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MATHEMATICAL MODEL DEPENDENCIES BAUD RATE FROM THE LENGTH OF
THE SPECIALIZED DIGITAL NETWORK CANOPEN

At modern enterprises, the main increase in production occurs due to the increase in labor productivity by automating the
processes of managing technological processes. Modern automation systems for the control of technological processes are, as a rule,
created on the basis of microprocessor elements and specialized digital networks. Many modern process automation systems for
controlling technological processes are based on a specialized CANopen digital network. The maximum length of a CANopen network
segment can be 5000 m. The data transfer rate decreases as the segment length increases. However, until now there was no
mathematical model of the change in data transmission speed depending on the length of the network segment. Therefore, the
developers of the network and the organizations that support it experimentally determined the value of data transmission speed on
network segments with a length of: 25, 50, 100, 250, 500, 1000, 2500, 5000 m. This fact complicated the process of analyzing
computer systems at the stage their design. During the design of computer systems for control and management of industrial facilities
that require a guaranteed reaction to random events in a set period of time, developers, as a rule, in cases where the length of the
segment is in the intermediate sections between the specified points, perform calculations on the value of the speed for longer
segment length than is real. Considering that there may be tens of thousands of nodes on complex objects, the sum results in a
significant deviation from real performance indicators in the direction of increasing costs for unnecessary increase in system
performance due to the impossibility of using in calculations the real values of the data transmission speed for the real length of the
segment between a node that transmits data and that receives data. A mathematical model of the dependence of the data transfer
rate on the length of the CANopen network segment has been developed. Such a mathematical model should ensure the determination
of the data transfer rate at any point of the segment of the specialized CANopen digital network. This will contribute to the
improvement of the quality of design and will allow to create computer control and management systems that will meet the
requirements of the consumer without excessive overspending.
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CEPI'II BABUYK, TAPAC I'YMEHIOK, IPUHA BABUYK

IBaHO-DpaHKiBCHKUiT HALIIOHATBHII TEXHIYHUI yHIBepcUTET HADTH i rasy

MATEMATHYHA MOJEJIb 3AJIEXKHOCTI IBUAKOCTI NIEPETABAHHSI
JAHUX BIJ JOBKUHU CEI'MEHTY CIHIEHIAJII3OBAHOI HU®POBOI MEPEKI
CANOPEN

