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WAVELET DE-NOISING FOR AUTONOMOUS LATITUDE DETERMINATION

Autonomous determination of the latitude of the place of movable and immovable objects is used as an independent
task, as well as the task of determination of the initial value of latitude for operation of both platform and platform-free
navigation systems. To solve these problems, it is necessary to have an inertial measurement unit (IMU) with at least
three gyroscopes and three accelerometers. When using the IMU, executed by MEMS technology, the output signals of
micromechanical gyroscope and accelerometers have significant noise components. Kalman filter is usually used to
filter such signals. However, for this purpose it is necessary to know, besides the exact mathematical model of sensitive
elements, many of their initial random characteristics.

In the article, the research was conducted in order to investigate the use of wavelet transformation for the filtering of
output signals of micromechanical accelerometers and gyroscopes for autonomous determination of the latitude of the
place. The peculiarity of using wavelet transform for noisy signals is that due to changing scale, wavelets can detect
differences in process characteristics on different scales, and with help of the shift we can analyze process properties at
different points on the whole investigated interval. Due to the properties of this system's fullness that it is possible to
restore the process by means of inverse wavelet transform. The efficiency of the developed method of increasing the
accuracy of the autonomous determination of the latitude of the IMU on the basis of micromechanical gyroscope and
accelerometers has been experimentally confirmed. The projections of the angular velocity of Earth rotation and
gravitational acceleration were obtained from the IMU made by MEMS technology. After that, the signals of the
gyroscopes and accelerometers of the inertial measuring unit were filtered, using the wavelet ‘Daubechies 10’ in
decomposition, and averaged. These signals were used in a computational algorithm to determine the latitude. The
results showed that, unlike the well-known Kalman filter, which almost did not increase the accuracy of the latitude
calculation, wavelet denoising and further averaging reduced calculation error by almost twice.

Keywords: gyroscopes; accelerometers; latitude determination; wavelets.
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In connection with the significant progress in the improvement of sensitive elements (gyroscopes, accelerometers,
magnetometers), as well as the increased possibilities of information processing by computational means, it became
necessary to use modern algorithms for constructing correction systems for the gyromagnetic compass.

The object of research is the correction circuits: with an adaptable proportional-integral-differential (PID)
controller, with a Fuzzy controller, with a Kalman filter for correcting the gyroscopic meter according to the magnetic
heading sensor. In this case, the well-known scheme of a gyromagnetic compass with a torque proportional-integral
(PI) correction is taken as the basis for comparison. Smoothing of the oscillatory error of a magnetic compass, which
may be predominant, is considered. The subject of research is the accuracy characteristics in the steady state.

10 Bicnuk KIII. Cepia IIPU/IA/IOBY/IYBAHHA, Bun. 63(1), 2022.



ISSN (p) 0321-2211, ISSN (e) 2663-3450
Teopisa ma npakmuka HagicauilHuX nPuIAdie i cucmem

The study is carried out by simulating the operation of a gyromagnetic compass. The root mean square error (rms)
and the mean value of the error are taken as the correction characteristics. At the same time, the transitional process of
the initial exhibition is also controlled.

In the algorithms under study, new solutions are applied.

In the differential PID channel, a quarter-period delay of the dominant oscillations is applied, and the gain of the
differential channel is adjusted according to the oscillation frequency. This setting allows you to almost completely
smooth out the oscillatory error of the gyromagnetic compass by compensating for the oscillatory error with the
received signal in the differential circuit.

In the Kalman filter scheme, the resulting heading error estimate is in antiphase with the error. After the
introduction of a delay in the estimate for half a period of fluctuations, the estimate almost completely corresponds to
the error. As a result, the oscillatory error can be almost completely eliminated in the instrumental heading value.

The article shows that all three investigated correction schemes show better characteristics in comparison with the
known basic scheme. The highest accuracy can be achieved when applying the Kalman filter with the necessary settings
for the perturbation, observation and initial error matrices.

The simplest to implement is a circuit with an adaptable PID controller. Its characteristics are close to the scheme

with the Kalman filter.

Keywords: gyromagnetic compass; correction circuit; proportional-integral-differential controller; fuzzy

controller; Kalman filter.

Introduction

The magnetic channel was and remains in
demand for the correction of gyroscopic systems: both
in gyromagnetic compasses (GMC) proper and in
corrected inertial navigation systems and in other
developments. This correction was carried out both
many years ago and now. The relevance of such a
channel has grown recently in connection with the
progress in the development of micromechanical
gyroscopes and accelerometers, micromagnetic
sensitive elements.

