important design choice is the cutoff frequency. If it’s set too
low, then we filter out useful information from the signal, but if it’s set too high, we don’t get
rid of the noise. In this thesis, I choose the cutoff frequency based on the signal’s periodogram,
which is an estimate of the power spectrum density (PSD).

Any signal can be interpreted as a sum of information and noise. Information is the part of the
signal that is generated by the process we intend to actually measure. Noise is the part of the
signal that’s generated by other processes. Many processses of interest generate information
signals that are mostly dispersed in the lower frequencies, or in other words, have a relatively
small bandwidth. The noise, on the other hand, typically has a far bigger bandwidth. Noise
is often (mathematically) modeled as a white noise. White noise, by definition, has infinite
bandwidth and a constant power spectrum density. In practice, the noise isn’t as “flat” in the
power spectrum as an ideal white noise. Instead, it’s distributed with some variance around
some mean power value. I choose the cutoff frequency automatically from the periodogram,
assuming the noise component of the signal is distributed evenly in the power spectrum. I
calculate the noise ceiling,the power that should be higher than than noise’s power at most
frequencies, by calculating the mean power p and standard deviation o of the 50% highest
frequency components in the signal. The noise ceiling is then defined as p + zo, where z is a
manually set parameter.

Then I smoothed the periodogram using a simple moving average filter and find the lowest
frequency at which the measurement signal crosses below the previously calculated noise ceiling.
If the signal is intended to be used for numerical differentiation, it should be “over-filtered”,
meaning the cutoff frequency should be set much lower than the frequency at which the noise
ceiling is reached. By defining the cutoff frequency as the frequency at which the noise becomes
more powerful than the signal, the high frequency components of the filtered signal would have
a signal-to-noise ratio of roughly 1. For numerical differentiation, this isn’t good, because it
acts as a high-pass filter, and these low SNR high frequencies would therefore throw off the
derivative estimates.

The filter settings from the periodograms are shown in the Figure 1. In the first one x, the
cutoff frequency is set as the frequency at which the periodogram crosses the threshold (noise
ceiling). In the second one, the cutoff frequency is manually offset to the lower frequencies to
over-filter the signal for numerical differentiation.

(21b)
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Fig. 1. Cutoff frequency set at the noise ceiling vs. cutoff frequency set before the noise ceiling - “overfiltering”.
The threshold represents the noise ceiling, a power value that should be above all noise component power values.

4. Identification of a pendulum-cart model
4.1. Analytical model and simulation

I'm using the SINDy method to identify the nonlinear dynamical model describing the dynamics
of a pendulum mounted on a moving cart. The input v into the system is a force acting on the
cart. The position of the cart is given by the first state variable x;, and the pendulum angle
is given by x5. The other two state variables, x3 and x4, are the cart velocity and pendulum
angular velocity respectively.

I derived an analytical model of the system using Euler-Lagrangian mechanics according to the
paper [7]. The model also contains non-conservative friction forces for both the cart and the
pendulum. The friction force is a function of velocity in both cases. The cart acceleration and
the angular acceleration of the pendulum are given by 3 and I, respectively. These are our
target variables, which we want to predict using the state variables and inputs and functions
derived from them. The analytical (reference) model is used for simulations that generate data,
the objective is to reconstruct the reference model from that data. The two second order ODEs
describing the dynamical system are

(22a)

A(x,u) = Lu(t) + ar> myu(t) — I b xs(t) + 4a,® my? sin(zo(t)) 23 (1) +
—ay? bemy w3(t) + +ag by my cos(wa(t)) 24(t) + +ar® gma® cos(ao(t)) sin(za(t))+  (22b)
+ I a; my sin(z(t)) 23 (1)

B(x,u) = —a1?mi? cos®(zo(t)) + +ar> my® + mear> my + Iy my + I m, (22¢)
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. Cxu)
= 2
Ty Dix, ) (23a)
C(x,u) = by my x4(t) + by mew4(t) + +ay gmy? sin(z(t)) + ar my cos(za(t)) u(t)+
+ ay gmym, sin(za(t)) + +ar? my? cos(zo(t)) sin(zo(t)) 5 (t)+ (23b)
— ay bemy cos(xa(t)) z3(t)
D(x,u) = —ay? my? cos®(w5(t)) + 4+ar® mi® + meay® my + Iy my + Iy m, (23c)

where [; are the pendulum’s moment of inertia around its center of mass, a; is the distance
from the pendulum’s joint to its center of mass, b. and b, are the viscous friction coefficients
for the cart and pendulum respectively and m, and m, are the masses of the cart and the
pendulum. In the simulations, the physical parameters are defined according to the Table 1.

Table 1. The physical parameters of the simulated pendulum-cart system in base units.

Physical Meaning Value
parame-
ter
I Pendulum’s moment
of inertia around its 0.0227kg m?
center of mass
al Distance from the 0.18 m
pendulum joint to its
center of mass
be Linear cart friction 10 %
coefficient
b1 Pendulum joint 0.15 %
friction coefficient
Me Mass of the cart 0.8 kg
mi Mass of the pendulum 1kg
g Gravitational field 9.81 klg
intensity

The state derivatives &; and x5 are equal to the state variables x3 and x4 respectively. With
the state derivative vector x defined, the system can be numerically simulated using an ODE
solver, in this case I used MATLAB’s ODE45. During the simulation, the input U was defined
as a band-limited random noise process, which was created by low-pass filtering a white noise
signal. The result of the simulation are trajectories, or state measurements, X, with sampling
period At = 0.001s and total duration 65s. To simulate real measurements, I only take the
first two variables, the cart position z; and the pendulum angle x5. To simulate noise, I add an
additive white noise with zero mean and standard deviation o = 0.005m for the cart position
measurements and o = 0.0025rad to the angle measurements.

