Electrotechnics and Electromechanics

VIJIK 621.31 https://doi.org/10.33271/crpnmu/71.116

© V. Kuznetsov!, M. Tryputen?, A. Nikolenko?, D. Tsyplenkov?,
V. Kuvaiev?, O. Savvin?
1 Ukrainian State University of Science and Technologies, Dnipro, Ukraine
2 Dnipro University of Technology, Dnipro, Ukraine

IDENTIFICATION OF THE THERMAL PROCESS
IN AN INDUCTION MOTOR

© B.B. KyBHeHOBl, M.M. TpI/IHyTeHBZ, A.B. Hixonenko?, JI.B. L[I/IHJ]GHKOBZ,

B.IO. Kysaes!, O.B. Cassin’
! VkpaiHCBKUIi yHIBEPCHTET HAYKH Ta TEXHONOTIH, M. J[Hinpo, YkpaiHa.
2 HamioHaIbHUI TEXHIYHMIA yHIBEPCHUTET «J{HIPOBChKa MOMTiTeXHiKay, J{Hinpo, Ykpaina

IJEHTUPIKALIIA TEIIJIOBOI'O ITPOLIECY B
ACHUHXPOHHOMY JIBUI'YHI

Purpose: synthesis of a mathematical model of an asynchronous motor, taking into account the
impact of changes in the quality of electricity on the processes of heating and heat exchange for an
economically justified choice of means of protection.

Methodology: Theoretical substantiation of the expediency of using a one-mass thermal model
of an asynchronous motor, for the conditions of operation of the latter in conditions of low-quality
electricity, in order to determine losses in it.

Results: Experimental studies of the operation of an asynchronous motor at nominal load were
carried out. The obtained results of the measurements made it possible to determine the parameters
of the single-mass thermal model, the heat transfer coefficient of the engine, and the coefficient of its
heat capacity. A single-mass thermal model of an induction motor is a mathematical model used to
describe the thermal processes occurring in an induction motor. This model is based on the
assumption that all motor elements can be combined into one mass that heats up during engine
operation. The model assumes that the thermal capacity of the motor is a constant, and the heat flow
that is released during the operation of the motor is proportional to the square of the current passing
through the motor windings. In addition, the model assumes the presence of thermal conductivity
between the mass of the motor and the external environment, which affects the rate of heat dissipation.

Scientific novelty: A methodology for determining losses in an asynchronous motor using a syn-
thesized mathematical model is proposed, taking into account the influence of changes in the quality
of electricity on the processes of heating and heat exchange in it.

Practical significance: The obtained results indicate the adequacy of the proposed thermal model of
an asynchronous motor operating in a network with low-quality electricity. Taking into account the fact that
for many types of engines in the reference literature, there are no necessary data on the coefficients of heat
transfer and heat capacity, and only the thermal time constants for certain types of engines are given, the
value of the specified parameters of the model can be obtained on the basis of the methodology presented
in the work. A single-mass thermal model can be useful for analyzing the thermal processes occurring in an
induction motor and for improving the efficiency of the motor. In particular, it can help determine the
optimal operating temperature of the motor, as well as calculate the necessary cooling system to ensure
stable operation of the motor under conditions of variable load and temperature conditions.

Keywords: asynchronous motor, single-mass thermal model, coefficients of heat transfer and
heat capacity, low-quality electricity.
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Introduction. The presence of low-quality electricity in the shop networks of in-
dustrial enterprises leads to a decrease in the main indicators of the operation of asyn-
chronous motors (AM), their accelerated physical aging, and, as a consequence, the
occurrence of emergency situations. It is advisable to formulate this problem in the
technical and economic plane, and its solution requires a detailed consideration of the
system "electrical network - asynchronous motor" with the involvement of methods of
mathematical modeling and implementation of computational experiments on a com-
puter [1 - 3].