Basically, the magnetic channel is used to correct
the heading instrument readings, since other reference
systems (satellite navigation system, Doppler meters,
etc.) still rarely provide information about the heading
of the object. In addition, satellite navigation systems
have insufficient noise immunity. The satellite signal
can be lost in the shade of buildings, trees, or under
the influence of artificial interference.

Magnetic correction attracts with its simplicity
and autonomy. The active use of the magnetic channel
is also due to the increased capabilities of signal
processing with modern computing means.

A gyromagnetic compass is a control system in
which all modern methods and schemes are
applicable. Its main characteristics are the accuracy
and time of the initial alighnment (transition process).

GMC errors are divided into static (systematic)
and dynamic. Static errors (e.g. magnetic deviation)
are eliminated by calibration and compensation.
Dynamic errors are eliminated by using various
regulators.

The study of the modern methods and algorithms
possibilities for using to improve the characteristics of
the gyromagnetic compass is carried out in the
presented article.

Problem statement
Many existing marine and aviation movable

objects are equipped with heading systems, in which
the heading channel is corrected by a magnetic
heading sensor. Such systems are called gyromagnetic
compasses (for example, gyromagnetic compass
GMK-1, attitude and heading reference systems
(AHRS) LCR-100). Magnetic heading correction is
also widely wused in modern AHRS with
micromechanical gyroscopes [1].

A known means of achieving good dynamic
performance is the PID controller. In the literature
there are enough ex-amples of its application to
thermal processes, various types of drives, machine
tool control, autopilots [2, 3, 4]. Propor-tional-integral
(PI) controllers of the GMC are considered in detail in
[5], in inertial navigation systems (INS) [6]. In this
case, the use of a differential channel in orientation
devices is not considered. An exception is the example
of using a PID controller at the initial alighnmemt of
INS [7]. The article [8] and [9] shows the features of
the use of the PID con-troller in the gyromagnetic
compass.

A well-known means of improving the
performance of a control system is the use of fuzzy
controllers (fuzzy con-trollers). In [10, 11], the
advantages of tuning the observation matrix of the
Kalman filter using a fuzzy controller are shown in
terms of the parameters of the disturbances
experienced by gyroscopes, accelerometers, and
magnetometers. In [12], the possibility of adaptive
tuning of the generalized Kalman filter in conditions
of instability of the calculated scale factors of the
model of a strapdown inertial navigation system
(SINS) is shown.

In [13], the application of a Fuzzy controller is
shown to correct the readings of the integrated
navigation inertial-satellite system according to the
parameters of the maneuver performed by the object.
In this case, 3 triangular mem-bership functions are
used at the input and output of the regulator, which
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operates according to 9 rules. PhD thesis [14] is
devoted to the study of the characteristics of a cheap
(inexpensive) heading standard (AHRS) using Fuzzy
controllers and Kalman filters.

In [15], the accuracy of ship control by a control
system with a PID controller and a fuzzy controller of
varying complexity (9, 11 or 13 membership
functions) is investigated. It is shown that fuzzy
controllers give a higher naviga-tion accuracy
compared to navigation with a PID controller.

Modern methods for determining and eliminating
magnetic deviations are considered in [16]. The
application of the variant of the generalized Kalman
filter - UKF, as well as the Kalman filter with strong
tracking (STUKF) is investi-gated in detail.

The magnetic correction channel in the GMC
uses a regulator with proportional or proportional-
integral correction [5]. Recently, other controllers
have been actively used: PID controllers, fuzzy
controllers, controllers with a Kalman filter.
Correction schemes with such regulators are the object
of research.

There is a need to study what advantages,
primarily in terms of dynamic accuracy, can be
obtained from their application.

The purpose and objectives of the study

The research tasks are modernithation,
determination of the capabilities, characteristics,
comparative analysis of various correction schemes
for the gyromagnetic compass (magnetic correction
channel) in order to develop recommendations for
their use.

Materials and research methods

The research will be carried out by modeling
correction schemes in the Matlab package. As a basis
for comparison, let us take a well-known scheme with
integral-positional (integral-proportional) correction
[5]. This scheme has variations. Correction can be
moment or kinematic. The correction can have a
tracking loop or it can be built according to the
compensation scheme. The latter is sometimes called a
complementary filter.

