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INF-SEG: AUTOMATIC SEGMENTATION AND QUANTIFICATION
METHOD FOR CT-BASED COVID-19 DIAGNOSIS

F. Shariaty' = , S.V. Zavjalov?, V.A. Pavlov3,
T.M. Pervunina*, M. Orooji°

123 peter the Great St. Petersburg Polytechnic University,
St. Petersburg, Russian Federation;

4 Almazov National Medical Research Centre,
St. Petersburg, Russian Federation;

> University of California, Los Angeles, USA
= shariaty3@gmail.com

Abstract. The global spread of the COVID-19 has increased the need for physicians and
accurate and efficient diagnostic tools. The best way to control the spread of COVID-19 is
through public vaccination as well as early intervention to prevent the spread of the disease.
According to the World Health Organization, chest CT scans in the early stages of COVID-19
disease have good accuracy, which leads to the widespread use of these images in the diagnostics
and evaluation of COVID-19 disease. Lung CT scan segmentation is an essential first step for
lung image analysis. The purpose of this article is to evaluate the existing computer systems and
to present a more efficient computer system for CT scan image segmentation. For this propose,
a novel artificial intelligence (Al)-based COVID-19 Lung Infection Segmentation (Inf-Seg)
method is proposed to automatically identify infected regions from chest CT scan. In Inf-Seg,
after pre-processing of medical image and improving the image quality, texture feature extraction
methods are used to collect high-level features and generate a global map. In the next step, we
used YOLACT, which consists of a backbone part of a network of feature pyramids for creating
multi-scale feature maps and efficient classification and localization of objects of various sizes
(with better information than a regular feature pyramid for object detection), a Protonet part
and prediction.

Keywords: automated segmentation, COVID-19, artificial intelligence, computed tomography
scans, machine learning, deep learning

Funding: The reported study was funded by Russian Foundation for Basic Research and INSE
project number 20-57-56018.

Citation: Shariaty E, Zavjalov S.V., Pavlov V.A., Pervunina T.M., Orooji M. Inf-Seg: Automatic
segmentation and quantification method for CT-based COVID-19 diagnosis. Computing,
Telecommuni-cations and Control, 2022, Vol. 15, No. 3, Pp. 7—21. DOI: 10.18721/JCSTCS.15301

© Shariaty F.,, Zavjalov S.V., Pavlov V.A., Pervunina T.M., Orooji M., 2022. Published by Peter the Great St. Petersburg Polytechnic University
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INF-SEG: ABTOMATUYECKUW METO[, CETMEHTALLUMU
U KOJIMMECTBEHHOIO ONMPEAEJNIEHUA
Ana AUATHOCTUKU COVID-19 HA OCHOBE KT

. Wapuamu' = |, C.B. 3a6vsno06?, B.A. l1a6noB’,
T.M. lNepByHuHa*, M. Opydxxui’

123 CaHKT-lNeTepbyprckuii NoANTEXHUYECKUIA yHUBEPCUTET lNeTpa Beaunkoro,
CaHkT-MeTepbypr, Poccuitickaa Pegepauns;

* HaunoHanbHbI MeAULMHCKUIA UCCNeoBaTeNbCKUA LEHTp M. B.A. AnmasoBa,
CaHkT-MNeTepbypr, Poccuiickaa Pepepaums;

> KanndopHuiickuii yHusepcuteT, Jloc-AHaxenec, CLUA

B shariaty3@gmail.com

Annotamug. [nobanbHoe pacnpoctpaHeHre COVID-19 yBennumio moTpeOHOCTh BO Bpayax U
TOYHBIX M 3(P(GEKTUBHBIX AUATHOCTUIECKMX WHCTpyMeHTaX. JIydimmii crmocod KOHTpOIMPOBATh
pacmpoctpaneHne COVID-19 — BakmmHamms HaceJeHUsI, a TakKKe paHHEe BMEIIATEIHCTBO IS
npeaoTBpalleHus1 paciopoctpaHeHus: oose3Hu. [1o panHeIM BcemupHoil opraHuzanuu 3apaBoOX-
panenus, KT rpyaHoit KieTku Ha paHHUX cTtanausx 3adoneBaHuss COVID-19 umeeT Xopoliryro To4-
HOCTb, YTO MIPUBOAMT K IIIMPOKOMY MCIIOJb30BAHUIO STUX U300pakeHU B TMarHOCTUKE U OLICHKE
3a0osieBaHust COVID-19. CermenTtaumst KT erkux siBjisieTcsl BasKHbIM IEPBBIM 11IaroM JIJ1s1 aHaIu3a
M300pakeHU JIETKUX. B cTaThe pacCMOTPEHBI CYIIECTBYIONINE KOMITBIOTEPHBIE CUCTEMbI W TIPEI-
craBjicHa 3(P(eKTUBHAS KOMITBIOTEPHAST ccTeMa IJIsT cerMeHTanuy n3oopaxkenuit KT. [pemroxeH
HOBBII MeTon cerMeHTalmu JierouHoit nHdekimu COVID-19 (Inf-Seg) Ha ocHOBE MCKYCCTBEHHOTO
unHTeekra (MW) mist aBToMatnueckoro BhISIBICHUS MH(MUIIMPOBAHHBIX 00JacTeld MpHU KOMITbIO-
TepHoOi1 ToMorpaduu rpyaHoi kiaetku. B Inf-Seg mocie nmpensapurenbHoOi 00pabOTKM MEIULIMH-
CKOTO M300paXkKeHMsI W YJIyUIIeHUs KauyecTBa M300pakeHMsT UCIOJb3YIOTCSI METOIBI M3BICUCHUS
MPU3HAKOB TEKCTYPHI JIs1 COOpa MPU3HAKOB BHICOKOTO YPOBHSI M CO3MaHMs I100anibHOI KapThl. Ha
caemytoraeM starre ucronb3yercss YOLACT, cocTostimmii 13 6a30BOI YaCTH CETH MUpaMu (PyHKIIMI
IIJIST CO3MaHMSI MHOTOMACINTaOHBIX KapT 00beKTOB M 3(P(eKTUBHOM KiTacC(UKALIMHI 1 JIOKAIU3aIuN
00BEKTOB pa3IMYHBIX pa3MepoB (c JTydileit nHGopmauueit, yeM o0bIuHas MupaMuaa QYHKLIWNA 11t
00OHapyXeHHsI 00BEKTOB), a TaKxKe YacTh Protonet u nmpeackaszaHue.

KmoueBble cioBa: aBToMaTtuueckas cerMmeHTanus, COVID-19, ncKycCTBeHHBII MHTEIIIEKT, KOM-
MbIOTepHas ToMoTpadus, MallIMHHOE 00y4YeHUe, ITyOOKoe O0yueHue

®unancupoBanue: Pabora BrimosHeHa npu huHaHcoBol nommepxkke POD®U u INSFE mpoexr
Ne 20-57-56018.

Jlnga murupoBanms: Shariaty F., Zavjalov S.V., Pavlov V.A., Pervunina T.M., Orooji M. Inf-Seg: au-
tomatic segmentation and quantification method for CT-based COVID-19 diagnosis // Comput-
ing, Telecommunications and Control. 2022. T. 15, Ne 3. C. 7-21. DOI: 10.18721/JCSTCS.15301

Introduction

Coronavirus, or COVID-19, is an epidemic disease caused by SARS-CoV2 that has spread worldwide
in a short period, according to the global records from the Center for Systems Science and Engineering
(CSSE) at Johns Hopkins University (JHU) [1] as of October 24, 2022, it has resulted in 627 million
cases and 6 million confirmed deaths. As a result, the World Health Organization (WHO) declared a
COVID-19 pandemic. To control the spread of the virus, the most important tool after general vacci-
nation (which is not currently available to most people) is the screening of a large number of suspected
cases for quarantine and appropriate treatment. The main tool for the current diagnosis of COVID-19 is

© LWapuatn ®., 3aBbsinos C.B., Masnos B.A., MepsyHuHa T.M., Opymxu M., 2022. N3paTtensb: CaHKT-MNeTep6yprckuil NONUTEXHUYECKUIA YHUBEp-
cutet MNeTpa Benukoro
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RT-PCR, while, in addition to the time-consuming nature of this test, the lack of equipment, and strict
conditions for testing environment, the sensitivity of this test is not high enough and cannot effectively
prevent epidemics. Thus, false negatives of RT-PCR are a potential threat to the general health of the
community, which not only causes other people to become infected with the virus, but the virus also
progresses in the patient’s lungs and reduces the chances of survival.

Imaging equipment such as chest X-rays and chest CT scans are readily available and can help phy-
sicians for early detection of COVID-19 [2]. However, CT scan screening is preferred and more ac-
curate than X-ray imaging due to such merits as three-dimensional view and better contrast. Recent
studies have reported [3, 4] symptoms of lung infection in CT scan images as ground-glass opacity
(GGO). Qualitative evaluation of the infection and its volumetric changes in CT scan contain useful
information, such as quantitative measurement of disease progression and evaluation of the effect of
drugs used to treat a patient with COVID-19. However, manual isolation of these infections is a tedious
and time-consuming task, while the annotation of the infection by the radiologist is also a mental task
and can be affected by individual bias and clinical experiences.

Despite the importance of automatic segmentation of lesions and infections caused by COVID-19
in lung CT scans, this is still a challenge. Lesions and infections caused by COVID-19 have a complex
appearance (GGO) and on the other hand, the size and location of these lesions are very different in
different stages of the disease and in different patients. In addition, these lesions have irregular shapes
and blurred borders, and in some cases, no clear borders at all, and have a very similar contrast to the
surrounding area of the lungs. Given these challenges, there is an urgent need for an automated com-
puter system of high accuracy and speed for the segmentation of lung CT scan.

Segmentation of CT scans allows to extract areas of interest, such as lung lobes, infected areas, or
lesions, for further analysis and diagnosis [5]. Deep learning techniques are widely used to segment
regions of interest in CT [6]. In terms of target ROIs in the segmentation approaches of COVID-19 ap-
plications can be divided into two categories: lung-region-oriented methods and lung-lesion-oriented
methods [7]. The lung-region-oriented approaches attempt to differentiate lung regions, such as the
total lung and lung lobes, from other (background) regions in CT or X-ray, which is a required step in
COVID-19 applications [8-10]. For example, Jin et al. [11] suggest a two-stage pipeline for screening
COVID-19 in CT images, in which an efficient segmentation network based on UNet++ detects the
entire lung region first. The lung-lesion-oriented approaches [12, 13] strive to differentiate lesions (or
metal and motion artifacts) in the lung regions. As lesions or nodules might be small and have a range
of shapes and textures, detecting the regions of the lesions or nodules is necessary and has traditionally
been seen as a difficult detection task. Apart from segmentation, the attention mechanism has been re-
ported as an effective localization strategy in screening, which can be used in COVID-19 applications.

In COVID-19 applications, the U-Net is a widely utilized technique for segmenting both lung re-
gions and lung lesions [9, 8, 14]. Ronneberger [15] developed a U-shape design with symmetric encod-
ing and decoding signal routes for the U-Net, a sort of a fully convolutional network. The layers of the
coding network and the corresponding layers of the decoding network are connected directly to each
other. As a result, the network can learn superior visual semantics and detailed context in this scenario,
which is useful for medical image segmentation. In addition, many other U-Nets and their variants were
developed, with reasonable segmentation results. Milletari et al. [16] propose the V-Net, which uses
residual blocks as the basic convolutional block and a Dice loss to improve the network. Shan et al. [17]
use a VB-Net for more effective segmentation by supplying the convolutional blocks with the so-called
bottleneck blocks. The UNet++, proposed by Zhou et al. [18] is a significantly more complicated net-
work than U-Net, as it inserts a nested convolutional structure between the encodables.

This work presents an efficient computer system for CT scan image segmentation. For this propose,
a novel artificial intelligence (Al) based COVID-19 Lung Infection Segmentation (Inf-Seg) method is
proposed to automatically identify infected regions by means of chest CT scan. In our Inf-Seg, after
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pre-processing medical image and improving the quality, texture feature extraction methods are used to
collect high-level features and generate a global map [19]. In the next step, YOLACT (You Only Look At
CoefficienTs) [20] structure was used which consists of a backbone part of a network of feature pyramids
for creating multi-scale feature maps and efficient classification and localization of objects of various
sizes (with better information than a regular feature pyramid for object detection), a Protonet part and
prediction.

Patients and Methods

Patients

Patients with flu-like symptoms and an initial diagnosis of COVID-19 were chosen for the study,
independent of their age or gender. High-resolution CT (HRCT) scans of the patients were taken. Inclu-
sion criteria for each patient included a confirmation of COVID-19 by RT-PCR test. From early 2020
to April 2020, imaging was performed on COVID-19 patients between 3 and 6 days after the onset of the
disease. Exclusion criteria for normal group (patients without COVID-19):

* Negative RT-PCR test;

* No fever;

* Ground glass opacities;

* Interlobular septal thickening;

 Bilateral bronchovascular bundle thickening.

Database acquisition

254 cases were acquired from Shariati Hospital (associated with Tehran University of Medical
Sciences) and Taleghani Hospital of Tehran(affiliated with the Shahid Beheshti University of the Medi-
cal Sciences) in order to reach a reliable and extensible result. Every case study that was considered had
a histopathologic confirmation to ensure that the patient had COVID-19. The CT scans’ slice thickness
ranged from 1 to 6 mm, and the number of slices per scan ranged from 226 to 389. The CT scan images
were taken using a Siemens scanner with a kilovoltage peak distribution of 120—140 kVp and currents
ranging from 25 to 40 mA, depending on the patient’s health. Each slice featured a 512 x 512 pixel XY
planar resolution and a 16-bit grayscale resolution in Hounsfield Units (HU).

Pre-Processing

After creating gray-scale images, an experienced radiologist reviewed the CT scan images. Following
that, slices from the CT scan image that showed illness symptoms were chosen (Fig. 1).

On lung CT scans, another pre-processing procedure was used to improve the quality of the images
for better diagnostic outcomes [21]. This stage is critical because the lungs include various features that
can make a precise diagnosis difficult. Linear interpolation [22], middle filter [23], morphological oper-
ation [24], Gaussian filter [25], and weight addition filter [26] are some of the pre-processing methods
available. In this work, a Wiener filter was utilized to improve the quality of CT scan images. Filtering
entails the creation of a neighborhood (typically a small rectangle) and the application of a predefined
operation to the pixels of the image inside that neighborhood.

The filtering operation creates a new pixel with coordinates equal to the neighborhood center’s co-
ordinates and a value equal to the filtering operation’s result. As the center of the filter is positioned on
each of the pixels of the input image, the processed (filtered) image is executed concurrently [27—29].

Wiener filtering is used to reduce the noise that has contaminated an image, resulting in an output
that is identical to the first image. The goal is to have the smallest mean square blunder possible. Wiener
filtering investigates prior noise information in an image. There is a compelling case for utilizing the
Wiener filter for image improvement, and when compared to the median filter and adaptive min-max,
the Wiener filter achieves a higher PSNR [30].

To reduce signal noise, a Wiener filter (a form of linear filter) is utilized to replace the FIR filter [31].
Inverse filtering can be used to recover an image that has been blurred by a known low pass filter. Inverse
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Fig. 1. Slices showing disease symptoms selected by radiologist:
a — acceptable slices; b — non-acceptable slices

filtering, on the other hand, is extremely sensitive to additive noise. Wiener filtering achieves the best bal-
ance of inverse filtering and noise smoothing. It simultaneously removes additive noise and inverts blurring
[32, 33]. In the inverse filtering and noise smoothing process, it reduces the overall mean square error. A
linear estimation of the original image based on a stochastic framework is used in Wiener filtering. Because
of the orthogonality principle, the Wiener filter in the Fourier domain can be written as follows:

H'(£i.,) 5. (fi-15)
H (£ ) S (s o)+ S (fis )

W1 12)= Q)

where S_(f,, f,) and Sm(fl, f,) are the original image’s and additive noise’s power spectra, respectively,
and H(f,, f,) is the blurring filter [31].

Study of Deep Learning

YOLACT (You Only Look At CoefficienTs) solves the problem of segmentation of instances by di-
viding the task into two smaller subtasks that are executed in parallel: prototype masks and mask co-
efficients for each individual instance in the image, thereby remaining a one-stage detector. Thus, the
method implicitly learns to localize the instance masks and therefore can skip the localization step that
is very common in instance segmentation methods. The network architecture is shown in Fig. 2.

The results of the work of parallel branches on the generation of prototype masks and mask co-
efficients are followed by an assembly step — a linear combination. Next, the operation of trimming
according to the predicted coordinates of the bounding rectangles of the instances is carried out for the
threshold truncation of detection with predicted probabilities below a given threshold.

YOLACT uses FPN (Feature Pyramid Networks), which consists of upstream (C1—C5) and down-
stream (P3—P7) paths (Fig. 2). The input of this FPN is a 3D tensor which consists of original image,
Gray (entropy) texture feature and Absolute Gradient (Kurtosis) texture feature.

Haralik et al. [34] introduced the gray texture feature, which is a second-order structural feature
based on Gray-Level Co-occurrence Matrices (GLCMs) according to the grayscale image’s target are-
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as. Contrast, correlation, inverse difference moment, angular second moment, and entropy are five gray
texture features recovered in this study. The following mathematical formula is used to achieve entropy
characteristic:
N-1
EDINACYA)] @)
From each determined gradient matrix CT scan, a set of five texture features can be generated: Mean,
Variance, Skewness, Kurtosis, and Moment. After generating the histogram (His) of a gradient matrix,

gradient features are generated. This histogram is calculated for gradient values that fall within the range
[-255, 255]. The following is the gradient (Kurtosis) feature determined [35, 36]:

His(v + 255)(v — },t)4

" Total number of pixels

=2 (3)

The output values of the functions are represented by f and the indices of the GLCM retrieved from
the image are represented by i and j in these equations. Furthermore, v is the gradient value that is ex-
tended between —255 and 255, P stands for probability, and p for mean.

As stated, the used FPN consists of upstream (C1—C5) and downstream (P3—P7) paths (Fig. 3), in
which upward path is a conventional ResNet-101 feature extraction convolutional network, where the
spatial resolution decreases as one moves upward. The output from the last layer of each stage is used as
a reference set of feature maps to enrich the downstream path through lateral join. Each side join com-
bines feature maps of the same spatial size with upward and downward paths. FPN provides a top-down
path for building higher resolution layers from a semantically rich layer.

The Protonet block (Fig. 4) generates the final output feature map ”138 x 138 x k” by folding and
deconvolution of the P3 feature map. The oversampling operation is performed once on the P3 layer.
The size of the final output feature map is 1/4 of the original image. The number of output channels is
k, where k is 32 by default. The value of k is very robust. Even choosing other values will not have much
of an impact on the results.

Prediction
head

NMS

Protonet4ﬂ£—> Crop ——{Threshold

|

Output image

Fig. 2. YOLACT Architecture
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138x138x256 138x138<k

69x69x256 69x69=256

Fig. 3. Feature Pyramid Networks

This is where the main feature map can create a more robust mask. High-level feature maps can
produce higher quality features, but are better suited for small targets. The final pin is processed using
a rectified linear unit (ReLU) activation function to ensure that the final pin segmentation results are
positive.

In the Prediction Head block (Fig. 5, where c is the number of classification categories, a is the num-
ber of anchors, and k is the number of divided output channels equal to the number of channels output
by the Protonet block), the mask correlation coefficient branch is combined with the RetinaNet mul-
titasking branch. Finally, based on the two branches of traditional classification and regression, an ad-
ditional split branch is added. This is followed by a block of non-maximum suppression (NMS), which
selects one of the many overlapping objects. Blocks with objects are sorted according to their confidence
and all those with a lower degree of confidence that have an IoU overlap (Intersection over Union) ex-
ceeding a certain threshold are removed. The IoU is the ratio of the overlapping area of ground truth and
predicted area to the total area:

TP

IoU =———.
TP+ FP+FN

4)

A nonlinear combination, represented as a sigmoid, is needed to combine the Protonet and Predic-
tion Head branches.

M =o(PC"), (5)

where M is selected object; P is the & x w x k prototype mask matrix; C — coefficients of the mask nxk;
n is the number of predicted objects after passing non-maximum suppression. This is followed by a trim
operation with predicted bounding boxes for each instance. The clipping operation reduces the load on
the network to suppress noise outside the bounding box. After all the steps described, the network out-
puts the final segmentation result.

Statistical analysis

The statistical values of the segmented COVID-19 lesion are compared with the results of other
proposed methods to evaluate and determine the performance of the proposed segmentation approach.
The probability of a lesion absence in the image might be given, resulting in patients being considered
normal and healthy and so no segmentation is necessary. In addition, we used statistics to evaluate the
suggested Inf-Seg quality by selecting: Accuracy [37], Sensitivity [38], F-Measure [38], Precision [39],
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138x138x256 138x138xk

69x69x256 69x69x256

Fig. 4. Feature Pyramid Networks

Class
‘WxHxca

WxHx256 WxH=256

Fig. 5. Prediction Head block

Dice [40], and Specificity [38]. Higher values on these indexes, by definition, indicate better segmen-
tation quality.

TP+TN
Accuracy = ———— 6
4 P+N ©
Sensitivity = s (7
P
Specificity = % )
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TP
Precision =——— 9)
TP+ FP

F score— 2 x Precision x Recall (10)
- Precision+ Recall

Experimental Results and Discussion

Demographic characteristics

A total of 254 COVID-19 patients were studied, with 113 women and 141 men ranging in age from
50.22 + 10.85 years (mean age * standard deviation). In the COVID-19 patients, gender distribution
did not differ significantly (P > 0.05).

Table 1
Demographic characteristics of data

Characteristics COVID-19 P-value*
Age (Mean = SD) 50.22 = 10.85 <0.001
Number of Females
(Percentage) 113 (44.44 %) 0.600
Number of Males (Percentage) 141 (55.56 %) 0.600

A professional radiologist used CT imaging to retrieve 5759 imaging patches including COVID-19.
For training, testing, and validation, the COVID-19 dataset was separated randomly into three sections
(without duplications): 3455 (training), 1152 (testing), and 1152 (validation).

The performance of the deep learning method

Fig. 6 shows the visual performance of the algorithm presented in the paper. In this figure, the grey-
er pixels, in the results of segmentation, represent the areas that are more possible to be infected with
COVID-19, and the less-gray areas indicate the least likely to be infected. Patients with COVID-19 can
be acute or non-acute, as shown in Fig. 6, where first row shows that the infection fills most of the lung
volume and according to results, it can be said that the Inf-Seg algorithm works very well in both cases.

To verify the proposed algorithm, a radiologist segmented the areas infected with COVID-19 manu-
ally. Finally, the results of the lung and infection segmentation algorithm are compared with the results
of manual segmentation by a physician. As can be seen in Table 2, Inf-Seg has high performance with
Accuracy of 0.99.

In this work, the sensitivity and positive predictive value (PPV) criteria are determined in addition to
the Accuracy. According to TP and FN, the suggested algorithm has a sensitivity of 0.96, indicating that
it is a powerful tool for diagnosing unhealthy regions in COVID-19 patients.