The economic assessment of various options for restoring electricity in shop net-
works to standard quality indicators is the basis proposed in [4 — 7] for a decision-
making method for the operation of electrical equipment, including AM, operating in
conditions of poor-quality supply voltage [8 — 10].

According to this methodology, according to the current indicators of the quality
of electricity in the enterprise network [11 — 13] and on the basis of energy models
[14 — 17] of the electromechanical converter, its energy indicators are calculated and
the time interval of trouble-free operation.

In case of significant deviations of the indicators calculated in this way from the
specified ones, various options for technical solutions for restoring the quality of the
electric energy supplied to the engine are considered. For each of the options, a cost
estimate is performed and a final decision is made on the conditions for its further
work.

Wide experience in researching the effect of power quality on the operation of
asynchronous motors with a has been accumulated by now [18 — 20].

Poor power quality in the workshops of industrial enterprises stipulates the in-
crease in direct industrial costs due to the growing power consumption. Moreover, in-
direct costs related to the reduced operating life of electric machines are increasing as
well.

As is known [13, 14], normative operating life of the all-purpose asynchronous
motors is about ten years. However, that is true only for the cases when certain condi-
tions are observed. The main condition here is the correspondence of the thermal mode
of an electric machine to the insulation class.

Deterioration of the power quality results in the increase of heating losses and
insulation temperature respectively. Combined with the overloads, that results in the
considerable reduction of the operating life of the electric motors. Practice shows that
in terms of 40% of all-purpose AM with nominal voltage of 0.4 kV, the operating life
is 1.25...2 years [21].

The aim of the paper is to synthesize a mathematical model of an asynchronous
motor, taking into account the influence of changes in the quality indicators of elec-
tricity on heating and heat transfer processes, for an economically justified choice of
protective equipment.

Materials and research results. To study the effect of the operating modes of an
electric motor on its thermal conditions, so-called thermal models are applied
[22 — 25]. They are the equivalent circuits where electric losses act as the heat sources;
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temperatures of structural components are within the nodes; and corresponding heat
conductivities and capacities are located between them.

The considered models have different degree of detalization. A single-mass
model, in which an electromechanical transducer is represented as a single homogene-
ous body with the overall temperature, is the simplest one. Although, the real temper-
ature distribution is not uniform: temperature of the AM stator winding may exceed
the case temperature by 15-20°C [26, 27].

More detailed models have minor prediction errors; however, that requires having
additional data on heat conductivities and capacities of separate structural components
of a motor. As a rule, such models are used only at the design stage. Besides, while
applying those models, the transient-free thermal conditions are analyzed without con-
sideration of their dynamics.

We consider that during the operation, it is the most expedient solution to use a
single-mass thermal model; moreover, it is necessary to analyze the temperature of the
AM component, being critical in terms of heating, - stator end winding — as the initial
parameter of the model. It is well-known that this component is under the poorest cool-
Ing conditions since its thermal efficiency is effected mainly by means of the air.

A single-mass dynamic thermal model of the asynchronous motor is described by
the following differential equation:

aP=A.r+27.C. (1)
At

here AP is the power of heating losses generated in the electric motor; t is the
exceedance of the motor temperature over the surrounding temperature; Az is the in-
crement of the motor temperature per time At; A is the coefficient of thermal efficiency,
J/(sec-C) (equal to the radiation heat loss per 1 sec in terms of the difference in the
indicated temperatures t = 1 °C); C is the heat capacity of the motor, J/°C. The indi-
cated heat capacity is equal to the amount of heat required for AM heating by 1°C in
terms of the nonavailable radiation heat loss.

