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Abstract

Introduction. Computer modeling allows engineers to make valid design decisions by accurately assessing the thermal
characteristics of design objects. The implementation of digital twin technology in the process of designing technical
facilities is the current direction of scientific research and development. To do this, it is necessary to develop computer
models whose accuracy meets the requirements for digital twins. However, the scientific literature does not widely present
the results of research aimed at implementing digital twin technology in the design process. The general issues related to
the use of digital twins in various industries are mainly considered. Therefore, the objective of this study was the
development of a digital model and a comparative analysis of the accuracy of calculations of thermal characteristics of
the design object.

Materials and Methods. The main tool for conducting the research was the methodology proposed by the authors for
developing a computer model of thermal characteristics for the implementation of digital twin technology. The numerical
solution was implemented through constructing a thermal model for calculating the temperature field based on the finite
element method in the ANSYS engineering analysis system from ANSYS, Inc. (USA). For the analytical solution, a
computer model of thermal characteristics developed on the basis of the state-space method, implemented in the ANSYS
Twin Builder module, was used. The state-space model was matched to the behavior of the original thermal model through
approximating the transfer function to the stepwise response of the thermal load using the time domain vector
approximation method. Verification of the constructed analytical model was carried out in the engineering calculation
system MATLAB from the MathWorks company (USA). The research was carried out for a 400V machine model
manufactured by NPO “Stankostroenie” LLC, Sterlitamak (Russia).

Results. The developed digital model makes it possible to calculate the thermal characteristics of the design object with
high accuracy. The results of the comparative analysis showed a high degree of correspondence between the values of
thermal characteristics obtained using the proposed digital model and the results of numerical simulation. The maximum
error in calculating thermal characteristics did not exceed 0.1°C.

Discussion and Conclusion. Computer modeling that combines numerical calculation methods and a scientific approach based
on digital twin technology, provides obtaining the result as close as possible to the results of experiments. The digital model
proposed in the study is an effective solution, since it provides performing calculations to evaluate thermal characteristics in real
time, which is one of the most important requirements for the implementation of digital twin technology.

Keywords: digital twin, complex technical object, computer modeling, computer-aided design, temperature field,
thermal characteristics
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OpueunaﬂbHoe meopemu4eckoe ucciedosanue

Peasmm3anus ungpoBoil Moaes I TENJIOBbIX XaPAKTEPUCTUK HA OCHOBE TEMIIEPATYPHOIO MOJIS

B.B. HozeBanxun = D<, A.H. IToasaxos
OpenOyprckuii rocyapcTBeHHBIH yHUBEpCHTET, T. OpenOypr, Poccuiickas denepanus
DA< pozevalkinvv(@mail.ru