Table 2
Results of the proposed Inf-Seg and lung segmentation methods
Accuracy Sensitivity F-measure Precision Dice Specificity
Inf-Seg 0.99 0.96 0.97 0.98 0.97 0.99
Lung-seg 0.99 0.97 0.98 0.99 0.98 0.99
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Fig. 6. Visual segmentation results

Comparing the performance of deep methods

YOLACT is a more optimal model for segmentation, because it has a good reputation for trade-offs
in speed and accuracy. It is capable of achieving Medium Accuracy much faster than other competing
platforms. YOLACT has a number of advantages over existing architectures, one of the most significant
being forecast speed. It is also the only architecture in existence that can provide inference in real time.

The results clearly show that the Better Instance Segmentation (YOLACT) and Better Semantic Seg-
mentation (U-Net) models provide very similar metrics in terms of average pixel precision and average
frequency weighted IoU. The chosen architecture has many practical advantages:

1. Ease of assembly due to parallel design.

2. A negligible amount of computational cost for single-stage detectors such as ResNet101.

3. The quality of the masks is high.

4. The general concept of adding prototype generation and mask coefficients, which can be added to
almost any modern object detector.

5. Work in real time.

We compared our method to other current COVID-19 segmentation algorithms based on CT images
for further assessment. Table 3 presents the overview of related work for COVID-19 segmentation and
comparison of segmentation performance results. We implemented our Inf-Seg method without using
pre-processing step to compare it with the Inf-Seg method. Considering the results presented in Table
3, the performance of the algorithm decreases without the pre-processing step.

State of current limitation

However, it is vital to remember that the majority of current segmentation algorithms in research are
not suitable for clinical use. The most of existing models are biased in that they are only trained using
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Table 3
Overview of related work for COVID-19 infection segmentation
and comparison of segmentation performance results using Dice criteria
Author Model Architecture Sample Size Dice of COVID-19
Vivek et al. [41] LungINFseg 1800 0.803
Saood et al. [42] SegNet 80 CT 0.749
Wang et al. [43] U-Net (Standard) 211 0.704
He et al. [44] M2UNet (Segmentation only) 666 0.759
Ma et al. [45] U-Net (Standard) 20CT 0.608
Pei et al. [46] MPS-Net (Supervision U-Net) 300 0.833
Fan et al. [47] Inf-Net (Attention U-Net) 1650 0.764
Ma et al. [48] nnU-Net 20CT 0.673
Wang et al. [49] Attention Mechanism 20CT 0.847
Yan et al. [50] COVID-SegNet 731 0.726
Zheng et al. [51] MSD-Net 3824 0.785
Qiu et al. [52] MiniSeg (Attention U-Net) 3558 0.773
Saood et al. [42] U-Net (Standard) 80 CT 0.733
Miiller et al. [53] 3D U-Net 20CT 0.804
Implemented U-net U-net 254 CT 0.834
Inf-Seg without pre-processing YOLACT 254 CT 0.915
Proposed Inf-Seg YOLACT 254 CT 0.97

COVID-19-related photos. As a result, it is unclear how well the models distinguish between COVID-19
lesions and other pneumonias, let alone completely unrelated disease disorders like cancer.

Although neural networks can provide reliable decision assistance, their resilience is heavily depend-
ent on the amount of the training dataset. Various medical situations, such as uncommon or new dis-
eases, have insufficient data for model training, reducing generalizability and increasing the danger of
overfitting.

Furthermore, the RT-PCR test used to distinguish COVID-19 in this study may be inaccurate. RT-
PCR testing, on the other hand, is a molecular test with a number of drawbacks, including the fact that it
is time-consuming, expensive, and requires a specialized kit and well-equipped laboratories. For low-in-
come countries, these limitations are even more important, with dire and dangerous consequences.

Potential extensions for future research

As for the further research, we are planning to expand our dataset and evaluation by adding cases with
non-COVID-19 conditions like pulmonary Edema or lung cancer. In this study, the ML model will de-
tect and segment the infected region or the nodule and determine the type of disease by three categories:
Cancer, COVID-19, and Edema.

Conclusions

Because of the relatively high infection rate, the ongoing COVID-19 pandemic has been declared
a global health emergency. As of today, no clinically approved therapeutic medicine for COVID-19 is
available. COVID-19 must be diagnosed early since it can be lethal. An automatic approach for seg-
menting COVID-19 infected areas (Inf-Seg) in CT images is proposed in this research. After applying
a Wiener filter to the CT images, Inf-Seg used the YOLACT DL network to segment the COVID-19
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infected area. We demonstrated that our medical image segmentation technique can successfully train
accurate and robust models on minimal data without overfitting. Moreover, for COVID-19-infected
areas, we were able to surpass existing state-of-the-art semantic segmentation techniques. According to
the results, Inf-Seg performs well in segmenting infected areas, with an accuracy of 0.99. Our model has
a high potential for use as a clinical decision support system for COVID-19 quantitative evaluation and
disease tracking in a clinical setting.
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METOAUKA PACHETA CUCTEMbDI
ABTOMATUYECKOW PETY/IUPOBKU YCUJIEHUA
B YCUJIUTENAX MPUEMHbIX YCTPOUCTB

N.A. EpwioB’ = , H.C. JaHuweBckuu?

L2 CaHkKT-MNeTepbyprckuii nonnTexHUYecknin yHnsepcutet MNetpa Benunkoro,
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Annoramms. [TpeanoxeHa cucteMa aBTOMaTUYeCKOM peryiupoBku ycuineHus (APY) ¢ 06-
paTHOI cBsi3bl0. B KauecTBe ycunuTenss ¢ u3MeHsieMbIM KO3(DOUIIMEHTOM YCUJIEHUs UCTTOIb-
3yeTcs pe30HAHCHBIN yeUauTeb. PeryanpoBka KoaghuineHTa yCUaeHUs TPOUCXOIUT 3a CUET
U3MEHEHUS YIjia OTCEUKHU TOKA YCUIUTENsl. YIIPaBJI€HUE YIJIOM OTCEYKU OCYIIECTBISIETCS IMy-
TEM M3MEpPEHUs] MOIIHOCTH BBIXOJHOTO CHTHAJIa YCUINUTEISI IIMKOBBIM IETEKTOPOM B PEXKMMeE
MaJioro curHama. st TOCTMKeHHs OOJIbIeil TMOKOCTH HACTPOMKU CHCTEMBI TIPUMEHSICTCS
MPOMEXYTOUHBIN YCUIIUTEIb IO CXeMe C OOIIIUM SMUTTEPOM. Tpedyemasi IIyOrHa peryanpoB-
KM JOCTUIaeTCs MPU MOMOIIM pacyéTa KoadduilmeHTa yCuaeHUs IPOMeXXyTOUHOTO YCUIU-
tens. [lpuBeneHa Metoaunka pacuéTa naHHoOU cuctembl APY. MeTonuka ucnoiab3yeT TEOPUIO
koa(ppunmrentos bepra. [Ipennaraempiii TOAXOJ MO3BOJUI MOJYYUTh MOJHOCTHIO aHAJTUTU-
YecKUil pacuét. B KauecTBe MOATBEPKICHMS CIIPaBEIINBOCT METOAMKH paccuMTaHa cucTeMa
APY ¢ 3amaHHBIMU TUHAMUYECKUMHM JUAITa30HAMK BXOTHOTO M BBIXOJHOI'O CUTHAJIOB M IIPO-
BEICHO MOJACINPOBAaHUE.

KioueBbie cjioBa: aBTOpETYJIMPOBKA YCUJIEHUS, YCWIMTENb C U3MEHSIEMbIM KO3(D(hUIIUEHTOM
YCUJIEHHSI, METOIMKA pacyeTa, Yroj OTCEYKH ToKa, KoadduureHTsl bepra, mMKOBbIi JETEKTOP

Jna ourupoBanus: Epmos M.A., Jlanumenckuit H.C. Meroauka pacuera CUCTEMbl aBTO-
MaTUYECKOUM pEryJIUpPOBKN YCWJICHHMSI B YCUJIUTENSIX TMPUEMHEIX ycTpoiictB // Computing,
Telecommunications and Control. 2022. T. 15, Ne 3. C. 22—37. DOI: 10.18721/JCSTCS.15302
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DESIGN ALGORITHM
OF AUTOMATIC GAIN CONTROL AMPLIFIER FOR RX
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Abstract. Automatic Gain Control amplifier (AGC) with feedback loop is proposed. As
a variable gain amplifier, we use bandpass amplifier. Automatic gain control is carried out
by changing the current cutoff angle of the amplifier. We control the current cutoff angle by
measuring power of output signal with the help of peak detector in low signal mode. Supportive
amplifier allows us to achieve more tuning flexibility. Required gain tuning range is obtained
by changing gain ration of the supportive amplifier. We propose a design algorithm of the AGC
system. The algorithm is based on the Sonneborn—Berger score. The proposed method helps to
achieve fully analytical computation. To prove algorithm validity, calculations and simulation
were carried out.

Keywords: Automatic gain control, variable gain amplifier, design algorithm, current cutoff angle,
Sonneborn—Berger score, peak detector

Citation: Ershov I.A., Danishevskiy N.S. Design algorithm of automatic gain control amplifier
for RX. Computing, Telecommuni-cations and Control, 2022, Vol. 15, No. 3, Pp. 22—-37. DOI:
10.18721/JCSTCS.15302

Beenenue

CucrtemMbl aBTOMaTUYECKOM peryaMpoBKu ycuiieHus: (APY) urpaioT BaxkHyIO poJjib B YCTPONCTBax
npuéma 1 o0pabOTKM CUTHAJIOB C OOJIBIIIMM IMHAMUYECKUM auara3oHoM. OHU MCITOJIb3YIOTCS B TAKUX
YCTPOMCTBAX, Kak CJIyXOBbIE amnmaparsl [1], cucTeMbl ONTUYECKOi CBs3M |2, 3].

Kpowme toro, cuctemsl APY 1impoko NpuMeHsIIOTCSl B yCTPOcTBaX 6€CpOBOAHON CBSI3U IS pery-
JIUpoBaHUsl KoadduiiMeHTa ycuieHUus: TpueéMHbIX TpakToB [4]. Cuctema APY nszmeHsieT KoabUneHT
YCWIEHUS YCWIIUTENe paanovacToThl U poMexxyTouHoit yactotsl (YPY), (YITH), TeM cambIM ycTpaHsist
BO3MOXXHYIO IePErpy3Ky CJIEAYIONIMX KAaCKaJA0B TPaKTa P YBEJIMYSHU M aMILIMTYAbl BXOJHOIO CUTHAJIA.

Cyl1iecTByeT HECKOJIIBKO OCHOBHBIX CTPYKTYp crcteMbl APY: ¢ 06paTHoii ¢Bsa3bIo |3, 6], ¢ onepexa-
IOIIEH CBS3BIO [7], ¢ KOMOMHMPOBAHHOM CBA3bIO [8]. B cxemax ¢ oOpatHoii cBs13bi0 cuctema APY obOpa-
OaTbIBaeT CUTHAJ C BbIXOJA YCUIUTENsA. B 3TOM cilyyae U3BECTHBIM HEJOCTATKOM SIBJISIETCSI MHEPLIMOH -
HOCTb CHCTEMBI, OOYCJIOBJICHHAST BBICOKOI M30MPaTeIbHOCTHIO PEryINpyeMoTo yemmuTels. B cxemax ¢
oriepeskarollieit CBsI3bl0 CUTHAJI TTOCTyNaeT cpasdy Ha cucteMy APY u, nanee, Ha yCWJIMTENbHBINM KacKajl.
HenocTtatkoMm Takoro pelieHusl sIBIsIeTCsl HEOOXOAUMOCTb B AOMOJHUTEIbHOM YCUJIUTEIbHOM KacKaje
nepen cucteMoit APY 111 MOBBIIIEHUST YyBCTBUTEIbHOCTU PETYANPOBKU. B KOMOMHMPOBAaHHBIX CXeMax
HCTIOb3YIOTCS 00a paCCMOTPEHHBIX BBIIIIE MOAXO0A.

OCHOBHBIMHU XapakKTepUCTUKaMU cucTeMbl APY sgBisiiorcss miybuHa peryJdpoBKU W BpeMmsl ycTa-
HoBJeHUs. I[yOMHA peryJImpoBKM XapakTepusdyeTcs KO3(p@UIIMEHTOM TIyOMHBI PEryJIMpOBaHUS
V=K / K in s
IO CUTHaJla COOTBETCTBEHHO. BpeMs ycTaHOBAEHUS OIpeaesisieTcsl Kak BpeMsl MePeXOIHbIX TTPOLIECCOB
CHCTEMBI TIPU HYJIEBBIX HAYaTbHBIX YCITOBUSIX.

rmeK K . —MakcUMabHBIA 1 MUHUMATbHBINA KOI(DOUIMEHTBI yCUIEHHUS] BXOIHO-

© Ershov I.A., Danishevskiy N.S., 2022. Published by Peter the Great St. Petersburg Polytechnic University 23
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B cratbe [5] nmpeajiokeHa cxeMa aBTOMAaTUYECKOW PeryJMpOBKU YCUJIECHUSI ¢ OOpaTHOM CBSI3bIO, B
KOTOPOI1 MCITOJIb3YIOTCS ABA YCUIIUTEISI C U3MEHSIEMbIM KO3(P(MULIMEHTOM YCUICHMSI. XapaKTEPUCTUKU
MpeaI0KEHHOMN CXeMbI CIeaYIOIINE: tyCT =12 He, v = 28,5 n1b npu nsmeHenuu curnaia ot MmuHyc 10 1o
+18,5 nb. B [6] ucnonb3yIoT YeThIpe Kackaaa yCUIUTEIEN ¢ U3MEHSIEMBIM KO(POUIIMEHTOM YCUIEHUS,
YTO TO3BOJISIET YBEJIMUUTh [IyOMHY peryiupoBku. B pesynsrate noousatorcst ¥ = 42(1b), B anana3oHe
oT 3 1o 45 1b. OnHako BpeMsi yCTaHOBJIEHUST TaKXKe YBEJIMUMBAETCS J10 tYCT = 20 Hc. BaxHoili xapakre-
PUCTUKOM SIBJISICTCSI BeJIMUMHA IMHAMUYECKOro T1arna3oHa npuéMHuka. B cratbe [9] paccMoTpeHa cxe-
Ma, pean3ylolas IMHaMUIecKrii muamna3oH 95 nb. Iy oCcTKeHMS TaKOTO pe3yIbraTa MPUMEHSTIOTCS
nBa 0oka APY, onun — Ha pagnouactote (RFAGC), npyroit — Ha npomexyTtouHoii yactote (IFAGC).
RFAGC ob6ecnieunBaet quHamuueckuii guarna3on 70 1b, IFAGC nipenHa3HadeH i JOCTHXKEHUS He-
00XOIMMOr0 OTHOLICHMSI CUTHAJI/IIIyM M o0ecIieunBaeT nuHaMudeckuii nuara3oH 55 1b. B cratee [10]
usydyeHa cxema APY nna moaynst Bluetooth, pa6otatoiiero B aByx pexxumax. [IpennoxeHHas cuctema
aBTOMATUYECKOI peryJIMpOBKU YCUJICHUSI COCTOUT M3 ABYX OCHOBHBIX 0JI0KOB — 0JIOKA Ipy00il U TOUHOI
HacTpoiiku. B pe3ynbraTe rpy00ii HACTpOMKU ONPEACsIOTCS YPOBEHDb YCUIEHUS — BBICOKUI, CpeIHUI
WJIM HU3KU. [lajiee Mpou3BoaMTCSl TOUHAs HACTpOliKa 1 MpoBepkKa KoahGUllMeHTa YCUISHUS C 3a1aH-
HbIM 3HaueHUueM. B cratbe [11] paccMOTpeH cnocod yBeandyeHMs IMHAMUUeCKOro Auana3oHa Hu@poBoit
cxeMbl APY, mo3Bosistionnii pelinTh IpoodJieMy CIOKHOCTHA CXEMbI M OOJIBIIONM ITOTPeOJIsIeMOI MOIITHO-
ctu. [l pemieHnsT 3aga4m UCITOJIb30BaHa TabJIMIa morcka Tpedyemoro ycuiaeHus (a gain lookup table).
B pesynbrate anropuT™ MNo3BOJISIET YIIPABJSTh CPa3y HECKOJIbKUMU YCUIUTEISIMU MMPUEMHOTO TPpaKTa U
obecrnieunBaeT riIyouHy peryanpoBku 76 1b. B cratee [12] npemnoxena undposas cuctema APY, cocro-
siasi U3 6JIOKOB TPyOO#t M TOUYHOM HACTPOMKU. Bilok rpy0oit HACTpONKM COCTOUT U3 IMPOrpaMMUPYyEeMO-
IO YCUJIMTESI, 3a[al0111ero yculieHre. bilok TouHOol HacTpOMKM pealiM30BaH MO CTPYKTYpE ¢ orepeka-
01l CBSI3BIO M COCTOUT M3 KBAJAPATUIHOTO AETEKTOPA U YCUIUTEIS ¢ U3MEHSIEMBIM KO3(h(MUIITEHTOM
ycuneHus. Peann3oBanHas cxema obecrieumBaeT IiTyorHy perympoBku ot 10 mo 58 nb.

AHanu3 nyOJuKauMii ToKa3bIBaeT, YTO HECMOTPSI Ha IIMPOKOE NMPUMEHEHUE B pacuéTax CHUCTEM
APY mpucyTCTBYeT 2JIeMEHT aMOMpUYecKnX mMeroguk. Kak cienctBue, 1eiab JaHHOM CTaTbU — pas-
paboTKa METOAMKU pacuéra aHaJloroBoit cucrembl APY ¢ 00paTHOIi CBSI3blO, B KOTOPOI peryjimpoBKa
K02 GUIIMeHTa YCUIEHUS TIPOUCXOIUT 3a CYET UBMEHEHUS YIJ1a OTCEYKU TOKA YCUJIUTEISL.

CrpyKktypHas cxema cuctembl APY

CxeMma cucrembl APY (puc. 1) comepXut Kackal yCUJIEHUSI PaIMOYacTOThl C U3MEHsIeMbIM KO3(-
unmentom ycunenus (YPY) u ero uenw ynpasienus (I1Y), ycrpoiictBo (hopMUpOBaHUS CUTHasa
yrpasieHus (YOCY), nmukossiit gerektop (I1/1), B cocTaB KOTOPOTO BXOIUT CIIIASKUBAIOIINIA (DHUITBTD,

Usx qu UBEIX UBBIX

1y

Uyp j Ue
YOCY 11

Ung

Puc. 1. Biok-cxeMa cCTeMbl aBTOMATHIECKOM PEryIMPOBKH YCYIICHUS
Fig. 1. Block diagram of the automatic gain control system
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JOTIOJIHUTENIbHBIN (BCIIOMOTaTebHbIN) YCUIUTENb TMEPEeMEHHOIO CHUTHajla ¢ TMOCTOSIHHBIM KO3(d-
unuenrom ycunenus K.

Ha Bxon YPY noctymnaeT curHain UBX, curHan c Beixoga YPY UB}’IX MOCTYTIAeT Ha BXOJ JOTOJHU-
TeJapHOro ycuautens. I[lepeMeHHbI CUTHal ¢ BbIXOAa AOTOJHUTEIbHOTO YCUJIUTENS Uyc = KU

JETeKTUPYETCS MMUKOBBIM JIETEKTOPOM, Ha BHIXOAE KOTOPOTO HAOIIOAAETCS CUTHAJ Un):[’ 6}11/131(1/117;52
MOCTOSIHHOMY, 3aBUCSIIUNA OT UyC COIIaCHO 3aKOHY, COOTBETCTBYIOIIIEMY McIoyib3yemoii cxeme T1/1.
CurHan Um1 noctymaeT Ha Bxon Y®CY, Ha BbIXoge KOTOPOro GopMUpyeTcsi MOCTOSIHHBIM CUTHAaJ
Uynp, 3aBUCSIINAN OT Un/:r Hanee curHan ynpanyieHUs moctymnaeT Ha Bxon LY, HacTpoeHHOIi TakuM 00-
pa3oM, 4TOObI C pOCTOM UBblx yMeHblIancsa koadpduuuent ycusienus ¥YPU. Cucrema APY paccuuthbi-
BaeTCsl TaK, YTOOBI TPU 3aJaHHOM AMHAMUYECKOM JMaIla30He BXOJHOTO CUTHAJA, T. €. TPU 3HAYEHUSIX

Upxinax® Unxnin» ©0€CTIEUMTD TPEOYEMBLIA IMHAMUYECKUIA IMATIA30H HA BbIXOE cuctembl APY U,

BbIXmin®

Yeunurenb ¢ u3MeHseMbIM KO (GUIIMEHTOM YCUIIEHUS

YewnmuTenb ¢ M3MeHSIeMbIM KOA(DOUITMEHTOM YCUJICHUS MMEeT B OCHOBE PE30HAHCHBINM YCUITUTEIh
VKB nunanasona yacror (puc. 2). [luranue nogaercs B y3en £s. Pacuér ycunnrenst MpOU3BOAUTCS 110
MeTonuke pacuéra YPY, npuseaeHHoii B [13]. DaemenTsl YPY paccunThiBaroTCs 110 3agaHHOMY KO-

U, ,
NIIUECHT CUJICHUS K = M. B XOoO€ pacyeTra omnpeacidrTCd HOMUHAJIbI 3JIEMEHTOB R 5 L ,
max c c

BX min
Cc, Re, Ce, a TaKKEe HaIIpSAKEHUE CMCIICHUA EcO Ha 0a3ze TpaH3uCTOpa Ql’ IIPp1 KOTOPOM OOCTUTACTCA

3HA4YCHUC KO3(1)(1)I/H_II/ICHT3. YCUJICHUA, paBHOEC Kma .

X

Iens ynpaBienus

PerynupoBky KoadhduiMeHTa YyCUaeHUsT OCYILEeCTBIISIET 1LeMb YIpaBIeHUs, TOCTPOCHHAs 110 CXeMe
YCUJIUTEJISI ¢ OOLIMM SMUTTEPOM Ha DJIEMEHTaX Qz, Rw R2 (cM. puc. 2). Ans ynpaBiaeHust KoahuimeH-
TOM yCUJIEHUs TpeOyeTcs MoJaBaTh MOCTOSIHHOE YITPaBJIsIolllee HalpsoKeHre UyrIp Ha 0a3y TpaH3ucTOpa
Q2 (Bxon Ucom, puc. 2). PerynupoBka ycuieHusi YPY obGecrieunBaeTcs myTéM U3MEHEHUST KOJIJIEKTOP-
HOTO TOKa TpaH3ucTopa (), B TOM YMC/Ie M3MEHEHMEM yIJIa OTCEYKM KOJLIEKTOPHOTO TOKa 0, 3a cuer
M3MEHEHUsI HaNpsDKeHUs cMelnenus £ Ha ero 6ase. Takoil moaxon nosposisieT 10CTudb NyOuHBI pery-
JINPOBKU TIOPsIIKA JeCSITKOB 1B Mpy MCMob30BaHUM OJHOTO YCUJIMTEJIbHOTO Kackaaa. Beiciiue rapMo-
HUKU, BO3HUKAIOIIINE BCICACTBUE OTCEUKHU TOKa, MUIBTPYIOTCS KoJjiebaTebHbIM KOHTYPOM B Harpyske
ycunurels. TakuMm o0pa3oM, paccMaTpUBaeMbIid YCUJIUTENIb C U3MEHSIEMBIM KO3(h(GUIIMEHTOM yCuJe-
HUsI, B 3aBUCHUMOCTH OT BEJIMUMHBI YITPABJISIIOILIETr0 HAMPSIKEHUS Uynp, MOXKeT paboTaTh KaK yCUJIUTEb

kimaccos A, A —B, B, C.