Ha cydacHux rigrpueMcTBax ro/loBHUN IPUPICT BUPOBHULTBA POAYKUii BiABYBAETbCA 33 PaxyHOK IIABULIEHHS
MPOAYKTUBHOCTI ripayi LL/ISIXOM 3BTOMATU3ALII MPOLECIB KEPYBAHHS TEXHO/IOMYHMMY ripoyecamu. CyHacHi cucTtemu aBToMaTm3aulii
MPOLIECIB  KEPYBAHHSA TEXHOJIOMYHUMY IpOLecamy, 5K [paswio, CTBOPIOIOTECS Ha 6a3i MIKpOrpOLEeCcopHUX €/1EMEHTIB Ta
CrieLiasi3oBaHnx UN@poBuUX MEPEX. bararo CyqacHuX CUCTEM aBTOMATU3AaUli MpoLeciB KEDYBaHHS TEXHOJIOMYHUMY poLecamm
6aszyeTsCA Ha CrielianizoBaHivi ungposivi mepexi CANopen. MakcumaribHa JOBXvHa cermeHTy Mepexi CANopen Moxe ctaHosutv 5000
M. LLBuAKICTb nepegaBarHs JaHnx i3 30i/IbLLIEHHSIM JOBXUHU CErMEHTY 3MEHLLYETHLCS. 1poTe, 40 AaHOro 4acy He 6y/10 MaTeMaTnyHoi
Modeni 3MiHM LBUAKOCTI MEPEAABAHHS AaHUX B 3a/IEKHOCTI Bifl HOBXUHU CErMEHTY MEDEXI. TOoMy pO3pOOHMKamu MEDEXi i
oprarizauisimm, [kl i IaTpUMyroTs, 6yJ10 EKCIIEPUMEHTAE/IbHO BCTAHOB/IEHO 3HAYEHHS LBUAKOCTI MEPEAABAHHS AGHNX HA CErMEHTax
mepexi gosxnHoro: 25, 50, 100, 250, 500, 1000, 2500, 5000 M. faHusi paKT yCKIGAHIOBAB TPOLEC aHA/13Y KOMITIOTEPHNX CUCTEM
Ha erari ix npoexkTyBaHHA. 14 Yac rpoeKTyBaHHs KOMITIOTEPHNX CUCTEM KOHTPO/IIO Ta yIrpPas/IiHHS MPOMUC/IOBUMU 06 €KTamu, SIKi
110TPEGYIOT raPaHTOBaHOI PeaKLiii Ha BUIAAKOBI Mogii y BCTAHOB/ICHMI NEPIOA Yacy, PO3POBHUKY, K MpPaBwio, Yy BUNEAKAX KO/
AOBXVHA CErMEHTY 3HaX0ANTLCS Ha MPOMPKHUX AITISHKaX MDK BU3HAYEHNMYU TOYKaMU MPOBOAATE PO3PaxyHKU 110 3HaYEHH!O LBUAKOCTI
A/15 BISIbLLIOI AOBXKMHIM CEMMEHTY HIXK € peasibHO. BpaxoBytoum, LYo HA CKIaAHUX 06 EKTax MOXyTb OyTv AECSTKU THCSY BY3/1iB, TO B
CYMi BUXOANUTL 3HAYHE BIAXWIEHHS Bifl DE3/IbHUX [1OKa3HUKIB IMPOAYKTUBHOCTI B CTOPOHY 30IfIbLUEHHS 3aTpar Ha HeroTpioHe
MiABMLYEHHS POAYKTUBHOCTI CUCTEM 33 PaxXyHOK HE MOXJ/IMBOCTI BUKOPUCTAHHS B PO3PaxyHKax peasbHuX 3HaqeHb LIBUAKOCTI
EPEJaBaHHs AarnX 4/19 PeasibHOI LOBXUHM CErMEeHTYy MK BY3/IOM SKwU repegac Aawi | skl ripmimae gari. Po3pobreHa
MaTemMaTnyHa MOAEsb 38/IEXHOCTI LWBUAKOCTI NEPEAABAHHA AaHnX Bifl AOBXVHW cermeHTy mepexi CANopen. Taka marematnyHa
MOAE/b MOBUHHAE 330E3MEYNTH BUHAYEHHS LUBUAKOCTI NEPEJABAHHS AaHUX B ByAb-SKIV TOYL CErMEHTY CrieLiai3oBaHoi ungposoi
mepexi CANopen. Lle cripusitume rigBMLLERHIO SIKOCTI POEKTYBAHHS [ 4O3BOINTL CTBOPIOBATH KOMITIOTEPHI CUCTEMM KOHTPOMIO |
yrpas/iiHHs, SKi 6yayTe BIAMOBIAATH BUMOIraM CrioxuBaya 6e3 HagMipHUX NEPEBUTPAT KOLUTIB.

KmoyoBi c/1oBa: crneuiani3oBaHa UM@PpoBa MeEpeXa, Crieliasli3o0BaHa KOMITIOTEPHA MEDExXa, IMPOMUCIOBa MEPEXA,
MaremMaTuyHa MOAEb, LBMUAKICTL rnepeqaBaHHs aanmx, CANopen

Introduction

In modern enterprises, the main increase in production is due to the increase in productivity through the
automation of process control processes [1, 2].

Modern process automation systems are usually built on the basis of microprocessor elements and specialized
computer networks. Many modern process automation systems are based on the specialized digital network CANopen
[2-4].

The maximum length of the network CANopen can be 5,000 m. Data transmission speed decreases with
increasing length of the specialized digital network CANopen. However, there is currently no mathematical model for
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changing the baud rate depending length of the network. Therefore, network designers and organizations that support
it have experimentally set the baud rates for segments with lengths of 25, 50, 100, 250, 500, 1000, 2500, 5000 m [5].

The above fact complicates the process of analyzing computer systems at the design stage. The baud rate is
one of the main in this analysis, and for this network it is known only at a few points from 5000 m. Therefore the
typical task of the analysis - the performance evaluation of the developed system is much complicated and can not be
performed qualitatively. When designing computer systems for the control and management of industrial sites that
require a guaranteed response to random events within a fixed period of time, developers typically calculate the
velocity values for intermediate segments between specified points as for longer segment length than is real.
Considering that there can be tens of thousands of nodes in complex objects, the sum deviates significantly from the
real performance indicators in the direction of increasing the costs of unnecessary improvement of system performance
due to the inability to use in the calculations real baud rates for the real length of the network between a node that
transmits data and a node that receives data.