Integral-positional correction scheme
Let us take as a basis a circuit with a moment
integral-positional (isodromic, proportional-integral, PT)
correction with a tracking loop. Its modeling scheme in
the Simulink package follows from Fig. 1, if the
differential channel is excluded in the lower part.
The initial data and simulation results are shown
in Fig. 2.
In Fig. 1, 2:
km — magnetic heading,
kmp - instrumental heading value (gyromagnetic
heading),
dkm - instrument heading error,
SineWave — block for setting harmonic interference,

kdu — transmission coefficient of the angle sensor,

ku — the gain of the proportional correction loop,

ki — transmission coefficient of the integral
correction contour,

1/s — integrator,

kdm - coefficient of transmission of the torque
sensor,

H - the kinetic moment of the gyroscope,

Mp - gyroscope outrageous moment (interference),

al0 - initial misalignment of magnetic and
gyroscopic headings,

omdz - the vertical component of the angular
velocity of the accompanying trihedron.

The dash-dotted line marks the knot of the
regulator, in which changes are assumed.

The graphs of errors and control signals are
shown in Fig. 2.

In Fig. 2

dkp, dkf — gyromagnetic heading error,

kmp, kmf — gyromagnetic heading,

integ — voltage at the output of the regulator
integrator,

Uupr — control voltage at the torque sensor input,

Afm, omf — interference amplitude and frequency of
the magnetic heading sensor,

f=A, sinwt,

h — integration step,

rmsp and averp are the root mean square error and
the mean value of the gyromagnetic heading error for
the circuit with a PI controller for the last 60 s.

As can be seen from Fig. 2, the graphs show the
presence of a transient process for 60 s, due, first of
all, to the work of the integrator.

As shown in [4], the output signal of the SMC can be
described by the dependence
T, pt+l - T, p

TT, p*+T, p+1 koy(TTup2+Tup+l)
T, p’
vt [a, +a(0)],
IT, p~+1
where
T=H/k,k,k,, —the time constant,

T, =1/ k; — the time constant of the integrator,

k.wn = kl +

M

A+

a, — the dynamic and kinematic drift of the

gyroscope,
0(0) — the initial misalignment of the gyroscopic and

magnetic headings,

A - the zero offset of the integrator.

GMC errors depend on the interference f of the
magnetic heading sensor, the moment-interference of
the gyroscope Mp, the error of the initial alignment
and the kinematic errors of the gyroscope (cardan
errors, errors in the conical motion of the object, etc.),
and the integrator error. Other instrumental errors also
contribute.
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Fig. 1. GMC circuit with PID correction (bottom) and Fuzzy controller (top)
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Fig. 2. Characteristics of a circuit with a PI controller (dkp, kmp, intp, Uuprp)
and with a Fuzzy controller (dkf, kmf, intf, Uuprf)

Adaptive PID controller circuit

Attention is drawn to the use of a proportional-
integral-derivative (PID) controller. In [8], the features
of using the differential channel in the PID controller
of the GMK are shown. With the help of a differential
channel with a phase shift of 90 degrees, the
oscillatory component of the magnetic compass
interference segregate and compensate. In Fig. 2, the
lower part simulates a GMC circuit with adaptable
PID controller. The upper part corresponds to the
GMC version with a different type of nonlinear
controller.

Bicnuk KII1I. Cepia IIPH/IA/IOBY/IYBAHHA, Bun. 63(1), 2022.

When using the PID controller, in the differential
channel the variable interference is segregate and the
systematic component of the signal is removed.

To eliminate variable interference, a quarter-
period delay is introduced into the derivative of the
interference heading signal T =Tt/ (2[dy; ), see Fig. 3.

The transfer coefficient of the differential circuit
kd/omf depends on the frequency of the disturbance
of the magnetic sensor, which follows from the
expression

d .
d—Afm sinwyt = A 0; coswyt .
t

13
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Fig. 3. Signal at the output of the proportional loop
(dashed) and differential loop (solid)

If the coefficients are kd = ku, we obtain an

alternating signal of the differential circuit,

corresponding in magnitude and in antiphase with the

oscillatory interference. The addition of the signals of

the proportional and differential circuits practically

eliminates the influence of variable interference
(Fig. 4).

To determine the required delay T and adjust
the transmission coefficient of the differential circuit,
it is necessary to determine in advance the oscillation
period (angular frequency) of the interference.

The result of modeling a GMC with a PID
controller is shown in Fig. 4 (blue solid lines). As can
be seen from the dkp graph and the value of the root
mean square error rmsp 3,58 arc.min, The
oscillatory noise is almost completely eliminated.
Average error value for the last 60 s averp = - 1.56
arc.min.