Puc. 2. Cxema ycunutens ¢ uaMeHsseMbIM KO3DGOUIUEHTOM YCUJICHUS
Fig. 2. Circuit of an amplifier with a variable gain
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OnpenieM HanpsbkeHHe cMelleHus Ha 6ase TpaHsucTopa O, E xak cymmy E = E  + AE , rne
E , — nanpskeHue cMeleHusl, onpeeneHHoe npu pacuere YPY, 6nusko k £ npu oTCyTCTBUM BXOJI-
HOTO MEPEMEHHOr0 CUTHANIa YCUINTENSI (COOTBETCTBYET YIPABJIAIOLIEMY HAIPSKEHUIO UprO)’ AE —
MpUpalleHNe HAMPSKEHUsT CMELIEHNS, 00YCIOBIEHHOE MPUPAIEHNEM YIIPABISIONIETO HAMIPSKEHMS
AUynp. Torna senuuuner AE u AUynp MOXHO CBSI3aTh, MCTIOJIb3YS M3BECTHOE BhIpaxkeHwme |14, c. 128]

JJIA IpUpalieHMsA BbIXOJHOTI'O HAIIPAKEHMA KacKaaa C o01IM OMUTTEPOM:

ng2R1

A = ———————
1+ng2R2

c

AU (D

ynp 2

rac ng2 — IepeaaToyHasdA mMpoBOAMMOCTDb TPaH3MUCTOPpa Qz.
Anam3 peryampoBku ycuwienus YPY

Paccmorpum ympomennyo cxemy YPY ¢ u3amenseMsiM Koaddumuentom yemnenus (puc. 3). Ha
0asy TpaH3MCTOpa Q1 C COOTBETCTBYIOIIMX UCTOYHUKOB MOCTYIAET MOCTOSIHHOE CMEIleHNe ECV, " Tie-
PEMEHHBII CUTHAJ Um cos(wt). Haiimem yrpolieHHbIe BbIPasKEHUSs, CBSA3bIBAIONINE aMILTUTYLY BBIXOJI-
noro curHana YPY U c senuuunamu U n Ecy.

Ecnu npoxonnas BAX tpansucropa npeacrasisercs Gynkuuneit [ = AU 63), TO 3aBUCUMOCTb TOKa
KOJLIEKTOPA OT BpeMeHU omnpenesercs npoxonHoit BAX u snauenusamu £ n U :i(f) =1 = f(Ecy +
+U, cos(?)). [pu 5TOM MaKCUMaIbHOE 3HAYEHKE TOKA TIPU (HPUKCHPOBAHHBIX Ecy nuU paHoi =
= f(Ecy + Um) 1 MOXeT OBbITh OIpeesieHo rpacdhudecku mo npoxoaHoit BAX tpaHsuctopa.

IIpu puKcUpoBaHHBIX Ecy u Um, JUTST HAXOXIEHUS TIPUOIU3UTEIbHOTO 3HAUEHUST aMIUIUTYAbI IIep-
BOil rApMOHUKM TOKA KOJUIEKTOPA /|, JOCTATOYHO PACCMOTPET KyCOUHO-JIMHEHHYIO aNNPOKCUMALIMIO
rmpoxoxHoii BAX TpaH3ucTOpa, ONMMCHIBAEMYIO BEIpaXKeHHEM

I, =f(U,)~S(Us;, —E.), Uy, 2E;

c

I.=f(U,)=0, U, <E., &)

€

rIe KpyTusHa S — BBIOMpaeTcss paBHOW KpyTwsHe mpoxomHoil BAX B Touke IK = im

dl

K

= U , Ec' — HaIpsiXKeHME OTCEYKM KOJIJIEKTOPHOTO ToKa. ATMIpoKcuMupyoouas GpyHK-
6 U63 :Ec+Um

oY JOJ2KHA TOAYNHATHCA YCIIOBUIO!

> TO €CTb

Rc I Lc l Cc

Uo
o | g OUT

Ec

Puc. 3. YopoieHnHast cxeMa YCUIIUTES C U3MEHSIEMBIM KO3(DDUIIMEHTOM YCUIICHMS
Fig. 3. Simplified amplifier circuit with variable gain
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I=f(E,+U,)=iy,, 3)

M3 BoipaxkeHuii (2), (3) onpenessieTcs HAMPSKeHUE OTCEUKU:
i
E!:E +U _ max. (4)
c cy m S

Jlnst HaxoXIeHMs yriia oTceduku 6 Bocmonb3yeMcs u3BecTHOI hopmyioii [15, ¢. 20]:

E,~E.
U

m

cos(0)=- (5)

IMoncraBuB BeipakeHue (4) B BeipaxkeHue (5), MOJIyYMM BbIpaxkeHUe IJIsl HAXOXKACHUS yIjla OTCEYKU
KOJUIEKTOPHOTO TOKA:

I
0 =arccos| 1 ——=22 |, 6
T (6)

AMILIMTYAA IEPBOI TApMOHUKMU TOKa, MMeIoIIero (hopMy yceUeHHbIX KOCUHYCOUAATbHBIX UMITYJIb-
COB, OIMCHIBAeTCs BhIpaxeHueM [ 15, c. 23]

Il :imax(x‘l (e)’ (7)

re o, (0) — xoapdurment Bepra , cooTBeTcTBYIOMMIT YTy OTCEUKH 0.

TaxuM 00pa3oM, IS ONpelesieHus] aMIUIMTYAbI BHIXOAHOIO CUTHAJa JOCTATOYHO, 3Has Ecy ulU ,
OMpe/IeNIUTh Mo NpoxonHoit BAX Tpansuctopa Q| 3HaueHue Toka i 1 KpyTusHel S B Touke U, = Ecy +
+ Um. 3areM o hopmyste (6) HAllTH YToJ1 oTceuku ToKa 0, rmociie uero onpeneants KoadgduuueHt bepra
o, (0) xax TabanuHylo BeIMUKMHY UK 1o (opmyJie:

_ 0—sin(0)cos(0)
% (0)= n(l—cos(@))

HCpBaH TapMOHMKA BbIXOAHOI'O HAIIPSAKEHUA YCUIUTCIIA C UBMEHACMbBIM KO3(13(1)I/IHI/ICHTOM ycuie-
HUA BbIPpaXKacTCA Kak:

0<0<m (8)

Ul = UBLIX = imaxa‘l (G)Rk’ (9)

e R, — conpoTuBieHnEe HATPY3KHU.

st pacué€ra npemiiaraeMoii cucteMbl APY HeoOXomumo onpeaeinThb Ecy 110 3aJaHHBIM BEJINYM-
Ham UBX, Umx' B sTOoM ciyyae mpemyiaraeM MCIOJb30BaTh clenywllee NnpubamxkeHue. Tak Kak Ha-
yanbHas 00macTb NpoxonHoi BAX TpaH3ucTOopa MOAYMHSETCS SKCIOHEHLIMATbHOMY 3aKoHy [~
~ exp(Uﬁa), KpyTH3Ha TIpoxomaHoit BAX Takke MOmTYMHSIETCS 9KCITOHEHIIMATLHOMY 3aKOHY S(U63) =
= (dl))/(dU, )~exp(U,)). U3 1010 Cienyet, uto oTHouleHue i /S B hopmyJie (6) MOXHO cUMTaTh

IIOCTOAHHBIM:

cy?

im%;const(E Um). (10)
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TakuM 00pa3oM, coracHo (6), yroa OTCEYKN KOJUIEKTOPHOI'O TOKA MPOABIISIET 3aBUCUMOCTb TOJIb-
KO OT aMIUIMTYIbl BXOZHOIrO curHaiaa. Torga, Ui OIpenesieHus Ecy, JOCTaTOYHO OIPEAEINTD IO OfI-
HO# TOYKe HayaJbHOro ydacTtka rnpoxogHoit BAX orHomenue (10); mo dopmyite (6), ¢ yueToM Um =
= U_, Bbravcuth yros orceuku 0; onpenenuts o, (0). i Haxonurcesa mo dopmyie, caenyioleii u3

BX

BhIpaxkeHus (9):

l' — UBBIX (1 1 )
max °
o, (0)R,
Hanee, mo mpoxonHoit BAX ompeneinsieM cymMMmy Ecy + Um, COOTBETCTBYIOLIYIO HAJICHHOMY 3Haye-
uo I . Tak kak U = U, u3 HaliieHHO! CyMMbI OJHO3HAYHO OTIPEMENSETCS Ecy. Ilpu pacuere Ecy
J1s1 mojiHo# cxeMbl YPY (cM. puc. 1) ciieayeT yuuTbiBaTh pe3UCTOpP B LieNY 3MUTTEpa Re. Ha pesuctope
R, mipucyTCTBYeT MocTOsIHHAs CoCTaBIsiolas Hanpsikenus, pasHas U, =i -0, (0)-R . Takum oGpasom,
HanpsKeHUe CMEIIEHMS TS TIOJTHOM CXeMBI BRIUMCIISAETCS 110 (DOopMyJIe:

E, =E, +i,0,(0)R.. (12)

AHajm3 padoThl CXeMbI IMKOBOTO IETEKTOPA

IT1KOBBII OETEKTOP ITOCTPOEH I10 CXeMe TPaH3UCTOPHOIO KOJJIEKTOPHOTro aeTekTopa (puc. 4). Je-
TEKTOP COCTOUT U3 HemHeHOTO yerntelss 1 @HY, 06pa3oBaHHOTO BEIXOTHBIM COIIPOTUBIEHIEM He-
JIMHEHHOTOo yeuautesst 1 KoHaeHcatopoM Cd. HelnHe i bl yCUTUTEb COCTOUT U3 P—H—p TPAH3UCTO-
pa 7, conporuBnenust Harpy3ku Rd u 6a3oBoro genurens Ha snemertax 06, R9. IpuseneHHas cxema
6a30BOTO AenuTeNs obecreunBaeT paboTy TpaHzuctopa (J7 B HenuHelHo obnactu BAX, B pesysibrate
vero hopMa TOKa KoJieKTopa Tpansuctopa (7 UCKaxaeTcs, U B HEM MOSIBIISIETCS MOCTOSTHHASI COCTaB-
JISTIONIAs, IPOIOPLIMOHAIBHAS aMILIUTYIe BXomHOro curHana I1[0. Jenurenb COCTOUT U3 TPaH3UCTOpa
06, ananornuHoro TpaHzuctopy (J7, HO B TMOIHOM BKJIIOYEHUU, U PE3UCTOPA OOJBLIOTO0 HOMUHAIA
R9. Hanpsixenue Ha nuone Q6 paBHO HanpsKeHUIO «6aza-aMuTTep» Tpansucropa O7: U 06— U, o7

IMoctpouB BAX nuona Q6 u Harpy3ouHyio mpsiMyto pesuctopa R9 (puc. 5), Jierko yoeauThesi, 4To
cMelieHue Ha 6ase (7 GaM3KO K HAMPSIKEHUIO OTCEYKU U 00ECTIeUunBaeT Malble TOKH MOKOSI U HEJTH-
HEeWHBIN pexkuM paboTsl TpaHsuctopa 7. HomuHain pesrcropa R9 BeIGMpaeTcs 10OCTaTOYHO OOJTBIINM,

4TOOBI 00ECIIeUnTh C1ab0 3arepToe cocTosiHue TpaHsuctopa (J7. YeiaoBue, orpaHMYMBAIONIEe COMPO-

Es

i

Puc. 4. CxeMa TpaH3UCTOPHOTO IMMMKOBOTO JETEKTOPA
Fig. 4. Diagram of a transistor peak detector
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1.00m

0.50m

-0.02m

0.00 0.40 0.80 1.20 1.60 2.00

Puc. 5. BAX nuona Q6 n Harpy3zouHas mnpsimast pesucropa R9
Fig. 5. The VAC of the Q6 diode and the load line of the resistor R9

tuBieHre R9 cBepxy, I1acuT: TOK yepe3 aneMeHTbl 06, R9 noykeH 3HAUYNTEIBHO MPEBOCXOAUTDH 6a30-
BB TOK TpaH3uctopa Q7.

KpoMe TepeurcaeHHbIX 3JEMEHTOB, B cxeMy [1/] BKiIIoYeHa MHIYKTUBHOCTD Ld, obnamaomas Hy-
JIEBBIM COITPOTUBIIEHUEM 10 ITOCTOSTHHOMY TOKY Y GOJIBIINM COIIPOTUBIEHUEM ITO IIEPEMEHHOMY TOKY.
Ld nossonsier nzdexarh MOSBIEHUST UCKAXEHUIA BO BXOIHOM CUTHAJIE, CBA3AHHBIX C 0COOEHHOCTSIMU
0a30BOTr0 ACIUTEIS, UMEIOIIETO B CBOEM COCTaBe HEJTMHEHBIN 2JIeMEHT (TPAaH3UCTOP B IMOTHOM BKITIO-
yennn). HoMuHan karymkuy seioupaercs us ycuosust OLd~R9.

Tak Kak IMMKOBBIN IETEKTOP B JAHHOM cXeMe paboTaeT B peXXMMe IeTEKTHPOBAHNS MaJOro CUTHAJIA,
€ro JeTeKTOpHAsI XapaKTePUCTHUKA MOXKET ObITh HaiileHa MyTéM pasioKeHUsI TOKa KOJUIEKTOpa TpaH-
suctopa 7 B psin Teitsiopa, aHaJIOTUIHO TOIXO/Y, OTMCAHHOMY B [16] 1151 onipeieieHust IeTeKTOPHOM
XapaKTEePUCTUKHU TUOTHOTO IETEKTOpa. JIeTeKTOpHas XapaKTepUCTHKa paccMaTpuBaeMoro I1J1 omucs-
BAeTCs BhIPAXKEHUEM:

AUy, :THHUszxnﬂa (13)

rmue UmeJ — amruuTyaa BxogHoro curHana [1[1, ' — npousBogHasi oT KpyTusHbl TpaHsuctopa Q7 B
paboueil Touke (mpu Uanﬂ =0), Rnﬂ — conportusieHne Harpy3ku I1]1 (Ha cxeMe 00o3Ha4yeH Kak Rd).
Kpowme toro, Ha Beixone I1J1 mpucyTCcTBYeT cTaTudyecKasi COCTaBIIsIIOLIAs CUTHAIa Umlo’ ornpenesieMasi B
XOJIe aHa/IM3a 110 TOCTOsTHHOMY TOKY. CurHan Ha Beixoae I1/] MoxXKHO IpeacTaBUTh B BUIE CYMMBI CTaTH -

YeCKOU cocTaBiadonieil u npupamcHus, O6YCJ'[OBJTGHHOTO HaJINn4YumeM InEpEMEHHOI0 BXOJHOTO CUTHaJ1a:
Un =Uppo + AUy (14)

YeTpoiicTBo (hopMUPOBAHMS CUTHAJIA YIIPABJICHUS

Llens ynipaBieHust KoadduumeHnrom ycuneHust YPUY sBisieTcst KackajoM ¢ OOLIUM SMUTTEPOM Ha
n-p-n tpan3uctope (2. [lnsi e€ KOppeKTHO# paboThl TpeOyeTCsl 00eCeunTh aKTUBHBIN PEXXUM pabo-
TbI TpaH3uctopa 02 (cM. puc. 2). B To xe Bpewmsi, Ha Bbixone 1/ hopmupyeTcsi MOCTOSTHHOE HAaIpsi-
>KeHUe Un;r Ecnu nogaBath oTpuuiaTeIbHOE 3HAUCHUE UH o Ha 6a3y TpaHsucropa (J2, TpaH3UCTOp OY-
JIeT HaXOIUThCS B pexkume orceuku. CrnenoBatebHo, Mexay BbhixogoM I1J1 1 BxogoMm LY HeoOxoanmo
YCTaHOBUTh TAKOE YCTPOMCTBO (POPMUPOBAHUS CUTHAJIA YIIPaBJIeHUsI, YTOOBI HATIpsSLKeHUE Ha Bxoae LY
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MIPUHUMAJIO 3HAYCHUE Uynp = Uynpo + AUynp, rae UprO — YIIpaBJIsIIoliee HaMmpsDKeHNEe B CTaTUIECKOM
pexume (IIpy OTCYTCTBUU CUTHAJIA Ha BXozxe YPY), moctaTrouHoe 171 00eCieueHIsI aKTUBHOTO PEXIMa
padotel 02, AUynp — TIpUpaLlecHNEe YIPABJSIOIEr0 HAMPSLKEHMS, TPOIMOPLUOHATBHOE MPUPALLIEHUIO
HanpspkeHns Ha Beixozae TT]T Awanﬂ.

B xauectBe mernu GopMUPOBAHUS YIIPABJIAIOIIETO CUTHAIA UCIIOIB3YETCS SMUTTEPHBIN TTOBTOPHU-
TeJb Ha p—n—p Tpansucrope (puc. 6). Homunan pesucropa R10 moBropurtenst BoIOMpaeTCst, NCXOMS
u3 ycoBust [ e 1.O2, rne 13Q8 — ToK amuTTepa Tpansucropa U8, I 02 — Tok 6a3el Tpansuctopa 02
B CTALIMOHAPHOM peXUME. YIIpaBJsIollee HampsokeHne, GopMUPYEMOE SMUTTEPHBIM ITOBTOPUTEIIEM,

OIMUCBhIBACTCA ]'[pI/I6J'II/I3I/ITCJTbeIM BBIPA>KCHNEM!

U,p 20,7+ Uy, + AU, (15)

ynp

Hacrpoiika uenu ynpasienus YPY

[Tocne pacuéra 6iokoB YPY, I u YOCY HeoOXOAMMO MPOBECTH HACTPOWKY ILIETIN YITPaBICHUS
VPY 1o nmocrostHHOMY TOKY. J[J11 3TOT0 BhIOMpPAETCsl TOK KOJUIEKTOpa TpaH3UCTOpa LENU YIpaBaeHUs
]KQ2 TaK1M 00pa3oM, YTOOBI BEITTOIHSIIOCH YCIIOBUE

1

02 > I6Q1’ (16)

rie [,Q1 — 6asoBblit ToK Tpansuctopa Q1.
CrannoHapHoe yrpasJisiioliiee HarpspkeHue, moctynaoiiee Ha 6azy 02 ¢ YOCV, npuHUMaeTcs paB-
HBIM

Uy = 0,7+U, . (17)

ynp0 =

B sTOM citygae pesuctop R2 pacCYMTHIBAETCS 110 CIEAYIOLIEN (PopMyIIe:

U,.,-U, 0,7+U,;, U,
R2 — yrp0 6302 ~ ’ 1110 602 , (18)
IKQ2 IKQ2
rac U — HaIIps2KECHUE 6333—3MI/I’ITCP TpaH3UCTOpa Q2, O6€CHC‘~II/IBHIOH_ICC TOK KOJUJICKTOPA paBHbBIM

6202
3a/laHHOMY 3Ha4YeHUIO [ o

Tak xak opmyia (14) sBisieTcs npuOIM3UTENBHOM, TpeGYeTCs MOACTPOKa pesucTopa R2 ¢ ucrob-
30BaHMEM PE3YJILTATOB aHAIM3a CXEMBI 10 TIOCTOAHHOMY TOKY. HoMuHair pesucropa R1 Beraucisgercs
TaK1M 00pa3oM, YTOOBI HAMPSDKEHME CMeleHus Ha 6a3e TpaH3ucTopa Q1 1o moctossHHOMY TOKY ObLIO
paBHO 3HAYEHUIO Eco, HalineHHOMY B Xxojie pacuera YPY:

EI'II/IT_ECO
Rl=mr 70 (19)
IKQZ

MeTtoauka pacuéra KoadpuupuenTa ycuiaeHus 10N0JTHATENbHOTO YCHIUTE IS

Cucrema APY momkHa nsMeHsTh KoaddunueHT ycrnenus Y PY takum o6pa3om, 4ToObI odecIieun-
BaJlach 3a/laHHAs TIyOMHA peryJupoBKu. 1151 TOCTUKEHUS OCTAaTOYHOTO KO3( (ulIMeHTa peryJIupoBKU
yewieHus, riepen I1J1 ycTaHOBIEH TOMOJIHUTENbHBIN KacKal ycuieHus (puc. 7).

B cratnueckom pexume TOTIOJTHUTENBHBIN YCUIUTENh He BIUSET Ha paboTy cxembl. CoTIacHO W3-
JIOKEHHBIM BbIILI€ BBIKJIaJKaM, IIPU OTCYTCTBUM BXOJHOTO CUTHaIa CMellleHue Ha 0a3e TpaH3ucTtopa Q1
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Puc. 7. CxeMa npoMeKyTOUYHOTO Kackajaa yCUJIeHUs
Fig. 7. Diagram of the intermediate gain stage

VYPY paBHO 3HaYeHUIO Eco, 1 KO3(OULMEHT YCUJIEHUS MAJIOTO CUTHAJIA YCUJIMTENEM JOCTUTaeT 3Have-

(]BbIX min

st K = Tak kak 06bruHO 3HaueHue Uy, . Mano, To KoaGOUIMEHT yCUeH sl CUTHATIA,

BX min

COOTBETCTBYIOLIETO HMXHEW TPAHUIIE TMHAMUYECKOTO IManasoHa, 61130k K 3Hauenuto K . To ectb
cucteMa APY yrnoBieTBOpsieT TpeOGOBAaHUSIM TT0 HIKHEH TpaHUIe TMHAMWYECKOTO Auara3oHa. TakuMm
00pa3oM, pacuéT JOMOJHUTEIBHOIO YCUJIUTENSI CBOAUTCS K OOECHeYeHUIO Ha BhIXoAe cuctembl APY
curnana Uy, . 1ipu nojiaue Ha BXoZ cuctembl curnana Uy, .

Pacuér KoadpuireHTa yCuIeH!s JOTMOTHATEILHOTO YCUITUTEIIS IIPOBOIUTCS 10 IIPUBEICHHOMY HU-
K€ aJITOPUTMY:

1) Onpenensiem otHolieHue (10) mo skcnoHeHUMaTbHON obaacTy npoxoaHoil BAX tpaH3ucropa
Ol.

2) Io popmyie (6) HaxOaUM yros oTcedku 0, mpuHsB U =Usin

3) Haxomnm 3HaueHust KoabduimeHToB bepra [Uist HailICHHOTO yIiTa OTCEYKH 0, (0), a, (0).