Related works

The CAN in Automation association on its official site can-cia.org written that the network CANopen has:

- baud rate is 1 Mbps at the distance of 25 meters;

- baud rate is 800 kbps at the distance of 50 meters;

- baud rate is 500 kbps at the distance of 100 meters;

- baud rate is 250 kbps at the distance of 250 meters;

- baud rate is 125 kbps at the distance of 500 meters;

- baud rate is 50 kbps at the distance of 1000 meters;

- baud rate is 20 kbps at the distance of 2500 meters;

- baud rate is 10 kbps at the distance of 5000 meters.

In view of the above, an important scientific and practical task is to develop a mathematical model for the
dependence of baud rates of the length of the network CANopen. Such a mathematical model should be able to
determine the baud rate at any point of the digital network CANopen. This will improve the design quality and allow
the creation of control systems that meet the consumer's requirements without excessive cost overruns.

Development of a mathematical model of baud rate dependence from the length of the specialized digital
CANopen network
In order to analyze the above data, these results were noted on a plane where the abscissa axis reflects the

length of network in meters and the ordinate axis reflects the baud rate in kbps (Fig. 1).
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Fig.9. Information about baud rate on the network CANopen on its segments of different length from the website of CAN in Automation
Association

Initially, the search for a mathematical model as an exponential function was performed (Fig. 2).
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Fig.10. Exponential model of baud rate dependence on CANopen network segment length
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Figure 2 shows that the graph of the exponential model does not properly reflect the baud rate compared to
the data obtained by the CAN in Automation Association for segments of length 25, 50, 100, 250, 500, 1000, 2500,
5000 m.

Then a search for a mathematical model as a logarithmic function was performed (Fig. 3).
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Fig.11. Logarithmic model of baud rate dependence on CANopen network segment length

Figure 3 shows that the graph of the logarithmic model does not properly reflect the data rate compared to
the data obtained by the CAN in Automation Association for segments 25, 50, 100, 250, 500, 1000, 2500, 5000 m in

length.
Then a search for a mathematical model as a polynomial function was performed (Fig. 4).
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Fig.12. Polynomial model of baud rate dependence on CANopen network segment length

It can be seen from Figure 4 that the graph of the polynomial model displayed on it does not properly reflect
the baud rate compared to the data obtained by the CAN in Automation Association for segments 25, 50, 100, 250,

500, 1000, 2500, 5000 m in length.
Then a search for a mathematical model as a power function was performed (Fig. 5).
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Fig.13. Power model of the dependence of the baud rate on the CANopen network segment length
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Figure 5 shows that the graph of the power model does not properly reflect the baud rate compared to data
obtained by the CAN in Automation Association for segments 25, 50, 100, 250, 500, 1000, 2500, 5000 m in length.
However, this model is closest to that of the models considered. Therefore, it was decided to investigate the results of
modeling the dependence of data rate on the length of the CANopen network segment using a power model:

v=27572.x%%% (D

The results of calculating the baud rates of model (1) for a given segment length of the CANopen network
and the errors of such calculations are shown in Table 1.

Table 5
Results of modeling the dependence of baud rate on the length of the CANopen network segment using a
power model

Segment The baud rate is The baud rate is calculated Error in calculating baud rate Error in calculating baud rate
length, m defined by CiA, by model (1), using model (1), kbp/s using model (1), %
kbp/s kbp/s
25 1000 1482.992 -482.992 -48.299
50 800 790.321 9.679 1.210
100 500 421.181 78.819 15.764
250 250 183.290 66.710 26.684
500 125 97.680 27.320 21.856
1000 50 52.056 -2.056 -4.111
2500 20 22.654 -2.654 -13.268
5000 10 12.073 -2.073 -20.727

After that, the absolute values of the baud rate were calculated by model (1) for a given segment length of
the CANopen network that were analyzed and the errors of such calculations (Table 1). It is established that:

- in the area from 1000 m to 5000 m (1000 m, 2500 m, 5000 m) with almost the same error (from -
2.056 kbps to -2.654 kbps);

- from 100 to 250 m (100 m, 250 m) with similar errors (78,819 kbps and 66,710 kbps);

- the segment with a length of 25 m is the largest error (-482,992 kbit / s) and has the opposite sign to
the one that has the error at the next point (50 m).

