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Uziti Modernich Inercialnich Sensor v Naviga nich Systémech

Modern Inertial Sensors in Navigation Systems

Jan Roha
Czech Technical University in Prague, Faculty addilical Engineering
Department of Measurement, Laboratory of Aircrafittumentation Systems

email: xrohac@fel.cvut.cz

Resumé:

P isp vek se wnuje popisu inercialnich senzow etn jejich vyvoje, pokralym algoritm m

a metodam uZzivanym v oblasti navigigh systém p evazn vyuzivajicich cenov
dostupnych MEMS inercialnich senzoa dopl kovych pomocnych micich systém

P isp vek se dale zabyva navigami principy, metodami odhadu parametsystém a
zpracovanim signala dat. Prace dale uvadi konkrétrdSeni a jejich vliv na funkost a

p esnost havigaiich systém

Abstract:

The paper is focused on the overview of inertiases supplemented by their development,
plus it provides advanced algorithms and methodpl@gncerning navigation systems
predominantly using MEMS based inertial sensors @ddthg measuring systems. It describes
a complex design and development of aided navigalystems. Thus, it deals with principles
of navigation, methods of system parameters esotmaénd signal/data processing. The
paper presents particular solutions and their direapact on the system performance and its

accuracy.

1 Introduction

Navigation systems have been under developmenmfamy decades and the rate of the
progress still increases. Navigation systems pewdcking of an object attitude, position,
and velocity and play a key role in a wide rangeagplications, e.g. in aeronautics,
astronautics, robotics, automotive industry, undgewvehicles, or human body observation.
A common technique to do so is via a dead reckon@ge form of a dead reckoning
technique is using an initial position, velocityndaattitude related to a predetermined
coordinate frame and consecutive update calcutimsed on acceleration and angular rate

measurements. These measurements are generaliggudw 3-axis accelerometer (ACC)
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and 3-axis angular rate sensor (ARS) or gyroscdpgsos) forming so called Inertial
Measurement Unit (IMU). Since accuracy of navigat&ystems is always directly related
with a sensors choice, the sensors are crucidhéosystem entire performance. According to
required accuracy of navigation and economical @spsuitable inertial sensors have to be
chosen. The error sources of estimated navigatdutien is generally spread into the whole
measuring and evaluating chain including sensord aimgnal/data processing units.
Nevertheless, the part corresponding to signal/dedaessing should have a negative effect
on the system accuracy negligible, and thus omgaes should be a major source of errors in
navigation systems. Therefore, the type of an apptin should be considered on a basis of
the sensors in order to assure an optimal perfacenéor a particular application connected
with economic aspects. In the case of ARS/gyrosiired precision related to determined

applications is denoted in Fig. 1, for the casAGC it is shown in Fig. 2.

o—0 000000 —

Fig. 1 - Required precision of a sensed angular rataccording to specified applications [1]

1000 pg 100 ug 10 pg 1 ug
- @ @ O @ >
Other Guidance, Tactical Autonomous Other special
customer stabilization, guidance, navigation application
application navigation, aeronautics

automotive,
robotics

Fig. 2 - Required precision of a sensed accelerati@ccording to specified applications [1]

For aircraft navigation it is, according to Fig.ahd Fig. 2, required to employ ARS/gyros
with the precision better than 1 deg/h and ACCmote than 10 pg. The higher precision, the
more expensive the device is. The other aspect;hwhas to be taken in account, is if a
particular device is solid-state or is using movpayts. According to Fig. 3 and Fig. 4, one
can see that mechanical gyros and ACCs satisfyiragants on precision the most;
nevertheless, there is a trend to replace them waithd-state devices for their better
reliability, stability, and MTBF (Mean-Time-Beforailure) parameter. Therefore, in the

following text there will be preferred solid-statevices.



The most precise device for angular rate measunsmesra ring laser gyroscope (RLG),
which has the stability better than 0.1 deg/h dmresolution better than f@leg/s. In the
case of ACC, the most precise existing devicessrao ACC with the resolution about 1 pg.
These devices would have been ideal for all apipdics, if they were not so expensive. Due
to this reason other systems, such as Micro-Eled&ohanical-Systems (MEMSs), have
been used in cost-effective applications, suchnablAVs or small aircrafts. MEMSs are
typically defined as microscopic devices desigmedcessed, and used to interact or produce
changes within a local environment. MEMSs offerusstl power consumption, weight,
manufacturing and assembly costs, and increaseéensyfesign flexibility. Reducing the size
and weight of a device allows multiple MEMS compoaiseto be used to increase
functionality, device capability, and reliabilityn contrast, MEMS performance has many
weak aspects, such as for precise navigation pesgdosv resolution, noisy output, worse bias
stability, temperature dependence and so on. Neless, their applicability in navigation is
wide due to fast technology improvements, appliathdorocessing algorithms, and used
aiding systems. In a navigation area aiding systa®€ommonly used to provide corrections
for position or attitude evaluation both comingnfrddCCs and ARSs. Those systems might
be based on for instance GNSS, electrolytic tilhsees, pressure based altimeter or
speedometer.

A near-term gyro technology from a scale factor hiag stability point of view is depicted in
Fig. 3. It compares the performance of cost-eflecMEMS sensors with fiber optic gyros
(FOG), ring laser gyros (RLG), and mechanical gynath a high-speed rotating inner fly-
wheel. It has been a big progress in MEMS technofegently to increase the capability of
MEMS based ARS to be sensitive even to the Eatth fidherefore, it is possible to find such
devices on market and use them in applicationghich FOG has been previously dominant.
However, FOG devices still fulfill the gap betweRhG and MEMS ARS technology and
still provide better solution in applications, irhieh a higher stability is required, higher than
MEMS based ARS can provide.
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Fig. 3 — Near-term gyro technology [2]

A similar comparison for a current and near-termCA€chnology is shown in Fig. 4. MEMS
based ACC enables wide range of applications, iichvibequirements on resolution and
precision are not so tough, e.g. high-g ACC in agjdy 1-mg resolution for stabilization
purposes. It has become very popular to use questmator ACC in more accurate
applications due to its costs. If higher accuracwgtill required, only mechanical pendulous

rebalance (servo) ACC has to be utilized.
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Fig. 4 - Accelerometer types and their performancef]

In cost-effective applications MEMS based devices@eferred. Therefore, their usage has
to be accompanied by modern methods of signal ata processing, algorithms for their
calibration, parameters identification, and fusi@mly this can thus provide stable solution

for a particular application with required accuracy
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2 Inertial

SEenNsors

2.1 Gyros/angular rate sensors

Among basic parameters generally provided in prodiatasheets there belong a dynamic
range, initial sensitivity, nonlinearity, alignmeatror, initial bias error, in-run bias instability

angular random walk, linear acceleration effect@s, and rate noise density. According to
these parameters there can be defined followingstyd gyros: low-cost, moderate-cost, and
high-performance gyros. When looking at datashaetsn-run bias stability provides the

information about the best sensor performance spomding to the gyro resolution floor.