AHHOTANUA

Beedenue. KoMmiiprotrepHoe MOI€NMpoOBaHUE MI03BOJISIET HHKEHEpaM IPUHUMATh 000CHOBAaHHbIE IIPOEKTHBIE PEIICHHUS 32
CUET TOYHOHW OLEHKH TEIUIOBBIX XapaKTEPHCTHK OOBEKTOB MPOEKTUPOBAaHMS. AKTyaJbHBIM HalpaBICHHEM HAy4YHBIX
HCCIIeIOBaHUN M pa3paboTOK SBISIETCS pealn3alys TEXHOJIOTHH IU(POBBIX IBOHHUKOB B MPOLECCE MPOSKTHPOBAHMS
TEeXHUYECKHX 00BeKkToB. [l 3TOro HeoOXoAuMo pa3pabaThlBaTh KOMIBIOTEPHBIE MOJETIH, TOYHOCTH KOTOPBIX
COOTBETCTBYET TPEOOBaHUAM, IIPEIBSIBISIEMBIM K IN(PPOBBIM 1BOHHIKaM. OIHAKO B HAYYHOU JIUTEpaType HELOCTATOUHO
HIMPOKO MPECTaBICHBI PE3yJIbTAThI UCCIIEIOBAHHIA, HAPABJICHHBIX HA pPEaIM3allUi0 TEXHOJIOTHH HU(PPOBBIX TBOWHUKOB
B MIPOIIECCE MPOEKTHPOBAHMA. B OCHOBHOM paccMaTprBaroTCsl OOIIHE BONIPOCHI, CBSI3aHHBIE C TPUMEHEHHEM (P POBBIX
JBOMHHMKOB B Pa3IMYHBIX OTPACIAX MPOMBIIUICHHOCTH. [103TOMY II€IbI0 JaHHOTO MCCIIEAOBaHMS SBUIACH pa3paboTka
IU(POBOI MOAEIH 1 CPABHUTEIBHBIM aHAIN3 TOYHOCTH PACUETOB TEIUIOBBIX XapaKTEPUCTHK 00bEKTa IPOESKTUPOBAHMS.
Mamepuanvt u memoosl. B KadecTBE OCHOBHOTO MHCTPYMEHTa JUI IIPOBEJCHUS MCCICAOBAHUS BBICTYIACT
MIPEAIOKEHHAss aBTOPaMH METOANKA Pa3padOTKH KOMITBIOTEPHOM MOJIENN TEIUIOBBIX XapaKTePHCTHK U pean3aliin
TEXHOJIOTUM LU(PPOBBIX JBOWHUKOB. UMCIIEHHOE pElIeHNE peaM30BaHO IyTEM IOCTPOCHUS TEIUIOBOM MOJENH JUIs
pacyera TeMIIepaTypHOTO MO Ha OCHOBE METO/1a KOHEUHBIX AJIEMEHTOB B CUCTEME HH)KEHEPHOTO aHaJIN3a «ANsys» OT
kommanuu «Ansys Inc» (CLHA). [ns aHannTHYeCKOro pelleHus] NpUMEHseTcsl pa3padOTaHHas Ha OCHOBE MeETOJa
MPOCTPAHCTBA COCTOSHUN KOMIBIOTEPHAsI MOJIENb TEIJIOBBIX XapaKTEPUCTHK, peaji30BaHHas B Mojayne «Ansys Twin
Builder». Mogens npocTpaHCTBa COCTOSIHUI MPUBOAUTCS B COOTBETCTBHE C MOBEJACHUEM HMCXOJHOM TEIIOBOM MOICITH
IIyTeM MPUOIIDKEHUS TIepeJaTOuHON (PyHKIMHM K MMONMIAaroBOMy OTKIHKY TEIIOBON HAarpy3KH ¢ IMPHUMEHEHHEM METOna
BEKTOPHOM alpOKCHUMAIINH BO BpEMEHHOM 0671acTh. Bepudukarisa mocTpoeHHON aHATNTHYECKOW MOJIENH BHITTOTHSIACH
B cucTeMe nHkeHepHbix pacyetoB «MATLAB» ot komnanuu «The MathWorks» (CHIA). HccnenoBanust mpoBOIHIHCH
s ctaaka moaenu 400V mpousBoactsa npeanpuatus OO0 «HITO «Crankoctpoerne» r. Crepiauramak (Poccus).
Pezynvmamut uccnedosanun. Paspaborana 1m¢poBasi MOesb, MO3BOJIIONIAS C BBICOKOW TOYHOCTHIO BBIIOJHHUTH Pacder
TEIUIOBBIX XapaKTEPUCTHUK OOBEKTa IPOSKTHPOBAHKS. Pe3ynbTaTsl CpaBHUTENBHOTO aHAIM3a [TOKAa3bIBAIOT BBICOKYIO CTEHEHB
COOTBETCTBHS 3HAUECHHI! TEIUIOBBIX XapaKTEPUCTHK, ITOJIyYEHHBIX C TOMOIIBIO MPEIOKEHHON 1I(POBOH MOJIENH, pe3yJIbTaTaM
YHCIIEHHOTO MOZIENIMPOBaHMs. MaKkciMaibHas OTPEIHOCTh pacyueTa TEIIOBBIX XapakTeprucTHK He rpesbiaet 0,1°C.
Obcysycoenue u 3akniouenue. KomnploTepHoe MOJEIMPOBaHNE, COUETAIOIEe YUCIEHHBIE METO/IBI pacyeTa U HayUYHBIH
NOJAXOJ, OCHOBaHHBIH Ha TEXHOJOTMH LU(POBBIX JBOHHHWKOB, MO3BOJSIOT MOIYyYUTh Pe3yJbTaT MaKCHMalIbHO
NpUOIMKEHHBI K pe3yJbTaraM OSKclepuMeHTOB. [IpemsioxeHHas B uWccieqoBaHMM IHM(pOBas MOJENb SBISETCS
3¢ GeKTHBHBIM pelIeHHEeM, IOCKOIBKY ITO3BOJISAET BBIIOIHUTH PACUETHI U1 OLICHKH TEIUIOBBIX XapAKTEPHCTUK B PEKUME
peaNbHOrO BPEMEHH, YTO SIBISETCS OJHUM W3 BaXKHEHIIMX TpeOOBaHUI MpU peanu3aldd TEXHOJIOTHMH HU(POBBIX
JIBOMHHUKOB.