4.2. Processing the measurements

The SINDy-PI method requires full state measurements X, its derivatives X, and a function

library ©(X, X). The state variables z3 and x4 are equal to @ and @5 respectively and repre-
sent the cart’s linear velocity and the angle’s angular velocity respectively. The state derivative
variables 3 and &4 are the cart’s linear acceleration and the pendulum’s angular acceleration.
Before creating the candidate function library, the velocities and accelerations must be esti-
mated from the position measurements z; and x5. This can be done by spectral differentiation.
Because the measurements contain noise, they must first be filtered. Since the data is intended
for numerical differentiation, the cutoff frequency is set relatively low to over-filter the signal for
reasons established before. The filtered signals are then numerically differentiated, generating
the velocities ©; = x3 and @5 = x4, which are again differentiated generating 3 and 4. The
signals 1 and x5 are shown in Figure 2, and the accelerations 5 and x4 are shown in Figure 3.
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Fig. 3. Comparison between the computed accelerations ©3 and 4 and the real accelerations.
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4.2.1. Creating the function library

The function library ©(X, X) is a matrix with columns representing the candidate functions
6. This step is where an expert’s input is necessary, because the candidate functions must be
created from the positions, velocities and accelerations so that all the terms that are in the real
system dynamics are also in the function library. I create these functions by first creating a set
of basis functions from which all the other candidate functions are generated. The state variable
x9, the angle of the pendulum, implies rotation, so I added the functions sin x5 and cos x,. The
positions of the cart x; and the angle of the pendulum x5 don’t appear by themselves in the
real dynamics, so they’re not included in the basis function set. The state derivative variables
21 and 5 are also omitted, because they’re already represented by x3 and x4 respectively.
The basis function set is therefore

Y = {3, x4,sin(xs), cos(x2),u, 1, i3, 24} =
= {Y1,Y2,Y3, Y1, Y5, Y6, Y7, Us }

A large number of candidate functions is then generated from Y by creating all the possible
4-th order terms. Because I included the constant term 1(¢) in the basis function set, all 4-th
order terms of Y will actually be all terms of the 1-st order up to the 4-th order. This generates
330 candidate functions, but most of them are be dropped according to a set of manually defined
rules, because they're not physically interpretable.

Creating the candidate functions manually is also possible, but it’s much more time consuming
than creating a large number of candidate functions and then defining a set of rules which
are used to remove the bad ones. Including a candidate function that isn’t in the real system
dynamics is no big deal, because sparse regression will simply discard it when looking for a
solution. But when a candidate function that is in the real system dynamics is missing from
the function library, then the solution cannot be found. For this reason, it’s safer to create
more candidate functions than is necessary than to risk not including an important candidate
function.

After dropping bad candidate functions, the function library © has 35 functions left. The
reference model equations both have less than 10 unique terms in total, so the solution should
pick less than 10 terms from the function library.

It’s also important to look at the correlations between candidate functions, because high pair-
wise correlations make the regression problem ill-posed. The correlation matrix for the function
matrix ® used for identifying the model for x5 is shown in Figure 4.

High pair-wise correlations themselves might give valuable insight about the actual system.
If a time-derivative of some variable is perfectly correlated with another variable, that variable
can be used as a model itself. In any case, the correlation matrix serves the expert as a guide
when dropping candidate functions from the function library.

(24)

4.3. Creating candidate models

The SINDy-PI method described in subsection 2.4. relies on guesses that a function 6; from
©® is active in the real dynamics. This guess is usually, for most columns, wrong. Because
of this, many models must be created using different guess candidate functions. Furthermore,
the hyperparameter Az used in the sequentially energy thresholded least-squares algorithm de-
scribed in subsection 2.2.3. defines the sparsity of the solution and it also must be guessed.
This means that for each candidate function guess, we must make another set of guesses of the
hyperparameter value and create the respective models. The objective is to find the best model
equation for each of the accelerations x5 and 4.

4.4. Picking the best candidate models

For each of the target variables, more than 200 models is generated. Many of these candidate
models have non-sparse solutions £ and can therefore be dropped immediately. The rest of the
models must be evaluated according to some accuracy and simplicity metric.

For equal comparison, I reorder the models defined by the equation (15) after creating the
model back to the implicit form, by moving the guess function 6; back into the function library
®; at the i-th column and adding an element into the i-th row of & with a value of —1. This
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Fig. 4. Correlation matriz for the function library used to gemerate models for i3. Shows the pair-wise
correlation between candidate functions 0; and 0;, where i is the row index and j is the column index in the
matric.

results in an implicit model (X, X)& = 0. Because the real model should be found whenever
a correct candidate function guess 6; is made, a model that appears consistently is likely to
be correct. The solution vector & defining the models cannot however be compared directly,
because there will always be a deviation in the parameters or the signs will be flipped. The
objective is to find functions with the same active candidate functions. This can be done by
picking the solutions & for each implicit model and creating another vector a whose elements
have value 1 whenever the respective element in &; is non-zero and 0 everywhere else. This
vector a, which I call the term activation vector, is computed for every candidate model. The
L! distance in a between candidate models then simply says how many different active functions
the models have, let’s call this the activation distance. If two models have exactly the same
active terms, then the activation distance is 0. After computing a distance activation matrix,
which defines the activation distance between every pair of models, we can use clustering to
find consistent models, which are likely to be the correct ones.

After clustering the models using their activation vectors, every model is given a cluster label.
I only kept the models from clusters which contained 2 or more models. I then calculated the
RMSE accuracy metric on those models. The implicit models for &3 and i, are visualized in
Figures 5. Each row represents a single model, with the respective y-axis tick describing the
guess function #; which was used to generate the model and the model’s training RMSE score.
The columns represent the candidate functions. Candidate functions that didn’t appear in any
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of the models aren’t visualized in the figures, because they’d make the plots too wide. The
red and blue squares represent the signs of coefficients of £ associated with the given candidate
function, the square is red when the coefficient is positive, blue when it’s negative and white
when it’s 0.
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Ty % 24 % sin(xy)
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(a) All unique implicit models for is. (b) All unique implicit models for &4.
trajectories.

Fig. 5. The set of sparse, consistent and accurate identified implicit models. Each row corresponds to one model,
with the y-azis labels specifying the model’s index, guess function used to find the solution and its training RMSE
metric.