Unfortunately, there are other exhibiting errontdas which affect a gyro performance. In all
cases a gyro noise and its frequency dependeneytbalbe taken into account and handled.
For these cases to determine stochastic sensangi@ns for further modeling there can be
used the Allan variance analysis, for more detsals [3-7]. A basic comparison of several

navigation units from gyros performance perspestiveen Allan variance analysis was used
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Fig. 5 - Allan variance analysis of the KVH DSP310@nd three MEMS gyros forming a

In the case of low and moderate-cost gyros scat®erfaalignment error, and null bias errors

accompanied by parameters variation over a temperatinge highly decrease the gyro

part of AHRS M3, 3DM-GX2, and ADIS16355 unit.
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performance. To minimize their impacts it is reqdito perform the calibration within which
a correction table or polynomial correction funaoties acquired. More details about the
calibration methods can be found in [8-11].

The other perspectives of the gyro performancepaoeluced by the fact that it does not
measure just a rotational rate but also its semesi@lement has linear acceleration and
o° sensitivities. It is caused by the asymmetry afechanical design and/or micromachining
inaccuracies and it can vary design to design. touearth’s 1 g field of gravity, according to
[12], it can suffer from large errors when unconmgsrd. In the case of low-cost gyros
the g and §sensitivities are not specified because theirgieisi not optimized for a vibration
rejection. They can have g sensitivity about 0s3g?/Therefore, looking at a bias instability
in these cases is almost pointless due to a hitgctedf this vibration behavior. Higher
performance gyros improve the vibration rectifioatby a design so the g-sensitivity can go
down to 0.1 °/s/g. To further decrease this saetisitanti-vibration mounts might be applied.
Nevertheless, these anti-vibration mounts are dficult to design, because they do not
have a flat response over a wide frequency rangetlagy work particularly poorly at low
frequencies. Moreover, their vibration reductiorargcteristics change over the temperature
and life-cycle.

Analog Devices, Inc. (ADI) [12] introduced in 201dew high-performance, low-power
IMEMS® gyros specifically for angular rate (rotatal) sensing in harsh environments. They
employ differential quad-sensor technology, whiejects the influence of linear acceleration
and vibration very efficiently. Therefore they affexceptionally accurate and reliable rate
sensing even when shocks and vibrations are appliéeir g-sensitivity is as low
as 0.015 °/s/g.

2.2 Accelerometers

MEMS technology based accelerometers (ACCs) in rtheigation area measure linear
acceleration mainly on a capacitive principle. Amaheir basic parameters there can be
included a measurement range, nonlinearity, seitgjtiinitial bias error, in-run bias
instability, noise density, bandwidth of frequen&gponse, alignment error, and cross-axis
sensitivity. In the case of multi-axis ACCs z-axiien has a different noise and bias
performance. Unlike the gyros, ACCs are affectedviiyations in principle and if the
frequency spectrum is adequate for the applicatmproblem arises from this point of view.

A current technology of MEMS ACCs cannot competehwhigh-performance types and
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cannot be implemented to stand-alone inertial raiog systems due to their low resolution
and insufficient noise level reduction. Generatlyis type of ACCs is used in navigation
systems in which GPS receiver is also implemented¢ddmpensate position errors or in
attitude and heading reference systems in whiclpts#ion is not required and thus ACCs

are used just for an attitude compensation donerdew to Earth’s field 1g sensing.

2.3 Inertial measurement frames

To provide navigation in 3D it is obligatory to ugkleast 3 gyros for rotational rate sensing
and 3 accelerometers for linear transitional motgamsing. These two triads generally
compose an inertial measurement unit (IMU). Theogframe and accelerometer frame
generally coincide and their sensitive axes cooed@o vehicle main axes as shown in Fig.
6. The framework structure is defined with resgedhe international orders ISO 1151-1 and
ISO 1151-2.

There exist modifications of IMU configuration, famstance for a gyro-free measurement
unit, but this modification is suitable just forrpeular applications where the attitude is
evaluated according to accelerometers measureraadtg&arth field 1g sensing, which does
not work properly under dynamics. It is, howevdsoapossible to modify the framework

structure and its orientation.

Fig. 6 — Typical framework of the vehicle (left), 6the measurement unit (right)

When ACCs axes are aligned with respect to the@ymionfiguration, see Fig. 6, the problem
of low ACC sensitivity arises. Due to this behavidra cosine function in the region around
zero, the change of the angle about 0.057 deg dmukl/aluated only if the sensor sensitivity
is better than 1 mg and a noise level is lower tiwah Both of these conditions are hard to
satisfy in cases of MEMS based ACCs. The noisel isvigpically about 5 mg. In order to

avoid this dead zone (uncertainty) it is advantageo set an initial position of the biaxial

-9-



ACC about the angle of 45 deg with respect to trézbntal plane, as shown in Fig. 7 and in
Fig. 7

- | 45145 45 a5
Ya - Y 2 —— |7 |7

5 x1'&x2" yl'&y?2’
XZJ‘ '- Front viewA Side viewB

Fig. 7 — The modified ACC framework using two biaxal accelerometers

2-axis ACC

3-axis IMU

Fig. 8 — The modified ACC framework,

a principle scheme (left), two shots of the realizknavigation system (middle, right)

3  Data processing in navigation units

Inertial navigation systems (INS) are primary suggwb to provide position, velocity, and
attitude outcomes. These navigation data are thpiestimated by a chain of processes
schematically shown in Fig. 9. Signal/data prepssce can differ according to types of
sensors utilized; however, it is often based justsignal/data filtering to reduce unwanted

high-frequency impacts on estimated values.