KiaroueBble cjioBa: IUPPOBON BOWMHUK, CIOXHBIH TEXHUYECKHH OOBEKT, KOMIBIOTEPHOE MOJICIUPOBAHHE,
aBTOMATH3MPOBAHHOE POEKTHPOBAHHE, TEMIIEPATYPHOE I10JIE, TEIUIOBBIE XaPAKTEPUCTUKHI

Enaroaapﬂocw{. ABTOpLI BbIpAXKaOT 6J'Ial"0,£[apHOCTI> peaakuu U pCUCH3CHTAM 34 BHUMATCIIbHOC OTHOIICHUEC K CTAThE
1 YKa3aHHbIC 3aMCYaHUs, KOTOPBIC ITO3BOJIMJIN TOBBICUTH €€ Ka4CCTBO.

®unancuposanue. VccnenoBaHne BBIIOIHEHO TPY (PMHAHCOBOH Mojiepskke MUHHCTEpCTBA HAYKHU U BBICIIIEr0 00pa30BaHusl B
paMKax IporpaMMsbl CTpaTernieckoro akaaeMmdeckoro jguaepersa «IIpuopurer-2030» (cornamenue Ne 075-15-2023-151).

Jas uutupoBanus. [lozesankun B.B., [TonskoB A.H. Peanuzauus 1udpoBoli MOJEIHM TEIUIOBBIX XapaKTEPUCTHK Ha
OCHOBe TemmeparypHoro moist. Advanced Engineering Research  (Rostov-on-Don). 2024;24(2):178-189.
https://doi.org/10.23947/2687-1653-2024-24-2-178-189

Machine Building and Machine Science

179


https://doi.org/10.23947/2687-1653-2024-24-2-178-189
https://doi.org/10.23947/2687-1653-2024-24-2-178-189
mailto:pozevalkinvv@mail.ru
https://doi.org/10.23947/2687-1653-2024-24-2-178-189
https://orcid.org/0000-0002-9157-9796
https://orcid.org/0000-0002-6742-7821

http://vestnik-donstu.ru

180

Advanced Engineering Research (Rostov-on-Don). 2024;24(2):178—189. eISSN 2687—1653

Introduction. Computer modeling has traditionally been an effective tool for solving thermal problems at an early
stage of designing complex technical facilities. However, solving the problem requires an accurate assessment of the
thermal characteristics of the design object to reduce the negative effects caused by an increase in temperature [1]. At the
same time, one of the effective tools for preliminary assessment of thermal characteristics is simulation modeling in an
engineering analysis system based on advanced digital solutions and developments. In [2], for example, a developed
digital twin for determining thermal characteristics was presented by the authors Jianying Xiao and Kangoo Fan. The
principle of operation of the twin was to simulate the thermal behavior of an object through displaying and correcting
thermal boundary conditions. The experimental results showed a high accuracy of the model (more than 95%), which was
essential for improving the accuracy of modeling thermal characteristics and thermal optimization. Therefore, the urgent
direction of scientific research and development in the field of modeling is the use of artificial intelligence systems [3]
and digital twins [4]. In [3] by Haoran Yi and others, an interactive model for correcting thermal boundary conditions
based on a neural network was proposed to improve the accuracy of the analysis of thermal characteristics. The
experimental results showed that the accuracy of calculating the temperature field exceeded 98%, and the accuracy of
predicting thermal deformation was 96%, which effectively increased the simulation accuracy. In addition, in [5] by
Kurganova N.V. and others, it was noted that digital twins were often used to improve physical prototypes of complex
technical objects, since they not only allow for the information support for the design process, but also contribute to
effective design decisions based on developments in the field of artificial intelligence.