The implicit models are then solved for the respective accelerations &3 and 24, in this case
using the Python’s symbolic math package SymPy. The comparison of the reference model
used for data generation and the best model identified from the data is in Table 2.

Table 2. Comparison of the reference and the identified models.

Cart acceleration model 7 [S%]
—0.66407u+6.64064x3—0.11953z7 sin (z2)—0.02169z4 cos (z2)—1.91599 sin (2.0z2)
Reference 0.19531 cos (2.022) 1.0

—0.55672u—|—5.61287.%3—0.10007.%?1 sin (z2)—1.61162 sin (2.0z2)
SINDy 0.32312 cos? (z2)— 1.0

Pendulum angular acceleration model & [2]

1.81554u cos (z2)—18.15533x3 cos (r2)+0.1634mi sin (2.022)40.18156x4+32.05886 sin (z2)
Reference 0.3268 cos? (23)—1.0

SIND 2.16696w cos (x2)—22.63092z3 cos (x2)+0.19338z sin (2.022)+38.39076 sin (z2)
M 0.19753 cos (2.022)—1.0

4.5. Evaluating the acceleration models

Now that we have model equations for both accelerations 3 and z,, we can take a state
measurement matrix X and external input measurement matrix U, pass their rows x and u
into each equation and get the predicted accelerations. The predicted accelerations can then
be compared to the real accelerations as computed by the reference model.

The comparisons of derivative predictions are in Figures 6.
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Fig. 6. Comparison of real accelerations to accelerations computed from the state using the identified model.

The model predictions are very close to the real accelerations, although there are some small
deviations. Consolidating the acceleration models, x, into one state derivative vector equation
creates a full state model. This way, the identified model can be simulated the same way as the
analytically derived reference model. I simulated both from the same initial condition x[k = 0]
and using the same input sequence u. The trajectories for each state variable are visualized in
Figure 7

The trajectories start out very close to each other, but small deviations eventually add up
and the trajectories separate into relative chaos. In practice, the identified model would be
used for its predictive capability. The accumulation of errors (differences between the model
prediction and the real system) would be prevented with an estimator, for example a Kalman
filter, that uses sensor feedback to determine the real state by weighing both the model predic-
tion and sensor measurements.

5. Conclusion

An accurate nonlinear, rational model of the pendulum-cart system was identified from simu-
lated measurement data with additive white noise. The data was first filtered by transforming
the measurements into the frequency domain and setting the frequency components above the
cutoff frequency to zero. This data was then numerically differentiated leveraging the properties
of Fourier transforms to get the first and second derivatives needed for identification. Using the
SINDy-PI method, an implicit ordinary differential equation was identified for each of the two
accelerations in the system. From these two implicit models, the explicit equations were created
by symbolically solving for the respective acceleration. The identified acceleration equations
were accurate at predicting the acceleration given the state vector and external input value.
By combining both acceleration equations, a full state model of the pendulum-cart system was
created, which was then numerically simulated and compared to the real, analytically derived
model used for generating the training data. The trajectories generated by both the real and
identified model overlapped for the first few seconds, but the small errors between the models
accumulated and the trajectories eventually decoupled. However, the models are nevertheless
qualitatively nearly identical, and in practice, the imperfectness of the identified model would
be largely compensated for via sensor feedback and state estimation.
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Nomenclature

1 Cart position (m)

To Pendulum angle (rad)

x3,#; Cart velocity (ms™!)

T4, 79 Pendulum angular velocity (rads™!)
i1,23 Cart acceleration (ms™2)

Iy, 74 Pendulum angular acceleration (rads™?)
X State vector ()

x State derivative vector ()

C] Function library ()

I3 Vector of model parameters ()

a Activation vector ()

X Matrix of state measurements ()

X Matrix of state derivative measurements
U 1(\2[atrix of input measurements ()
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Abstrakt—PouzZivani jefabu v oblastech logistiky je dnes
lastym FeSenim premisfovani téZkych nakladi. Znacnou
nevyhodou jejich pouzivani je prirozeny kyv bremene, ke
kterému pri pohybu dochazi. To mimo jiné prodluzuje ¢asovou
narocnost procesu ¢i zvySuje rizika nebezpeci. Tomu lze predejit
navrhnutim vhodného ridiciho systému. Diky pribliZzné predstavé
o chovani, kterou nam matematické modely poskytuji jsme
schopni tyto Fidici systémy navrhnout bez pouZiti realné soustavy
a a7 poté je aplikovat. Tim pak muZeme zamezit pripadnym
komplikacim v praxi. Clanek je zaméren na navrh nelinearniho
modelu portalového jerabu pomoci Lagrangeovych rovnic II.
druhu. V zavéru je chovani modelu porovnavano se skutecnou
soustavou zn. INTECO.

Index Terms—portalovy jerab, modelovani, nelinearni model,
lagrange

I. Uvop

Jetdby jsou dnes hojn& pouZzivdny k pifemistovani velkych
a tézkych ndkladd v oblastech primyslu a logistiky. Toto
feSeni s sebou ale nese rizika spojené s pfirozenym kyvem
té&chto bfemen pii jejich pfemisfovéani. Eliminaci t&chto kyvh
mizeme dosdhnout vEtsi bezpeCnosti a efektivité pii praci s
jeraby. K tomu je potfeba mit na jefdbu vhodny fidici systém,
ktery se v dnesni dob€ navrhuje s pomoci matematickych
modeld.