As is obvious, equation of thermal balance (1) has two unknown values — A and
C, which may be defined with the help of experimental data by composing a system of
equations relative to the unknowns. In this context, it is possible to improve the accu-
racy of determining a coefficient of thermal efficiency and heat capacity of a motor at
the expense of the totals of parameters measured in several experiments:

@
LT pyeayiec

Corresponding experiments have been carried out in terms of experimental work-
shop of Ukrspetsservis Ltd. Asynchronous motor of 4AX80A4Y3 type has been ana-
lyzed (nominal parameters are as follows: U,=220/380 V (A/Y), P,=1.1kW,
n,=1400 rot/min, 7,=4.8/2.8 A, n=75%, cos ¢=0.81).
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The motor is loaded on a direct-current generator of [131VY4 type (nominal param-
eters are as follows: U,=230 V, P,=1.0 kW, n,=1450 rot/min, 7,=4.3 A, n=75%). Dur-
ing the experiments, AM was heated under the nominal load; the cooling took place in
terms of the non-rotating rotor.

A hole was made in the motor cover to determine the temperature of winding
faces with the help of laser pyrometer of Fluke 568 type. The hole was open only for a
short period for measuring (5 sec); when the electric motor was operating, the hole was
closed to prevent the heat exchange between the internal and external air. Currents and
voltages were recorded with the help of a mobile measuring and diagnostic complex
based on the current sensors of LA 25A type, voltage sensors LVV100P (made by LEM,
Switzerland), and AD converter E-440 (L-CARD, Russia). Table 1 shows the charac-
teristics of the measuring channels.

Table 1
Characteristics of the measuring channels of a mobile measuring and diagnostic complex
Component Characteristics
AD converter
TYPE E-440
Number of channels 16 differential ones
Digit capacity 12 bits
Conversion time 1.7 mcs
Input range +5.12V;+2.56V;+1.024V;
Maximum conversion frequency 200 kHz
Zero shift +0.5LOD; max 1LOD.
Voltage sensor
TYPE LV-400
Input range 0-500V
Output range 0-10V
Maximum static error 0.015%
Maximum dynamic error 0.03%
Current sensor
TYPE LA-100 C
Input range 0-250A
Output range 0-10V
Maximum static error 0.03%
Maximum dynamic error 0.08%

To eliminate the experiment error stipulated by the increased heating during the
starting, the tested electric motor is accelerated with the help of a loading machine
operating under the motoring conditions. Only when the facility reaches the idling
speed, source voltage is supplied to the asynchronous motor, and a loading machine is
placed in the dynamic braking mode (Fig.1).
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Fig. 1. Schematic of the experience to test adequacy of a thermal model of an
asynchronous motor:
TM, LM — test machine and loading machine; SCEDP- system to control electric
drive parameters (measuring complex); VS — voltage sensor; CS — current sensor;
DW of LM — drive winding of loading machine

Table 2 represents the results of the experiment of test motor heating in terms of
ideal supply voltage.

120



Eﬂekmpoeﬂepeemuka, eﬂekmpomele'Ka ma eﬂekmpomexaHiKa

Table 2
Results of experiment #1, ideal supply voltage

: Effective temperature Temperature value Absolute error,
Time, sec value. °C predicted in terms oC
’ of the model, °C
0 0.0 0 0
120 5.4 6 1
240 10.4 12 1
360 12.0 17 5
480 14.7 21 6
600 26.1 25 -1
720 28.7 28 0
840 34.7 31 -3
960 37.6 34 -3
1080 40.1 37 -3
1200 43.4 39 -5
1320 45.0 41 -4
1440 46,7 42 -4
1560 47.7 44 -4
1680 48.7 45 -3
1800 50.0 47 -3
1920 50.0 48 -2
Final value 75.7 73 -2

Fig. 2 shows the experimentally obtained curve of test motor heating in terms of
ideal supply voltage.
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Fig. 2. Curve of motor heating while operating in terms of nominal load and ideal
supply voltage
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Within the period of 62 minutes, the motor temperature has reached the final value
of 76.3°C. The experiment results have made it possible to compose a system of equa-
tions (2) and to calculate the parameters of a single-mass thermal model. The parame-
ters are as follows: coefficient of the motor’s thermal efficiency while rotating is
A=11.2 J/(secx°C), heat capacity of the electric motor is C — 12.1 kJ/°C.