One of the characteristic features of digital twin technology is that reduced-order computer models are often used for
simulation [6]. Therefore, the development of computer models is one of the basic conditions for the implementation of
digital twin technology [7]. Model order reduction is an effective and mathematically understandable approach to
overcome the time constraints of multidimensional simulation models. In [8] by Mirzoev D.A. and others, for example,
a simple analytical model of thermal fields was proposed for the development of digital counterparts of the industrial arc
welding process. Bordachev E.V. and Lapshin V.P. [9] presented the results of mathematical modeling of the temperature
in the tool—-product contact zone under metal turning. This approach provides obtaining an accurate assessment of thermal
characteristics corresponding to the results of numerical experiments in real time. Schroder C. and Matthias V. [10]
presented a reduced-order model and proposed a new model balancing procedure based on the transformation of the state
shift. In conclusion, they presented the results of a comparative analysis and the results from literature sources obtained
through a series of numerical experiments.

The use of a linear and time-invariant reduced-order computer model allows for fast simulation while maintaining
high calculation accuracy [11]. When developing a computer model, approximation [12] of the transfer function is
performed to approximate the state space model to the step response of the initial thermal model [13]. Since the step
response of the thermal load is derived from the base thermal model, the digital model should provide the same values of
thermal characteristics.

However, despite the fact that recently there has been an increase in interest in the digital twin, the scientific literature
does not widely present the results of research related to the implementation of digital solutions in the design of technical
facilities. Based on a systematic review of the literature and thematic analysis of publications on digital twins, one of the
key knowledge gaps associated with the development of mathematical, software and methodological support for high-
precision computer models in the framework of the implementation of digital twin technology has been identified.

In this regard, the objective of the study was to develop a reduced-order computer model and analyze its feasibility as
part of a digital model for accurate calculation of thermal characteristics of complex technical design objects.

To achieve that, it was necessary to build a thermal model and calculate the temperature field of the design object,
generate independent step responses of the thermal load using the developed software scenario [14], implement a digital
model for calculating thermal characteristics, determine the error of calculations obtained using numerical and analytical
solutions, and conduct a comparative analysis of the simulation results.

Materials and Methods. The construction of the temperature field of the modeling object was performed for a
homogeneous isotropic body on the basis of the equation of nonstationary thermal conductivity:

oT/ot = a*AT +q,/c, (1)
where T — temperature (°C); t — time (s); a = m — diffusivity coefficient (m?%s); A — thermal conductivity
coefficient (W/m-°C); ¢ — specific heat capacity (J/kg-°C); p — material density (kg/m?®); A — Laplace operator;
qv — volumetric heat dissipation power (W/m?).
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The heat flow in the heat transfer process was assumed to be equal to the amount of heat transferred through an
arbitrary surface area S per unit time t. It is expressed by the following equation:

0-- j | L q,dSd, ?)

where O — heat flow (W); g, — heat-flux rate (W/m?); S — surface area (m?).

The density of the heat flux during heat transfer was determined from the formula:

g.=a-S-(Ts-T,), 3)

where a — heat transfer coefficient (W/(m?°C)); Ts — surface temperature (°C); T, — ambient temperature (°C).

In this regard, to calculate the temperature field of the modeling object according to formula (1), heat flows (2) and (3)
were set, which determined the amount of heat passing through the surface per unit time.

A component (Fig. 1) of a metal-cutting machine 400V model manufactured by NPO “Stankostroenie” LLC
(Sterlitamak, Russia) in the form of a drillhead was selected as the object of modeling.

gn1 Q O g1 qu @

T4
gv2

Fig. 1. Geometric model of the object in ANSYS Design Modeler: 1 — housing; 2 — electric motor;
3 — spindle assembly; Q — heat flows; qv — volume heat release power; qn — heat flux densities;
a — heat transfer coefficient; T1-T4 — temperature sensors

Since the amount of heat released mainly by the electric motor (electromagnetic losses) and the spindle assembly
(mechanical friction losses) was taken into account for calculating the temperature field, electric motor ¢, and
spindle assembly ¢.», were taken as internal heat sources, near which the corresponding heat flows QO and O, were
set. The densities of heat fluxes g.i1, g.» Were assigned to surfaces located near the electric motor and spindle
assembly, respectively.