In [8], it was shown that even with a random
pitching with a dominant frequency, a circuit with a

PID controller gives a noticeable positive result.
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Fig. 4. PID controller (dkp, kmp, intp, Uuprp) and Fuzzy controller (dkf, kmf, intf, Uuprf) circuit characteristics

Fuzzy controller circuit

When designing a fuzzy controller, the range of
tools is great [12]. If we use the simplest controller,
built according to the Mamdani type, with three
triangular membership functions (terms) of both the
input signal (fuzzification) and the output signal
(defuzzification), then by choosing the width of the
windows, the location and width of the terms, we can
obtain very different types static characteristics of
controllers. Fig. 5 shows the Fuzzy Logic Designer
package windows from Matlab 2017b.

With the parameters of the input terms (input)
indicated in Fig. 6 a and the parameters of the output
terms (output) in Fig. 6 ¢, we obtain the characteristic
shown in Fig. 7 a. The errors of the circuit with a
Fuzzy controller (rmsf, averf) shown in Fig. 4
correspond to this setting.

In the Rule Viewer window (Fig. 5) you can
control the operation of the regulator, make sure that

14

the width of the input and output settings of the
regulator corresponds to the signal level. When
changing the width of the central terms of the input ifl
or output vf2, the character of the static characteristic
changes. It can become linear (Fig. 7, c), a broken line
with a greater steepness of the central section
(Fig. 7, b), smooth nonlinear with a lower steepness of
the central section (Fig. 7,d). By changing the
parameters of the left and right terms, you can change
the overall slope of the characteristic.

Ultimately, both the time of the transient process
and the established error change. Usually they are in
conflict: the smaller the steady-state error, the longer
the transition process and vice versa.
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Thus, the adjustment of a Fuzzy controller is an
expert and requires a certain experience and skill of
the designer. As can be seen from Fig. 4, a Fuzzy
controller allows one to obtain a smaller average error
value averf = - 0,78 arc.min. in comparison with the
average value averp = - 1,56 arc.min. when using a
PID controller or averp = - 2.03 arc.min. when using
a PI controller. It is likely that better results can be
obtained with a more complex fuzzy controller
structure.
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Correction scheme with Kalman filter

The Kalman filter (KF) is usually used to correct
the heading channel of an inertial navigation system
(INS) to a magnetic heading. A closed gyromagnetic
channel with a Kalman filter is shown in Fig. 8, where
MC is a magnetic compass.

MC LIJMK _

A +v Kalman

filter

i'/E’ ’\V/N’ ’\V/h (b,X,IjI,lIJ,S,V

INS
7y

AP, Ao, Aas
Fig. 8. Gyromagnetic channel with INS and KF

In Fig. 8 the INS output is the velocity projection
Vg, V., Vy ;s latitude, longitude and altitude @, A\ H;

heading, pitch and roll angles 3,9,V ; estimates of

systematic components of gyroscopes drift Ay,

i=x,y,z, estimates of displacements of

accelerometers' zeros Aa;, v is a random error.

In the absence of correction in the considered
short time interval 2,5 min. (much less than the
Schuler period) the heading error (Fig. 9) for the INS
parameters indicated in Fig. 10 changes from +6
arc.min. (initial alignment error) to - 4 ang.min. This
change, as is known [17], will continue in the future.
Magnetic compass correction will eliminate this build-
up of heading error. If a magnetic compass of an
analytical type is used with magnetometers rigidly
installed on board, integrated with an INS, its error
will mainly have a noise component. If a magnetic
compass of a semi-analytical type with a pendulum
suspension of magnetometers is used for correction, a
pronounced oscillatory error is possible, which was
considered in the previous schemes.
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Fig. 9. INS errors

Let us consider the application of the linear
discrete KF, the algorithm of which is well known and
presented in [17].

When using the KF in a closed circuit (Fig. 8),
the experimental conditions and error characteristics
shown in Fig. 9 (there is no oscillatory error of the
magnetic heading sensor), the heading angle error
corresponds to the dK graph.

In Fig. 9

fi0 - latitude,

dtet0, dgamO - initial leveling errors,

dKO - gyrocompass error,

V - speed of movement,

omdr - systematic error of gyroscopes,

da - systematic error of accelerometers,

h - the integration step,

k, tet0, gamO - angles of heading, pitch and roll,

sgx - root-mean-square deviation (sko) of the
gyroscope noise (1),

sia - sko of accelerometer noise,

sgmz - sko of the magnetic heading sensor error,

kRm, kQ, kP, kOm, kAc - FK tuning factors,

bo, ba, bu - signs of inclusion of feedbacks on the
systematic drift of gyroscopes, accelerometers,
heading angle, respectively.