The above facts should be taken into account when selecting the CANopen network segments for which
mathematical models will be developed as to how the baud rate depends on the length of the CANopen network
segment.

The next step was to define the boundaries of each of the simulation areas.

Analyzing the above and Table 1, it was decided that one model would be from 1000 m to 5000 m.

The analysis of the power model of the dependence of the baud rate on the CANopen network segment length
(Fig. 5) and the results of the modeling of the baud rate dependence of the CANopen network segment length using
the power model gave sufficient reason to believe that in the CANopen network segment from 1000 m to 5000 m to
look for a mathematical model of the transmission rate dependence of the CANopen network segment length as a
power function. As a result of the conducted researches it is established that in the CANopen network area from 1000
m to 5000 m, the dependence of the baud rate on the segment length can be described by the dependence:

v=750000-x" )

The results of calculating the baud rates of model (2) for the segment length from 1000 m to 5000 m
CANopen network and the errors of such calculations are shown in table 2.

Table 6
Results of calculation of baud rates of model (2) for segment length from 1000 m to 5000 m of CANopen
network and errors of such calculations

Segment The baud rate is The baud rate is calculated Error in calculating baud rate Error in calculating baud rate
length, m defined by CiA, by model (2), using model (2), kbp/s using model (2),%
kbp/s kbp/s
1000 50 50,000 0.000 0.000
2500 20 20,000 0.000 0.000
5000 10 10,000 0.000 0.000

The power model of the dependence of the baud rate on the CANopen segment length (1000 m to 5000 m)
is shown in Fig. 6.
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Fig.14. Power model of the baud rate dependence of the CANopen network segment length (1000 m to 5000 m)

Figure 6 and table 2 show that the graph of the power model displayed on it reflects the change in baud rate
depending on the length of the CANopen network segment (in the range from 1000 m to 5000 m) and the values of

the baud rate obtained by CiA for 1000 m network sections , 2500 m and 5000 m correspond to them.
After that, a mathematical model of the dependence of the baud rate on the segment length of the CANopen
network in the range from 25 to 100 m was searched.
As a result of the conducted researches it is established that in the CANopen network area from 25 m to 100
m, the dependence of the baud rate on the segment length can be described by the dependence:

v=0,0267x* —10x +1233,3

)

The results of calculating the baud rates of model (3) for the segment length from 25 m to 100 m CANopen
network and the errors of such calculations are shown in table 3.

Table 7

Results of calculation of baud rates of model (3) for segment length from 25 m to 100 m of CANopen network
and errors of such calculations

Segment The baud rate is defined The baud rate is calculated Error in calculating baud rate Error in calculating baud
length, m by CiA, by model (3), using model (3), kbp/s rate using model (3),%
kbp/s kbp/s
25 1000 999.988 0.013 0.001
50 800 800.050 -0.050 -0.006
100 500 500.300 -0.300 -0.060

The polynomial model of the dependence of the baud rate on the CANopen network segment length (25 m
to 100 m) is shown in Fig. 7.
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Fig.15. Polynomial model of data transmission rate dependence on CANopen segment length (25 m to 100 m)
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Figure 7 shows that the graph of the polynomial model displayed on it shows the change in baud rate
depending on the length of the CANopen network segment (in the range from 25 m to 100 m) and the values of the
baud rate obtained by CiA for sections of network length of 25 m, 50 m and 100 m correspond to them with an error
of less than 0.1% (from 0.001% to 0.060%).

After that, a mathematical model of the baud rate dependence of the CANopen network segment length
from 100 to 1000 m was searched.