Convection was determined by the heat transfer coefficient a taking into account the conditions of heat transfer
(natural convection in air). Since the machine is in contact with a gaseous medium (air), the amount of heat given by the
heated surface to the environment per time unit ¢, is directly proportional to the difference in temperature between surface
Ts and medium 7., depending on the area of the heat-emitting surface S (3).

When constructing a thermal model of an object (solid) consisting of a homogeneous material (structural steel) with
constant thermophysical properties and the presence of internal heat sources, the following initial and boundary conditions
were assigned:

— initial conditions took into account the fixation of a constant temperature over the entire surface of the modeling
object (¢ =0: T = Ty = const);

— boundary conditions of the second kind were set by the heat flows of the electric motor (Q)), the spindle assembly (0-),
the density of the heat flux (g,:) from the electric motor to the front wall of the housing and (¢.2) to the inner surfaces;

— boundary conditions of the third kind were set by the heat transfer coefficient (o) for the surfaces located inside the
body of the drillhead;

— boundary conditions of the fourth kind for the contact joints of the surfaces took into account the perfect thermal
contact and the absence of thermal resistance:
oT
on

Heat flows (1, 0»), heat flux densities (g1, gn2), as well as volume heat dissipation capacity (gv1, ¢.2), were assigned
in accordance with well-known recommendations for metal-cutting machines [1]. Boundary conditions, as well as heat
flows, were set for external surfaces. Therefore, it was taken into account that the interrelationships of thermal fields were
present only between the outer surfaces.

:)\‘la—T

T|—0 :T|+O;)\'1 0 n

+
+0
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Differential equation (1), together with the initial and boundary conditions of the second (2), third (3) and fourth (4) kinds,
is a mathematical formulation of the problem. The task was solved using numerical and analytical modeling methods.

The numerical solution was performed on the basis of the finite element method in the ANSYS engineering analysis
system, which is being developed by ANSYS Inc. (USA) and supplied by “Modeling and Digital Twins” AO, an
authorized ANSYS distributor in Russia. The geometric model (Fig. 1) of the object was imported into the ANSYS
Workbench project with the addition of the Transient Thermal analysis block. In the numerical solution, the simulation
parameters and boundary conditions of the thermal model were calibrated (Table 1) to approximate the model temperature

values to the experimental data.
Table 1

Boundary conditions (parameters) of the thermal model

Heat transfer

Parameter Heat dissipation capacity Heat flows Heat flux densities coofficient
qv1, W/m? G2, W/m? 01, W 0, W gn1, W/m? gn2, W/m? a, W/(m?-°C)
Value 6,500 1,000 28 15 32 18 15

In the ANSYS Mechanical module, the initial (initial temperature 79 = 24 °C) and boundary (Table 1) conditions were
assigned for the developed grid model, the temperature field was constructed (Fig. 2). In this case, the thermal
conductivity coefficient was assumed to be equal to A = 60.5 W/(m-°C) and was assigned as such for structural steel.

The thermal model of the object included two contact connections for an electric motor and a spindle cartridge with a
drillhead body, and contained 7 thermal boundary conditions. The developed grid model consisted of 16,309 elements
and 58,527 nodes.

The total simulation time of 21,600 seconds (6 hours) was divided into intervals (1 hour) and steps Az = 360 seconds
(6 minutes), a total of N = 60 steps within which the parameters of the thermal model (boundary conditions) were assumed
to be constant and independent of time.

%) Model (B4)
@ Geometry
&, {8 Materials
¥, Coordinate Systems
#-&) Connections
(- Mesh 42,082 Max
= [ Transient Thermal (B5) 40,188
»T=0 Initial Temperature 38,294
1] Analysis Settings 364
=) Simplorer 34,507
- /®_ Internal Heat Generation1 32,613
- /B Internal Heat Generation2 30,719
-8, Heat Flow1 28,825
th‘ Heat Flow2 26,931
- /W% Heat Flux1 25,037 Min

/B3 Heat Flux2
% Convection
=& Solution (B6)
-5 Solution Information
#8 Temperature
B Simplorer
. %8 TempProbel
i /%@ TempProbe2
- /%8 TempProbe3
“.. %8 TempProbe4

Fig. 2. Temperature field of the object in ANSYS Mechanical

The calculation of the temperature field was required to generate an independent step response of the thermal load,
containing information about temperature variation over time (thermal characteristics) for each parameter (Table 1) of
the thermal model separately:

v.(0)=T,;(t)i=Lk, j=1m, (5)
where £k — number of temperature sensors; m — number of parameters of the thermal model.