4) Omnpenensiem I 1o dhopmye (11); mo mpoxoxHoit BAX Tpansucropa Q1 ompenensieMm 3HaYECHUE
Ecy + U, , coOTBeTCTBYIOLICE HAUNEHHOMY [ ; OTIpENENsieM Ecy, sHasg, uto U, = U, .

5) Haxomum cmelieHne EC J1s1 mojiHoi cxembl YPY o popmyie (12).

6) Haxomum mpupaliieHre HampssKeHUs: cMelieHus: Ha 6ase Tpansuctopa Q1 YPY, Heobxomrmoe

JUTS IOCTHOKEHMUSI TPEOYeMOii TTyOuHbI perynpoBkn Kak AE = F — E .

7) Cornacno popmynam (1), (13), (15), AE_ Beipaxaetcs yepe3 UE2 g C/IENYIONIMM 00pasom:

X

R1 SR
|AEc = Eng2 = UBZXHH' (20)
1+ ng2R2 4

8) W3 dopmynsr (20) Boipaxaem U, HEoOXOAMMOe MIJIsl JOCTHXKEHUSI TpeOyeMOoli TIyOUHbBI pery-

JINPOBKMU:

xI1J1°

[AE,
Uyin =2

(1 + €02 R, )
SRHJj[ngZRl .

21)

B

9) Tak kak BxogHow curHai I1/] siBasieTcst BHIXOAHBIM CUTHAJIOM ITOMOJHUTEIBHOTO YCUJIUTENS, €T
KO2(DUILIMEHT YCUIIEHUST OIIpeIeisieTcs: (popMyJIOii:
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UBX
Kyp=—2mm (22)

UB bIX max

10) Ycunutenb pacCYUTHIBAECTCSI CTAaHAAPTHBIM 00pa3oM 110 KOG GULIMEHTY YCUJICHUS Kyc
Kackan ¢ o01mmM KoJLIeKTOpoM

Jns cornacoBaHus JOMOJTHUTENBHOTO yeunuTensi ¢ YPY 1 MMKOBBIM JIETEKTOPOM UCIOJIb3YETCs CXe-
Ma YCUJIUTEJISI C OOIIMM KoJiieKTopoM (puc. 8). JlaHHas cxema 00JiagaeT BBICOKM BXOIHBIM COIPOTUB-
JieHueM, nopsiaka 1—10 KOM, 1 HUBKUM BBIXOAHBIM corpoTuBiaeHuem nopsiaka 10—100 Om.

MoaemupoBanne YPY ¢ cucremoii APY

B xauecTtBe npumepa 1o nNprBeIeHHOM Bblllie METOIMKE pacCUMTaHa CUCTeMa aBTOPETYJIMPOBKU YCU -
JeHust 1st gactotsl f = 30 MI1, coorBercTByolieil auanasony YKB. HanpsokeHue MuTaHUsST CXeMBbI
COCTaBJISIET E = 2 B. Hcnonb3oBaBiimecs B pacyéTe 3HaY€HUs BXOIHOTO W BbIXOJJHOTO AUHAMUYECKOTO
Jrana3oHa YP‘I npencrapiieHbl B Taou. 1. Cxema YPY ¢ cucremoit APY nokaszana Ha puc. 9.

Tab6nauna 1
BxoaH0ii ¥ BLIXOAHOM JMHAMIYECKHI THANA30H CHCTEMBI
Table 1
Input and output dynamic range of the system
HapaMeTp UBXmin’MB UBXmax’MB UBbIXmin’MB UBlemax’MB
3HayeHue 0,5 50 5 15

Bce Tpansuctopsl cxembl TUa NPN uMeror ciienyroniye napamMmeTphl:

MODEL BFP520 NPN (BF=235BR=1.5CJC=93E—- 14 CIE=235E—- 13 FC=0.5IKF=0.4
IKR=0.011S=1.5E—-171SC=2E — 14ISE=2.5E - 14 ITF=0.7 MJC =0.236 MJE=0.335 MJS =
=0.333 NE=2PTF=50RB=11RBM=7.5RC=7.6 RE=0.6 TF=1.7E — 12 TR =5E — 08 VAF =
=25VAR =2VIJC=0.661 VIE=0.958 VIS=0.75 VTF =5 XTB = —0.25 XTF = 10 XTI = 0.035).

Bce Tpan3uctopsl cxembl Tua PNP nMerot cienyronie napamMmeTpsl:

Es

R3

in I Q3
Cr3 Uout

§R4

Puc. 8. Cxema ycuuTeist ¢ OOLIUM KOJUIEKTOPOM
Fig. 8. Diagram of an amplifier with a common collector

32



4 Circuits and Systems for Receiving, Transmitting and Signal Processing

Es
>

R10

Uc
. o- CONT

Q8

Puc. 9. Cxema YPU ¢ cucremoit APY
Fig. 9. The RF scheme with the AGC system

MODEL BFT92 PNP (BF = 3.35815E + 001 BR =4.94721E + 000 CJC = 9.37103E — 013 CJE =
=7.46659E — 013 EG = 1.11000E + 000 FC =7.67856E — 001 IKF =9.95381E — 002 IKR = 5.28157E —
— 003 IRB = 1.00000E — 006 IS = 4.37563E — 016 ISC = 3.58864E — 014 ISE = 8.70539E — 014 ITF =
= 1.00000E — 003 MJC =1.99949E — 001 MJE = 3.56829E — 001 NC=1.39333E + 000 NE = 1.94395E +
+ 000 NF=1.00972E + 000 NR = 1.00254E + 000 PTF =4.50000E + 001 RB = 5.00000E + 000 RBM =
= 5.00000E + 000 RC = 1.00000E + 001 RE = 1.00000E + 000 TF = 1.74921E — 011 TR = 8.42200E —
— 009 VAF = 2.33946E + 001 VAR = 3.90385E + 000 VIC = 3.96455E — 001 VJE = 6.00000E —
—001VJS=7.50000E — 001 VTF =1.55654E — 001 XCJC =1.06000E — 001 XTF = 1.35455E + 000 XTI =
= 3.00000E + 000).

[TonyyeHHble MPU pacueTe HOMUHAIBI 2JIEMEHTOB CXEMbI TTPEACTaBICHBI B Ta0JI. 2.

st MoaearpoBaHUs ITOJIyYeHHOM CXeMbI UCITOIb30Bajics rmakeT Micro-Cap. Ha puc. 10, 11 nmpuse-
JIeHBI TIepexoaHble mpoliecchl B cucteMe APY npu ammnianTynax BXOIHOTO CUTHala, COOTBETCTBYIOIIMX

-4.00m

-6.00mg 5oy 100.00u 200000 300.00u 400.00u 500.00u

v(out) (V (Secs)

Puc. 10. INepexoaHyiii Ipoliecc YCUIIUTENS TIPU aMIUIUTYAe BxogHoro curHana 0,5 mB
Fig. 10. The transient process of the amplifier at an input signal amplitude of 0.5 mV
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v
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Puc. 11. IepexonHslii TIpoliecc B yCUINTENE IPU aMITJIATY/Ie BXogHOro curHaia 50 mB
Fig. 11. The transient process in the amplifier at an input signal amplitude of 50 mV

HWXXKHEW M BEPXHEU rpaHUlIaM JMHAMMYECKOTro auana3oHa. Ipaduku 1eMOHCTPUPYIOT OrMdalolilyto u
¢opmy curHana. CorracHO pUCYHKaM, BpeMsl YCTaHOBJICHUS z‘yCT Bapbupyetcs oT 80 Mxc 1o 200 MKc B
3aBUCHMMOCTU OT aMIUIMTY/Ibl BXOJHOTO CUTHAJIA.

Tabnuua 2
HomuHabl 3;1eMeHTOB CXeMbI
Table 2
Nominal values of circuit elements
DeMeHT 3HaueHue DeMeHT 3HaueHue DeMeHT 3HaueHue
Rc 275 R5 800 Cr4 20 n
Re 200 R6 1,16 k Cr5 20 n
Rcamp 300 R7 10,3k Cr6 20 n
Re, . 150 R8 500 Cc 9,24 n
Rd 600 R9 2,15k Ce 100 n
RI 360 R10 500 Cd 42 n
R2 50 Crl 500 n Lc 3n
R3 10,3k Cr2 20 n Ld Su
R4 500 Cr3 20n — —

Puc. 12 nnmoctpupyeT ITMHAMUYECKYIO XapaKTEPUCTUKY CUCTEMbl aBTOMATHUECKOM PETyJIUpPOBKU
YCUJICHUS.

B Tabu1. 3 mpuBeneHo cpaBHeHUE PACYETHBIX U SKCIIEPUMEHTATbHBIX 3HAYCHU I aMIUIUTY/I BBIXOAHO-
ro CUTHAJIA JJIS HUKHEI U BepXHell TpaHULIbI AUHAMUYECKOTO AMAara3oHa BXOAHOTO CUTHAJIA.

3akinoyenue

B naHHOI cTaThe mMpeajioXXeHa MeToAMKa pacuéra cucteMbl APY 1s1 pagronpuéMHBIX YCTPOMCTB
nuarnazoHa YKB. OcHoBHas uuest CUCTEMBI 3aKJIFOUAETCST B YIIPABJICHUH YTJIOM OTCEYKH KOJIJIEKTOPHO-
rO TOKa YCUJIUTEJISI, YTO MO3BOJISIET JOCTUTATh TJIYOMHBI PETYJIUPOBKHU MOPsIIKA HECKOJIBKUX JECTKOB
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High_Y(v(out).1

V2.sin.va

Puc. 12. Ilunamuyeckas xapakrtepuctuka ¥ PY ¢ BKioueHHOI cuctemoii APY
Fig. 12. Dynamic characteristics of the RF with the AGC system enabled

Ta6nauna 3
CpaBHeHHME PACCYMTAHHBIX H SKCTEPHUMEHTAJIbHBIX 3HAYEHNIA AMILTHTYT BBIXOXHOTO CMTHAJIA
Table 3
Comparison of calculated and experimental values of output signal amplitudes

Ugy» MB Uspix — MB Uspix en® MB

0,5 5,0 4,9
50,0 15,0 14,9

neunben. B kauecTBe mpuMepa mpuBeAeHbl HOMUHAIbI YCTPONCTBA, PACCYMTAHHOTO COTJIACHO MPEAIo-
>KEHHOW METONIUKE, UTd obecriedeHus IyOruHBbI perynupoBku Y = 30 1b. OTHOCUTENbHAs TOTPEITHOCTD
MeToja, oIpe/e€HHAs B XO/1e MOJISIMPOBaHUS pacCUUTaHHOM cxeMbl B cpene Micro-Cap, cocTaBisieT
He 6osiee 2 %. Bpemst ycraHoBIIeHUsT yCTpoiicTBa He npeBbiinaer 200 MKc.
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Abstract. This article is devoted to the problem of a hybrid approach in modelling, which
combines methods based on mathematical physics equations and data-driven methods. The
issue of choosing a hybrid model for circular membrane deflection under a load is considered.
To build models, the Laplace equation inaccurately describing the object and measurement data
of sufficiently high accuracy are used. With the help of cross-validation methods, an algorithmic
comparison of the generalising ability of a multilayer model, a physics informed neural network
model and a classical approach is made. The results obtained allow us to recommend neural
network and multilayer methods for modelling objects when a sufficiently accurate classical
description using a boundary value problem is unknown or excessively difficult and additional
information is available in the form of measurement results. Multilayer methods are preferable in
case of shortage of data or its dynamic nature, if a compact adaptive model is needed, including
for use in embedded systems and digital twins.
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CPABHUTEJ/IbHbIX AHAJIU3 TMBPUAHDbIX HEMPOCETEBDIX
M MHOIOC/1IOMHbIX MOAENEWU MPOTUBA KPYINIOHU
MEMBPAHbI NOA AEUCTBUEM FPY3A, PACMOJIOXXEHHOIO
ACUMMETPUYHO OTHOCMUTEJIbHO EE LLEHTPA
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AnHoTamus. JlaHHAas cTaThsl MOCBSIIEHA MPo0IeMe THOPUIHOIO MOIX0a B MOIEIMPOBAHUM,
MPU KOTOPOM COEIMHSIOTCSI METOIbl OCHOBaHHbBIE YPAaBHEHUSIX MaTeMaTUUECKON (PU3UKU 1 Me-
TOABI, yIpaBisgeMble JaHHbIMU. PaccMarpuBaetcst mpobyiema BbIOOpa TMOPUAHON Moaean sl
3aJauyM O MPOTruode Kpyrioi MeMOpaHbl Ha TKAHEBOI OCHOBE IO IeiicTBUEM rpy3a. st mocTpo-
SHUS MoJIelieil UCIToNIb3yeTcsl ypaBHeHMe Jlamiaca, HETOYHO OIMCHIBaloIIee OOBEKT, M JaHHbBIC
M3MEPEHUI JOCTATOYHO BBICOKOW TOuyHOCTU. C MOMOIIBIO METOMOB CKOJB3SIIETO KOHTPOJIS
MPOMU3BEICHO aJrOPUTMMYECKOE CpaBHEHHE 0DOOOIIAMIIE CITOCOOHOCT MHOTOCIONHOI MO-
JeJId, TIOCTPOCHHON C TMOMOIIbIO aHATUTUYECKONW MOAMMDUKALIMU KIACCUYECKUX UYMCICHHBIX
METOIOB, (U3NYEeCKU MH(MOPMUPOBAHHOU HEHpPOCETeBOI MOAEIU U KJIACCMYECKOIo MOAXOo.a.
TTonydeHHBIE pe3yIbTaThl TO3BOJSIOT PEKOMEHIOBATh HEMPOCETEBOI 1 MHOTOCTOMHBINA METOBI
IIPY MOJETUPOBAHUK OOBEKTOB, ST KOTOPHIX HEM3BECTHO MJIM M30BITOYHO CIIOXHO JOCTATOU-
HO TOYHOE KJIACCUUYECKOE OIMMCAaHUE C TTOMOIIBIO TPaHUYHON 3amaun mist 1uddhepeHInaaIbHbBIX
ypaBHEHUI U UMeeTCsI JOTOJHUTEIbHAs MHGhOpMAaIKs B BUIE Pe3yIbTaTOB U3MepeHnii. MHoro-
CJIOMiHbIE MOJEIU TPEANOUYTUTEIbHBI B CIydyae HeXBaTKM WJIM AUMHAMMUYECKUX JaHHBIX, TIPU He-
00XOIMMOCTH KOMITAKTHOM alanTUBHOUN MO/, B TOM YUCJIE, UISI UCTTOJIb30BaHMSI BO BCTPOEH-
HBIX CUCTeMax U UG POBBIX IBOMHUKAX.

KmoueBbie ciioBa: TuopuaHOe MOJAEIMPOBaHUE, TIPOrud Kpyrjioil MeMOpaHbl, ypaBHeHMe Jlara-
ca, hbuznyeckn MHGOPMUPOBAHHBIE HEPOHHBIE CETH, MHOTOCJIOHAS MOJIe/Ib, OCHOBaHHAsT Ha
(pu3KnKe apXUTEKTYpa

®unancupoBanue: PaGora BbioiHeHa pu noaaepxkke rpaHta Ne 22-21-20004 «MeTtobl co3naHust
1 amanTalvy MHTEJICKTyaTIbHbIX CUCTEM Ha OCHOBE (pu3Muecku MHGMOPMUPOBAHHBIX HEMPOHHBIX
ceTeit».

Mg murupoBanms: Jlazosckas T.B., Tapxos JI.A., boptkosckas M.P., Kasep3nena T.T., Kynpss-
nena B.B., Koxanosa [1.A., Yépnag E.C. CpaBHUTEIbHBII aHAIN3 THOPUIHBIX HEHPOCETEBLIX U
MHOTOCJIOMHBIX MOJIieJieli TTporuda Kpyrjioit MeMOpaHbl Mo AeiCTBUEM Tpy3a, PaClOI0KEHHO-
ro aCUMMETPUYHO OTHOCUTENIbHO ee LeHTpa // Computing, Telecommunications and Control.
2022. T. 15, Ne 3. C. 38—48. DOI: 10.18721/JCSTCS.15303

Introduction

Simultaneously with the development of new technologies [1—2] and the widespread implementa-
tion of digital twins [3—4] there arises the problem of modelling real objects to meet the requirements of
the modern world. An incomplete list of factors that must be included in the state-of-the-art paradigm
of modelling is the following: the speed and cost of constructing models, their adaptability, the use of
equations that describe an object inaccurately, the absence of conditions allowing the application of
classical modelling methods, the possibility of using additional heterogeneous information, etc.

© Nazosckas T.B., Tapxos [.A., bopTkosckas M.P., Kasep3Hesa T.T., Kyapssuesa B.B., KoxaHoBsa IM.A., YépHas E.C., 2022. U3paTtenb: CaHKT-
MeTepbyprckuii NONUTEXHUYECKUI yHUBEPCUTET lNeTpa Benvkoro
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This article is devoted to the problem of hybrid approach to modelling when methods based on phys-
ics of an object (equations) and data-driven methods are combined.

Obviously, neither of these two types of modelling based on physics or data is perfect for using in dig-
ital twins. The hybrid approach is often applied in two situations: firstly, in modelling dynamical systems
when the data is used to update the model and forecast, for example, in [7—8], and, secondly, in solving
problems involving multifidelity [9—11].

The problem under consideration belongs to the second case. The differential equation is regarded
as low-fidelity data and the measurements — as high-fidelity data. We propose an original approach to
constructing models that combines multilayer methods [12], which are our analytical modification of
the known numerical methods of solving differential equations and data-driven methods. The resulting
hybrid multilayer model is compared with two other models constructed by means of a classical meth-
od and the common neural network approach, better known as the physics-informed neural network
(PINN). Multilayer method as the method of building a model with an architecture based on physics
and PINN as a hybrid method are regarded in the context of a new paradigm of modelling in work [13].
To compare models, a cross-validation allowing the estimation of different models from an algorithmic
point of view [14] is used.

All types of models constructed can be used for computational modelling the objects of a similar
nature after the parameter adjustment according to the actual measurement data.

Materials and Methods

Let us consider the task of approximating a deflection function for a circular membrane with a fixed
edge under a load placed at a distance from the center and without overlapping it. The domain under
the load is circular too. As a differential equation describing the real object, we use the Laplace equation
for small deviations of a membrane under a load [15]. This equation obvious reflects the behavior of the
membrane with low fidelity. In the process of the experiment, quite a big deflection described by more
complicated equations is observed. These equations have a bigger number of parameters and require
more information about physical properties of a membrane. As high-fidelity data, we use measurements
obtained during the experiment.

The experiment consisted of the following. After placing a load with radius ¥, = 3.95 cm and weight
300 g on the membrane with radius R = 50 cm at a distance 10 cm from a membrane center N = 24 meas-
urements of membrane deflection were taken in points around the load. In order to make high-fidelity
measurements a coordinate mesh was drawn and markups have been made every 10 cm. Experimental set-
up was wooden, a membrane material was elastane. All measurements were made by means of a laser level.

Depending on the method used to construct the membrane deflection model, the Laplace equation
was formulated in Cartesian or polar coordinates (Fig. 1). In the first case, we have an equation of the form

. +h! =0 (D

. . 2 ..

in the domain D = {(x,y)|(x + a) + y2 > roz, xt+ y2 < RZ} (eccentric ring), where R > a +r, > 2r,,
R is a radius of membrane, 7, is a radius of the area under the load, a is a distance from a membrane center
to a center of the loaded area.

The boundary value problem for equation (1) corresponds to zero deflection at the fixed edge of the
membrane

h(x,y)zO at {xz+y2 =R2},

the other conditions are unknown. Thus, we have an incorrect problem that we solve using additional
measurement data.
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Fig. 1. Cartesian and polar coordinates for non-symmetric and symmetric formulations
of the problem of finding the deflection of the membrane connected by a conformal mapping

If an equation of the form (1) is enough to apply the PINN, then other methods require some trans-
formations. Using the conformal mapping [16], equation (1) in the domain D is reduced to the Laplace
h., +h =0 equation in the symmetric closed domain D, (concentric ring).

Then in polar coordinates (p, 0), u = pcosd, v = psin6, we obtain the Laplace equation

o on) &°h 1 1
— | p—|+—=0 or A +=HW +—HK" =0. 2
p (p ) aez pp p p p2 00 ( )

The first ("classic") method is as follows. The solution is written as a series [17] which we approxi-
mate by its partial sum

h(P,e)=i(p" —Ln](An cosn®+ B, sinnb)+ D, lnl, (3)
P p

n=1

where the coefficients An, Bn, DO are found from the boundary conditions and the measurement data by
the least squares method. The relationship between the polar coordinates (r, ¢) and (p, 6) [16] allows us
to obtain the final expression for a solution directly for the original domain D.

A PINN is considered the second model. Parameters of a neural network with one hidden layer

N
h (x, Y,C;,a, ) = Z cv (x, y,a, ) and a radial basis function (a Gaussian function) exp (—b ((x —d, )2 +
i=1

+( y—d, )2 )) are adjusted during training, namely, minimising the loss function J = J, + 8/, + 6,J..
Here, summands Jl, J2, J3 correspond to the quadratic errors of satisfying the neural network solution
to the Laplace equation, boundary conditions and experimental data. The hyperparameters 81, 82 >0
reflect the contribution of the corresponding terms to the loss function after the initial random initiali-
sation of the PINN weights. This method is described in more detail in [16].

A new approach to solving the problem of modelling the deflection of a membrane under a load is the
multilayer method [12] based on the modification of classical numerical methods such as Runge—Kutta,
Euler and others. This technique leads to the multilayer functional approximations of the solution of the
Cauchy problem for a system of ordinary differential equations

y'=f(xayo)a

y(x)=y,, x€R, y,eR". (4)
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The interval [x, x] is divided in a certain way into 7 parts x, < x, < ... <x =X with corresponding
steps & .- Then the recurrence formula is used 7 times

Yia :F(f, hk’xkiykJrl’yk’yk—l""’yo)’ (5)

stipulated by specific classical numerical methods. The final expression y is regarded as an analytical
function y(x) of an end of the interval and is called a multilayer solution of the Cauchy problem. n deter-
mines the number of layers of the model and the length of the interval where the resulting solution sat-
isfies the known estimates for the basis classical method and is selected in accordance with the required
accuracy and permissible complexity of calculations.

We return to equation (2) in polar coordinates given in the symmetric domain Dl which is obtained
from the original domain using a conformal mapping, and the unknown function of deflection A(p, 0).

oh
Denote pa— =z and we reduce equation (3) to a normal system of differential equations with re-
P

spect to variable p:

oh_z

% P ©)
oz 1 0’h

ap  poo’

We apply our modification [12] of the implicit Euler method with one layer, that is, the operator F'in
expression (6) has the form

F(f, hy X 05 Vis yk+l) =)+ hf(xk+1>yk+l )’

and starting at some point selected further. We get the expressions:

hy=h (0)+2 Ko

p

~-R, 0’
Z1 :ZO (9)—%8—9}?