3x ACC > Sional/data Deterministic Navigation
regrocessin > errors > data
3x ARS >{ Prep ? compensatioT estimation
IMU

Fig. 9 — Block scheme of processes required for ptign, velocity, and attitude estimation

Values of position, velocity, and attitude are eeaéd with respect to the navigation equation

whose calculation is provided by so called “INS hsatization”, for details see [13-16]. The

-10 -



INS mechanization algorithm consists of followirtgs running in an infinite cycle. Those
steps are:

1. numerical integration,

2. velocity update,

3. position update,

4. attitude update.

The INS mechanization has been known for a long tand has been verified in many
applications. However, it still works with just rawvertial data passed through a low-pass
filter and extracted from deterministic sensorsoes as depicted in Fig. 9. To further
improve the performance and accuracy of the nawigagolution there is commonly used a
Kalman filter fusing results of INS mechanizatiorthnwaiding systems. These aiding systems
can vary based on a particular application havingjfierent form and can use a variable
integration scheme. The Kalman filtering (KF) wilbt be described further in details in this
paper because the first mention about the KF wiasreel by Rudolf E. Kalméan in 1960 and

since that time this filtering has become an apghoaidely used for data processing and

fusion.
w?
ARS
A 4
Airspeed [ w? x v).
JA S v ¢ 5.6,
ACC > \'sz _)+ — f(@h,w, 6) >
g2 i
_ P
—Gsind
D=|Gsingcosl| [€
Geoscosf

Fig. 10 - Complementary filter principle block schene with a centrifugal acceleration

correction (where 8% denotes sensed acceleratiorf‘() compensated for a centrifugal

: b
one, w® is the vector of measured angular ratesVair corresponds to a speed vector,

,¥ are vectors of normalized measured and estimatedceeleration, @ €,¥ denote a

G=1g=9.81

. m
roll, pitch, and yaw angle, 52 [20]
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Other possibility for the inertial data processiagthe utilization of complementary filters
(CFs), for more details see [19]. Their structurel @lesign go from analogue regulation
circuits as shown in Fig. 10. The feedback is pitesiby proportional and integral controllers
with their gains kand k.

The CF in Fig. 10 uses proportional-integral (Rdynpensation. The “P” term governs the
frequency cross-over between ACC based attitudena&sts and gyro based attitude
estimates. The “I” term is to correct gyro biasésmain advantage of CFs lies in its
simplicity and that is a reason why it is sometimesferred to other approaches, e.g. using

Kalman filtering.

Conclusion

The paper addresses the field of navigation systerdsclosely describes inertial sensors, its
current technology and trends. Moreover, it presemethods and approaches used in
navigation systems and the methodology helpingdcease the accuracy of estimated vectors
of position, velocity, and attitude. The paper digss general means used for signal/data
processing on a basis of Kalman filtering and cem@ntary filters which are applied to fuse

data from various and independent data sources.flision helps to reduce a time dependent
and growing errors cause by the integration preseimt the INS mechanization. Therefore,

MEMS based inertial sensors can be used for nagiggaurposes in aided systems despite

the fact that their standalone application is alnoméeasible.
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Resumé:

The Visual Glide slope indicators are except runwdge lights the most important part of
the airport lightning system. Currently are realizeith PAPI (Precision Approach Light
Indicator) system or VASIS (Visual Approach Slamidator System). Both of them mostly
use serial method for their supplying and currentise only halogen bulbs as the light
sources. The paper shows new using of LED lightcesuin the Precision Approach Path
Indicator (PAPI) light. It describes the power LEDQghich are usable for this, the way of the
LED control and presents real technical solutiortted PAPI LED control unit which is based
on an eZ80Acclaim microprocessor. In additionalgemrs a LED chip cooling in the very
small space and control and diagnostics in the Arenvironment. At least the paper shows

the method for PAPI supplying with the parallel glymnetwork.

1  The visual glide slope indicators

The visual glide slope indicators are inseparablspof every airport lightning system. They
provide information about the right approach patd ase simple and easy understandable
way of indication. The first glide slope indicataras PVG (Precision Visual Glidepath),
which indicated as same information as currentegdibpe indicators.

Currently there are two basic types of glide slapaicators. The most spread is PAPI
(Precision Approach Path Indicators), which is pthon most of classical airports and
heliports. The second one is VASIS (Visual Appro&ttpe Indicator System). We can see it
mainly with CALVERT system (but the most of airporse CALVERT system use PAPI).
Both of these indicate same types of informatiod ey have a lot of variant, e. g. CHAPI
or T-VASIS.

All types of visual glide slope indicators are #W265 mode and their reliability must be high
enough. Both of them are defined with aeronaustahdards (ICAO ANNEX 14, ANNEX
14H).



2  PAPI — Precision Approach Path Indicator

Basic PAPI indicator consists of one or two craasshwith four lights. PAPI os placed on TP
(Touch down Point) level. The colours of lights deg@ on the angle of view. The right glide
slope angle is indicated with two white and two tigghts. The way of PAPI indication is
shown in Figure 1 on the left side. On the riglidesof figure 1 is shown reduced PAPI
(APAPI — Abbreviated PAPI) for small airports omse helipads which consists of one cross
bar with two lights. Glide path angle is set to 2 degrees according to the others navigation
and surveillance systems at the airport (ILS — BAR). The other type of PAPI indicator is
CHAPI (Charles Helipad Approach Path Indicator),ichihis designed only for helipads. It
consists of two lights placed behind helipad. Thet sees two green lights if he is on the
right glide slope, else he sees white or red lightlepends on glide path angle (upper glide
path white, lower red lights). It is shown in figu2.

Unlike the others visual glide slope indicators (@WASIS) PAPI is easier for installation
and for indication. But on the other side the tality of every light of PAPI must be very
high because shown information depends on evehy 6§ PAPI. That is why every light of
PAPI is composed of two or three light sourcesgpah bulbs) and every bulb can be
supplied with different loop of the serial CCR (Gtant Current Regulation) system. The
failure of bulb can be indicated at TWR with airfpoontrol and monitoring system (e .g.
AMS-1 at the Czech Air Force airports).

@ ctorvans A @ tervona
Ty

Fig. 1. PAPI and APAPI indication
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Fig. 2: CHAPI indication

3  The Light Sources in Papi Lights

High demands are placed on the visual glide slop&ators, as the airport lighting system,
especially halogen bulb life cycle, since PAPI igylare in operation around the clock and
their visibility (typically 20km). Therefore, asght sources in light PAPI lights slope
indicator system cannot use the commonly used $ghtces.