Step response generation was performed in the ANSYS Mechanical module using the Application Customization
Toolkit (ACT) extension, which supported the implementation of user scenarios. This made it possible to develop a
software script in the Python programming language to automatically generate a special set of files containing independent
step responses [14].
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The analytical solution was performed on the basis of the state-space method through constructing a model of thermal
characteristics according to the formula:

X =Ax+ Bu ©)
y=Cx+Du’

where x =0x /0t — derivative of state vector x over time #; y and u — vectors of output and input data, respectively;
A, B, C, D — matrices of constant coefficients.

In equation (6), vector  x=(x1, X2, ..., Xn) contains state variables, input vector
u = (qv1, g2, O1, 02, Gty qu2> Tor, Toa, ..., Tox)T — values of the parameters of the thermal model (boundary and initial
conditions), output vector y = (71, T», ..., Tr)T — values of thermal characteristics.

The transfer function model is expressed by the following equation:
y,‘(t)=zj:1H,-yj(t)uj, i=1k, @)

where H — matrix complex transfer function.

Matrix transfer function H is obtained through applying the Laplace transform to formula (6), which is expressed by
the following equation:

H(s)=C(sI-A4)" B+D, ®)
where s — Laplace complex variable; / — unity diagonal matrix.

Transfer function (8) reflects the dependence of the Laplace transform of output variable Y(s) = H(s)U(s) on the
Laplace transform of the input variable U(s) of model (6) under zero initial conditions x(0) = xo = 0. In this case, the
dimension of the transfer function matrix H depends on the output value £ = 4 and the dimension of the input value
m = 10, which corresponds to the dimension of the initial step response (5). Therefore, model (6) is brought into line with
the behavior of the source thermal model through approximating its transfer function (7) to step response (5) using the
vector approximation method [15].

To construct the coefficient matrices of model (6), a reverse transition is performed from transfer function (8) to the
model in the state space. In this case, transfer function (8) takes the form of the equation, whose denominator contains a
characteristic polynomial of degree / =4 (the order of the system), and the numerator contains a polynomial of degree
z=1[1-1:

1

G(s)= gg; ,P(s)=bh, +Zj:1b,»si, O(s)=a +Z;+1aisi’ 9)

where a and b— coefficients of polynomials O(s) and P(s), respectively.

The roots of polynomials Q(s) and P(s) represent the poles and zeros of transfer function (8), respectively. The method
of indefinite multipliers is applied to equation (9) to decompose each element of matrix H into elementary fractions.
Denoting the poles of the characteristic polynomial by p;, we obtain an equation of the following form:

G(s)=D+y " (10)

b
=ls—p;

P(s)

where R; = lim (s - Dp; )— — matrix of dimension (k X m); ¢ — number of poles.
popi @] ( S)
The rank of matrix R; is denoted by 7;, and its decomposition into the product of two matrices with the full rank of the
column and row, respectively, is performed:

R, =C/™ B[™"  rank (R;) =r;. (11)

The matrices of model (6) are diagonal, of dimension 4™, B™ C¥" DF™ (n=56) and contain elements that are
obtained directly from the coefficients of transfer function (10).
System matrix 4 and control matrix B contain the following coefficients:

(py 0 0 ... 0] by 0 .. 0
e bt2 oo 0
0 p, 0 ... 0 by . .. 0
A Piz B=| @ . (12)
0 0 ps 0 0 by ... by
0 0 0 Pan |0 0 by
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Output matrix C and feed forward matrix D contain the following coefficients:

Ci e Oy 0 0 0o ... 0 0O ... 1 ... 0 0
0 0 C(k*l)i c(k*l)q 0 0 0 ... 0 1 0 ( )
0 0 0 0 Cri e ck,q 0 ... 0 0 1

This approach makes it possible to perform the transition from a model in the form of transfer function (8) to a model
in state space (6). The transition algorithms are also implemented in the MATLAB engineering calculation system of The
MathWorks, Inc. (USA), in the form of special functions «ss2tf()» and «tf2ss()».