Given that A, (8) =5, |p=R0 . 2,(0) =z |p=R0 , the solution takes the form

— p_ROZ _ p_Ro 262}’1
h=hy(0)+ . . (0) ( S jaez' (7)

Let us find 20(9). The edge of the membrane is fixed so 4, |p: = 0 and from equation (7)

Expressing ZO(G) and substituting it into equation (7), we obtain
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[—p_R"j Tl b=y (0) B Rp (8)
p 00 p R—R,

The functions %, i can be written as:
h(p,0)= ian (p)cosnd, hy(p,0)= i/ln (p)cosnd
n=0 n=0
and replace the series with partial sums

hl(p,G):ian (p)cosn, ho(p,e)zzm:An(p)cosnO 9)

=0

3

Substitute expressions (9) into equation (8) and find the coefficients

9

4,a(p)
a, (p ) = 2
1— ( p— RO j n2
P
R—
& P ]g , RO, An are parameters that are found for the approximations of functions by
p =1Lt
expression (9) from the measurement data by means of the least squares method. In this case, the deflec-

tion values measured in the experiment are used directly and formulas corresponding to the conformal
mapping in the form

where o (p) =

r\/(R2 +a’ -1} )2 —4R*a* sin@

a(R2 +r2)+r(R2 +a2—r02)cosq)'

2.2 2
p:p(r,(p):k\/4a r-+4arQ coso+ Q- and tg0 =

4a’r* +4arQ, cos+Q’

+

Computation results

Using the data measured during the experiment described in the previous section two multilayer
models (9) with different numbers of terms in the final sum were constructed. To estimate the obtained
models and compare them with PINN model and "classical” solution, the method of cross-validation
was utilised [14, 18]. A relatively small number N = 24 of measurements used for training and calculat-
ing model parameters allows calculating estimates for all partitions of the sample into training and test
settings in the case of leave-one-out cross-validations. In addition, the ability of models to generalise is
tested for the first time using the cross-validation method for a smaller volume of the training set.

We performed 40 calculation variants for each type of the model constructed using the "classical”
method, neural network, and multilayer methods respectively. In experiments No. 1—24, the test sam-
ple consists of 1 test point, the remaining 23 points are a training sample; in experiments No. 25—40,
training samples contain 16 randomly selected points and the remaining 8 points make up a test sample.

Thus, a total of 120 models were built, 24 "classical" analytical solutions of the form (4) among them.
For each model, the unknown coefficients of approximation of the series (4) by the first summand (the
sum of the first order) were calculated by the least squares method for 23 points. The maximum devia-
tion is no more than 0.31 cm, the mean square deviation averaged over all variants for the training and
test samples is 0.13 cm.
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A solution was also obtained based on two terms of the partial sum of the series (5). A similar error
distribution was observed in the solution as in the calculation by the first-order method. The maximum
deviation was no more than 0.32 cm, the standard deviation averaged over the variants for the training
and test sample points was 0.13 cm and 0.16 cm, respectively. A small increase in the standard deviation
can be associated with an increase in instability in the load domain.

At the same time, the condition number of a matrix of the system for finding the coefficients of the
solution (5) based on the lz—norm, grew to 200. While for the approximation of a series by one term, it
ranged from 6 to 10 for different variants of training samples.

To train 24 PINN models, the same 23 points were used as in the calculations with the "classical"
method. The maximum deviation was no more than 0.22 cm, the mean square deviation averaged over
all variants for the training and test sample of points was 0.03 cm and 0.07 cm. It turned out that when
using PINN, the maximum deviation of the calculation results from the experimental data was about a
third less, the standard deviation was 2 times less than when using the "classical" method.

For each of the 24 partitions of the measurement data, multilayer models for finite sums (9) of the
first and second order were constructed for the first time. For multilayer models of the first type, the
maximum deviation is no more than 0.31 cm, the calculated mean square deviation for the training and
test sample of points was 0.13 cm and 0.12 cm respectively.

For the sum of the second order the maximum deviation of the multilayer model from the test sam-
ples of experimental data decreased and was 0.28 cm, the calculated mean square error for the training
and test samples decreased slightly and was 0.1 cm and 0.11 cm, respectively. In general, the results of
calculations by the multilayer method practically coincided in accuracy with the results obtained using
the "classical" method but the solution was more stable in the sense of maximum error for individual
objects.

For all models, the maximum deviations of the calculated data from the experimental data at the
points of the training and test samples, ERRIf:;” and ERR™" . the maximum standard errors at the

max ?

points of the training and test samples, MSEif:;" and MSE™" , the standard deviations of both
samples averaged over all calculations, the so-called averaged regularity criterion, <MSE >leam and
<MSE >m , are presented in Table 1. Table 2 shows the number of adjusted parameters m for each
method.

Thus, the PINN model allows us to get a minimum error in all indicators for leave-one-out exhaus-
tive cross-validation. For a profound comparison, we analyzed the results of leave-8-out cross-valida-

tion for sixteen random partitions of a set of measurement data.

>

Table 1
The maximum and standard deviation of the calculated values of the models
on the training and test sample for leave-one-out exhaustive cross-validation, cm
Method ERR ™" ERR™! MSE™"" (MSE)“" (MSE)*™"
"Classical", the first order sum 0.32 0.43 0.14 0.13 0.13
"Classical", the second order sum 0.32 0.47 0.13 0.13 0.16
PINN 0.15 0.22 0.06 0.03 0.07
Multilayer, the first order sum 0.28 0.31 0.13 0.13 0.12
Multilayer, the second order sum 0.29 0.3 0.12 0.11 0.1
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The results of calculations using a training set with 16 points are presented in Table 3. It contains the
same estimates as Table 1. While maintaining the magnitude of estimates for training sets, the “clas-
sical” approach shows a weak ability to generalise on a test sample. A similar difference in estimates
compared to the case of a larger training set is observed for a neural network model.

We can see that for a multilayer model the maximum deviations and root-mean-square estimates
on both the training sample and the test sets differ little from those observed in the calculations for 23
points. Therefore, 16 points are sufficient to build the model, and the resulting solution does not depend
on the sample and maintains its generalising ability.

Table 2
The number of adjusted parameters for each method

Method m

"Classical", the first order sum 3
"Classical", the second order sum 5
PINN 48

Multilayer, the first order sum

Multilayer, the second order sum 4

Note that the estimates presented in Table 3 for test sets allow considering the quality of general-
isation for all three models and avoiding optimistic underestimation of the error for a more complex
PINN solution containing the maximum number of adjusted parameters (48 parameters in total, that
is, 4 parameters with 12 neurons).

Table 3
Maximum and standard deviation in the case
of the training (16 points) and test (8 points) samples, cm
Method ERR™™ ERR™" MSE"™ MSE™! (MSE)“" | (MSE)""
"Classical", the first order sum 0.32 0.58 0.15 0.24 0.13 0.16
"Classical”, the second order sum 0.35 0.98 0.14 0.44 0.12 0.24
PINN 0.15 0.43 0.05 0.24 0.02 0.1
Multilayer, the first order sum 0.3 0.44 0.14 0.21 0.12 0.16
Multilayer, the second order sum 0.29 0.4 0.13 0.2 0.11 0.15

For visual comparison of the obtained models, 3D images of some models were constructed. Fig. 2
on the left shows the dependence of the deflection of the membrane on the coordinate for one of the
calculations using the "classical" method, on the right — the difference between the result of numerical
calculations using the same model and experimental data. The results for a PINN model are shown
in Fig. 3. It can be seen that the shape of the membrane deflection became more natural, close to the
physical one observed in the experiment. An example of a solution obtained by the method of multilayer
approximations is shown in Fig. 4.

Conclusion

In this paper, a new multilayer approach to solving the incorrectly posed problem of finding the ana-
lytical function of deflection of a circular membrane under the action of a load placed far enough from
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Fig. 2. The model of membrane deflection and deviation from experimental data.
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Fig. 4. The model of membrane deflection and deviation from experimental data.
Multilayer method, the first order sum

its center is considered. Instead of one of the boundary conditions, it is proposed to use measurement
data obtained on a full-scale experiment. An algorithmic comparison has been made using the cross-val-
idation method of a multilayer model with the basis implicit Euler method with a physics informed
neural network model and a classical approach using the representation of the solution of the Laplace
equation in polar coordinates through a trigonometric series.

As a result of the application of these techniques, 120 semi-empirical mathematical models were
constructed using a relatively small set of experimental data that set the amount of deflection at each
point of the membrane surface. With the help of the estimates obtained during the cross-validation,
the generalising abilities of all models for the problem under consideration were analysed for different
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volumes of training samples. Based on the conducted research, it can be concluded that PINN and
multilayer methods should be applied to modelling objects when a sufficiently accurate classical de-
scription using a boundary value problem for a differential equation (a system of differential equations)
is unknown or excessively difficult and additional information is available in the form of measurement
results. At the same time, PINN models are more effective in a situation with many measurements, and
the accuracy requirements are quite high. It is advisable to apply analytical modifications of numerical
methods when there are few measurements or they arrive dynamically and a compact adaptive model is
required, for example, in embedded systems.
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AnHotamms. [TpoekTupoBaHMe CUCTEM YITPaBJICHUST OECTTUIOTHBIX JIETaTEbHBIX alllapaToB
(BITJIA) Ha ocHOBE MOJEeJIell MO3BOJISIET YCTPAHUTh HEOTIPEAEIEHHOCTh, HEOJHO3HAYHOCTD, U
HeBBIYUCIUMOCTL. KpoMme Toro, 3T1o apdekTuBHbIN c1ocod rapaHTupoBarth co3gaHue BITJIIA
C BBICOKMM KO3(hPUIIMEHTOM 0€30IMaCHOCTH, COOTBETCTBYIOIIEr0 CTaHJapTaM JIETHOM TOIHO-
CTU. DTO MpOLeCC MPOEKTUPOBAHUS JETATEJbHBIX allllapaToB, MPUHITHI HEKOTOPBIMU M3-
BECTHBIMU MEXIYHApOIHBIMU KOMITaHUSAMU. KBaIpoKOITephl MPeACTaBISIIOT cO00ii HEOOJb-
e CJIOXHBIE CUCTEMBI, TOJIKHBI BHEAPUTD "CHUCTeMHass MHXEHEPHs Ha OCHOBe MoJiesieii” Ha
pa3paboTKy IPOHOB B KOMIIAHUSIX Y HAYIHBIX MHCTUTYTaX C JOCTATOUHBIMU pecypcaMu. Pa3pa-
00TKa Ha MOJIEJI ¥ DKCIIEpUMEHTUPOBAHNE MO B BUPTYaIbHOU cpelie 3HAUMTEIbHO I10-
BBIIIAeT O0€30MMaCHOCTh CUCTeMbI. B TaHHOM McCIe0BaHUM ITPEACTaBlIeHA TpeXMepHAasI MOJEIb
KkBagpokornTepa (onHoit u3 pazHopunHocteit BITJIA) B mporpamme SolidWorks. ITpoBeneH aHa-
JIN3 XapaKTepUCTUK U JUHAMUKU MOJeTa KBaApoKOoMTepa, 3aTeM ¢ nmomolibio Matlab co3nana
MOJIeJIb MeXaHW3Ma CUCTEMBbI U ABUTaTesell kBaapokontepa. [IpuBeaeHa Moaeab TUHAMUKU
KBaJPOKOIITepa M CMOACIUPOBAHO €T0 IBIKCHUS TIPY BBRITIOTHEHUN Pa3IMIHBIX 3a1a4.

KiroueBble cioBa: OeCNUIOTHBIN JieTaTeJbHbBIN amnmapat, KBaApOKOMTep, MOAeIb AMHAMUKH,
MyJbTUTEN Simscape, aHaoropoe MoaeaupoBaHue B Matlab

Jna marupoanusa: Yxy KO. Monens cucteMbl ympaBieHUs] O€CIIMJIOTHOTO JIETaTeILHOTO all-
napata (kBaapokonTepa) // Computing, Telecommunications and Control. 2022. T. 15, Ne 3.
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Abstract. Designing control systems for unmanned aerial vehicles (UAV) based on models
eliminates uncertainty, ambiguity, and non-computability. In addition, it is an effective way to
ensure the creation of UAV with a high safety factor that meets airworthiness standards. This
is the aircraft design process adopted by some well-known international companies. It may be
worthwhile for companies and science institutes with sufficient resources to implement “Model-
Based Systems Engineering” for drones or quadcopters as small complex systems. Model-
based development greatly enhances the safety of small complex systems. Simulation in virtual
environments is beneficial for exploring the development process and gaining experience for
UAV development. This study presents a three-dimensional model of a quadcopter (one of the
UAV varieties) in the SolidWorks program. An analysis of the characteristics and dynamics of the
flight of the quadcopter was carried out, then, using Matlab, a model of the mechanism of the
system and quadcopter engines was created. A model of quadcopter dynamics is presented and
its movements are simulated when performing various tasks.

Keywords: unmanned aerial vehicle, quadrocopter, dynamics model, Simscape Multibody, analog
simulation in Matlab
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Beenenue

Ha panHOM sTane pa3BUTUSI aBUALIMOHHOW TEXHUKW 3HAYMTEIbHOE BHUMAaHME yIEJsieTcsl co3la-
HUIO Pa3IMYHbIX BUIOB OECIMIIOTHBIX JeTaTebHbIX annapaTtoB (BITJIA). Bo MHornx crpaHax Havyanu
MPUHUMATBCS 3aKOHbI, MpaBuJia U cTaHaapThl Ast BITJIA, opraHusyeTcs uzydyeHue CUCTeM YIpaBIeHUS
BO3AYIIHBIM ABMKeHUeM 1jist BITJIA. MoxXHo cuuTaTh ¢ yBepeHHOCThIO, UTo BITJIA BCcTynuau B HOBYIO,
YIOPSIIOUYEHHYIO (pa3y pa3BUTHSI.

MOKHO MPEANOoI0XUTh, YTO ¢ pa3BuTHeM 5SG, MHGOPMALIMOHHBIX TEXHOJOTUM, TEXHOJOT U UCKYC-
CTBEHHOT'O MHTEJUIEKTA U JaJIbHEUIITMX UCCIEN0OBAHUI TEXHOJIOTUM POsI, BO3SMOXHOCTEH IS pa3BUTUS
oyaer eie 6onbie. [TonbzoBarenu BITJIA cMmoryT apdekTuBHEE BocIpUHUMATh MUP, 100aBUB Ha HUX
kamepsbl rryounsl, LIDAR u npyrue 6osiee mpodeccuonanbHbie yerpoiictBa. BITJIA moryT cTaTh miart-
¢dopmamu miist cOopa JaHHBIX Ha Heboubloi BeicoTe. Cosnarenu BITJIA mbiTaloTcsi IpUMEHUTh K HUM
Takule MEeTO/bl, KaK oOyueHue ¢ moaKperuieHneM, 4Toosl mo3poauth BITJIA netatsh 60oee «<ymHO». Ha-
YUHAET IIMPOKO MCIOJb30BAThCSI TEXHOJOTUS Posi, KoTopasi mo3BoJisieT rpynnam BITJIA pabGoTaTh co-
BMECTHO. DTU KOHLEMIUN T03BOJISIIOT 0TAeabHbIM BITJIA mnu possm BITJIA BbimoiHATh 3(HEKTUBHO
0oJiee CI0XKHBIE 3a7a4l B pa3IMuHON 00CTaHOBKE.

KBagpoxkonTepbl 3aHUMaIOT 0C000e MECTO cpeau MHoxKecTBa pasHoBuaHocteir BITJIA. DTto ompe-
JIeJIsieTcs IPeUuMyIeCTBaMU, KOTOPbIE 00eCeuMBatOTC MPUMEHEHUEM KBaIPOKOTITEPOB [IJIs1 PEILIeHUS
TaKMX 3aJa4, Kak CKpbITasl pa3Bejika, IOCTAHOBKA MTOMeX, 10CTaBKa IOJIE3HbIX TPYy30B U ITPOYUE, B TOM
Yyuclie JOCTaBKa CPEACTB BO3AEHCTBUSI Ha MPOTUBHMKA: OTHOCUTEJIbHAS JelleBU3HA, BbICOKAS XKUBY-
YecTh M Majlo3aMeTHOCTH [ 1, 2].

© Zhu Y.Q., 2022. Published by Peter the Great St. Petersburg Polytechnic University
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B Hacrosiiiee BpeMsi UMEETCsl 3HaUUTEJbHOE KOJIMYECTBO JIUTEPATYPHBIX UCTOYHUKOB, TTOCBSIILIEH-
HBIX MCCIIENOBAHUSIM 110 TMHAMWYECKOMY MOJETMPOBAHMIO MOTHOPA3MEPHBIX JIETATeJIbHBIX aIllapaToB
pasHoit pasmepHocTH [3—7, 10—12, 15, 16]. [1pu 3TOM 715 CO3MaHMsI MOAEIEl CUCTEM YIIPaBJICHUS B
OCHOBHOM MPUMEHSIIOT MeTOoA MOAU(UKALUU MOJAEIN, METO CTPYKTYPHOTO aHaIu3a, METOJ UICHTHU-
(ukanms cucTeMbl 1 HEKOTOPBIE APYTUe METOMIbI, KOTOPbIe UCTIOJIb3YIOTCS IS TTOTYYeHUsT MaTeMaTHh-
yeckoit Moaenu apukeHust BITJIA [8].

KBagpokonTep — 3To JieTaTeJbHbII anmapaT ¢ 4YeTbIpbMsl Tiporieepamu. [Iponemiepsl pa3aeaeHbl
Ha JBe IPYMIIbI: Bpallalolrecs Mo 4YacOBOM CTpesiKe M Bpallalollnecs MPOTHUB YacOBOM CTPEJIKU TpU
Bujie cBepxy. [Iponenepbl OCyllecTBISIOT BpallleHue TMaroHaJIbHO B MTPOTHUBOTIONIOXHBIX HallpaBJieH! -
SIX, UYTO HEUTpaJIN3yeT MPOTUBOBPAIIAIOIINI MOMEHT.

ITo cpaBHEHMIO C TPAAULIMOHHBIMU BEPTOJIETaAMU (C OJHUM IPOIEUIEPOM U OJJHUM XBOCTOBBIM IPO-
MeJIJIepoM), KOHCTPYKIIMS KBaJpOKOITepa MMeeT YHUKaJbHbIe MpeumylilectBa. B Hell He TpeOyercs
CJIOXHasi KWHeMaThJyeckasi cxeMa rnepeaad. YCTOMUMBOCTD M0JIeTa MOXKET 00eCrieunBaThCs IMMyTeM pery-
JIMPOBKM CKOPOCTHU BpallleHus YeThipex npornesuiepoB. KOHCTpyKIMS cMMMeTpUYHa, KOMITaKTHA, 00J1a-
JlaeT XOpolllel YIpaBisieMOCTbIO U HaJleXKHOCThI0. KBagpokonTep ob1anaeT Xopoleil moMexoycTomum-
BOCTbI0, YCTOMUMBOCTBIO T0JIeTa U OE30MACHOCTHIO, a TAKKE UMEET HU3KYIO CTOMMOCTb.

OTU NPEeuMyIIeCTBa ONPEESIOT TO, YTO KBAAPOKONTEP MOXET IIMPOKO MPUMEHSTBCS B IpakjaaH-
CKOIi 1 BOeHHO objacTsix. KBagpokonTep MOXeT He TOJbKO pealu30BaTh paboTy KaK eqMHUYHbBIN ar-
rmapar, HO Tak:Ke Jy4llle BbITOIHSITh 3aJa4y COBMECTHOI pabOThl HECKOJIBKUMX arnapaToB U CTaTh XOPO-
1€}l MCIbITaTeIbHOM MaT(GOPMOIi IJIsl TIPOBEPKU Pa3IMYHBIX IIePEIOBbIX TEXHOJOTUI 1 aJrOpUTMOB
yIpaBjeHus.

Mogaenb KBagpoKonTepa

CornacHo Teopuu TBEpAOTo Tejaa U Teopeme HpioroHa—3iiiepa, MoaeInpoBaHUe IMHAMUKN KBa-
JIpOKOMNTEpa JACIUTCS Ha JBE YaCTU: MOCTyNaTeJIbHOE NBKEHUE W BpallaresibHoe. B MoaenupoBaHun
YUMUTBIBACTCSI B3aMMHOE BJIMSIHME BO3IYIITHOTO IIOTOKA MEXIY POTOpaMU, COIIPOTUBIIEHUE BO3AyXa, UC-
MBITBIBAEMOE KBaAPOKONTEPOM, 3¢ (eKT rMpocKoIia KBaapokonTepa u apdekr rupockona tena. Mcexo-
ISt U3 BBIIIEU3JIOKEHHOTO, MOXKHO ITOJIyIUTh MOACIN KNUHEMAaTUKY Y JUHAMUKY TBEPAOTO TeJia IJIs BCei
CUCTEMBI.

C TouKM 3peHnsI MOAEIMPOBAHNS U YIIPaBJIeHMs, N3-3a CIIOKHOCTE! a3poaHAMUKI HEOOXOIUMO YIu-
TBIBaTb MHOTME (DAKTOPHI 71T aHa/IM3a CUJI, JSMCTBYIOIIMX Ha KBagpoKonTep. KBagpokonTepsl 001agaoT
XapaKTepUCTUKAMU MPOJOJbHON U MONEPEUYHON HEJMHEUHOM CBSI3M U CUJIBHO 3aBUCIT OT METEOPOJIO-
rudyeckoii oocraHoBku. KpoMe Toro, B3auMHOe BIMSIHUE MEXIY IPOIeUIepaMiy, HECTpOrasi CUMMETPHS
KOHCTPYKIINM, OIIMOKM COOPKM M HAJIaAKK, CII0XKHBIE a3pOoIMHAMMWYECKIE ITapaMeTPhI U T. ., OyayT BHO-
CUTb HeoIlpeAeIeHHbIe (haKTOPhl B KOHCTPYKIIMIO U yIIpaBieHUe KBajpokonrTepamu [9, 17—20].

JIJ1st yripolieHusI mpolecca MOASINPOBAHUS IIPUHSTHI CIAEAYIOIINE JOIMYIIESHMS:

* 00IIast KOHCTPYKIINS KBaIpOKONTEPA MPEACTABISIET COO0I aOCOMIOTHO TBEPAOE TEJIO;

* BCE YaCTH KBaJpOKOIITepa MOJHOCTbIO CUMMETPUYHBI;

* LIEHTP TSKECTU KBaAPOKOIITepa HAXOAUTCSI B TEOMETPUIECKOM LIEHTPE KOHCTPYKIINU;

* TIpoIie/iepbl He 1e(OpMUPYIOTCS TP BpallleHUH.