Diky priblizné predstavé o chovani, kterou nidm mate-
matické modely poskytuji jsme schopni tyto fidici systémy
navrhnout bez pouZiti redlné soustavy a az poté je aplikovat.
Tim se mizZeme vyhnout zbytenym experimentim a piedejit
problémim v praxi. Matematické modely se tvoii na zakladé
znalosti z fyziky a matematiky. Cilem je ziskat dynamiku
nezavislych proménnych (druhé derivace) z hlediska ptisobeni
vnéjsich sil. Ty jsou v tomto ¢lanku ziskdny metodou Lagran-
geovych rovnic II. druhu. Z druhych derivaci lze nasledné
ziskat prvni derivace a poté samotné nezdvislé proménné.
Spolu s vstupnimi parametry a pocatecnimi podminkami lze
model odsimulovat a porovnavat s redlnou soustavou. Vstupni
parametry je potfeba néjak ziskat (zméfit, zvazit, vypocitat,
atd.). Poéate¢ni podminky si miZeme urcit.

S vyjadfenymi  druhymi  derivacemi  nezavislych
proménnych lze také ziskat linedrni model pomoci stavového
popisu (state space), diky némuz lze navrhnout fizeni, napf.
stavové reguldtory nebo tvarovace signdlu (tzv. input shaping)
slouzici k rozdéleni vstupniho signdlu na vice Casti a tim
eliminovat ¢ast kyvu — jiZ neni obsahem této prace.

Z hlediska fizeni se soustava portdlového jefdbu oznacuje
jako siln€ néstabilni systém typu MIMO (Multiple Input and

Multiple Output). V této praci je mezi vstupy zavedeno napéeti
ve sméru uy a uy. Vystupem ze soustavy je poloha ve sméru
x a y vcetné uhld kyvu bfemene o a . Navijeni lana je
zanebnano (vstup u, nevyuzit) a jeho délka je fixni.

Clanek je zaméfen na ndvrh nelinedrniho modelu
portalového jefabu, popis zjisténi jeho parametrii a nasledné
porovnani chovani s redlnou soustavou portdlového jerdbu
(INTECO).

Této uloze se jiz vénovalo vice lidi pfedemnou. V praci
[2] z Malajsie vytvofili obdobny model 3D portdlového
jetdbu, jako je model v tomto ¢lanku. Ve schématu maji
rozdilné zakétované nezdvislé thly. UvaZuji kinetickou energii
ndkladu vcetné jeji rotace. Pfi mém pokusu o odsimulovéini
nelinearntho modelu s pouZitim stejnych rovnic z [2] se model
nechoval spravné. Napriklad pfi akénim zasahu Fy bychom
Cekali, ze thel 6 se bude kyvat (fungovalo spravné) a ze
thel ¢ dosdhne hodnoty 90°, coZ z pocatecnich podminek 0°
nedoséhl.

V praci [1] z talinské univerzity maji stejny laboratorni
model jefdbu od vyrobce INTECO. Vyuzil jsem tedy citovany
Clanek k ziskani nékterych parametri (viz. kapitola V). Uhly
a a [ jsou v této praci stejné zakotovany jako zde, jen
jsou prohozeny. Potencidlni energii maji definovanou jako
P = mgl, coZ je zvlastni, protoze se neméni v zavislosti na
thlech a a 8. Model tvofi také skrze Lagrangeovy rovnice II.
druhu s péti nezdvislymi proménnymi (uvazuji i proménnou
délku lana L) a tfetim vstupem (motor ovladajici délku lana
L). Na jejich praci navazoval navrh fizeni pomoci Fuzzy
regulétoru.

Kapitola I je samotny tvod. Kapitola I se zabyva popi-
sem redlné soustavy jefdbu od polského vyrobce INTECO.
III. kapitola je zaméfena na popis a vysvétleni funkCnosti
portalového jefdbu s pomoci zjednodusené¢ho schématu, ze
kterého se pozdéji uruji prvni rovnice k vytvofeni ne-
linedrntho modelu (kapitola IV). Kapitola V pojedndvd o
parametrech modelu, které jsou nutné k odsimulovdni modelu
a zjisténi jeho chovéni v €ase. V kapitole VI je chovani modelu
porovnavéno se skute¢nou laboratorni soustavou. Z zavérecné
kapitole VII je stru¢né shrnuti vysledki této prace.

II. POPIS PORTALOVEHO JERABU INTECO

Skutecna soustava jerdbu, kterd je pro tuto ulohu k dispozici
je 3D portédlovy jetdb od polské firmy INTECO.
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Jednd se o silné nelinedrni MIMO (Multiple Input and
Multiple Output) elektromechanicky systém. Jeho rozméry
jsou 1x1x1m.

Pohyby jsou zajiStény DC motory ve sméru z, y a z. Ty
jsou ovladany pomoci PWM (Pulse Width Modulation), ¢ili v
rozmez{ hodnot od -1 az 1.

Jefab je osazen péti enkodéry, diky kterym lze zjistit polohy
ve sméru z, y, délku lana L, thel ve sméru osy = (znaceno
jako ) a dhel ve sméru osy y (znaceno jako [3).

V rdmci této prace neni pohyb do sméru z pouzivan. Délka
lana je zafixovéana.

Jefab je ovladan skrze pocitaC s prostredim Matlab Simu-
link.

Obrazek 1. Portdlovy jefab INTECO

I11. SCHEMA MODELU PORTALOVEHO JERABU

Na obrdzku Obr. 2 lze vidét zjednoduSené schéma
portalového jetdbu. Jerab se sklada s kolejnice (pohybujici se
ve sméru x), jefdbové kocky (pohybujici se ve sméru = a y)
a zavéSeného ndkladu (pohybujici se do sméru x, y i 2).

Vstupem do soustavy je napéti uy (ve sméru x) a napéti u,,
(ve sméru y). Napéti vstupujici do soustavy je v pozdéjsi fazi
piepocitdvano na silu Fy (ve sméru x) a silu Fy (ve sméru
y). Pro pfepocet musi byt experimentalné zjiStény koeficienty
kux @ kuy.

Vystupem ze soustavy je poloha ve sméru x, poloha ve
sméru y, dhel o (Ghel mezi primétem lana do roviny xz a
osou z), dhel 5 (mezi lanem a primétem lana do roviny xz).

Uhel 8 je ve skuteCnosti méfen jako tdhel od osy y. Pro
zjednoduSeni pfi tvorbé modelu byl zaveden jako na obr. 2
(zaveden jako dhel mezi lanem a primétem lana do roviny
xz). Chyby, ke kterym s touto tpravou dochdzi jsou v blizkosti
doln{ dvraté zanedbatelné.