There are various types of the light sources whichused in airport lights, but the most of
them use classical halogen bulb with pk30d lamp Tap 200 Watts halogen lamp is used in
one PAPI light and it is enough for 2x4800 lumamsihous flux. The light, which is emitted
by PAPI, consists of two sectors — upper white@eand lower red sector. White sector light
is emitted by halogen bulb without filtering andl rfdter (made of special glass) filtrates red
part of halogen bulb light. Spectrograms of white @ed lights emitted by PAPI are shown in
fig. 3

Fig. 3: PAPI light spectres (left — white sector,ight — red sector)

There is the optical system in the PAPI light forrect operation and this system is shown in

fig. 4. Light source is placed at focus of parab@y which directs emitted light. Red filter



(5) filters red spectre from light and output legiges a direction for most of luminous flux

precisely in the approach area and turns over vemtered sector.

1 42

/

Fig. 4: Typical design of PAPI light [4]

PAPI light must have very high reliability and that why they are supplied by CCR

(Constant Current Regulators) by at least two ieddpnt loops. Typical design of PAPI

supplying is in fig. 5. There are three loops whscipply independently various light sources
in the PAPI lights and when the one of filamenl®vn or one of CCR is out, the PAPI light

unbreakable will emit the light information.

navéstidlo
PAPI

naveéstidlo
PAPI

naveéstidlo
PAPI

navéstidlo
PAPI

napajeni
ze sité

Fig. 5: PAPI supplying

4  LED PAPI Light

PAPI lights are one of the most important lightshet airport and that is why the PAPI light
was designed. There was not only the change dighiesource, halogen bulb to LED, but the
design was based on the parallel methods of the pgwer supplying and the luminance
control. Finally the light was built according ttérnational standards and recommendations.
The first solved problem was a visibility of thghi. The light source will be probably visible

if the luminance causes illumination at the retivtsich is higher than eye edge illumination



EO. Eye edge illumination depends on lots of fagtarainly on colour of the light, brightness,
physical condition of pilot etc.
If the light source is small enough it will be takas a point source and we can use Allard

equation [1]:

| R
E =E K Drmet (1)

Where:
E is the eye illumination,
I is the luminosity of the light source
R is the distance between pilot eye and light seurc
K is the eye edge contrast,

Dmet is the meteorological visibility,

If we use RVR (Runway Visual Range) as a main eiaf the visibility in the equation (1)

we write:

Dmel

|  E,RVR RW®
=3

met | 0

E (2)

The second problem of the design is power supply8eyial distribution circuit is a most
frequent way for bulb-lights, because the constantinous intensity is guaranteed of all
lights in information group. Serial distributionrcuit contents single-wire circuit, so-called
loop, all light of information group is connected i

Of course we cannot connect the light into simgleas loop, because when the one of bulbs
is broken, the whole light in the loop is going .otihat is why the bulbs are connected in
coupling-isolation transformers. It ensures tha kop is closed when the bulb filament is
broken. The cable for loop is the single-wire, higioss section (c 10nfin 6kV tested
conductor.

It stands to reason that the loop must be powelddomnstant current, i.e. the voltage in the
loop is depend on number of connected lights. B®Jdop is powered with Constant Current
Regulator (CCR). The basic work principle of CCRaishyristor current regulation and the

current in the loop is adjustable in 5 or 7 levil2s.



The LEDs in the PAPI lights need alternative methodl powering than the halogen lamp.
Serial loop is typical for airport light with incdascent lamp, but for LED we can use all
advantages of parallel methods of supply and thanlous intensities will be constant in
whole power network. The group of parallel powelgghts can be interpreted like a
distributed PTO (power take-off) network. It defirgpecific load in a system [Ath

Constant current supply is typical for LED as a ponment, but LED PWM regulation sort
constant current out. Airport light control systean receive the remote data and generates a
PWM modulation for the LED modules. And that wayatantees the constant luminous
intensity in every light although the percent ldvep is tens percent.

There is a block diagram in the Fig. 6. The ligah de controlled with the remote controller
which is based on 4DGL or Android technology andransmits control data through the
radios or cables at the RS232 format. MicroproaeeZ80 receives these data and controls
LED constant current regulator which supplies LEfps. 100W LED chip by SnowDragon
Industrial Co., Ltd was chosen as the light sourtégse chips emit high temperature white
light beside 5000 lumens and red light beside 30@tens . Every LED of the chip can be
supplied with 32 Volts and 3.2A current. Finallyetlight is directed with the lens. The
cooling is a very important part of the light besauhe temperature of the LED chip must not
exceed 90 degrees of C. The LED chip power dissipas up to 100W that is why it is
necessary to use passive and active fluid cookog.the design of cooling part of the PAPI
light was taken the temperature at the airportuimmer (up to 60 degrees). Microcontroller

controls active part of fluid cooling.

Fig. 6: LED PAPI block diagram



There are two spectrograms in the fig. 7, whichashe the light spectres in the white and red
sectors. We can see enormous difference betweegdralbulb and LED light in the red

sector and that is why it guaranties us that réalcavill not change in long distances.

- ) = Y o £ E] w Y o £ e - Fa - E) B e = B EY -

Fig. 7: LED PAPI block diagram

5 Conclusion

LEDs are the light sources for the future and we s&e them in many fields of the lightning
(industry, automotive etc.) Only a few companieteméirport lights with LED but they do
not use all LED advantages and only change clddsdagen bulb to LED. This contribution
showed us a new method of the airport lightning amcbduces us the real technological
solution of the PAPI light where all LED advantagesre used. The designed PAPI light is
more effective and contents modern control andrdiatics circuits. It can use parallel power
supply network.

Dedication

This work has been supported by the Institutionpsupof the Ministry of under the project
"Projekt pro rozvoj pracovistk206" PRO K206.

References:

[1] BLOUDI EK, R. Led light sources in the airport lightningseems. In: Modern Safety
Technologies in Transportation. KoSice, Slovakiapi@ma LTD., 2011, p. 35-40. ISSN
1338-5232. ISBN 978-80-970772-0-4.

[2] BLOUDI EK, R. Energetické a stlotechnické systémy letis Vyd. 1. Brno:
Univerzita obrany, 2009, 111 p. ISBN 978-80-723B8-89

[3] ICAO Annex 14 Aerodrome, Volume I, Aerodrome dign and Operations, Fourth
Edition, July 2004, p. 5-16.