KBagpoxkornrep paccMaTpuBaeTCsl Kak CUCTeMa ¢ HECKOJIbKUMMU TBEPAbIMU TeJaMU — (bIO3eJISLKEM U
npornesepamu. [lponemiep KBagpokonTepa UMeeT XKECTKYI0 KOHCTPYKIINIO U HE UMEeT KojiebaTesb-
HOTO IBM:KEHUS, TIO3TOMY KoJieOaTeIbHbIN 3(pdeKT mponesiepa He yunThiBaetcst. [1pearnonoxum, 4To
KapKacHasi KOHCTPYKIIMs (hbro3essikKa KBaJpoKONTepa MOXET UTHOPUPOBATh BO3ACHCTBUE BO3ayXa Ha
KBaJAPOKOIITEP M HEOOXOAMMO YUYUTHIBATh TOJILKO BIMSHUE BO3IyXa Ha MPOIIeJJIEPhl Y BIMSHUE TIPOIIeII-
Jiepa Ha KBampokonTep. Teopuio ajieMeHTa JJONMacTH Mpomnesuiepa UCIIOIb3yeM 4TOObI TPOBECTU aHAIU3
a’pOoJIMHAMMKU MPOIIEJIJIEPOB ¢ IIpUBJIeYeHEM TeopeMbl Ditjiepa HbloToHa [J1s1 aHa/IM3a BCE CUCTEMBbI
KBaJpOKOIITEpa.
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Mogeab mocTynaresbHoOro ABiKeHus. 3BecTHo, 4yTo Teopema HrloToHa—ditnepa mpeacrasisieT co-
0011 OOLIMI MOAXOM IUISI aHAIM3a MOJIeJIel JMHAMUK CUCTeM TBepaoro Teja. CormacHo TeoOpuu TUHAMM -
KU TBEPJOTo Teja, IBUXKEHUE KBaApPOKONTepa MOXHO pa3leuTh Ha JIBE YacTHU: MepeMellleHne KBaIpo-
KOITepa OTHOCUTEJIbHO Ha3eMHOI MHEPLIMATbHOM CUCTEMbl KOOPAMHAT U BpallleHUe (MU3MEeHEHUe yriia
OpMEHTAlLMM) OTHOCUTEILHO CUCTEMBI KOOPAMHAT Tela.

[pumewm cnenyonine 0603HaueHus. CoracHo aHanu3y IMHaMuKky nponesepa, £, F,, ', F, — 310
MoJbeMHasl CUJia YeThIpeX MpPOIleJJIEPOB, MPOMOPLIMOHaIbHAs KBaapaTy CKOPOCTU Ql npornenjiepa, u
COOTHOILIEHUE MEXIY IMTOIbEMHOM CHUION Fl M peaKue MOMEHT Ml., CO3[1aBaeMblIii KaXXIbIM IPOIIEIC-
POM, OTpEeaeTUTCS Kak

F;’ = kIsz (l = 15 25 39 4)
M, =bQ);,

rie £, — CKOpoCTh BpalleHus Tporesnepa; A =k / b, k>0, b>0 — xoahduimeHT, CBSI3aHHBIIT ¢
TaKMMU (DaKTOpaMM, Kak IIOTHOCTb BO3/IyXa, Paaryc IPoIe/uiepa, cedeHre poreuiepa 1 hopMa mpo-
neJjuiepa.

C MOMOIIIBI0 MOJEIN B3aMMOCBSI3U CHJIbI U KPYTSIIETO MOMEHTA, BXOTHOW 3JIEMEHT YIpaBICHUSI
pacIpoCTpaHsEeTCs Ha YEThIPE yIpaBisioue nepeMerubie. [TonHas nmoxbeMHuas cuia £ v momentsr M
KBaJIPOKOIITEPA MOTYT OBITH ONPEAEIEHBI 10 CIIEAYIOLIEN 3aBUCUMOCTH:

F 1 1 1 1]F

U:M5=OZO—ZF4
M, I 0 - O|F/
M L A A M| R

rie F'— paBHoneiicTByomas noxbeMuol cunel £, F,, F,, F,, co3anaBaemoii 4eThIpbMsI MPOTIEILIEPAMH;
M — pe3ynsTUpylOLIMii MOMEHT, CO3/IaBAEMbIiA IPYIIION MPOMEILIEPOB, CO3AI0MIMX Yroa Kpena; M, —
PE3YABTUPYIOILINI MOMEHT, CO3AaBaeMblii ITPYIIIION MTPOIE/UIEPOB, CO3AAIOIIMX YIOJ TAHTaXa; Mw — MO-
MEHT PBICKAHM, CO3aBaeMBbIil PETYIMPOBKOI CKOPOCTH BpalLEHN TIPOITEIIEPA, TPONOPLMOHAIBHBINA
MOABEMHOM CUJIE.

CornacHo ypaBHeHMI0 HploTOHA—3Diijiepa 1 ¢ y4€TOM COIPOTMBIIEHUS BO3IYXa, €CJIU 0003HAYNUTD 3a
g, q, q.) CMelleHe B MHEPLMATbHOI CHCTeMe KOOPIMHAT, a 3a f, fy ,J. — cocTapisionIre MOIbeMHON
CUJIBL B TPEX HAIIPABJICHUSIX B MHEPLUATBHOM CUCTEME KOOPAMHAT, TO MOXHO 3aIACATh:

qu -f;c qu'x O 0 qu.x
mqy = fy - quy =(E+F'2+F;+F21)RBE 0|-m| 0 |- qu.y
mg. | | f.] Lkd. 1 gl [kq.

W3 npesicTaBIeHHOI 3aBUCUMOCTH BUTHO, YTO COTIPOTUBJIEHHE Bo3nyxa kg , kg s k,g. nmeer -
HEiiHYI0 3aBUCUMOCTb OT CKOPOCTH ¢, ¢, ¢, Te/la U BCET/Ia TPOTUBOMOIOKHO HAMPABIEHUIO CKOPO-
ctu. Clieq0BaTeIbHO, MOXKHO MOJYYUTh YPaBHEHUE TIOCTYIIATEILHOTO ABMKEHNS KBaJIPOKOITEPA:

- s1n\ys1n8+cosq1s1n90058(F] +F, +F, +F4)—k1%

m

—cos \ysind +sin ysin 0cos d .
- - (F+F+F+F)-kq,.

y

_ COSGCOSS(E+F2+F3+F4)—k1q'z—g

z

m
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Mopneab opuentamuu. [1pu rmojieTe CKOpoCTh BpallleHUsT KaxKI0r0 M3 YeThIPeX MPOTIE/IJIEPOB T0JIKHA
CBOEBPEMEHHO PEryJIupoBaThCsl TAKMM 00pa30M, 4TOObI (haKTUUeCcKasi OPUEHTALIMS Y€ThIPEX MPOIIeII-
JiepoB OblIa Osu3Ka K uneanbHoil. [TU]-peryasitop B JaHHOM cilydyae IMO3BOJIsIeT JOCTUTHYTh 3TOM
11eJIU. YTJIbl PhICKaHbsI, TAHTaXxa M KpeHa KBaJpOoKOITepa TEOPEeTUYECKU HE3aBUCUMBI APYT OT Apyra,
[I03TOMY YIIpaBJIeHKE OPUEHTALIME KBaAPOKOITepa MOXKHO Pa3lelnuTh Ha TPU OTAEIbHBIX JIeMEHTa
yIpaBJIeHUS.

CBs13b MEXITy yIJIOBOI opueHTanueii 0, 0,  KBapoKomnTepa 1 yrioBoil CKOPOCTHIO (P, ¢, ) B CBsI-
3aHHOI CHCTeMe KOOPIMHAT MOXKHO 3aIlucaTh Kak

p cosycosd siny 0] 0
g |=|-sinycosd cosy 0| &
r sin d 0 Ly

CornacHo ypaBHeHUI0 HbloToHa—3dilnepa U ¢ yueToM rupockomnuueckoro agdekra drosensika u
nporesuiepa:

Lp=1(F,-F)+(I,~1)qr—J,q(-,+Q, -Q, +Q,)
[yq:l(F; _F;)+(Iz —]x)pr—er(—Ql +Q2 _Q4 +Q3) ’
Li=M,+(I.-1,)pg=0(F+F,~F,-F)+(I,~1,) pq

rae [ — 5TO pacCcTOSHUE OT TeOMETPUUECKOTO LieHTpa (ro3essika 10 LEHTpa JII000oro nporneepa (T.
€. TOYKH JIeUCTBUS MOXbeMHOI cunbl); [, [ , [ — MOMEHTBI MHEPLIMM KBAIPOKOINTEPA OTHOCUTE/IBHO
OCH X, ¥, Z, B CBA3AHHON CHCTeEMe KOOPAMHAT; J — MOMEHT MHEPLMHM NPOIEIIEDa; (]y — 1)gr,
- Lypr, d — Iy)pq, — rupockonuyeckuii adpdexr drozensxka; —J g(-Q, + Q — Q + Q)),
—Jp(-Q, +Q —Q, + Q) — sdbdekTs rHpocKONa Npomesiepa.

Hcnonb3ys ypaBHeHre HpioToHa-Ditiepa, MOXHO MOJIYYUTh ypaBHEHUE MPOCTPAHCTBEHHOTO OpH-
EHTALINY KBaIPOKOIITEPa:

My +(1,-1)qr-J,q(-Q,+Q,-Q,+Q,)

p= I =
M +(1,-1.)(-Osiny cos8+3cos ) (Bsin8+1r) -, (-2, +Q, —Q, + Q)
Ix
i- My+(1, 1) pr—J.p(-,+Q,-Q,+Q;)
I

y
My +(1. —Ix)(Gsinfiﬁt\i/)(écoswcos8+8sin\|/)—er(—Q1 +Q,-Q, +Q,)
1

y

’;:MW+(]X—Iy)pq _
IZ

M, +(Ix —Iy)(écoswcosS+SSin\u)(—ésinwcosS+Scosw)
1

z
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Mogenb uMeeT YeThIpe YIpaBJIsIIoNInX BXxona U 12 mepeMeHHbIX COCTOSTHUS, IIECTh CTeTNeHel CBOOO-
IIbI (TPU TIEpEeMEIIeHUST, TP TIOJIOXKEHUS) U SIBIISICTCS CUCTEMOM TTOHMKEHHOTO TIPUBOJA.

YerpoiicTBa kBagpokonTepa. KBagpokonTep cocTOUT U3 (pro3esika, CUI0BOM YCTAHOBKU U CUCTEMBbI
ynpasieHus. CuaoBasi cucteMa siBIsieTcsl HaudoJsee BaXKHBIM KOMIIOHEHTOM KBaIpOKOITepa, BKIovast
IBUTATENb U Mporie/uiepbl. OT KayecTBa CUCTEMBI CHJIOBOM YCTAHOBKM 3aBUCST OCHOBHBIC XapaKTepH-
CTUKH KBaJPOKOITEepa, TaKNe KaK TPy30IMOAbeMHOCTh, CKOPOCTh IT0JIeTa, JaTbHOCTD TTOJIeTa, BpeMsI 3a-
BUCaHMSsI, CTAaOMJILHOCTD noJjieTa U T. 1. [13].

JBUTaTeNIh KBaIPOKOIITEPA — 3TO YCTPOMCTBO, KOTOPOE HETIOCPEACTBEHHO CO3MAET CUITY M KPYTAIIMIA
MoMeHT. OcHOBHasl (DYHKIIMS yIIpaBJIieHUsT IBUTaTeNieM 3akKitodaeTcst B monydeHnu LLIMM-curnanos
JUTSL yIIpaBJIeHUsI CKOPOCTBIO IBUTATENS.

JuHamMu4yecKoe ypaBHEHUE SJIEKTPOIBUTATEIISI MOXKHO 3aICaTh Kak

. cC n C
Lt J b, =, ——— ) 2y,
2 m e R e 3 e R a
nr a nr a

rae Ce — TMOCTOSIHHAS! 3IEKTPUYECKOro MOTeHIMAIA IBUTaTelIsl; O — MPEICTaB/IseT CKOPOCTh Bpallle-
HUST TBUTATENIS; Cm — KOO MUIMEHT KPYTAIIETO MOMEHTA DJIEKTPOABUTATENS; J — MOMEHT MHEPLIMK
BPAIIAIOIIEHCS YacTh; J — MOMEHT MHEPLIMM BUHTA, 71 — KOI(DOUUMEHT T060BOTO CONPOTUBIIEHUS, 1| —
K03 GULIMEHT IMOJIE3HOTIO NeHCTBUSI KOPOOKM Mepeaay ¢ peryjarupyeMoit CKOPOCThIO; 7 — IMepenaTouyHoe
YUCIIO.

CorjlacHO 3TOMY YpaBHEHUIO, MOXKHO MOJIyYUTh CBSI3b MEXKIY HaMpPSIKEHUEM B KaueCTBe yIpaBJIsiio-
LIMX BXOAHBIX TAPAMETPOB U CKOPOCTHIO B KAYECTBE BHIXO/IOB.

B HacTos1eii craThe aspoarHaMuKa IpoIie/iyiepoB He o0cyxkaaeTcss. O4eBUIHO, UTO IIPaBUIILHO I10-
JIoOpaHHbBIe MPOoMeiepbl MOTYT obecreunThb 0oJiee I(PHEeKTUBHYIO U CTAOUIBbHYIO Pa0OTy ABUTATENS.

XapakTepucTuKd KBajpoKonTepa. BoiOop mporieiepa onTUMaibHOM KOH(UIYypaluu SIBISIETCST O~
HUM U3 CITOCOOOB YIYYIIUTh JIETHBIE XapaKTepUCTUKHN KBampoKorrepa. [1pyn 3ToM CUCTeMBbI CHITOBBIX
YCTaHOBOK JIOJIXKHBI TTOAXOIUTH APYT APYTY, MHAUE BCe UeThIpe Mporeiepa He OyayT padoTaTh CHHXPOH-
Ho. I pelieHusI 3a1a4 UCCJIENOBaHMS B KAUeCTBE 00BbEeKTa yIIpaBJIeHUs U MOJIEIMPOBaHUSI ObLT BEIOpaH
KOMMEpYECKH ITOCTYIIHBIM KBaApoKonTep [22] B KOHCTPYKIIMM KOTOPOTO MCIIOJIb3YIOTCS CTaHAApPTHbIC
KOMIOHEHTbI 000PYIOBaHMSI. DTOT KBaApOKONTepa aajiee U OyaeM UCIOIb30BaTh WISl CO3IaHUsI MOJIe-
Jii. XapaKTepUCTUKU aKKyMYJSITOPOB U JABUTaTesIei, IPOMEIepOB, U APYTUX YCTPOMCTB BHIOPAHHOTO
KBaJIpOKOMTePa, COCTABIISTIONINE 00BEKTa YIIPAaBASHNS 1 MOACIUPOBAHMS ITOKa3aHbl Ha puc. 1. Xapak-

Detail Information

Hovering Performance : Max. Throttle Performance : Integral Performance :

Hovering Time 1617 min. Flight Time 2.4 min. Normal Operation

Throttle Percentage Total Lift Total Weight

ESC Current ESC Current Remaining Load 10.65 kg

Motor Speed Motor Speed Max. Takeoff Altitude  :2.17 km

Motor Power Motor Power Max_ Tilt Angle 4617

Battery Voltage 19V Battery Voltage 15V Iax. Forward Speed
Battery Current C14.9A Battery Current DEEAA Max. Flight Range 1314 km

Power Efficiency 1633 % Power Efficiency 1598 % Wind Resistance -5 Degree

Puc. 1. XapakTepucTuku KBaJpoKoITepa
Fig. 1. Characteristics of the quadrocopter
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Mathematical Model (Modeling method and source code)

Multicopter Mass :m =i5kg
Acceleration of Gravity g =08mfs?
Multicopter Inertia Matrix 1y =1.745e-2 kg.m?
J=diagldyy, Jyy, Jz) Jiy  =1745¢-2 kg.m?

Jdz =3.175e-2 kg.m2
Distance of Motor to Center :d =o225m
Propeller Integrated Thrust
Coef. by Thrust (IN) Dividing : G =1.105e-5 Nf(rad/s)2

Speed? (rad/s), i.e. (C»(=Tp w2)

Propeller Integrated Moment

Coef. by Moment (IW.m) Dividing , _ B

Speed? (rad/s). ie. (Cp=Mp/ Cm =1.489e 7 N.m/(rad/s)?
w2)

Motor Curve: Throttle o (o~1) to , _ -

Motor Steady Speed ws; (rad/s) * Cr =646.55Tad/s

(gs=Cg¥o+mp) t0p  =166.19 radfs
Motor-Propeller Inertia iJdm =0.90e-5kg.m2
Motor Response Time Constant : Ty =o0.0136s

Air-Drag Coef. by Drag (V)

dividing fly-speed? (m/s),i.e. :C3 =é6.57ge2 N/(m/s)2
(Cq=D/V2) o

Air-Torgue Coef. by Torque

(N.m) dividing rotation-speed? : Cgp = 0.0126-3 N.m/(rad/s)?
(rad/s), Le. (Cgp=M/w2)

Puc. 2. XapakTepuCTUKM MaTeMaTHUYECKOI MOEIN KBaIpOKOIITepa
Fig. 2. Characteristics of the mathematical model of the quadrocopter

TEPUCTUKU MaTEMaTU4YECKO MO Ha BLIOpaHHOM 00OPYIOBaHUM Ha OTKPBITOM tuiatdopme [21, 22]
MOKa3aHbl HA puC. 2.

Monenb kBaapokonTepa B Matlab

TpexmepHasi Mojelb KBaApoKoITepa B Iporpamme Matlab. Monenb o0beKkTa yrpaBieHUSI COCTa-
BUM Ha OCHOBE HMCTIOJIb30BAHUS OTKPBITHIX MCXOMHBIX pecypcoB. GU3NUIECKYIO0 MOIETb KBAIpOKONTepa
chopmynupyem B niporpamme SolidWorks. JIyist 3Toro Heo6XoaMo UMITIOPTUPOBAaThL Moaeab B Matlab
U cIenaTh aHAJOTOBOE MOJAEINpOBaHue. B pe3ybrare HEMOCPEACTBEHHOTO UMITIOPTUPOBAHUS MOJIEb
TTOJTyJaeTcss O9eHb OeCITOPSIIOYHOM, B HE#l OTCYTCTBYIOT 3(h(heKTUBHBIC COCTMHEHUS 1 BUTBIC COSTTHE-

[Pamodel 250 » .

B UEs e 4
§

Connt 1

3

v W

z

sy 150%

Puc. 3. Cxema ¢pu3myeckoro coefnHeHNsT 0JI0KOB KBaIpOKOIITepa B mporpamme Matlab
Fig. 3. Diagram of the physical connection of the quadrocopter blocks in the Matlab program
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Puc. 4. CxeMa ¢pu3nyecKoro coeqnmHeHNS MPOTeuIepoB KBaApOKoIITepa B mporpamme Matlab
Fig. 4. Diagram of the physical connection of the quadrocopter propellers in the Matlab program
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Puc. 5. TpexmepHast puzmyeckast MoJesb IIpoIieiepa KBaapoKonTepa B mporpamme Matlab
Fig. 5. Three-dimensional physical model of the quadrocopter propeller in the Matlab program

Hus1. HeoOXoarMMo M3MEHUTDb apXUTEKTYPY MOJIEIU ISl €€ YIPOILIeHHUsI U IepecTparBaHust. CxeMa CBsI3U
KOHCTPYKLMHU KBaIAPOKOITEPa, COrJIaCOBaHUS IIPOIE/UICPOB, TpeXMEPHAsi MOJIEJIb IIpOoIie/iepa KBaapo-
Korrepa B mporpaMmme Matlab rokasaHbl Ha puc. 3—5.

YCTaHOBMM CBSI3aHHYIO CUCTEMY KOOPIMHAT, B KOTOPO#i OCh Z HampabjieHa BHU3 (K 3emuie). B aToii

crcTeMe KOOPIMHAT IMOCTPOUM MOJENh KBagpokonTepa B Mechanics Explorer (puc. 6).

AHamu3 CTPYKTYpbl KOHTpoJuUIepa. MoJiesib U CTPYKTypa YIpaBjeHUs] KBapOKOITepa MokKa3aHbl Ha

puc. 7.

CTpyKTypa MOJEIU COCTOUT M3 YEThIPEeX MOMYJICi: Moaelb IUHAMUKI TIPUBOAA, MOMAEIh JUHAMM-
KU MIpoIIeJIjiepa, MOIe/Ib B3aMMOCBSI3U CUJI M MOMEHTOB, MOZAE/Ib IMHaMUKU. [IpenioxeHHas CTpyKTypa
MOJIEJIU C YEThIPbMs 6J10KaMu OYyIeT COOTBETCTBOBATh CXeMe KOHTPOJIIepa, PeACTaBIeHHON Ha puc. 8.
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[ $E= - model 450 DataFile.m

EJ Mechanics Explorer-model_f450 xl
2. model_f450
7 DJI_armIRAN_BLACK 11 RIGID

‘7 DJI_armIRAN_BLACK_1_2 RIGID

5 DJI_armIRAN_WHITE_1_1_RIGID

7 DJI_armIRAN_WHITE_1_2 RIGID

7 F450_chasisIRAN_1_1_RIGID

7 F450 Top_PlatelRAN_1_1_RIGID

7 fcNaza_GPS_1_1RIGID

A feNaza_MC_1_1_RIGID

B fcNaza_PSU_1_1_RIGID

R MT2208_18_1_1_RIGID

7 MT2208_18_1_RIGID

7 MT2208_18_2_1_RIGID

7 MT2208_18_3_1_RIGID

B9 prop_1_RIGID

av

@

x — — ‘ Timeo |

Puc. 6. TpexmepHas ¢u3udeckast Moje/ib KBaApoKomnTepa B mporpamme Matlab
Fig. 6. Three-dimensional physical model of the quadrocopter in the program Matlab
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Puc. 7. CtpykTypa Momeny IMHAMUKU 1 CXeMa KOHTPoJIepa KBaIpOKOIITepa
Fig. 7. Dynamics model structure and quadrocopter controller diagram
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Fig. 8. Controller diagram for four blocks

57



MopenvpoBaHue BblYNCIINTENbHbBIX, TENEKOMMYHUKALMOHHbIX, YNPaBsioWmx
n counanbHO-3KOHOMNYECKUX CUCTEM

K@) (> |_> 0% ©| X '—J— |TFme|C|

Puc. 9. KBangpokonTep nmoja cMCTEMOIT KOOpAUHAT
Fig. 9. Quadrocopter under the coordinate system

(4] XY Graph3 - m} x

XY Plot
1000

500

Y Axis
o

-1000
-1000 -500 0 500 1000

X Axis

CeOIINIETET 000 @ % [tmeww |

Puc. 10. Topu3oHTaNIBHBII TTONIET KBAAPOKOIITEPa U TPACKTOPHS TOPU3OHTAIBHOTO MOJIeTa
Fig. 10. Horizontal flight of the quadcopter and the trajectory of horizontal flight

CMoaenMpoBaHHbIN B BUPTYaJbHOM cpefie 3aIyCK TPeXMEPHO MO/Ie I KBaApOKOMNTepa MoKa3aH Ha
puc. 9.

st ynipolieHust MoJenu yoepeM BTOpoCTeneHHble (pakTophl. 3amyckaeM mporpammy. Moneaupo-
BaHUe 1oJieTa B CUMYJIMPOBAHHOM Cpelie ¢ peasibHOM XapaKTepUCTUKOM, PE3yJIbTaT U TPAEKTOPHsI FTOpH-
30HTAJILHOTO MoJieTa Moka3aHbl Ha puc. 10.