The exponential model of the dependence of the baud rate on the CANopen segment length (100 m to 1000
m) is shown in Fig. 8.
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Fig.16. Exponential model of baud rate dependence on CANopen segment length (100 m to 1000 m)

The logarithmic model of the baud rate dependence on the CANopen network segment length (100 m to
1000 m) is shown in Fig. 9.
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Fig.17. Logarithmic model of baud rate dependence on CANopen segment length (100 m to 1000 m)

The polynomial model of the dependence of the baud rate on the CANopen segment length (100 m to 1000
m) is shown in Fig. 10
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Fig.18. Polynomial model of baud rate dependence on CANopen segment length (100 m to 1000 m)

The power model of dependence of baud rate on CANopen segment length (from 100 m to 1000 m) is shown
in Fig. 11.
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Fig.19. Power model of the dependence of the baud rate on the CANopen network segment length (100 m to 1000 m)

As a result of the conducted researches it is found that in the CANopen network area from 100 m to 1000 m,
the dependence of baud rate on the segment length cannot be accurately described with one dependence. This is
illustrated by figures 8-11. The most accurate of the mathematical models studied in the area from 100 to 1000 m is
the power model:

v=>53184-x""'

However, it also has quite high modeling errors from 10% to 13% (Table 4).

“)

Table 8

Results of the calculation of the baud rates of the power model for the segment length from 100 m to 1000 m

CANopen network and the errors of such calculations
Segment The baud rate is defined The baud rate is calculated Error in calculating baud rate Error in calculating baud
length, m by CiA, by model (1), using model (4), kbp/s rate using model (4)
kbp/s kbp/s

100 500 554.346 -54.346 -10.869

250 250 223.575 26.425 10.570

500 125 112.487 12.513 10.011

1000 50 56.595 -6.595 -13.191

In view of the above, it was decided to split the section from 100 m to 1000 m into three segments and to
build separate models for each of them.
Initially, the segment from 250 m to 500 m was investigated.
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It should be noted that the most relevant general model of the baud rate dependence of the CANopen segment
length (1) depicted in Figure 5 is the power model. For segments from 1000 m to 5000 m, the model of the baud rate
dependence on the CANopen segment segment length (2) shown in Figure 6 is also the power model. Therefore, it
was decided to search for a mathematical model in the segment from 250 m to 500 m as a power model. As a result
of the conducted researches it is established, mathematical dependence:

y=62500-x" (5)

The power model of dependence of baud rate on the CANopen segment segment length (from 250 m to 500
m) is shown in Fig. 12.
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Fig.20. Power model of the baud rate dependence of CANopen network segment length (250 m to 500 m)

The power model of dependence of baud rate on CANopen segment length (from 500 m to 1000 m) is shown
in Fig. 13.
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Fig.21. Power model of baud rate dependence on CANopen segment length (500 m to 1000 m)

The power model of dependence of baud rate on CANopen segment length (from 100 m to 250 m) is shown
in Fig. 14.
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Fig.22. Power model of baud rate dependence of CANopen segment length (100 m to 250 m)
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Thus, the general mathematical model of the transmission rate dependence on the length of the CANopen
network segment will be:

v=0,0267x" —10x+1233,3; 25<x<100

v=16290-x"""% 100 < x <250

v=62500-x"; 250<x<500 (6)
v=462119-x""; 500 < x <1000

y=50000-x": 1000 < x < 5000

The conducted researches give the grounds to assert that in general the whole range of distances can be
divided into two parts:

- from 25 m to 100 m, where the dependence of the baud rate on the length of the CANopen network
segment is described by polynomial dependence 3;

- from 100 m to 5000 m, baud rates from the length of the CANopen network segment

- is described by a power model 4 or a set of power models.

The developed generalized model 6 allows to determine the baud rate at any distance between the source of
transmission and the recipient of information.

Conclusions

The transmission is one of the most important in the design of specialized computer networks, and for the
CANopen network it is known only at a few points from 5000 m. When designing computer systems for the control
and management of industrial objects that require a guaranteed response to random events in a fixed period of time,
developers, as a rule, in cases where the length of the segment is in the intermediate sections between the specified
points, calculate the speed value for a longer segment length than is real. Considering that there can be tens of
thousands of nodes in complex objects, the sum deviates significantly from the real performance indicators in the
direction of increasing the costs of unnecessary increase in system performance due to the inability to use in the
calculations of real baud rates for the real segment length between a node that transmits data and receives data.

A mathematical model for the dependence of the baud rate of the length of the CANopen-network has been
developed. Such a mathematical model should be able to determine the baud rate at any point in the segment of the
dedicated CANopen digital network. This will improve the design quality and allow the creation of control systems
that meet the requirements of the consumer without excessive cost overruns.
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