[4] TRANSCON ELECTRONIC SYSTEMS, Itd., lightning sems [online]. [cited 2013-
06-14]. Available from:

<http://www.transcon.cz/images/stories/05_lights@b 02_papi_eltodo_construction.jpg>.



Matematické modelovanie aerometrickych parametroviktadla

Mathematical modeling parameters aerometrical aircaft

Robert Bréda
Letecka Fakulta, Katedra avioniky, Rampova 7, 0#K@aSice, Slovensko,
robert.breda@tuke.sk

FrantiSek Adamik
Letecka Fakulta, Katedra leteckého inZinierstvanpava 7, 041 21 KoSice, Slovensko,

frantisek.adamcik.2@tuke.sk

Peter Vanyi
SNP 52 NemSova, 914 41, Slovensko,

vanyi.petr@gmail.com

Resumé:

lanok popisuje postup tvorby simutggch modelov so zameranim na vygio
aerometrickych letovych parametrov ako su: vySkgchlos letu, Machové islo v
programovom prostredi MATLAB. Vypt@mné parametre letu si nasledne vyhodnocované
v zavislosti na zmene aerodynamickych uhlov. Vo wph a simulaciach sa porovnavané
vplyvy skutonej a Standardnej statickej teploty na presnogpotu vysky a rychlosti letu
lietadla, taktiez su porovnavané letové parameisané zo zakladnych principov leteckych
pristrojov a aerometrickych péa ov.
The article describes the procedure of simulationdels focusing on the calculation
Aerometrical flight parameters such as: altitudé;speed, Mach number in the MATLAB
programming environment. Calculated flight parametare then evaluated according to the
change of aerodynamic angles. The calculations samlilations are compared the effects of
actual and standard static temperature on the aacyrof calculating the amount and speed
of an aircraft, are also compared flight parametelerived from the basic principles of air

Aerometrical devices and computers.



1 Uvod

Jednou z uloh pri navigacii a pilotazi lietadlaujeenie polohy a kontroly pohybu lietadla v
priestore, ktora si vyZzaduje skupinu pristrojovynanych pristrojmi pre kontrolu letu. Tieto
mo6zeme rozdelido niekokych podskupin. Jednu podskupinou tvoria letovétgmije, ktoré
udavaju posuvny pohybaziska lietadla (vySkomer, rychlomer, Machmeterrioraeter)
vzh adom k okolitému prostrediu [1, 2]. Na prevadzkosep ahlivosti tychto pristrojov
zaleZi bezpenos letu. Pri navrhu simulaého modelu sa porovnavaju idealne modely
jednotlivych pristrojov zaloZzené na hodnotach Saddej atmosféry s modelmi pristrojov
ktoré obsahuju metodické a pristrojové chyby. Metagichyby st dané rozdielom absolltnej
a skutonej teploty, rozdielom vertikalneho teplotného geatl vzhadom k hodnotdm
udavanych Standardnou atmosférou a rozdielom hotakt a hustoty vzduch vzaddom

k Standardnej atmosfére. Pri navrhu simo&o modelu pre meranie rychlosti rieSime aj
problém vplyvu stlaite nosti prostredia, pri ktorom dochadza k zmene dyoledho tlaku,
ktory je hlavnym nositem informacie o rychlosti letu. Simulay model taktiez rieSi sposob

vypo tu ve kosti Machovéhoisla v zavislosti na rychlostiach letu.

2  Vyhodnotenie vysky letu

VySkomer patri medzi letové pristroje, ktoré stozahé na aerometrickom principe merania.
VySka je vertikalna vzdialenosk zemi, meria sa v metroch alebo v stopach (feméranie
vySky sa vykonava najstejSie barometricky alebo radiovo. Pri vyhodnbédsolutnej vysky

letu vychadzame zo zakladného atau pre idealny vyskomer:

T 9
Hy = 2x1e % ®
0

kde: T, - je teplota pri hladine mora - je teplotny gradientp,, - je staticky tlak vo vyske,

P, - je tlak pri hladine mora, R- je plynova konstargaje miestne tiazové zrychlenie [3].
Simula ny model pre vyhodnotenie vysky viObr. 1 bol navrhnuty na zaklade rovnice (1).
Pri dosadeni nulovej teplofyj, nam vySkomer vyhodnocuje pristrojovd vysku, priabteni

teploty T,, vySkomer vyhodnocuje absolutnu vySku.
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Obr. 1: Simula ny model pre barometricky vySkomer

Dosadzovana staticka teplota vzduchu do vimaho aparatu vnasa il chybu do modelu
simulovania. Standardnéa staticka teplota je takérékvznikne na zéaklade vypm poda

medzinarodnej Standardnej atmosféry, avSak t&sadiskutonej statickej teploty vzduchu
0 je znazornené vi Obr. 2. Krozdielom teplét dochadza v zavislasi vySke, dennej

a ro nej dobe.

Grafické znazornenie odchylky Standardnej statickej teploty od
shkutotnej statickej teploty
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Obr. 2: Rozdiel medzi Standardnou statickou teplota a skuto nou statickou teplotou



Navrhnuty simulany model vySkomera rozSirime o model vypoabsolitnej vySky poa
principu s akym pracuje digitalny aerometricky {p@ . Aerometricky poita vyhodnocuje

vySku poda vz ahu (2) v tvare:

In&
H=- BX(TH B To)x—pO (2)
To

Vstupom do modelu preptu vi . Obr. 3 je zadana vySka H a zlozky metodickychbchy
Prepoet je navrhnuty tak, aby na zaklade nami stavenskwyprepoital na hodnoty
statického tlaku, absolitnej chyby vysky, Standejdstatickej teploty, hustoty vzduchu,
hustoty vzduchu pri hladine mora a strednej teplosgvy vzduchu podh MSA.
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Obr. 3: Model vypo tu vysky letu