3akaoueHue

PesynbraTel mpoBeAeHHOTO MOIEIMPOBAHMS B 3HAUUTEIBHON CTETICHU OTpakaloT (U3NUYECKUE Xa-
paxktepucTuku Mmoaesu BITJIA v mo3BossitoT npoBepuTh AMHAMUKY Moaean BITJIA u e€ nocToBepHOCTD.
Bce ocHoBHbIe pexkuMbl nBrxKeHUst BITJIA (3aBucaHue, pOBHBIN MOJET, MOAbEM, CITYCK) MOXKHO peau-
30BaTh C IMOMOIIbIO CO3AaHHON Moneau. TakuM oOpa3oM IT0Ka3aHO, YTO MPUMEHEHHBIM HAMU METOJ
aHaJM3a MOXET MCMOJIb30BaThCsl /s YCTAHOBJIEHUST MOAEIU TMHAMUKU cUcTeMbl yrpasieHus BITJIA
yepe3 MmeToq HproToHa-Biinepa, BKitoyast IMHAMUKY TBEPIOTO Tejia, MOJIe/Ib ITpoTeiepa U CepBOKpPhLIA.
Yepes npuHITHE TONYIIEHUI 1 yIPOILIeHU AuHaMuuecKux ypaBHeHu 1151 BITJIA moryT ObITh onpene-
JIEHBI YTJIbI TOBOPOTA CEPBOMPUBO/IA, A TAKXKE MOMEHTBI TAaHT'aXKa, KpeHa M PhICKaHUSI TTOCIe10BaTeIbHO.
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IMonyyena nuHeliHas Moaenab ABuxkeHus: BITJIA, onucbiBaeMast (hu3nuecKMMU IapaMeTpaMM CUCTEMBI,
KoTopas ompeaensier moaeiab opueHTauuu BITJIA ¢ HeusBecTHBIMU MTapameTpamu. CUcTeMa OprUeHTa-
LIMY afrapara siBJsieTcsl KJII0UOM K KOHCTpyKUMu cuctembl ynpasieHusi bBITJIA. Eciau koHCcTpyKiust
a(pdexTrBHas, To HaBUralyoHHas yactb BITJIA moxeTt ObITh ynpoleHa, u nmpoctoit ITU-perynsitop
MOKET BBITTOJTHUTD MOJIETHYIO 3a1a4y.

HanbHerileit padboToi 1Mo TeMe TaHHOU CTaTbu MOXKET ObITh MTPOIOIKEHUE Pa3BUTUSI CUCTEMbI KOH-
TpoJuiepa IoJjieTa, 4YTo 03HayaeT MOAUGUKALMIO U pacluupeHre GyHKUMIA cucTeMbl Autopilot (cuctema
KOHTpOJIIepa T0JieTa) IJIT KOHKPETHBIX 1iejiell U TMTOTPeOHOCTE B COOTBETCTBYIOIIMX YCIOBUSIX (TIOMI-
JIepKKa HOBBIX TIaHepoB 1 KOHCTpYyKUui BITJIA, mosiydeHHBIX C MTOMOIIBIO MOICIUPOBAHMS), UCTTOb-
30BaHueE B KauyecTBe MIaT(GopMbl s MOAU(UKALIMY aITOPUTMOB T0JIeTa U A00aBJIeHUSI HOBBIX PEXKU-
MOB MOJIETA.
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NMAPAMETPUYECKASA ANATHOCTUKA INNEKTPUYHECKUX
LLEMEW B CTATUMECKOM PEXXMME METO,OM
KOMMNEHCALUUU HE/IMHEUHDbIX 3JIEMEHTOB

C.A. KypeaHo8' = | [1.B. Hedope3086?, B.B. Punapemob?

L3 YNbAHOBCKNIA rocyaapCcTBEHHbI TEXHUYECKNIT YHUBEPCUTET,
r. Y1baHOBCK, Poccuiickan ®egepauus;

2 CaHKT-MNeTepbyprckuii rocyaapCTBEHHbIN 31EKTPOTEXHUYECKUIA YHUBEPCUTET
«/13TU» um. B.U. YnbsaHosa (/leHnHa), CaHkT-NeTepbypr, Poccuitickaa Pepepaums
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AnHoTamms. /{75 pemieHrs 3aqa4y MapamMeTpuIecKoil JMarHOCTUKHU TPETOXKEHO UCITOJb-
30BaTh KOMITEHCAIIMIO HEJIMHETHBIX 3JIEMEHTOB KaK C HEM3BECTHBIMU, TaK U C U3BECTHBIMU TIa-
pamMeTpaMu. DTUM AUATHOCTUKA HEJIMHEIHOM 1IeTIM CBOIUTCS K 0a3MCHOM 3a1a9ye TMarHOCTUKHU
JIMHEHOM CXeMbl 3aMeILeHUS IIPY MHOTOKPAaTHOM 3KcIiepuMeHTe. KpaTHOCTh 3KCIIepUMeHTa
M pacyeTa CXeMbl 3aMelIEeHUs OIpPeNe/sieTCsl YUCIOM TPeOyeMbIX TOUYEeK BOJIbTAMIIEPHBIX Xa-
pakTepuctuk (BAX) HeTMHENHBIX pE3UCTOPOB U MEePeIaTOYHbBIX XapaKTePUCTUK HEJTUHENHBIX
YIpaBJIsIeMbIX UCTOYHUKOB. YMCI0 U3MEPEHMH TP KaxXI0M dKCIIEPUMEHTE JOJIKHO OBITh He
MeHee YMciia HeJIMHEHHBIX 3JIEMEHTOB U JIMHEWHBIX 2JIEMEHTOB C HEM3BECTHBIMU MapaMeTpa-
MU. BEIYnucIuTeIbHBIC 3aTPAaThl MOXHO COKPATHUTh, €CJIM MCIIOJIb30BaTh CUMBOJIBHBIC METOIBI
aHan3a, Mo3BoJIsolIe MoJaydnuTh BAX 1 nepenaTouHble XapaKTePUCTUKU HEJIUHEMHBIX dJIe-
MEHTOB B B¢ MapaMeTpuuecKux ¢byHkiuii. [IpengaraeMplii OAX0I ITO3BOJISIET AaBTOMATU3M -
pOBaTh AMaTHOCTUKY HEJIMHEMHBIX 9JIEMEHTOB B CTATUYECKOM PEXUME C ITOMOIIbIO U3BECTHBIX
CHMBOJIBHBIX M YMCJIEHHBIX MTPOTPaMM aHaju3a JUHEWHBIX 2JIEKTpUIYecKuX 1eneid. [TpuBeneH
nmpuMep HaxoxaeHust BAX HeTMHEHBIX pe3MCTOPOB C TTIOMOIIBIO pa3paboTaHHOW TPOrPaMMBbl
cuMBoOJibHOTO aHanu3a CirSym.

KmoueBbie ciioBa: QJICKTPHUYECKad LICIIb, CTaTUYECKUI PEXUM, OaszucHas 3agaya JMarHOCTUKH, HE-
JIMHEMHBIA PE3UCTOD, HEJMHEUHBIN ynpaBnﬂeMHﬁ HNCTOYHUK, KOCBCHHAaA KOMIICHCalMA, BOJIbETaM-
nepHad XapaKTepucTukKa

Jas murupoBanus: Kypranos C.A., Henopesos I1.B., ®unaperos B.B. ITapamerpuueckas nua-
THOCTHUKA 3JIEKTPUYECKMX 1IETeil B CTAaTUIECKOM PEXKMME METOIOM KOMITEHCALIMY HEJIMHEWHBIX
anemeHToB // Computing, Telecommunications and Control. 2022. T. 15, Ne 3. C. 62—72. DOI:
10.18721/JCSTCS.15305
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PARAMETRIC DIAGNOSTICS OF ELECTRICAL CIRCUITS
IN STATIC MODE BY THE METHOD OF COMPENSATION
OF NONLINEAR ELEMENTS
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Abstract. To solve the diagnostic problem in static mode, it is proposed to use compensation
of nonlinear elements with both unknown and known parameters. This reduces the diagnosis
of a nonlinear circuit to the basic task of diagnosing a linear substitution circuit with multiple
experiments. The multiplicity of the experiment and the calculation of the substitution circuit is
determined by the number of required points of the volt-ampere characteristics of nonlinear resistors
and the transfer characteristics of nonlinear controlled sources. The number of measurements in
each experiment should not be less than the number of nonlinear elements and linear elements
with unknown parameters. Computational costs can be reduced if symbolic analysis methods
are used to obtain volt-ampere and transfer characteristics of nonlinear elements in the form
of parametric functions. The proposed approach makes it possible to automate the diagnostics
of nonlinear elements in a static mode using well-known symbolic and numerical programs for
the analysis of linear electrical circuits. An example of finding the volt-ampere characteristics of
nonlinear resistors using the developed CirSym symbolic analysis program is given.

Keywords: electric circuit, static mode, basic diagnostic problem, nonlinear resistor, nonlinear
controlled source, indirect compensation, volt-ampere characteristic
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Beenenue

[TapameTpryeckasi IMarHOCTUKA HEJMHEHHBIX 2JIEKTPUUECKHUX 1IeTell B CTATUYECKOM PEeXUME Tpe-
OyeT HaXOXKIEHMUS 10 pe3yabraTaM dKCIIepUMEHTa BOJbTaMIIepHbIX XapakTepucTuk (BAX) Hen1uHEeHHbBIX
PE3UCTOPOB U MePeIaTOYHbIX XapaKTePUCTUK HEJIMHEMHBIX YITpaBIsieMbIX UCTOUYHUKOB (YW) wiu Hens-
BECTHBIX ITApaMETPOB JIMHERHBIX pe3ucTtopoB u YU [1-6].

B mporiecce MHOroBapMaHTHOTO OOpallleHHWsT K TIporpaMMe aHalln3a HEeJMHEIHBIX JIeKTPUISCKUX
ueneir SAPDEC nonbupaercst mapaMeTp JUHEWHOTO 2JIeMeHTa, YTOObl pacueTHbIE Y UBMEPEHHBIE OT-
KJIMKWA KOMIBIOTEPHOW MOJEJIM U PEAJIbHOM LIEMTA COOTBETCTBOBAIM PYT IPYTY C 3aJaHHON TOYHOCTBIO
[1]. B [2] paccMOTpeHO HaxOXIeHWE COMPOTUBICHUI HECKOJIBKUX JIMHEWHBIX PE3UCTOPOB B HEJIMHET -
HOI1 1ienu. J1Jist TOro MpoBOAUTCS MHOTOKPATHBIN SKCTIEPUMEHT C MOAKIIOUeHUEM UCTOUHUKOB ITOCTO-
SIHHOTO HAMPSIKEHUSI K JOCTYITHBIM y371aM, U3MEPEHHbIE Ha HUX HANIPSIKEHUST YIUTHIBAIOTCS B CUCTEME
HETMHEMHBIX are0panvyecKnX ypaBHEHU 1T KCKOMBIX COMMPOTUBIIeHM. [TapaMeTpbl HECKOTbKIX JTH -
HEMHBIX 2JIEMEHTOB HaXOASITCS TaKXKe METOJO0M, OCHOBaHHBIM Ha 00OOIIEHHON YaCTOTHOU (hyHKLIMU
HEJMHENHBIX LeTNel U aITOpUTME HAUMEHBIINX KBAAPaToB [3].

B paborax [1—3] xapakTepuCcTUKM HEJMHENHBIX 3JIEMEHTOB HE SIBIISIIOTCS MCKOMBIMU. B [4] Haxo-
asTcst auddepeHImanbHble XapakKTepUCTUKNA HEJIMHEMHBIX 2JIEMEHTOB HepapXUYeCcKUM MeToaoM. 3a-
naya HaxoxaeHuss BAX HelMHEHHBIX Pe3UCTOPOB U IMepeAaTOYHbIX XapaKTepUCTUK HeJUHEeHHbIX YU

© Kurganov S.A., Nedorezov P.V., Filaretov V.V., 2022. Published by Peter the Great St. Petersburg Polytechnic University 63



4 MHq)OpMaLI,VIOHHbIe, ynpaensarowmne n U3SMEPUTESIbHbIE CNCTEMBbI

CBOAMTCSI K MHOTOKPAaTHOMY PEUICHUIO 6a3ucHoil 3ada4y NUArHOCTUKU JIMHEHHOM 2JeKTpUYeCcKOoi
1IN, CUUTasl BCE HEJMHEWHbIE 3JIeMEHTbl Heu3BecTHbIMU [5]. Cucrtema ypaBHeHUU, popmupyemas
OTHOCUTEJIbHO TOKOB M/WJIM HAIPSKEHUI HeJIMHEMHBIX pe3UCTOPOB 1 HelluHelHbIX YU, oka3biBaeTcst
JIMHEHOM M pelaeTcs 10 pe3yJibTaTaM KaxKa0ro 3KCIeprMMeHTa IIPY pa3IMYHbIX 3HAYeHUSIX (PYHKLIMIA
HE3aBMCUMBbIX UCTOUYHUKOB. UHCIIO 9KCIIEPUMEHTOB OIlpeaessieTcss TpedyeMbiMu Toukamu BAX Hemu-
HeitHoro pe3ucropa. B [6] mpuBeneHO pelieHre 3a1a9n IMarHOCTUKY SJIEKTPUIECKOM TN B CTaTHYE-
CKOM PEXUME JIJI1 OIHOTO HEJTMHENHOTO pe3uctopa. MICTOUHUK MOCTOSIHHOTO HAMPSIKEHUS TIPUHUMAET
psiil 3HaUEHUI, €ro TOK U3MEPSIETCS M YUYUTBIBACTCSl B CUCTEME YpaBHEHUM ISl TOKA U CTaTUYECKOTO
COIPOTUBJICHUS] HEJIMHEMHOTO pe3ucTopa.

Henmocratkom MeTonoB [5, 6] siBisieTcst TpymoéMKoe HeOpMaIM30BaHHOE MTOCTPOEHNE YpaBHEHU I
JNIMarHOCTUpPYeMOIi 1Lienu. B To xXe BpeMs memod KoceeHHOl KomheHcayuy TO3BOJISIET MPUMEHUTDb IS

>

JIMAarHOCTUKU JIMHEMHBIX 1LIerell U3BECTHbIE aBTOMAaTU3MPOBAHHbIE MPOrpaMMbl YMCieHHOTO [7, 8] u
CUMBOJIBHOTO [9] aHa/IM3a 3J1eKTPOHHBIX Lieneid. B [7] a1 KoMneHcauuym HeMCNpPaBHOCTU B TMHEHHOMN
SJIEKTPUYECKON IIETIH MapauIeIbHO HEUCIIPAaBHOMY 3JIEMEHTY TTOAKITIOYaeTcs HopaTtop. M3MepeHHbIe
Ha JOCTYITHBIX y3J1aX HaIpsiKeHUs] YCTaHaBIUBAIOTCS ¢ MOMOIIbIO (prKcaTopa HanpsiKeHUsI, KOTOPbI
MpeACTaBIIIETCS MOCAeI0BATEIbHBIM COEIMHEHEM HY/JIaTOpa U UCTOYHUKA 3JIEKTPOJABIIKYIIEH CUIIbI
(BC) ¢ uzmepenHbIM HanpspkeHueM. Ilocie 3aMeHbl Tapbl HOpaTOP—HYJ/UIATOP Ha MCTOYHUK HaImpsi-
JKEeHUSI, yIIpaB/IsieMblii HaIIpsiKEHUEM, C TIpeAesIbHO OOJIBIIIMM MapaMeTpoM (U1 UMUTALIMKU HYJLIOpA),
KOMITEHCUPOBAaHHAas CXeMa aHaJIU3UPYeTCsl TPorpaMMoit YMcieHHoro MmoaeaupoBanust PSpice st mo-
JIy9eHMsI TOKOB 1 HalpsDKEHUM HEHCIIPaBHBIX 2JIEMEHTOB [7]. AHAJIOTMYHBIM 00pa3oM METOMI KOCBEH-
HOI KOMITeHCALIMY MPUMEHSIeTCS 111 JMarHOCTUKU MHOTOIOJIOCHOM JTUHEHHON 3JeKTPUIECKOU Lenu
B cucTeMe uncieHHoro moneaupoBaHust OrCad Capture [8].

Ilenb HacTosIIIE PabOTHI — 0000OUWeHUE MemO0a KOCEEHHOU KOMNEHCayuu 0158 Napamempuueckoll ou-
ACHOCMUKU HEAUHEUHbIX Yeneil 6 Camu4ecKkom pexcume P HaAXOXIEHUU XapaKTePUCTUK HEeJTMHEHHbIX
9JIEMEHTOB U MapaMeTPOB JUHEWHBIX 3JIEMEHTOB KOMITbIOTEPHBIMU MTPOTpaMMaMM aHaIu3a JUHEHHbBIX
3JIEKTPUYECKUX LICTICH.

CuMBOJIbHAS IMATHOCTHKA JIMHEHHBIX 3/IEKTPUYECKHX Iierneil MeTo0M KocBeHHO# Kommnencanuu [9, 10].
JnarHocTupyemas 1Ielb COACPXKUT JMHEWHBIM pe3UCTOP C HEM3BECTHBIM COMPOTUBIEHUEM F (puc. 1 a).
IIpssmMoyroabHUKOM 0003HaYeHa IIPOU3BOJIbHAS MOACXeMa, coaepKalllasi JMHeHbIe pe3ucTopsl, YU ¢
M3BECTHBIMU MTapaMETPAMU U HYJIJIOPHI — UeaIbHbIE OllepallMOHHbIE yeuauTean. Boasrmerpom V yka-
3aHa CTOPOHA MHOTOIOJIIOCHUKA C U3BMEPEHHBIM HaNPSIKEHUEM.

Pesucrop ¥ KomneHcupyeTcs ITyTeM 3aMeHbI €I0 HopaTopoM (0003Ha4YeH ABOMHOM 3aIITPUXOBAH-
HOIi CTPENIKOA), Kak MmokasaHo Ha puc. 1 6. [Ipu aTomM n3MepeHHOE HaNpsKCHUE U YCTAaHABIMBACTCSI
¢ukcaropoM, comepxamuM UcTouHUK DJIC u Hymwiatop (0603HaUeH OAMHAPHON 3aIITPUXOBAHHOM
CTPEJIKOA).

ToroornyeckuM ycioBUEM JTUarHOCTUPYEMOCTH SIBJISIETCSI OTCYTCTBUE B KOMITIEHCUPOBAHHON cxe-
M€ KOHTYPOB U CEYEHU I U3 HOPATOPOB WM HY/IATOPOB. JlOCTaTOUHBIM YCIOBUEM AUATHOCTUPYEMOCTH
SIBJISICTCST OTJIMYME OT HYJISI CXeMHOTO OIpeIeIUTeNIsI KOMIIEHCUPOBAaHHOM cxeMbl (puc. 1 6) [9]:

a) 0) 6)
Uy = r% ’_62]—‘ ir Uy = | r% régj_l iy ey=lUy | r% ’_@J_‘ i
Bl L o

Puc. 1. McxomHast cxeMa ¢ JIMHEWHBIM (@) ¥ HETMHEWHBIM (0) pE3UCTOPOM,
M cXeMa ¢ KOMIEHCUPOBAHHbBIM JIMHEHHBIM UJIM HEJTMHEUHBIM PE3UCTOPOM (8)

Fig. 1. The initial circuit with a linear (a) and nonlinear (b) resistor,
and a circuit with a compensated linear or nonlinear resistor (¢)
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A= KR (1)

r1e cXeMa MmojiydeHa U3 KOMIIEHCUPOBAaHHOM cXxeMbl (puc. 1 ) mpupaBHUBAHUEM K HYJIIO ITapaMeTPOB
HE3aBUCHMBIX MCTOYHMWKOB HANpPSKEHWS M TOKA; | * | — CUMBOJ OIIPEACIUTENIsI COOTBETCTBYIOMIEH
CXEMBI.

OrnpenenuTenb CXeMbl MM CXeMHBIN OMpPeaeTuTeb — 3TO CUMBOJIBHOE BhIpaskeHUE, TOXKIECTBEH-
HOE MaTPUIHOMY OIIPEICTUTEIIO, TIOJydeHHOe 0e3 IOCTPOeHUS YpaBHEHMI ITyTeM BhIIEIeHUS Tapa-

METPOB BJIEMEHTOB HETIOCPEACTBEHHO U3 cXeMbl. CXeMHBII OMpeaeJuTe b B OTJIUUYME OT MATPUUHOTO
OTPENEUTENSI HE COAEPXKUT U3OBITOUHBIX CJIAra€MbIX, PABHBIX IO MOAYJII0, HO TPOTUBOTOJIOXHbBIX 110
3HaKy [11].

MckoMoe COMpOTUBIIEHUE PE3UCTOPA HAXOMUTCS MO CxeMHo-anreopanyeckoit dopmyie (CAD), co-
JiepKallieil Kak cXxeMHble 00pa3bl, TaK U anredopandeckue onepamuu [10]:

T || S
i/

r=u/iy=—

2)

]

B (2) yucnutenb u 3HaMeHaTeNb MOJIydyaloTCcsl U3 UCXOIHOM cxeMbl (puc. 1 a) 3aMeHo# pe3ucTopa
MPOBOJHUKOM U pa3pbiBOM COOTBETCTBEHHO, a HE3aBUCHMbIC UCTOYHUKM 3aMelIal0TCsI MHOTOMEPHBIM
HMCTOYHUKOM, YIIPaBIsieMbIM HysJ1aTopoM. DopMyJibl BbIIeIeHUS MHOTOMEPHOTO Y M O3BOJISIIOT MOJTY-
YUTH B OTJIMYME OT (POPMYJI TSI HE3aBUCUMBbIX UCTOUHMKOB KOMITAKTHbIE CUMBOJIbHBIE BhIpaxkeHus [10].

KowmreHcalust auHelHbIX YW BBINOTHSIETCS aHAJIOTUYHO ABYXIOJIOCHUKAaM. Tak, MCTOUHUK TOKa,
ynpasisieMblii TokoM, (UTYT) (puc. 2 a) ¢ HEM3BECTHBIM TAPaMeTPOM 3 KOMITEHCHPYETCS 3aMEHOIA
reHeparopa UTYT HopatopoM ¥ ycTaHOBICHHEM M3MEPEHHOTO HANPSDKCHUSI U (HUKCATOPOM Harpsi-
keHus (puc. 2 8).

HuarHoctupyemocTb cxeMbl ¢ UTYT nmpoBepsieTcs, Kak U CXeMbI C pe3ucTopoM (puc. 1 a), mo HeHy-
JIEBOMY 3HAYCHUTO OTIPEACSTUTEST KOMITIEHCUPOBAHHOM cxeMBI (puc. 2 ¢). CAD® mia HaXoXAeHUS TTapa-

meTpa UTYT umeer Bup [10]:
e=uy1 e 7 er=uy1 e i

b= o : | G)

IJIe CXeMbI YUCIUTEJISI U 3HAMEHATEJ s TTOJyYeHbl U3 UCXOAHOM cxeMbl (puc. 2 a) 3ameHoit UTYT nyno-
poMm (yrmpasJsiolias U yrpasisieMas BETBU 3aMEHSIOTCS HYJLTATOPOM U HOPATOPOM COOTBETCTBEHHO) U
ero Heirpamusanuei (f = 0), Bce He3aBUCHMBbIE ICTOYHUKH, KaK U B (hopmyJie (2), 3aMEHSIIOTCSI MHOTO-
MEPHBIM UCTOYHUKOM, YITPaBJISIEMbIM HYJLJIATOPOM.