A. Nezdvislé souradnice

Nezavislé soufadnice jsou sepsdny v tabulce tab. I. Mezi
nezavislé soufadnice patii poloha kolejnice ¢i koc¢ky ve sméru
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Obrazek 2. Schéma portdlového jefdbu

x, poloha kocky ve sméru y a vychyleni dhli « a 5. Tyto
soufadnice budou vystupem z nelinedrniho modelu.

Tabulka I
NEZAVISLE SOURADNICE
Oznaceni | Popis
T poloha kolejnice a koc¢ky ve sméru x
Y poloha kocky ve sméru y
«a thel mezi primétem lana do roviny xz a osou z
8 thel mezi lanem a primétem lana do roviny xz

IV. MODELOVANI
A. Poloha kolejnice, jerdbové kocky a zdvazi
Poloha kolejnice p; (1), poloha kocky p. (2) a poloha zdvazi
pp (3) jsou dény:

Z(t)

pp=1 0 (D
0
L(t)

pe = | Y (2)
0

z(yy + L - sin(aqyy) - cos(B))
Yy + L - Sin(ﬁ(t)) 3)
—L - cos(ay)) - cos(B))

Pp =
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B. Kinetickd energie

Energie kolejnice K, (4) je ddna vztahem

1
K=o my g “)
2
Energie ko¢ky K. (5) je ddna vztahem
1 .2
Kczi'mc'pc &)
Energie nakladu K, (6) je ddna vztahem
1 .9
szi.mp.pp (6)

Sectenim rovnic (4), (5) a (6) ziskdvame celkovou kinetic-
kou energii K (7)

K=K, +K.+ K, 7)
C. Potencidlni energie
Potencidlni energie P (8) pro tento piipad
P =—my-g-L-cos(ag)) - cos(B)) 8)

D. Euler-Lagrange

Lagrangidn (9) je definovadn jako rozdil kinetické (7) a
potencidlni (8) energie

L=K-P )
Lagrangerova rovnice (10) [2] je ddna vztahem
d /0L oL
— = —F,i=1,234 10
dt (8(]1) 8(]1‘ ! (10)
kde g (11) je vektor nezavislych proménnych
Z(t)
=|Y® 11
q o) (11
Bty
a vnéjsi sily F' (12) jsou (vCetné tieni)
Fewy — Fx x'.(t)
= F}’(t) - ky “Y@) (12)
_ka . a.(t)
—ks - B

Po vypocteni Lagrangerovy rovnice (10) dostdvdme druhou
derivaci vSech nezavislych proménnych (zrychleni), ze kterych
je mozné vytvorit nelinedrni model v prostfedi Matlab Simu-
link. Vysledné vyjadfené proménné nejsou pridany do tohoto
textu, protoZze jsou prili§ dlouhé.

V. PARAMETRY

Aby bylo moZné model odsimulovat, je do néj potfeba znét
vSechny potfebné parametry. Parametry jsou k vidéni v tab. II

Hmotnost ndkladu (zdvaZi) m, jsem zvaZil. Hmotnost koCky
m. a hmotnost kolejnice m, jsou pievzaty z [1], kde je pouZit
identicky laboratorni model jetdbu a nebylo kvili tomu nutné
jerab rozebirat na Casti.

Tteni v Cepu k, a kg bylo zanedbdno, protoZe v pozdéjSich
fazich zjisfovéni parametrd tlumily kyv ndkladu vice, neZ bylo
tfeba. Toto tfeni je dohndno skrze parametry ky a ky, skrze
které dochédzi k tfeni pfi pohybu voziku a tim i k tlumeni
kyvadla.

Prepocty kux a kuy slouZici na prevod napéti (F, Fy) na silu
(ux, uy) byly zjiSt€éno experimentdlné tak, aby se shodovaly
smérnice a nijezd polohy ve smérech x a y (k vidéni na obr.
3).

Hmotnost lana je zanedbana.

Vsechny tyto parametry jsou pouZzity jako vstup do ne-
linedrniho modelu.

Tabulka IT
PARAMETRY MODELU

Ozn Popis

me hmotnost kocky m. = 1,16 kg, pfevzato z [1]

my hmotnost kolejnice m, = 2,2 kg, prevzato z [1]
mp | hmotnost ndkladu mp = 0,58 kg, zvdzeno

L Délka lana L = 0,413 m, zméfeno

g gravitaéni zrychleni g = 9,81 m2/s

ko treni v &epu ko = 0[—], zanedbano

kg tfeni v Cepu kg = 0[—], zanedbdno

kx tfeni kx = 31 [—], odhadnuto

ky tfeni ky, = 26,5 [—], odhadnuto

kux prepocet napéti na silu kux = 13,15 [—|, odhadnuto
kuy piepocet napéti na silu kyy = 12,48 [—|, odhadnuto

VI. POROVNAN{ NELINEARN{HO MODELU S JERABEM
INTECO

Pro porovnani bylo potfeba odhadnout parametry kx a ky
spolu s pfepoctem napéti na silu uy, uy. Toho jsem docilil
tak, aby sed€ly smérnice prubéht polohy = a y, viz. obr. 3 a
obr. 4. Tfeni bylo zafixovdno a hodnoty napéti byly zji§tény
pro zésahy uy,u, od 0,2 do 1 (po 0,2). Vysledné hodnoty
napéti uyx a uy byly zjiStény zprimérovinim experimentdlné
zjiSténych hodnot, viz Tab. II.

Pro méfeni odezvy byl pouZit kladny skok v Case t = 1s a
zdporny skok v Case ¢ = 10s o velikosti uy, uy = 0,6. Méfeni
byla provédéna pro kazdy smér zvl43(. Jejich odezvy lze vidét
na obr. 3 (pro smér x) a na obr. 4 (pro smér y).