Taking into account the fact that the reference literature contains rather scarce
data on thermal parameters of the electric machines (as a rule, there is only the infor-
mation concerning thermal time constants for motors of certain classes and power
ranges), the considered method of their determination while identifying a specific AM
model is rather topical.

Further, the heating experiments were carried out in terms of different degrees of
distortion of the electric motor supply voltage. The experimental results are represented
in Tables 3 and 4.

Table 3
Results of experiment #2, distorted supply voltage
Time. sec Effective terrlperature pregie::ep dezit?errerr\]/;l)ufethe Absollite error,
value, °C o C
model, °C
0 0.0 0 0.0
120 12.0 12 0.1
240 23.1 21 1.7
360 30.8 29 1.6
480 33.9 36 -1.7
600 38.7 41 -2.0
720 44.0 45 -0.8
840 44.3 48 -3.9
960 52.0 51 1.0
1080 54.1 53 0.9
1200 54.4 55 -0.6
1320 56.4 56 0.0
1440 56.2 58 -1.4
1560 58.1 59 -0.5
1680 62.0 59 2.6
1800 58.9 60 -1.1
1920 61.2 61 0.6
Final value 86.0 86 0.0
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Table 4
Results of experiment #3, distorted supply voltage
. Temperature value
Time, sec Effective terrlperature predictepd in terms of the Absoltite
value, °C o error, °C
model, °C

0 0.0 0 0.0
120 13.8 13 0.6
240 21.9 24 -2.1
360 34.1 33 1.5
480 37.8 40 -1.9
600 46.9 45 1.5
720 47.9 50 -2.1
840 55.5 54 1.7
960 55.3 57 -1.6
1080 60.3 59 0.9
1200 61.1 61 -0.2
1320 64.3 63 1.4
1440 65.5 64 1.2
1560 62.8 65 -2.6
1680 62.8 66 -3.4
1800 69.7 67 2.8
1920 68.1 68 0.6
Final value 93.0 93 0.0

Further experiments #2-4 were carried out in terms of different degrees of distor-
tion of electric motor power supply. The quality indices of the latter (coefficient of
distortion of the sinusoidal voltage curve ky, coefficient of voltage unsymmetry on the
reverse sequence &) are given in Table 5.

Experience #4 corresponds to the motor operation with the temperature exceeding
the admissible one for that insulation class F(105°C); AM may be in such a state only
for a short period of time due to the possibility of thermal breakdown of its windings.

Table 5

Power quality indices in the experiments and final temperature values of the AM winding

Coefficient of Coefficient of voltage
Experience distortion of the g Final absolute
: : unsymmetry on the N
No. sinusoidal voltage temperature, T°C
reverse sequence &, %
curve ky, %
1 0 0 76.3
2 0 4 85.1
3 8 0 925
4 13.0 0 117.8
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The considered experiments have been used to test the adequacy of the proposed
AM dynamic thermal model. Figures 3-5 show the comparison of the graphs of tem-
perature exceedance of the motor over the surrounding temperature in those heating
experiments with the calculated curves obtained with the help of electrochemical [8,
17] and thermal model of an asynchronous motor [28-30].
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Fig. 3. Curves of motor heating in experiment # 2
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Fig. 4. Curves of motor heating in experiment # 3
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Fig. 5. Curves of motor heating in experiment # 4

Next, error of the predicted temperature value in the heating dynamics was calcu-
lated. Fig. 6 demonstrates the experimental and calculated (predicted) temperature val-
ues for all the performed experiments which are used to test the model adequacy ac-
cording to the method represented in [31-35]. In this context, different format of mark-
ers belongs to the corresponding experiments.
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Fig. 6. Relations of the predicted z,, and experimental z values of the temperature
exceedance of AM winding
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The carried out test for the adequacy supposes obtaining of the following equation
of linear regression:

Yn* - a0 + alYef ' (3)
where

ay = ?n — K,y O'Y,I/O'Ye, )Tef; 4 =Ry, O'Y,Z/UYPf : (4)
Here, NTH\E are the average values of the predicted and effective values; I,  is
the coefficient of correlation between them; o Oy, are the mean square deviations.
The indicated parameters were calculated according to the formulas:
L _ _
Z(Yef _Yef )(Yn _Yn)

Wy, = - , 5)

LaYef oy

o, = JZ;(Y“ ¥, ) 1(L-1), (6)
o, :\/ZL:(YH ) 1(L-), (7)

1

where L = 57 is the volume of statistic sampling (hnumber of the temperature measure-
ments in all the experiments).
The mean square absolute error of measurements was determined as:

AY, =t oy, (8)

where t, is the Student’s coefficient for the given reliability and number of freedom
degrees k = L — 1. In the case under consideration, reliability was taken as p = 0.05.

Here, ajn Is the residual mean square deviation calculated according to the formula:

o :\/ZL:(Yn -, ) 1(L-1). 9)

1

The mean square relative error of prediction was determined as follows:
8, =|AY,| 1Y, ., 100%, (10)
Where Y, max IS the highest value of the predicted one.
Finally, the obtained values are as follows:

ovet = 21.2 °C, oyn =20.9°C,  TIyeryn = 0.99,
6*vyn=2.34 °C, AY,=0.28 °C, dvn = 3.2%.

Conclusion. The obtained results show the adequacy of the proposed thermal mo-
del of an asynchronous motor operating in the mains with poor quality power. Taking
into consideration the fact that in terms of many motor types, reference literature does
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not contain the required data on the coefficients of thermal efficiency and thermal ca-
pacity, and only thermal constants of time are given for certain motor types, values of
the specified parameters of the model may be obtained basing on the methodology
represented in the paper.
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AHOTANIA
Meta. CuHTe3 MaTeMaTHYHOI MO/IEN1 ACHHXPOHHOTO IBUT'YHA 3 YpaxXyBaHHIM BIUIUBY 3MiHH SIKICHUX
MTOKa3HUKIB €JIEKTPOCHEPTii Ha MPOLIECH HArpiBY Ta TEIUIOOOMIHY AJI1 EKOHOMIYHO OOTPYHTOBAHOTO
BUOOpPY 3aC00iB 3aXUCTY.

Metoauka: TeopeTruHe 0OrpyHTYBaHHS JOLIIBHOCTI BAKOPUCTAHHS OJTHOMACOBOI TEMJI0BOT MOJEN1
ACUHXPOHHOTO JBHUIYHA, JJI1 YMOB poOOTH OCTaHHBOTO B YMOBaX HESKICHOI €JIeKTpOeHeprii, 3a/17s1
BHU3HAUEHHS BTpaT B HHOMY.