CUMBOJIbHBIE BBIPAXKEHUS 711 UICKOMOTO COMIPOTUBEHMS M KO2(hGUIIMEHTA Iepeaadn ToKa Mmojyda-
1o1cs u3 (2) u (3) myTeM pasyioxkeHus OoIpeaeuTeNeit Mo MeToay cxeMHbIX onpeaenuteneit (MCO) [11].
ABTOMATU3UPOBAHHOE PA3IOXEHUE MOXET ObITh BBIITOJHEHO MO MPOorpaMMe CUMBOJIBHOTO aHaau3a 1
JUATHOCTUKU JIMHEMHBIX 31eKTprueckux 1ereit CirSym, pazpadboranHoii B.B. ®unapetosbim [12]. OH-
JlaiiH-cepBUC TpoTrpaMMbl UMeeTcs Ha calite http://intersyn.net/cirsym.html.

O600menne dopmya Buaa (2) u (3) AJg AMATHOCTUKH HEJIMHEHHBIX 3JIeKTPUUYECKHX Iieneid B cTaThde-
cKoM pexuMe. KocBeHHass KoMIieHcalus MIpYMEeHMMa He TOJIBKO TSl TMHEHHBIX, HO U IJIsT HeJTMHEHBIX
anemMeHTOB. KoMneHcanus HelmHeiHOTro pe3ucTtopa (puc. 1 6) u Henuneitnoro YU, nanpumep, UTYT
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A A | [ O e
" Kt [t :

Puc. 2. UcxonHas cxema ¢ TMHEIHBIM (a) 1 HemmHeHBIM (6) UTVYT,
U cXeMa ¢ KOMIIEHCUPOBaHHBIM JMHEHHBIM WK HenuHeitHeIM UTYT (8)
Fig. 2. The initial scheme with linear (a) and nonlinear () CCCS
and the scheme with compensated linear or nonlinear CCCS (¢)

(puc. 2 6) BBIMOJHSIETCS KaK U ISl COOTBETCTBYIOIIMX JIMHEHHBIX DJIEMEHTOB, & CXEMbI C KOMIIEHCUPO-
BaHHBIMU HEJIMHEHHBIMM 2JIEMEHTaMM COBIANAIOT CO CXeMaMU ¢ KOMIICHCHUPOBAHHBIMU JIMHEWHBIMU
aniemeHTaMu (puc. 1 ¢ u 2 ). Kommnencaius npyrux tunos Y — ucrouHuka Toka, yrpapjisieMoro Ha-
MPsKeHUEM, UCTOYHMKA HAIPSDKEHUS, YIIPaBAsIeMOro TOKOM, U UCTOYHMKA HaIPSDKEHUSs, yIpaBiisie-
MOTO HaIlpsDKeHUEM, — BhIMoIHsIeTcs aHajaorudyHo MUTYT. Yopasisemast BETBb — reHepaTop HaIpsiKe-
HUsI U TOKa — TakK e, KaK U Ha puc. 2 8, 3aMEHSIETCSI HOPaTOPOM.

ITpu KomIieHcalMK BCEX HETMHEMHbBIX DJIEMEHTOB 3JIEKTpUYECKasl 1IeTlb CTAHOBUTCS JIMHEUHOM, Au-
HeliHble conpomuénenus u YU MoryT ObITh omipesiesieHbl o hopMyiiam (2) u (3), KOTopble MpU pas3ioxe-
HUU ONpeaeUuTeseit oy4atoTcsl B BUIE

r=N,(R, G, P, e, j,e)/D(R G, P, e je; 4)
B=N,(R. G. P.e. j. ¢)[Dy(R. G. P.e, j. e,). ®

rneN, D, NB’ Dﬁ — pallOHAJIbHBIE BEIPAXKEHUSI YUCTUTEIEN U 3HAMEHAaTe el MICKOMBIX COITPOTUBIICHUS
r u mapamerpa UTYT [ kak hyHKIMI U3BECTHBIX JTMHEWHBIX cOMpoTuBIeHuin R, npoBoaumocteii G,
napametpoB YU P, HezaBucuMbix ncToUHUKOB D/IC e, ToKa j 1 KOMITEHCUPYIOIIUX UCTOYHUKOB e,.

ITo dopmynam (4) u (5) MOXHO ONPENCIUTb crmamuiecKue conpomueIeHus: HeauHeliHblX pe3ucmopos
u cmamuueckue Koagguuuenmor nepedauu HeauneliHoix YH. JIs1 3TOro 3KCIEpUMEHT, KOMIIEHCALIUS U
pacuer 1o ¢gopmyaaM (4) 1 (5) TPOBOASITCSI MHOTOKPATHO C Pa3HbIMU HaMNpsSKEHUSIMUA M TOKaMU Hesa-
BUCUMBbIX UCTOYHUKOB.

CA®D nnisas BAX HeauHelinbix pe3ucmopoes u nepedamouHvix xapakmepucmuk Heauretinoix UTYT cnenyior

n3 ¢popmyn (2) u (3):

u, =A(r=0)/A; i ==A(r=mo)/A,; (6)

iy =A(B=0)/A;; Jjs=—A(P—> nymop)/A,. (7

B popmynax (6) u (7): A, AB — OMpeAeINTEIM KOMITIEHCUPOBAHHBIX cxeM Ha puc. 1 6 u 2 ¢; A(r=0)
u A(r = o0) — onpesenuTean MOAUGULIMPOBAHHBIX CXEM, TIOJYYEHHBIX U3 cXeMBI (puc. 1 6) 3aMeHOit
pe3ucTopa ¥ MpOBOIHUKOM U pa3pbiBoM cootBeTcTBeHHO; A(B = 0) u A(f — Hy/iop) — onpeenure-
JIV CXEM, MOJIy4eHHBIX U3 cxeMbl (puc. 2 6) nyrem Heiirpamusauun UTYT (B = 0) u 3amenst UTYT Ha
Hysutop. [Tpu aToM Bo Beex cxemax u3 onpeaenureneit A(r = 0), A(f = 0), A(B=0) u A(B — nyswi0p)
BCe He3aBUCUMBIEC MCTOYHNKH 3aMEHEHBI HA MHOTOMEPHBIN UCTOYHUK, YITPABISIEMbI HYJUTATOPOM.
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Ipwu paznoxenun CAD (6)—(7) mo MCO BAX pesucropa u nepegatouHas xapakrepuctuka UTYT
MTOJIy4aloTCs B TApaMETPHUYECKOM BUJIE:

u,=N, (R, P, e, j,e)/A(R P, e je);
) )

i,=D,(R, P, e, j,e)/A (R, P, e j, e,); ®)
i=Ny(R, P, e, j, e)/A (R, P, e, j,e);

9
js=Ds(R, P, e, j,e,)/A;(R, P, e, j,e,), ©)

e N(R,G,e,j,e),D(R,G,e,j,e) I/INB(R, G,e,j,e), Dﬁ(R, G, e,j, e ) — palliOHaIbHbIE BBIPAXE-
Hus u3 hopmya (4) u (5); Ar(R, P,e,j,e), AB(R’ P,e,j, e) — paunoHanbHble BRIDAXKEHUS OTIPEIENN-
TeJiell KOMIIEHCUPOBAHHOM cxeMbl ¢ pe3ucTopoM (puc. 1 ) uc UTYT (puc. 2 6).

s momydenuss BAX HenmHeHOTO pe3ncTopa Wi MepeaaToOYHON XapaKTepUCTUKN HETMHEWHOTO
YU B Buje TaOMUIBI YMCICHHBIX 3HAYCHUI MW TpadurKa IMTPOBOIUTCS MHOTOKPATHBINM SKCIIEPUMEHT
— U3MEPSIIOTCS HAMPSDKEHUST U/WIM TOKU Ha JOCTYMHBIX Y3JaxX MPU MHOXECTBE 3HAYeHUl DyHKIUU
HE3aBUCHMOI0 MCTOYHMKA — 1 BBIMOJIHSIETCS MHOTOKpPATHBIN pacyeT 1Mo popmynam Buaa (8) mnu (9).

YucneHHable (GYHKIUA HETMHEHHBIX 3JIEMEHTOB MOXKHO TTOJYIUTh U C TIOMOIIBIO YMCIIEHHBIX ITPO-
rpaMM aHaJIu3a JMHEeNHbIX 2JeKTPUIeCKUX Lerneid. st 5Toro TpedyeTcss MHOrOKpaTHO paccuuTaTh pe-
KMM KOMIIEHCMPOBAHHOM cXeMbl (puc. 1 6 wim puc. 2 ¢), B KOTOPOI Mapa HOpaTOp—HYJLJIaTOp 3aMe-
HSIETCS JIMHEWHBIM NCTOYHUKOM HAaIpsDKeHUs WA TOKa, YIIPABISIEMbIM HAIIPSDKEHUEM WIIM TOKOM, C
MpeaeabHO OOIbIIUM TapaMeTPOM.

AJITOPUTM CUMBOJILHOI MApaMeTPUYECKOI TUATHOCTUKHU HEJTMHEHHbIX 1eneid B CTAaTHIECKOM PeXuMe Me-
TOIOM KOCBEHHOIT KOMIIEHCALIUH.

1. M3 ucxoqHOM 271eKTPUYECKOM LIETU MOJYYUTh CTATUUECKYIO CXeMY 3aMelleHUsI, COJepKalllyio 1| 1
X HEJIMHENHBIX pe3UCcTOPOB 1 YU COOTBETCTBEHHO, G U |l IMHEWHBIX PE3UCTOPOB U YU ¢ HEN3BECTHBIMHU
napamerpamu. [1pu 3TOM YKCIO p TOCTYMHBIX U U3MEPEHMS HAIPSIKEHU U TOKOB Y37I0B M BETBEi
JOJIKHO OBITh HE MeHbIIIEe yncaa s =1+ + 6 + L — cyMMbl UHCeT HEJTMHEHBIX 2JIEMEHTOB U JIMHE -
HBIX 2JIEMEHTOB C HEM3BECTHBIMU ITapaMeTpaMU.

2. TloctpouTh KOMIIEHCMPOBaHHYIO cxeMy (puc. 1 ¢ uam puc. 2 ¢), Bce ImapaMeTpsl 3a1aTh B BUIE
cuMBoJIoB. [TpoBeputh mo CirSym cxeMy Ha AUAarHOCTUPYEMOCTb — OTPEAETUTENb CXeMbl JOJIKEH OT-
JIMYATBCST OT HYJIS.

3. MMonyuuts no CirSym BAX HenunHeHOTro pe3ucTopa 1u/uiu rnepeaaTouHyto xapakrepuctuky YU,
Hanpumep, UTYT B mapameTpuieckoit hopme — B BUIe CHMBOJIBHBIX (DYHKIIMI HATIPSDKEHWSI U 1 TOKA
i (8) u/Wn yNpasisioLIEero iB U yIpaBJsieMoro j[3 Toka (9).

4. TIpoBecTH MHOTOKPATHBIN 3KCIEPUMEHT 110 cXxeMe Ha puc. 1 a uiau 2 a, yctaHaBIMBas 1 pa3 pas-
JIMYHBIC 3HAYEHUS UCTOYHUKOB MOCTOSIHHOTO HAIPSKEHUS €, ¥ TOKA f,, U U3Mepsisl B YCTAHOBUBIIEMCSI
pexXuMe p HanpsKeHU 1 TOKOB.

5. [MocTtpouts 1o Toukam BAX ir = ir(ur) HEJIMHEeMHOTOo pe3ucTopa 1u/uiu rnepeJaTouHylo XapakTepu-
ctuky YU, nHannpumep, UTYT jB = jﬁ(iﬁ) B TaOJIMYHOM WIM TpadudecKoil popme IyTeM 1-KpaTHOM IO~
CTaHOBKM B MapaMeTpuueckue GyHKUMKU HETUMHEHHBIX 31eMeHTOB (8)—(9) 3HaueHuit p HanpspKeHU u
TOKOB.

IIpumep naxoxnenus BAX p—n mepexonoB OUNONSPHOTO TPAH3MCTOPA B CXeMe YCHIHUTENs MOCTO-
SAHHOTO TOKa. 37ieCh WLTIOCTpUpyeTcsl nosyueHue BAX p—n-nepexonoB, HEAOCTYITHBIX ISl IPSIMOTO
U3MepeHUs. XapaKTepUCTUKH HaXOIITCsI KOCBEHHBIM IyTeM — Ha OCHOBE HATIPSKeHUM, M3MEPEHHBIX
B JOCTYITHBIX y3JIaX CXeMbl. B KauecTBe U3BMEPEHHBIX HAMPSIKEHUI MCTIOb3YIOTCS COOTBETCTBYIOLIME
pe3yIbTaThl MaTeMaTUYeCKOro MoaeaupoBaHus. [IpuBeneHHbIC Hanee MyHKTH 1—5 COOTBETCTBYIOT
ITyHKTaM TPeUTOKEHHOTO BBIIIIE aJTOPUTMA.
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I
a) 0) 8)
§ En

Rs Rs

Hex Vl
<«

R

Puc. 3. Kackan ycunuTenst MOCTOSIHHOTO TOKa: UCXOAHAsI cxema (a);
cxeMma 3aMmelleHus (0); cxeMa ¢ KOMIIEHCMPOBaHHBIMY HETMHENHBIMU pe3ucTopaMu R U R, (6)

Fig. 3. DC amplifier stage: initial circuit (a); replacement circuit (b);
circuit with compensated nonlinear resistors R and R , (¢)

1. TlosyyaeM 1o MCXOOHON cXxeMe TpaH3MCTOpPHOro Kackaga (puc. 3 a) [13] cxemy 3ameleHuUst
(puc. 3 6), B KOTOpOIi MCHOJIb30BaHA KyCOUHO-HEJIMHEHHAsA cXeMa 3aMelleHUsI OUITOJSIPHOIO TpaH-
aucropa [14]. M3BecTHBI cONpoTUBIEHUs PE3UCTOPOB (B Kuinoomax): R, = 1,2, R, = 5,5, R, =R, =
=10; R, =0,5; R, = 20; R, = 5; napaMeTpbl 2JIEMEHTOB CXEMbI 3aMELIEHUS TPAH3UCTOPA — HATIPSIKE-
HUE CMeleHusT 0a3bl £ s = 0,2 B; TOK cMe1IeHMsT KOJIIEKTOPHOTO Tiepexoza JK0 = | MA; KoaduimeHT
nepejiaun Toka 6a3el B = 50; HAMpPsSOKEHWE TTUTAHUS E11 = 15 B. TpeoOyetcs HaiitTu BAX amutTepHoro
R | n xonnekropHoro R , p—n nepexonos. [isi u3MepeHus AOCTYIHbI BXOAHbIE W BBIXOJHbIE y3JIbI.
JByX HampsOKeHWi U, W U, (pHC. 3 0) B COOTBETCTBHH C 1. | 10CTATOYHO [UIst HaxoxaeHust BAX nByx
HEJIMHERHDBIX PE3UCTOPOB R M R .

2. HeynuHeiiHble pe3UCTOPDI Rm u RH2 (puc. 3 6) KOMIIEHCUPYIOTCS B COOTBETCTBUU C pUC. 1 6 3aMme-
HOW MX HOPATOPaMU, U3MEPEHHBIE HATIPSKCHUS U, M U YCTAHABIMBAIOTCS (DUKCATOPAMU U3 HYJIIa-
TOpOB U ucTouHuKOoB DJIC E UM E , = u,, (puc. 3 6). Onpenenuresib KOMIEHCUPOBAHHO CXEMBI
OTJINYEH OT HYJIS:

D=—R *R *R *(R,*(R,+R,)+R,*R,)=-31,8-10" On’, (10)

rae 0003HaYeHMST pe3UCTOPOB 3arrcaHbl B (popmare nporpammbl CirSym.

3. Ioxyunm mo KoMIleHCUpOBaHHOM cxeMe (puc. 3 ¢) Takke ¢ moMoibio CirSym BAX HelmmHeHBIX
pe3ucTopoB R M R, B mapaMeTpuU4ecKoM Bujie — B Bujie (DOPMYJI 1Sl TOKOB M HAaNPSDKEHUI B 3aBUCH -
MOCTH OT M3BECTHBIX CONTPOTUBIICHUI, BXOTHOTO HATIPSKEHUST, HAMIPSDKEHUST TTUTAHUST M U3MEPEHHBIX
HanpsKeHUM:

I =[-Rg* R * R % J,, *(R,*(R,+ R, )+ Ry* R, ) —
— R ¥R *E *((R,+R)*(R,+ R,)+...R, * R, )+
+ R *(Eyy % R, % Ry Ry —(—Ry % Eyy #(Ry+ R, ) = Ry % Ry % Eyy ) (B Ry + Ry ) )+
+...R % ER *(R,*(R,+ R, )+ R, * R, )*B, (R, +R)/D;
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1, :[R6*Rl*EIO((R3+R5)*(R2+R7)+R2*R7)—
~(R *Ey —Ep *(Ry+...+R))* Ry * (R, *(Ry+ R,) + R, * R, ) —
~R*R, *E, *(R3 *(R, +R))+...+ R, *(R, +R7))/D;

U, =[R;*R *R *E,, *(R,*(R,+R, )+ Ry * R, )—
—~R*R ¥R +E_*(R,*(Ry+R,)...+ R *R, )+
+ Ro#(Ry* Ry# By % (R, * (R + R, )+ Ry * R, ) -
... =R *R*Ey #(R,*(R, +R,)+ R, *R,) | D;

U,=[R*R*R *E, *(R,*(R,+ R, )+ R, *R, ) -
~R*R %R *E, *(R,*(R,+R,)+...+ R *R,) -

— R *R *E *R,*((R,+R)*(R,+ R,)+ R, *R, ) -

~(=R *Ey * Ry +...+ Epy #(R,# (R, + R )+ R *R,) ) »

* Ry* (R, * (R, + R, )+ Ry*R,)—...— R * R * R, * Ep * Ry * Ry + (11)
+R *R*R,*(—E +Eg )*Ry* R +...+
+ R %R * R, *Ep *((R,+R,)*(R, + R,)+ R, *R, ) -
~Ro* R *(=E; * R +...+ R *Ep )% (R, + R,)* (R, + Ry)+ R, * R, ) /D,

rae 00o3HaueHMe IMapaMeTpPOB M MTePEMEHHBIX COOTBETCTBYET KOMIICHCUPOBAHHOM cxeMe Ha puc. 3 6;
D — onpenenurens 310 cxembl 13 popmyitsl (10).

4. Tlyctb BAX pe3uctopoB RHl u RHz omuHakosble: [ = 0,008 u, ipu u > 0 (TOK ¥ HaNpsDKeHNUE B
ammiepax 1 Bojibrax) u I = 0 mpu u < 0. Ha Bxoge cxeMbl neiicTByeT cuHycouaanbHas D1 C yacToroii
f= 1 ki1 u aMmruUTY 0 Eme = 1 B, Oonbliieii, ueM B pabodyeM pexxuMe, YToObI monydnuth BAX B OoJiee
IIMPOKOM [IMaMa30He HanpsiKeHuit. [padmku HaNpspKeHWH U, 1 U, o» MOJIYYCHHBIE 10 CXeMe (puc. 3 0)
Ha uHTepBajie 700 Mkc ¢ momouibio mporpammbl LT Spice [15], npencrasieHsl Ha puc. 4 a, 6.

5. Paccuurtaem no popmynam (11) rpacduku BAX (puc. 5 a, 6) HeTMHEHBIX Pe3UCTOPOB RHl u RH2'
Kak BugHO, rpadyku COOTBETCTBYIOT MCXOAHBIM KBaapaTUYHbIM (QyHKUMsM. I[Ipu 3TOM morperi-
HocTh BAX ompenensieTcsi MOrpelIHOCThIO aHaIn3a HeIMHEWHOM cxeMbl (puc. 3 6). Tak, mpu pacuere
HaTIPSIKCHWI U, ¥ U 1o iporpamme LTSpice [15] ¢ Tpemst BepHBIMU 3HaKaMu (M3 CEMH) YMCIICHHBIE
3HaueHuss BAX mosyyaloTcs ¢ TaKMM K€ YUCJIOM TOYHBIX 3HAKOB.

Pacuer uncinenHbix BAX MoXeT ObITh BBIIIOJHEH M C MOMOIIBIO YMCIEHHBIX IIPOTrpaMM aHajau3a
BJIEKTpUYECKUX LieTieid, Harpumep, LTSpice mo komneHcupoBaHHol cxeme (puc. 3 g). [1pu 3amenieHun
HyJTopa YU ¢ 6osbuM Ko3hOUILIMEHTOM Mepeaayd BHOCUTCS YMCAECHHAasl TTOrpelIHOCTh, KOTOpasi OT-
CYTCTBYET TIPU MCITOJIb30BAHWM CUMBOJIBHOTO MeTona. CMMBOIbHBIC (DYHKIIMM HEIMHEHHBIX XapaKTe-
PUCTUK TTO3BOJISIIOT YMEHBIIUTD BpeMs pacuyeTa Mpy 0O0JIbIIIOM YMCIie BApUaHTOB, MMOCKOJbKY He TpeOy-
10T TOBTOPHOTO aHAJIM3a CXEMBI.

69



4 MHq)OpMaLI,VIOHHbIe, ynpaensarowmne n U3SMEPUTESIbHbIE CNCTEMBbI >

a)

Up,
MB s b SR e

= BRARE ton i . S e A SR i i

720

----------------------

640 i f

350 420 490 560 '630 1, MEC

0 70 140 210 280
0)
560 630 1, mxkc
Puc. 4. Hanpsoxenus u,, (a) v u,, (0) Kak GYHKIMKM BPEMEHU
Fig. 4. The voltages u,, (a) and u , (b) as a function of time
a) 0)
, I
MA M7
4 ' 1
. /
3 /
T/
2 3
]
1 1
0 02 04 06 08 wB L0500 05 wB

s

Puc. 5. BAX HeMHEHHBIX pe3UCTOPOB R | (a) U R , (0) 1O pesysibTaTaM IMarHOCTUKU
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BriBoapl

3agavya AMArHOCTUKM HEJIMHEWHBIX 3JCKTPUYECKUX 1Iefeil B CTaTUYECKOM pEeXUME CBeleHa C
ITOMOIIIBIO METOJA KOCBEHHOM KOMITEHCALIMU K 0a3MCHOM 3aaue JUAarHOCTUKY JIMHEIHBIX 3JIEKTpUUe-
CKMX LIeTIel, YTO MO3BOJISIET MOJyYaTh PEllIeHUE ¢ TTOMOIIbIO U3BECTHBIX MPOrpaMM CUMBOJIbHOTO WU
YUCJIEHHOTO aHaIu3a JUHEWHBIX 3JIeKTPUIECKUX LEeTMei.
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