Na obr. 3 Ize vidét odezvu nelinedrniho modelu a jefdbu
na vstupni napéti u, = 0,6. Pribéhy nelinearniho modelu a
jetdbu jsou velmi podobné. Cestou zpét kolejnice ujede vice,
nez doptedu. Mohlo by to byt ddno svazkem kabeld, ktery je
ke kolejnici pripevnén. Do kladného sméru ho kolejnice taha,
do zaporného vraci zpét.

Na obr. 4 1ze vidét odezvu nelinedarniho modelu a jerdbu
na vstupni napéti u,. Zde se pribéhy po kladném zdsahu
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prilis nelisi, avSak pii pohybu zpét se nelinedrni model odchyli
od redlné soustavy. Myslim si, Ze je to dano tim, Ze v mo-
mentu zdsahu zdpornym napétim bylo kyvadlo na nelinedrnim
modelu vice utlumené oproti jefdbu a proto zde doSlo k
vétsi zméné kyvu a tim k lehkému naruseni pribéhu. Jelikoz
se shoduje prvni zdsah obou soustav, povazuji vysledek za
privétivy.

JelikoZ se prvni kyvy skvéle shoduji u nelinearniho modelu i
u redlné soustavy, bude tento model vhodny na budouci ndvrhy
fizeni.

06
04
_o2f
~ 0
02t
04f

.06 I I I I I I I I I
10 12 14 16 18 20

nelin. model
INTECO

¥
3

o
N
IS
(2]
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« [rad]
o
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-0.1

Obrazek 3. Porovndni odezvy nelinedrntho modelu a jefdbu INTECO ve
sméru pii zdsahu ux = 0,6

VII. ZAVER

Udélal jsem nelinedrni model pomoci Lagrangeovych rovnic
druhého druhu. Pro model byly zjistény vSechny potfebné pa-
rametry. Vysledkem prace bylo porovnani chovani navrzeného
nelinedrntho modelu s jefdbem INTECO. Pro smér x se
modely shoduji skvé€le. Pro smér y se nepodafilo parametry
navrhnout tak dobfe jako pro smér x. Kvili tomu je kyvadlo
vice tlumeno oproti skute¢né soustavé a ve chvili zdsahu v
zaporném sméru dochdzi k mensi nepfesnosti na vystupu z
modelu. Pro budouci navrhovani fizeni nds zajima hlavné
pribéh prvnich nékolika vtefin, proto bude nelinedrni model
dostacujici pro dalsi aplikace s nim spojené. VSechny cile
prace byly splnény.
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Abstrakt—Matematické modelovani je mocny nastroj s Siro-
kym spektrem vyuzitelnosti. Ackoliv nalezne vyuZziti v celé skale
profesi, pro automatické rizeni je zcela neodmyslitelnou soucasti
pro popisovani systému, predikce jejich chovani a navrhovani
regulace. Tento ¢lanek popisuje postup navrhu matematického
modelu pro véZovy jerab, coZ je pomérné slozZity a silné nelinearni
MIMO systém s péti stupni volnosti. Diraz je kladen na vytvoreni
modelu zpusobem, ktery nisledné umozni jeho efektivni vyuZziti a
zmény v postupu ¢i parametrech budou aplikovatelné ihned bez
nutnosti jakychkoli dalSich dprav. Model byl navrzen s motivaci
jeho budouciho pouziti pro navrh vhodné fidici metody, proto
je popsan také postup pro ziskani linearizovaného modelu, ktery
pro vétSinu regulacnich metod vyZadovan.

Kli¢ova slova- Vézovy jetab, matematicky model, nelinedrn{
model, stavovy popis, MIMO systém, INTECO.

I. MOTIVACE

TéZko bychom dnes hledali védecky obor nebo vyzkumnou
¢innost, ve kterych matematické modelovani nenajde vyuZziti.
At uZ se jednd o ekonomii, pfirodni védy nebo inZenyrské
discipliny, matematicky model dokaZe byt velmi silnym né-
strojem pro popis chovani urcitého systému, k simulovani jeho
vyvoje nebo reakci na rizné podnéty. V technickych oborech
se k sestaveni takového modelu nejcastéji vyuziva fyzikalni
popis soustavy pomoci diferencidlnich rovnic.

Hlavnim predmétem této prace je predstaveni postupu pro
tvorbu matematického modelu pro slozity MIMO (z angl. Mul-
tiple Output Multiple Input) systém a predvedeni na konkrétni
soustavé - stavebnim jefabu.

II. PREDSTAVENI SOUSTAVY

Price byla realizovdna na laboratornim modelu véZového
jefdbu od firmy INTECO. Jedna se o silné nelinedrni dy-
namicky systém s péti stupni volnosti, jehoZ zjednoduSené
schéma s fyzikdlnim popisem znazoriiuje obrazek 2. V celé
této praci je délka lana uvaZovana konstantni, i tak se jednd o
silné nelinedrni systém se ¢tyfmi stupni volnosti.

III. MATEMATICKY POPIS

K ziskani vlastnich pohybovych rovnic systému existuje
celd fada metod. Jeji vybér by mél byt prizpisoben charakteru
ulohy, kterou ma fesit, jelikoZ na kazdou soustavu lze aplikovat
metody vice ¢i méné vhodné. Pfi pohledu na stavebni jefdb je
patrné, Ze se jednd o kombinaci rovinného a rotaéniho pohybu
voziku a prostorového kyvadla v podobé lana s bfemenem. Z
toho divodu se jevi jako vhodnd metoda pouziti Lagrangeova
pristupu, kde je vyuZito potencidlni a kinetické energie T a V
dil¢ich ¢asti soustavy.

Obrazek 1: Laboratorni model véZového jefdbu od firmy
INTECO [4]

1 1 1
T = immvfn + imTv% + §Jw12“agn (1)
V = —mgLcos(B) cos(a) (2)

Z rovnice (1) je zfejmé, Ze je potfeba vyjadrit rychlost
bfemene v, a rychlost voziku vr. Ty lze ziskat z prislus-
nych zderivovanych polohovych vektord, které udavaji polohu
bfemene a voziku. Tyto vektory byly vyjddieny za pouZiti
transformacnich matic pohybu, jak je naznaceno rovnicemi (3)
a (4). Matice R, je matice rotacniho pohybu kolem osy z,
matice T, znac¢i rovinny pohyb ve sméru z atd.