To obtain the values of thermal characteristics, the Cauchy problem is solved for a system of ordinary differential
equations, since in formula (6), variable x is a derivative of the vector of states of the temperature field in time ¢. The
solution to system of equations (6) is obtained using the fourth-order Runge-Kutta method.

Verification of the constructed analytical model was performed through conducting a series of computational
experiments using an application program developed in the MATLAB system, which included the implementation of the
fourth-order Runge-Kutta method (Fig. 3). Computational experiments were conducted on a personal computer (AMD
Ryzen 5 5600U processor with Radeon Graphics 2.30 GHz, RAM 16.0 GB, system type 64-bit Windows 10 Pro version
21H2 operating system), whose characteristics were basic for modern computing technology.

The constructed analytical model and the application of the fourth-order Runge-Kutta method for solving a
system of differential equations made it possible to calculate the values of thermal characteristics with high accuracy
(Fig. 3). Due to the fact that the maximum error values, i.e., the difference between the model values of thermal
characteristics obtained using numerical (FE-Model) and analytical (LTI-Model) solutions, did not exceed 0.72 °C
over the entire modeling interval.

T> °C I ] ] ] |

0 50 100 150 200 250 300 350 ¢, min

FE-Model (T1) FE-Model (T2) FE-Model (T3) FE-Model (T4)
LTI-Model (T1) LTI-Model (T2) TR LTI-Model (T3) -—-—-- LTI-Model (T4)

Fig. 3. Graphs of thermal characteristics in MATLAB system

Linear and Time-Invariant (LTI) Reduced Order Model (ROM) was developed in the ANSYS Twin Builder module
of the ANSYS engineering analysis system based on the object's temperature field and the step response generated in the

ANSYS Mechanical module.
The implementation of the digital model of thermal characteristics based on a temperature field using vector

approximation consists in the sequential execution of seven main stages.
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Stage 1. Importing a geometric model of an object and building a thermal model in an engineering analysis system.

Stage 2. Calculation of the object's temperature field based on the developed thermal model.

Stage 3. Generation of an independent step response based on the results of numerical modeling of the thermal
characteristics of the object.

Step 4. Application of the vector approximation algorithm to obtain the poles and zeros of the transfer function of the
state space model.

Stage 5. Building a model of the state space based on a known transfer function.

Stage 6. Development of a computer model of thermal characteristics.

Stage 7. Implementation of the digital model of the object.

Thus, the proposed digital model containing a computer model for an accurate assessment of the thermal
characteristics of complex technical design objects was obtained through sequential completing all the above steps.

Research Results. The developed computer model (Thermal SG400V_SML1) contains 6 inputs and 4 outputs (Fig. 4);
this provides identifying the relationship between the parameters of the thermal model and the values of thermal
characteristics. The volume heat release power (g1, ¢12), heat flows (Q1, Q) and heat flux densities (¢.1, g»2) were taken as
input data of the computer model. The output data were thermal characteristics (71-74). The computer model is part of the
digital model (Fig. 4 a) of thermal characteristics implemented in the ANSYS Twin Builder module.

The values of the parameters of the digital model, presented in the tabular form (Fig. 4 ¢), are fed to the input of the
computer model (Fig. 4 a) using the STEP components. The graphic module shows the values of thermal characteristics
(Fig. 4 b) obtained at the output of the computer model.

Thermal SG400V SML

T,°C
— 34.0-
i T, i
|7 ]
34.07
= T, ]
&l i
] T, 2904
—m= :
——I T ]
—E 24.0 T T T T | T T T T | T T T T | T T T T | T T
| 0 5000 10,000 15,000 s
a) b)
! 2 3 4 5 6
Time, s 3,600 7.200 10,800 14,400 18,000 21,600
a2 18.0 18.0 18.0 18.0 18.0 18.0
vl 6.500.0 6,500.0 6,500.0 6,500.0 6,500.0 6,500.0
01 28.0 28.0 28.0 28.0 28.0 28.0
02 15.0 15.0 15.0 15.0 15.0 15.0
Ov2 1.000.0 1.000.0 1.000.0 1.000.0 1.000.0 1.000.0
anl 320 320 320 320 320 320
o)

Fig. 4. Implementation of digital model in Ansys Twin Builder system: @ — computer model of thermal characteristics;
b — module for graphical representation of results; ¢ — module for monitoring input data of the computer model

During the development of the computer model, the limits of dimension from 2 to 4 orders, values of the target error
¢ =5x1073, and the tolerance for the zero order gy = 2x10~° were set. The remaining parameters were set automatically,
since the vector approximation method was as automated as possible in comparison to other methods that were supported
in the ANSYS Twin Builder module.