V grafickom znazorneni vi Obr. 4 sU uvedené priebehy vyjanych zavislosti vySok,

modelu barometrického vySskomera a aerometrickéhdaa.
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Obr. 4: Grafické porovnanie vypo itanych vySok s modelom vySkomera a

aerometrického poita a

3  Vyhodnotenie rychlosti letu

Pre urenie rychlosti letu lietadla sa vyuziva dynamickgktq, ktory vznikad z rozdielu
celkového tlaku pa statického tlakugp
Definované jednotlivé rychlosti pouzivané v letectv
Pristrojova rychlos je neopraveny Udaj rychlomera zabudovaného adlet
IAS indikovana rychlos je pristrojova rychlosopravena o pristrojovu chybu,
ktora je dana jeho konStrukciou,
CAS kalibrovana rychlos je kalibrovana rychlosopravena o polohovu chybu
Pitotovej trubice,
EAS ekvivalentna rychlos je kalibrovana rychlos opravena o vplyv
stla ite nosti vzduchu,
TAS prava vzdusna rychlos je rychlos lietadla vzhadom k okolitému
vzduchu.
Pri vypo te rychlosti vychadzame z idealneho rychlomera kpoey je celkovy a staticky tlak
merany v idealnej Pitot - statickej trubici, bezestenia meranych tlakov a pri ustalenom
pohybe lietadla v nestlde nom prostredi [4]. Rozdiel tlakov v nesite nom prostredi,

ktory pésobi na rychlomer je vyjadreny v tvare:



ry N2
= 3
> q (3)

pc- pH:

kde: p - je celkovy tlak, p - je staticky tlak, 4 - je merna hustota vzduchu, V - je rychlost,
g - je dynamicky tlak.

Na zéklade uvedenej rovnice bol vytvoreny simajamodel pre vypcet dynamického tlaku
vi . Obr. 5.
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Obr. 5: Simula ny model pre vypo et dynamického tlaku

Simula ny model vi . Obr. 6 vypotu skuto nej vzdusnej rychlosti bol navrhnuty na zéklade
rovnice (4) v tvare:

I

VTAS = VIA T (4)
Iy
(1) >
X D
V.IAS
Divide2 V.TAS
1.225—
N aat
Constant Divides
ivide i
REEqu:t{;Bal
RO.H.

Obr. 6: Simula ny model pre vypo et skuto nej rychlosti TAS.



V grafickom znézorneni vi Obr. 7 je zobrazena zmena skui®j vzdusnej rychlosti letu

lietadla v zavislosti na zmene indikovanej rychidetiu a letovej hladiny v ktorej lietadlo leti.

Grafické znazornenie zmeny skutotnej vzdusnej rychlosti v zavislosti na
indikovanej rychlosti
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Obr. 7: Grafické znazornenie priebehu indikovaneja skuto nej rychlosti pre

jednotlivé letové hladiny

Pri odvodeni rovnic pre rychlomer merajuci rychlessubsonickych oblastiach vychadzame
Z poznatkov termodynamiky. Matematickymi Upravandizeme vyjadri dynamicky tlak pre
stla ite né prostredie v tvare:

3,5

r, X
0 = P~ Pu= PiX 1*7“?p:‘3 -1 (5)

kde: pc— je celkovy tlak v stlate nom prostredi
Na zéklade rovnice (5) bol vytvoreny simulg model pre vypaet dynamického tlaku g

v stla ite nom prostredi, Obr. 8.
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Obr. 8: Simula ny model pre vypo et dynamického tlaku v stlaite nhom prostredi

Na Obr. 9 je zobrazena zmena dynamického tlakdavitst nom prostredi v zavislosti na
rychlosti letu a letovej hladiny v ktorej sa lietlagohybuje. Graf bol vytvoreny na zaklade

rovnice (5).

Grafické znazornenie dynamického tlaku g. v zavislosti na rychlosti
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Obr. 9: Grafické znazornenie zmeny dynamického tlald v zavislosti na rychlosti letu

Explicitnym vyjadrenim rychlosti s z predchadzajlucich vyrazov ziskame ciachovaciu

rovnicu pre vypoet rychlosti rychlomera v stlide nom prostredi Yas v tvare (6):
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Pod a rovnice (6) bol navrhnuty simulay model pre vypcet skutonej vzdusnej rychlosti
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Obr. 9: Simula ny model vypo tu skuto nej vzdusnej rychlosti v stlaite nom

prostredi

V grafickom znéazorneni vi. Obr. 10 je zobrazena zmena skuikgj vzdusnej rychlosti letu
v zavislosti na zmene indikovanej rychlosti letletoavej hladiny, v ktorej lietadlo leti [7].

Grafické zobrazenie bolo vyhotovené na zakladeioav6).

Grafické znazornenie zmeny skutocnej vzdusnej rychlosti na indikovanej
rychlosti
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Obr. 10: Grafické znazornenie zmeny skutonej vzdusnej rychlosti na indikovanej

rychlosti letu v stla ite nom prostredi



3.1 Vyhodnotenie Machovéhoisla

Pri vysokych rychlostiach letu sa mézu aerodynagickastnosti lietadla rychlo meni
v dbsledku stlate nosti vzduchu. Nastava prudky pokles vztlaku priasinom vzraste
odporu o mé za nasledok posuv aerodynamickych sil doz&#amziti vekos vplyvu
stla ite nosti vzduchu je mozné charakterizovachovym islom. Machové islo je
pomernym vyjadrenim skutoej vzdusnej rychlosti vzAdom k rychlosti Sirenia zvukovych
v n [5]. Pre vypoet Machového isla v podzvukovych oblastiach m6Zzeme napiggaz

v tvare (7):

M =\/2>(pc “Pu) R, @

KR, R

Simula ny model vypotu Machového isla vi . Obr. 11 pre podzvukové oblasti bol

vytvoreny poda rovnice (7).
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Obr. 11: Simula ny model vypo tu Machového isla v podzvukovej oblasti

Ak sa lietadlo pohybuje v nadzvukovych rychlostigat lete dochadza v okoli Pitotovej
trubice k tvorbe Sikmej a kolmej razovej viny. Vgrenie Sikmej a kolmej razovej viny ma za
nasledok skok mernej hustoty vzduchu preto saype et Machovéhoisla v nadzvukovych

rychlostiach vyuziva vypet v tvare (8):



(8)

Simula ny model vypotu Machového isla vi . Obr. 12 pre nadzvukové rychlosti bol

vytvoreny na zaklade rovnice (8).
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Obr. 12: Simula ny model vypo tu Machového isla v nadzvukovej oblasti

Po prepojeni jednotlivych simulaych modelov je vytvoreny subsystém pre rychlomer

a machmeter vi. Obr. 13.
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Obr. 13: Simula ny model rychlomera a Machmetra

V zemskej atmosfére berieme do Uvahy napor vzdudiiory obteka okolo lietadla.
Turbolentnos atmosféry vznika pohybom vzduSnej masy edom k Zemi. Pri obtekani
lietadla naporovym vzduchom dochadza ktvorbe agraalickych sil. Pre potreby
modelovania Unkov prudenia molekul vzduchu na lietadlo boli ideffané jednotlivé
suradnicové systémy a nasledne préjamé zlozky rychlosti do tychto systémov pri ke

aerodynamickych uhlov [6].
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Obr. 13: Simula ny model prepo tu rychlosti do zvoleného suradnicového systému

4 Zaver

Simula né modely boli navrhnuté tak, aby vyhodnocovalijibarometrického vySkomera,
idealneho rychlomera v nestliee nom prostredi, rychlomera fstonou hustotnou
korekciou pre stlate né prostredie, machmetra. Vstupnymi hodnotami preoanotenie
vymenovanych udajov, tvori pregovy simulany model, ktory nAm na zaklade zadanej
vysky simuluje potrebné udaje zhodné so Standardtmosférou MSA.