Pe3yabTaTi: bysio npoBeneHO eKCliepuMEeHTaIbHI JOCTIHKEHHS pOOOTH aCHHXPOHHOTO JBUTYHA
IIpU HOMiHAJILHOMY HaBaHTaxeHHi. OTpUMaH1 pe3yJbTaTi BUMIPIOBaHb JIO3BOJIMIM BU3HAYUTHU Ta-
paMeTpH 0OJJTHOMACOBOI TETUIOBOI MOJIe1 KOe(IIli€HT TETIOB11adl IBUTYHA, Ta KOS(IIIEHT HOTOo Tel-
noemHocTi. OHOMacoBa TEIUIOBa MOJIENIb ACHHXPOHHOTO JBUTYHA - 11€ MaTeMaTU4YHa MOJEIb, sSKa
BUKOPHUCTOBYETHCS ISl OIMCY TETJIOBUX MPOLECIB, 110 B1I0YBaIOTHCS B ACHHXPOHHOMY ABHUTrYHI. L4
MoJiesIb 0a3yeThCsl Ha MPUITYIIECHHI, 110 BCl €JIEMEHTH JIBUTYHA MOXHA 00'€JHATH B OJIHY Macy, sika
HarpiBaeThcs Mpu poOOTI ABUryHa. Mojens nependadae, 110 TEIUIOBA EMHICTh MOTOpPA € KOHCTaH-
TOI0, a TEIUIOBUH TOTIK, SKUH BUAUIAETHCS B Mpolieci poOOTH ABUIYHA, MPONMOPLIHHUA KBaapaTy
CTpyMy, IO IPOXOJUTH Yepe3 0OMOTKH ABUryHA. KpiM Toro, Mosens nepeadayae HassBHICTh TEILIO-
BOT IPOBIAHOCTI MK MacOO JABUT'YHA 1 30BHIIIHIM CEpEOBHUIIEM, SKa BIUIMBAE HA MIBUJKICTH PO3-
CIIOBAaHHS TeIUIa.
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HaykoBa HOBHM3HA: 3a1ipONIOHOBAHO METOJIOJIOTII0 BU3HAYCHHS BTPAT B aCHHXPOHHOMY JIBUTYHI 3a
JOTIOMOT'0I0 CHHTE30BaHOI MaTEMaTHYHOT MOJIETI1 3 YpaXyBaHHSIM BIUIMBY 3MiHU SIKICHUX ITOKAa3HUKIB
eJIEKTPOEHEPTii Ha MPOLIECH HATPIBY Ta TEIJIOOOMIHY B HHOMY.

IpakTuyne 3HayenHs: OTpUMaHi pe3yNbTaTH CBITYaTh MPO AJACKBATHICTh 3aIPOIIOHOBAHOI TEILIO-
BOT MOJI€JIi aCHHXPOHHOTO JBUT'YHA, IO MPAIFOE B MEPEXKi 3 HESIKICHOIO elIeKTpoeHepriero. Bpaxosy-
I0YH Te, IO JUIs 6araTboX TUIIIB IBUTYHIB y JOBIAKOBIM JIiTepaTypi BiACYTHI HEOOXiTHI AaHi 100
Koe(iIieHTiB TEIIOBiAaYl 1 TETUIOEMHOCTI, @ HABOJATHCS JIUIIE TEIUIOBI CTaJl Yacy Il OKPEMHX
TUIIB JBUTYHIB, 3HaU€HHS BKa3aHHUX MapaMeTpiB MOAEI Moke OyTH OTpUMaHa Ha OCHOBI METOJIO-
Jorii, mpeacrasiaeHoi B po6oTi. OgHOMAacoBa TEIIOBA MOCIIb MOXKE OYyTH KOPHUCHOIO ISl aHAI3y
TEIUIOBHX MPOIIECIB, 110 Bi10YBaIOTHCS B ACHHXPOHHOMY JIBUTYHI, Ta JUIS OKPALeHHS €(peKTUBHOCTI
poboTu nBHUTryHA. 30KpeMa, BOHA MOKE JIOTIOMOI'TH BH3HAYHTH ONTUMAIIbHY TEMIIEparypy poOoTu
JBUTYHA, a TAKOXK PO3PaxXyBaTH HEOOXiHYy CHCTEMY OXOJIO/KEHHS JUIsl 3a0€3MeUYCHHS CTaOlIbHOI
pOOOTH IBUTYHA B YMOBaX 3MiHHOI HABAaHTKEHOCTI Ta TEMIIEPATYPHOTO PEKHIMY .

Kniouoegi cnosa: acunxpounuti 08ucyH, 00HOMACO8A MENi08a MOOelb, KoepiyicHmu meniogiooayi i
Meni10EMHOCMI, HEAKICHA e/leKIMPOEeHepP2Isl.
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