Tim = RZ(G)Tw(x)Ry( —a)R.(B)T,(L) 3

T
2

= o o O

rir = R, (0)T,(x) )

_ o O o

Dalsim krokem je vypocet tzv. Lagrangidnu Lp, ktery
predstavuje rozdil kinetické a potencidlni energie, tedy L =
T-V.
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Obrazek 2: Model soustavy se zakdétovanymi souradnicemi a
pusobicimi silami

d (0L 0Ly, )
— (=2 - (ZE)=F,j=1,234 5
5 () () paes o
Fy — kit
—ka
—ksf
Fy — kgb

Fj= (©)

Dalsim krokem je jiz dosazeni do Lagrangeovych rovnic
druhého druhu, které jsou popsdny v rovnici (5). Je zde
zaveden vektor proménnych ¢; = (x a B 9). Rovnici (5)
jsou popsané zobecnéné sily, kde zaporné Cleny reprezentuji
ztraty v prisluSném sméru. Dopoctem vyjdou Ctyfi vlastni
pohybové rovnice soustavy. ProtoZe vstupni veliCiny jsou
zatim vyjadieny pouze jako sily F);, musi byt pfepoCteny na
napéti U. Toho je docileno pouzitim modelu DC motoru v
kapitole IV.

Cely vypocet pohybovych rovnic, tak jak je popsdno v
této kapitole, byl od zacdtku proveden v programu Matlab
pomoci symbolickych proménnych (Symbolic Math Toolbox).
Zvoleny postup a matematicky popis je prehledny a snadno
pochopitelny, nicméné jeho vysledkem jsou velmi slozité a
dlouhé diferencidlni rovnice. Tento postup byl upfednostnén
kvili moznosti odvozeni a hlubsiho pochopeni matematického
popisu soustavy, ktery ve vétSiné praci s touto problematikou
chybi.

IV. MoDEL DC MOTORU

Jetab INTECO je pohanén tfemi DC motory. Jedna se o
jediné akeni Cleny soustavy a pohdnéji rotaci vyloZzniku ve
sméru 0, pohyb kofky ve sméru x a navijeni lana délky L.
Délka lana je v této praci uvaZovana jako konstanta, tento
akeni Clen je tedy zanedbén.

2 1.2
_ nzkgzkmz _ nmkgazkmx y
F, = R GaxUs T Rawr? Xy )
k km nokQ k?”n 3
Fy = R GaglUy — =110 (®)

Dynamické chovani motorti pro smér x a 6 je popsiano
rovnicemi (7) a (8), v tomto pofadi. Odvozeni téchto rovnic

Popis Parametr | Hodnota
hmotnost bfemene Mm 0,33 [kg]
hmotnost kocky mr 0,7 [kg]
moment hybnosti J 2,4 [kgm?]
délka lana L 0,45 [m]
viskézni tfeni ka 14 [Ns/m ]
viskézni tfeni ko 14 [Nms/rad]
viskdzni tfeni ve sméru [ ko 0,00005 [Nm/s]
viskézni tfeni ve sméru « kg 0,015 [Nm/s]
ucinnost motoru a prevodu Nz 0,36

ucinnost motoru a prevodu it 0,24

polomér femenice T 0,0375 [m]
konst. momentu sily motoru | kpz 0,055 [Nm/A ]
konst. momentu sily motoru | kg 0,024 [Nm/A |
prevodni pomér kgx 76

prevodni pomér kgo 275

el. odpor rotoru Rax 25 [Q]

el. odpor rotoru Ruo 0,5 [2]
zesileni motoru Gaz 20.5

zesileni motoru Gao 11

Tab. I: Parametry modelu - indexy = a 6 znadi piislusnost k
pohybu (motoru) v témz sméru

je naznaCeno v praci [1]. Parametry modelu jsou spolecné
s jejich hodnotami uvedeny v tabulce I. Hodnoty nékterych
parametrii byly prevzaty z prace [2], zbylé byly doméieny,
zjiStény experimentdlné nebo odhadnuty.

V. NELINEARNI MODEL

Vlastnich pohybové rovnice déle poslouZi k sestaveni sa-
motného matematického modelu. Pro interaktivni pouZiti a
préci s modelem miZe byt vyuZito prostiedi Matlab Simulink,
kde ho 1ze poskladat z funkénich blokl. Vzhledem k silné neli-
nearité¢ modelu a sloZitosti rovnic je vhodné sestrojit nelinedrni
model pomoci programovatelného bloku namisto sklddani z
dil¢ich blokd, jak je zvykem u jednoduchych modelti. Pro
tento ucel byl pouZit blok Matlab function, ktery je moZné
vygenerovat tak, aby mél nastavené predem definované vstupy,
vystupy a obsahoval cely matematicky model. Nelinedrni
model je zobrazen na obrazku 3.

Obrazek 3: Zapojeni nelinedarntho modelu pomoci programo-
vatelného bloku Matlab function - prostfedi Simulink
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Diky tomuto postupu je mozné s modelem pracovat velice
efektivné. Po zméné parametrid, kinematického popisu sou-
stavy nebo kterékoliv rovnice z vypoctu, je mozné jednim
spusténim skriptu aktualizovat nelinedrni model bez nutnosti
zmén v Simulinku. To dovoluje rychle a pfehledné ladit
parametry modelu, testovat vliv (ne)zanedbani libovolnych
vlivi apod.

Nelinedrni model byl vytvofen zejména pro ovéfeni funkc-
nosti dynamického popisu soustavy. Z pribéhu jednotlivych
veli¢in v zdvislosti na Case miZeme porovnat, zda priibéhy
odpovidaji predstavdim o tom, jak by se mél model chovat.
Dile je mozné pribéhy porovnat s chovanim redlné soustavy,
pokud je k dispozici.