Navrhnuta simuland as modelu kanalu pre idealny rychlomer v nestanom prostredi
simuluje skutona vzdusnu rychlospre nestlaite né prostredie. Spravnosdsimulovanych
hodndt pre udaj vypdu skutonej vzdusSnej rychlosti sa preverila na zaklade \spati
hodndt odsimulovaného dynamického tlaku, ktorygmrovnavany s tabkou normy GOST
zverejnenou na internete pre r6zne hladiny letusiRula nom kanaly pre idealny rychlomer
v stla ite nom prostredi bola simulaciou preukdzana zmenadiddiajov skutonej vzdusnej
rychlosti od Udaju ekvivalentnej rychlosti letu paduvedenej teérie, teda bola potvrdena

spravnos navrhnutych simulanych kanalov.
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M eni statického tahu vrtuli.

Propeller's static thrust measurement.

Radek Bysticky
Katedra leteckych elektrotechnickych systétdniverzita Obrany, Brno

email:radek.bystricky@unob.cz

Resumé:

Spravna volba pohonné jednotky ve spojeni s vhodmmli pati mezi nejdiskutovaisi
prvky navrhu jakéhokoli Iétajiciho prostiku. Tyto Udaje totiz v Zadné literagunenajdete a
tak nezbyvad nez se spolehnout na rady zkifeh, nebo univerzalni volnstaZitelné
programy, které ale gdpokladaji znalost parametmpouzitého motoru. Znalost statického
tahu vrtuli je jednim z nejzékladgich parametr, ktery |Ize z tthto program ziskat, ale jak
praxe ukazala, jde pouze o informace velniblEZné, lanek popisuje konstrukci miciho

za izeni a samotné neni statického tahu.

The correct choice of the electric motor in asstiora with an appropriate propeller, are
among the most discussed design elements of amy flgvice Those data cannot be found in
any literature, so one is forced to rely on theiadwf more experienced or on universal free
downloadable programs which assume knowledge of pghemeters of used motor.
Knowledge of the propeller static thrust is oneghsd most fundamental parameters that can
be established by those programs, but as experieaseshown this is only very approximate
information. Article describes the construction tbe measuring device and static thrust

measurement.

1  Uvod

P i ndvrhu vice rotorového bezpilotniho vrtulniku ktmktér vychazi z gdpokladané vahy
vrtulniku, a zamySleného uziteého zatizeni. Tyto Udaje posléze slouzi k wybvhodné
pohonné soustavy. Problém ale nastava uz ve ohdliru motoru. Trh je v sowasné dob
zavalen obrovskou spoustou mota nikde neni Zadny uceleny navod jak vybirat geak
vyb r vice i mén nahodny. Stejnou cestou jsem se ubiral i jA. Tedyal jsem nkolik
motor , které podle mého soudu mohly byt vhodné. Druhgblgm vyvstal hned vzap.
Jakou vrtuli pro jaky motor zvolit? Prvni cestazgptat se zkuSeného modela na zaklad

jeho znalosti se pokusit provést vybvhodné soustavy motor vrtule. Druhou a vice



akademickou cestou je provést mhiné vypoty, coz je ponkud zdlouhavé a bylo by
zapotebi nastudovat celowdu souvisejicich oblasti [1,2].€i moZnosti je vzit si na pomoc
existujici softwarové pomocniky, které jiz na zélklamatematickych model vypo et

provedou za nas.

2  Softwarovy pomocnik

Jednim z tchto pomocnik je i program Dualsky Calc. Této program umoznyjaroalizovat
celou sestavu od bateriegs regulator az po motor s vhodnou vrtuli. Jak ujeaabr. 1, prvni
se zadava pouzita baterie a pouzity regulatoyndigiroblémem zde je, Ze uzivatel st
nedostane k hodnotdm vmitho odporu akumulatoru a vilastni sgdity regulatoru a tak

obvykle musi nechat hodnoty jizgainastavené a doufat, Ze skagehodnoty jsou podobné.
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Obr. 1: Rozhrani programu Dualsky Calc. [3, 4]

Nasleduje vybr motoru, ktery mame-li 3sti, mzZeme vybrat z iz gdpipraveného
seznamu. Nenajdeme-li takovy v seznamu, musimeZablop t vypinit vSechny parametry,
které stejn jako v pipad regulatoru budeme jen obtiZzrhledat, nebo jej ani vyrobci

obvykle neuvadi.



Posledni volbou je vyl p islusné vrtule a zde jiz mieme sledovat celowadu parametr,
které se k celé sestavazi. Nas v tuto chvili zajimaji parametry mrtvéhbu (static thrust) a
parametr efektivity, ktery nas informuje o nejvho@hpoloze pracovniho bodu.

Na zaklad t chto dat mZeme usoudit, zda Zaeni bude schopné letu a jaky budeme mit
v pipad poteby pevis vykonu pro manévrovani. Program nam ale unjeznwolit na
zaklad vysledk vypo tu teba i hodnoty kapacity baterie maximalni hodnoty proudu
regulatorem.

BohuZel se ale nedozvime epodni charakteristiku proudu a statického tahutoTu

charakteristiku si tak bohuzel musime proibrsami.

3 M icizaizeni

Zp sob jak nam it tah vrtule je celaada. Ja jsem se rozhodl vyuzit na katdedyvijeny
laboratorni stend, umoajici m it a idit pohyb upoutaného vice rotorového vrtulnikik jéa
z obr 2. vidt cely stend je zafixovan a umoznuje pouze kyvnkiyo Na jednom konci je
umistn m eny motor s vrtuli a druhy konec ramene se ve &tepualenosti od osy opira

o vahu, ktera mi staticky tah.