In the process of developing a computer model, the ANSYS Twin Builder module automatically generated a special
matrix of approximation errors M =|| y;(t) - JN/,. ()|]; in the time domain, each element of which reflected the difference

between the values of the thermal characteristics of step response (5) and transfer function (7) of the model in the state
space. It is expressed by the following equation:
0.43 4.04 153 497 222 182
021 222 254 1.07 1.16 195
M= x107. (14)
2.66 1.63 039 026 3.43 1.82

1.46 3.21 0.06 0.84 295 3.50
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In this case, the maximum relative error did not exceed value € = 4.97 x 107, At the same time, all other error values
turned out to be less than the specified limit ¢ = 5 x 1073, Zero-error value in matrix (14) meant that the input was ignored
due to a very small contribution.

The estimation of the accuracy of the calculation of thermal characteristics using the proposed digital model was
carried out through comparative analysis of the results obtained using numerical and analytical solutions. The comparative
analysis was performed according to the criterion of maximum error. Maximum error ATy, i.€., the difference between
the values of thermal characteristics obtained using numerical and analytical solutions for all temperature sensors, was
calculated at each time by the formula:

AT,y = max AT, (15)
Jj=ln
where AT; = |Tjs— T;4 — error; Tjrand Tjs — temperature values of the finite element and digital models, respectively

(j =1, m); m — number of temperature sensors.

To assess the digital model accuracy, an error calculation was performed, whose results were presented in the form of
a surface (Fig. 5 a) and a linear graph (Fig. 5 b) of the maximum time error. The surface (Fig. 5 a) represented the
calculated error values for each temperature sensor (dT1, dT2, dT3, dT4) individually and at each time point over the
entire simulation interval.
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a)

dTmax, °C
0.045
0.040
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Fig. 5. Errors in the calculation of thermal characteristics: a — error for each temperature sensor;
b — maximum error for all temperature sensors
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The graph (Fig. 5 b) showed that for the selected time interval, maximum errorA7,,.. did not exceed 0.1 °C. The error
in calculating the thermal characteristics for each temperature sensor separately (Fig. 5 a) did not exceed the specified
limits either.

Discussion and Conclusion. The obtained results of computational experiments and the conducted comparative
analysis confirm the efficiency of the proposed digital model, which provides calculating thermal characteristics with
high accuracy AT = 0.052 °C, for further analysis and identification of the thermal model.

The temperature field of the design object is influenced by many factors, which complicates the determination
of the nominal values of thermal boundary conditions. To solve this problem, the study first analyzes the key
technologies involved in the implementation of the digital twin of a complex technical object, then builds a thermal
model and a computer reduced-order model LTI ROM of the transient temperature field. The developed computer
model is used as part of a digital model that provides obtaining an accurate assessment of the thermal characteristics
of the design object and thereby increases the efficiency of design procedures in the process of computer-aided
design of complex technical facilities.

The accuracy and efficiency of calculations of the reduced-order computer model and the source full-order thermal
model are evaluated by comparative analysis of the simulation results. The results of computational experiments show
that, from the point of view of calculation accuracy, computer models of reduced order and finite element models of full
order are generally comparable in accuracy, the maximum calculation error is within the acceptable range and does not
exceed 0.1°C.

The results obtained during computational experiments do not contradict the results presented in the sources of
scientific literature on similar topics and allow us to conclude that the use of the proposed digital model is effective for
evaluating the thermal characteristics of complex technical objects in real time, which is one of the most important
conditions for the implementation of digital twin technology.

However, changes in the temperature field of a complex technical facility still depend on many factors. Therefore, in
further research, it is necessary to develop computer models of thermal deformations and conduct effective optimization

algorithms based on artificial intelligence to provide the reliability of simulation results obtained using digital twins.
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