Note that in this scheme, the KF tuning is applied
by multiplying the initial error matrix P by kP = 10,
and the measurement noise matrix R by kR = 0.1. This
setting results in a reduction in transient time.

kOm and kAc are the weight coefficients of the
noise of the gyroscopes and accelerometers,
respectively, in the perturbation matrix Q.

It is possible to estimate the error and obtain the
gyromagnetic heading with an error within 0.5

arc.min. (Fig. 10). In Fig. 10, 11 the upper window
shows the INS heading error and its estimate by the
Kalman filter, the lower window shows the error with
which the estimate was made (estimation error).

Recall that in this study errors from magnetic
deviations, which are classified as systematic errors,
are not taken into account.

In the presence of an oscillatory error, we get the
errors in Fig. 11. The error estimate is in antiphase
with the INS error. The transient process of the error
with the performed filter settings takes about 60 s. By
introducing a delay of half the oscillation period, we
can synchronize the heading error and its estimate. In
Fig. 11, the upper window shows the INS heading
error with an interference amplitude of the magnetic
sensor of 5.7 degrees, its estimation using the
magnetic heading sensor after entering the delay. The
lower window shows the estimation error in the
presence of a delay. The error is within 1 arc.min, but
this requires a sufficiently accurate delay with an error
of no more than 0.1 s. In practice, given the
randomness of fluctuations, such a result is hardly
achievable.

Research results and their discussion
The simulation results are summarized in Table 1. It
shows the error characteristics of the gyromagnetic
compass for the well-known proportional-integral
correction scheme, adaptable proportional-integral-
differential correction, schemes with a fuzzy controller
and a Kalman filter.
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Fig. 10. Heading error and its estimation in case of noise

interference from the magnetic heading sensor.

The mean square error (rms) and the average value
of the error (average) in the steady state for the last 5
periods (1 min). Of the change in the quasiharmonic error
are taken as characteristics. The transient error process at
the initial exposure took about 1 min.

dK, arc.min.

Table 1. Simulation results for different correction schemes
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Fig. 11. Heading error and its estimation with noise and

oscillatory interference of the magnetic heading
sensor and the estimation delay

It can be seen from the above results that the
smallest average error value (average) is given by
correction schemes with a KF and a Fuzzy controller,
the least root mean square error (rms) was shown by a
KF and an adaptive PID controller.

proportional- Adaptive proportional —integral- | Fuzzy controller Kalman filter
integral (PI) differential (PID)
rms, arc.min 44 3,4 34 0,67
average, arc.min -2,1 -1,6 -0,8 0,14

Conclusions

The simulation of four possible options for
correcting the gyromagnetic compass shows that
correction schemes with an adaptable PID controller,
Fuzzy controller, Kalman filter show better
characteristics in comparison with the widely used
scheme with proportional-integral (integral-positional,
isodromic) correction. New in the PID controller
scheme is the input of the time delay and the setting of
the differential loop gain. New in the scheme with the
Kalman filter is delay that introduced for half a period
of the oscillatory component. It is useful to make a
comparison of these circuits after research with real

signals.

The simplest to implement in the GMC
correction scheme is an adaptable proportional-
integral-derivative (PID) controller.

The studies carried out, the proposed

modernization of correction circuits can be used to
improve the characteristics of existing or newly
developed gyromagnetic compasses.
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B. B. Mejnemiko, B. B. Pomanos
Hayionanonuii mexuiunuil ynieepcumem Ykpainu «Kuiécokuti nonimexuivHuti incmumym iMeHi