Obr. 2: Za izeni pro m eni statického tahu vrtuli.



Na stendu je umish mimo motor i cely et zec potebny pro izeni otaek motoru, tedy i
akumulator a regulator. Pro peby pesné regulace a tedy i opakovatelnosti celéhaemi
slouzi misto gjima e funk ni generator nastaveny tak aby imitoval signalicliazejici
s pijima e. Vyhodou pouZitého generatoru je i moznost jelpopeni k poita i a p ipadné
vyuZziti v systému automatizovaného eni, které je v so@asnosti ve vyvoji.

Mimo samotnou idici smyku, je na stendu umisto i n kolik snima . V prvni ad jde o
proudovou sondu, kterd nmi proud odebirany z baterii. Druhym ranym parametrem jsou
ota ky m ené runim stroboskopickym midlem, a tetim d lezitym parametrem je tah
m eny za pomoci vahy. Tento zob m eni je vsouasnosti nahrazovan
automatizovansSim m enim za pomoci tlakovych snima Ota ky budou rovnz nahrazeny
automatizovansim m enim za pomoci optické zavory. Cely systém tak buaez ovat
m it automaticky a rychle. Soasny zpsob m eni byl zdlouhavy a energeticky il
naro ny a m ené motory se silnzahivali.

Ziskané vysledky demonstruje jedno z emi provedené na slavém motoru Ray C2822/25
spolu s tilistou vrtuli GWS EP 8x4 uvedené na obr. 3. Z wretho grafu je 2jmé, Ze ani
ty i kusy tohoto motoru s touto vrtuli nejsou schopimgahnout poZzadovaného tahu 1,5kg,
nebo by jen pro rezim viseni pracovali v oblastij které proud protékajici motorem hraini

s maximalnim kratkodobym zatizenim.

Zavislost tahu a proudu na $ifce fidiciho impulzu
motor Ray C2822/25 + vrtule GWS EP 8x4 3lista
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100
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Obr. 3: Charakteristika nam ena na motoru Ray C2822/25



Na obr. 4. jsou uvedeny ikky ziskané pro rkolik typ vrtule a motor MK3638, ktery je
pouzity i na komemim ty -rotorovém vrtulniku firmy Microcopter [5]. Zde jgZ vid t
dostateny p ebytek vykonu aty i kusy tohoto motoru dokazi bez problému unést krom
vahy samotného vrtulniku i dvoukilovou zat coz bylo posléze i prakticky oeno. Na
vlastni prom eni vhodnosti jednotlivych vrtuli a tohoto motorw&ak budeme muset piat,

nebo zatim tyto motory, mimo ty pouZzité na létajicimogt nevlastnime.
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Obr. 4: Nam ené charakteristiky motoru MK3638 [5]

4 Zav r

Ziskat hodnoty statického tlaku vyZzaduje pom rozsahlou znalost problematiky
aerodynamiky a elektropohon S vyhodou se proto daji pouzit programy, kteréo tu
problematiky asten vy eSi za nas. Bohuzel z hlediska praktického jeebat povazovat
ziskané udaje za silrorientani nebo jiz prvni experimentalni meni odhalilo vice nez 50%
rozdil mezi matematickym modelovanim a naemymi Udaji z pohledu statického tahu.

Pi m eni se rovrz ukdzal nesoulad mezi Gdaji vyrobce o dosazitéingooudech na
motoru, kdy motor jiz g polovin maximalniho proudu vyhel. Rovnz m eni ukazuiji, Ze
je nejvyhodnjSi pouzivat sidavé motory s viSim rotujicim plastm.

Jednim z budoucich neni bude i zjiSovani jak moc ovlivuje tah motoru ptomnost zem

Délka vodici tye umoZnuje provad m eni od cca 0,5m do 2m.



Dedikace

lanek byl sepsan v rdmci rozvoje organizace prajek© - K206 s ndazvem "Komplexni

elektronicky systém pro UAS".
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Vyuziti rezonan niho snimae k m eni diferen niho tlaku

vzduchu

Use of a resonant sensor for differential air presge measurement

Jaroslav HalgaSik, Karel Draxler
Katedra m eni FEL VUT Praha,

email: halgasik@gmail.condraxler @fel.cvut.cz

Resumé:

V lanku je popsan difereni rezonanni snima tlaku tvoeny feromagnetickym véalcovym
rezonatorem s elektromagnetickym buzenim. Ketiteezonatoru odpovida diferenci tlak
mezi vnitnim a vnjSim prostorem rezonatoru a urovni absolutnihoulakduchu, na kterém
je tato diference vytvena. Snimalze tedy pouzit k meni vzdusné rychlosti letu a vyuzit
jeho frekvenni vystup k pesnému zpracovani signalu pomoaita e. Nevyhoda tohoto pouziti
spo iva v zavislosti vystupni frekvence na urovni altedho tlaku vzduchu tedy vySce, ve
které je diference tlak tedy rychlost letu mena. eSeni tohoto problému je popsano
v nasledujicim textu.

A differential resonant pressure sensor formed Ifgreomagnetic cylindrical resonator with
electromagnetic excitation is described in the ceti The frequency of the resonator
corresponds to a pressure difference between iandrouter space of the resonator and a
level of absolute air pressure on which is thigeddnce created. So the sensor may be used
for air speed and its frequency output may be usedorecise signal processing using a
counter. A disadvantage of this application lies datput frequency dependence on the
absolute air pressure level and so on the altitude/hich is the air difference and so the air

speed measured. Solving of these problems is tesln the following text.

1 Diferen ni rezonan ni snima tlaku

Uspo adani valcového difereniho snimae tlaku vzduchu je na obr.l. Zakladem je
tenkostnny rezonami valec, vyrobeny ze specialniho feromagnetickéladerialu typu Ni-
Span, nebo Inconel. Spoddist valce je pva ena na nosnou upewvaci pirubu, horni ast

je uzavena vikem. Rezonami valec je uvnit masivniho souosého valce, ktery je ravn
p iva en k pirub . Do stny tohoto valce jsou upevny vzdy proti sob dv snimaci a dv

budici civky. Jadra thto civek jsou tvaena permanentnim magnetem, nezbytnym pro



vyvolani kmit vélce. U piruby je do nosnéasti zapusina kemikova dioda, ktera slouzi

jako idlo teploty.
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Obr. 1: Uspo adani diferen niho rezonan niho