VI. STAVOVY POPIS SYSTEMU

Pro stavovy popis byly definovdny nésledujici stavové pro-
ménné. Vektor u(t) obsahuje vstupni proménné, vektor y(t)
pak vystupni méfitelné proménné systému.

xr1 x
X9 «
T3 B
Tq 9
x(t) = s | T | & ©))
T6 01
T7 B
s 0
_fur) _ U:c
u(t) = () _ (U) (10)
y1 z1
Y2 T2
t) = = 11
y(t) " s (11)
Ya Ty

Jednim z hlavnich poZzadavki na fizeni jefdbu je eliminace
kyvéni bfemene a hodnoty Ghlu « a 5 tedy nabyvaji pouze ma-
Iych hodnot. Ziskané diferencidlni rovnice jsou velmi slozité
a pro dalsi praci s nimi miZze byt vyhodné pouZit aproximaci
goniometrickych funkci pro malé thly podle obecného vzorce
sin(y) =~ v a cos(y) ~ 1, kde v je maly dhel.[3] V
pripadé této prace zminénd Uprava neni nutnd, protoze vSechny
vypoclty jsou provedeny programové a MATLAB disponuje
dostate¢né velkym vypocetnim vykonem. I po aproximaci jsou
rovnice pfili§ dlouhé na zobrazeni v rdmci tohoto ¢lanku.

Stavovy popis systému je reprezentovan dvéma zdkladnimi
rovnicemi (12) a (13)

(1) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t),

(12)
13)

kde matice A se nazyva matice systému, B je matice fizeni,
C matice vazeb vystupu na stav a D matice vazeb vstupu
na vystup, kterd md nulovou hodnotu a rozméry 4 x 2.
Hodnoty matic pro tento systém jsou popsany (14) - (16).
Matice (14) a (15) byly ziskany pomocf tzv. Jacobiho matice.

Ta je vysledkem parcidlnich derivaci vlastnich pohybovych
rovnice podle stavovych proménnych za dosazeni pracovniho
bodu. Matici C jsou definovany vystupy linedrniho modelu
a je mozné ji modifikovat dle potfeby. V piipadé (16) jsou
vystupnimi veli¢inami x, «, 5 a 6.

00 0 0 1 0 0 0
00 0 0 O© 10 0
00 0 0 O 0o 1 0

A_|0 0O 0 0 0 0o o0 1
-2 0 0-82 -5 0 0
0-33 0 010 o= 0 0
0 0 —-&HFto o0 0 -5 22
0 0 20 0 0 5 — 8

(14)
0 0
0 0
0 0
0 0
B_%O (15)
80
0_32553
341
25
1 0000O0O0O
001000000
C=1lo010000 0 (16)
00010000

Stejné jako nelinedrni, i tento model byl sestrojen tak, aby
byl automaticky aktualizovdn po kazdé zméné v odvozeni
pohybovych rovnic. K jeho vytvofeni v prostfedi Simulink 1ze
pouZit nékolik variant, z nichZ nejjednodussi je pouZiti bloku
state-space, do kterého jsou pfimo dosazeny matice A,B,C.D

a pocatecni podminky.

VII. POROVNANI MODELU S REALNOU SOUSTAVOU

Porovnéni nelinedrniho a linedrntho modelu s naméfenymi
daty redlné soustavy je zobrazeno na obrdzku 4 pro pohyb ve
sméru z a 5 pro pohyb ve sméru 6. Vynesené pribéhy jsou
odezvou na vstupni signdl, ktery byl zvolen jako ndbéhova
funkce se skokovou zménou, cozZ je signdl dostatecné sloZity
na spravné ovéfeni presnosti modeld. Po prvnim méfeni bylo
provedeni , fitovdni* modelu - nékteré parametry modelu byly
upraveny tak, aby jeho chovéni vice odpovidalo realité. Findlni
verze modelu je pouZzita v tomto porovndni.

Z porovnani je ziejmé, Ze model funguje spradvné a chovani
kopiruje redlnou soustavu dostatecné presné. Podle ocekdvani
je pohyb ve sméru x simulovdn mnohem pfesnéji, protoZe
v ném nefiguruji tak vyrazné nelinedrni Cleny. Oproti tomu
rotace ve sméru 6 ma nelinearitu vyraznéjsi, coz se podepise
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of Automatic Control (IREACO). doi:10.15866/ireaco.v9i2.8431
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Obrazek 4: Porovnani modell s redlnou soustavou - pohyb ve

sméru x a piislusny dhel « Podékovani

Tato prace byla podpofena grantem Studentské grantové soutéze
CVUT & SGS SGS20/159/0HK2/3T/12.

Obrazek 5: Porovnani modelt s redlnou soustavou - pohyb ve
sméru 6§ a prislusny uvhel g

také na vétsi odchylce mezi nelinedrnim a linearizovanym
modelem. I v piipadé pohybu ve sméru 6 bude model pro
ndvrh regulace Gcinny, protoZe u regulace harmonicky kmi-
tajicich pohybi zdleZi pfedev§im na frekvenci kmitt, kterd je
zde simulovana s dobrou presnosti.

VIII. ZAVER

Predstaveny model byl dsp€$né porovnin s redlnou sou-
stavou a cil prace byl timto splnén. V ndvaznosti na tuto
praci muze byt model pouzit na simulaci odezvy na rdzné
vstupy, ale predevs§im umoZiiuje navrh vhodné regulace, coz
byla hlavni motivace k jeho vytvofeni. Byly vytvoreny dvé
varianty modelu, z nichZ nelinedrni poslouzi 1épe k simulaci
chovani soustavy, naopak linearizovany se hodi 1épe pravé k
ladéni a ndvrhu regulacnich metod. Planované fizeni se bude
tykat regulace polohy a eliminace kyvani bfemene. Piikladem
planovanych fidicich metod mohou byt PID regulator a tvaro-
vace vstupniho signdlu (input shapery).
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