lzops Cikopcvkozo», Kuis, Ykpaina
CXEMU KOPEKUII TTPOMATHITHOI'O KOMITACY

VY 3B'3Ky 31 3HAYHUM TIPOTPECOM y BIOCKOHAJCHHI YYTIUBUX EJIEMEHTIB NMPHIaIiB (TipOCKOIIIB, aKCEIePOMETPIB,
MarHiTOMETpiB), a TaKOX 301TBIIEHUMH MOKJIHUBOCTIMH OOpOOKH iHpopMaIlii 00YHCITIOBATPHIMH 3aC00aMU BUHUKIIA
HEOOXIAHICTh Yy 3aCTOCYBaHHI Cy4aCHHUX JOCKOHAIHMX JITOPUTMIB TIOOYTOBH CHCTEM KOPEKIIii TipOMarHiTHOTO KOMITacy.
OO0'eKTOM JOCIHIKEHHS € CXEMH KOPEKILii: 3 aaanToBaHUM IpoNopLiiHo-iHTerpansHo-audeperuiansauM (ITI/1) pery-
JISITOPOM, 3 PEryJsITOpPOM 3 HediTKolo Jiorikoto (Fuzzy controller), 3 ¢insrpom Kanmana jyuis kopekuii ripockoniyHoro
BUMIpIOBaya 3a 3HAYCHHSIMH MarHiTHOro JaT4MKy Kypcy. BogHouac, 3a OCHOBY [uisl ITOpiBHSHHS OepeThes BiomMa cxe-
Ma TipOMAarHiTHOro KOMIIacy 3 MOMEHTHOIO IPOIOPUIHHO-IHTEIpAIbHOI0 Kopekuieto. Po3risgaeTbes 3riaKyBaHHS
KOJIMBaJIbHOT OMMJIKM MarHiTHOTO KOMIIaca, sika Mo)ke OyTH MepeBaXkaroyolo.

[MpeamMeT nocmiKeHHs - XapaKTEPUCTHKNA TOYHOCTI 32 YCTAJICHOTO pexumy. JlociiHkeHHs TPOBOANUTHCS 32 YMOBH MO-
JIeIOBaHHs pOOOTH TipOMarHiTHOTo0 Kommacy. Sk XapaKTepUCTUKH KOPEKIIii MPUHHSATI cepeTHs KBaApaTHIHa TTOMUITKA
(rms) i1 cepenHe 3HaYEHHS TIOMUJIKK. BomHOYAC, KOHTPOIIOETHCS TAKOXK MEPEXiAHMHA MPOIeC MOYaTKOBOI BUCTaBKU. Y
JIOCITIJHKYBAHUX aJITOPUTMAX 3aCTOCOBAHO HOBI PillICHHSI.

Y mudepennianpaomy kanani IIIJ] 3acTocoBaHO 3aTpUMKy HAa YBEPTh MEPiOJy KOJIHMBaHb, a KOEPIIIEHT mepenadi
I epeHIialbHOTO KaHATy HAJAIMITOBYETHCS 3a YacTOTOIO KOJMWBaHb. [lomiOHe HACTPOIOBAHHS JO3BOJISE Maiike
MOBHICTIO 3MVIAAWTH KOJWBAIBHY MOMMJIKY TiPOMAarHiTHOTO KOMIaca 3a YMOBH KOMIICHCAIii KOJMBAIBGHOI ITOMIUIKA
OTPUMAHUM CUTHAJIOM TU(PEPEHINATBLHOrO KOHTYpa. Y cxeMi 3 pimpTpom KanMaHna oTpUMaHO OIIHKY IOMHIIKHA KypCY
nepedyBae y npoTtudasi 3 noMmwikoro. [licist BBeJICHHS 3aTPUMKH OI[IHKH HA MIiBIEPiOAY KOJIHMBAaHb OI[IHKA MPAKTHIHO
MOBHICTIO BiJNOBiZa€ MOMMIII. TakuM YMHOM B NMPUIATHOMY 3HAYCHHI KYpCYy MOXHA Maike MOBHICTIO YCYHYTH KOJIH-
BaJIbHY MIOMIJIKY.

VY crarTi mokasaHo, IO BCI TPH JOCIKYBaHI CXeMH KOPEKLii MOKa3yIOTh Kpalli XapaKTepPUCTUKH MOPIBHSHO 3
BiZIOMOIO 0a30BOI0 cxemoro. Haii0inpmioi TOYHOCTI MOXKHA JOCATTH NpH 3acrocyBaHHI ¢inbTpa Kanmana 3
HEOOXIJHIMH HaJAIITyBaHHAMHU MAaTPHUIh 30ypEHHS, BUMiPIOBaHH Ta MATPHIIl MOYATKOBUX TIOMHUIIOK.

Hait6imsIr mpocToro 1 peaizarii € cxema 3 agantoBanuM ITIJI-perynaTopom. Ii xapakTepHCTHKY GIM3BKi IO CXEMH 3
¢dinsTpom Kanmana.

Kuio4uoBi cjioBa: ripoMarHiTHHIA KOMIIac; cXeMa KOPEKIii; MpOoNOopIiitHO-iHTeTpabHO-TH(epeHITIaTbHANA PETYIATOD;
HEJITKUH KoHTposep; GinpTp Kanmana.
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