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MODELING OF AN INDUCTION MOTOR DRIVEN BY
A FREQUENCY CONVERTER

The article presents the results of the theoretical studies conducted.
A simulation model of an asynchronous electric drive with frequency
regulation was created in the Matlab Simulink software environment. This
model was used to develop a dual-motor electric drive for a belt conveyor.
The main attention is paid to calculating the parameters of the mathematical
model of the engine. The simulation model considers the characteristics of
industrial equipment installed at the facilities of mining companies in the
Republic of Kazakhstan. The developed model is based on the principles
of vector control with cross-coupling compensation, which ensures high
quality of dynamic characteristics and stability to external disturbances.
Theoretical and experimental results confirming the effectiveness of the
proposed control system are presented. The resulting simulation model can
be used to design and modernize industrial electric drives in the mining
industry. Additionally, methods for increasing the energy efficiency of the
system by optimizing the control parameters are considered. Analysis of
transient and stationary processes showed that the proposed approach
allows minimizing the impact of external disturbances and ensuring stable
operation of the equipment. The developed model can also be integrated
into automated control systems to improve their functionality and reliability.

The research results demonstrate the high accuracy of the model and its
201
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applicability in industrial conditions to improve productivity and reduce
energy costs.

Keywords: induction motor, electric drive, frequency converter, energy
efficiency, simulation model.

Introduction

Equipping production machines and mechanisms with an adjustable electric
drive is a solution to an important scientific and technical problem, ensuring an
increase in technical and economic indicators, reliability and safety of operation
of the manufactured equipment. The use of an adjustable electric drive allows
for the implementation of an increase in the reliability and service life of mining
equipment. This technology is of particular importance for large enterprises in
Kazakhstan, such as Kazakhmys and KAZZINC, where frequency-controlled
systems successfully solve automation problems.

The objective of this study is to investigate the dynamic processes of electric
drives during the startup mode with various types of controllers. The developed
simulation model of an induction motor with a frequency converter ensures precise
control, minimizes the impact of disturbances, and stabilizes equipment operation
under varying load conditions.

Materials and methods

To build a simulation model of the studied object, a mathematical model of
an asynchronous motor must be developed, and its parameter values calculated
numerically. Parameter calculation was performed using the methodology
described in [1; 2; 3; 4; 5; 6]. The object of study is a variable-speed electric
drive of a belt conveyor powered by Siemens motors. In the mathematical model,
a Siemens motor was used; however, the technical documentation for this motor
does not provide data on the equivalent circuit parameters necessary for further
calculations. To calculate the model parameters, a motor from the 4A series with
similar specifications was used. The equivalent circuit parameters were taken from
the handbook by A.E. Kravchik [7, p. 29]. The selected motor, 4A355M4U3, has
factory characteristics similar to the motors installed in the studied object, except
for the degree of protection. The Siemens motors installed at the study site have
a protection degree of IP55, while the chosen analog from the handbook has an
1P44 rating. This difference is due to variations in housing and winding insulation
design and does not affect the motor’s electromagnetic properties. The nameplate
data of the motors installed in the studied object are presented in Table 1. The
equivalent circuit parameters of the 4A355M4U3 motor are given in Table 2.
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Table 1 — Nameplate data for the Siemens motor

Symbol Description Value Unit
PJ.,',- Rated shaft power 315 kW
u shN Rated phase voltage (RMS) 220 \%

Efficiency 96 %

Cos (,'lrJ Power factor 0.83 -
f-.; Rated supply frequency 50 Hz
Sy Rated slip 0.67 %
My Rated speed 1490 rpm
f a Motor inertia moment 5.4

Table 2 — Equivalent circuit parameters for the 4A355M4U3 motor

Symbol | Description Value Unit
X pr Magnetizing reactance 5.7 r.u.
T"jl_l;., Active resistance of stator windings 0.012 r.u.
x i,. Inductive reactance of stator windings | 0.099 r.u.
T'a_:l: Active resistance of the rotor winding | 0.014 r.u.
X E'; Inductive reactance of the rotor winding | 0.14 r.u.

The rated stator winding current (RMS) is calculated using Equation
(1):

i 21500

B, _— 315000 . (1)
M, I'.'h‘._..l- "COsg N 3:220-0.8%-096

Uspae =

i1

where is the number of stator winding phases.
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The rated torque of the motor is determined by Equation (2):

e 30-Py  30-315000 N
N Ty 3.1415-1490 wem 2
Conversion of parameters to the «T-shaped» equivalent circuit is carried out
using Equations (3)-(8):

frEsxt VOO 2T + 0,099
PR P bl Y _ = 1017 3)
Ty 5.7
_— —_r .
Xyr = Xy = 5.7 101 4)
Ty o012 oo
T T Lol oenw %)

iy 0099

; = = T
Xoar & 017 L0977 row. (6)
o
T = rl—g— To17z - Lo I. L 7)
5 0.14
Xpgr = d- = = (L,135r.u. (8)

6,2 10172

where , the number of motor pole pairs.

Results and discussion

The construction of a simulation model of a two-motor belt conveyor with
a frequency-controlled asynchronous electric drive begins with the creation of
a model of one asynchronous motor operating in conjunction with a frequency
converter. This simulation model of a single motor will serve as the foundation for
building the dual-motor system. To ensure high-quality dynamic transient processes
and minimal sensitivity to external influences, the control of a variable-frequency
electric drive must meet certain requirements.

The model of an asynchronous motor with a frequency converter was
developed as a system with vector control and cross-coupling compensation. The
simulation model of a variable-frequency asynchronous motor was created based
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on data from several sources [8; 9; 10; 11; 12]. The structure of the closed-loop
control system is shown in Figure 1 [6, p. 172].

The dynamic behavior of the asynchronous motor is described by two dynamic
elements and one gain element, expressed by equations (9)-(11).

Considering the dynamic characteristics of the frequency converter requires
the use of an external filter, which changes the time parameters of the system and
is determined by the transfer function described by equation (12).

Figure 1 — Block diagram of the vector control system for a frequency-
controlled asynchronous electric drive

The frequency converter is modeled as a gain element with a gain of . The
current PI controller is described by a dynamic link and a feedback loop with a
gain .

The speed controller is implemented as a PI controller, which includes a
proportional element with a gain of and an integrating element . Each element of
the speed controller is placed in its own feedback loop with a gain of .

Wi(s) = =i ©)
M., =;'F'-a'kr"rr4 (10)
Wa(s) = .f.r_]_ = (11)
W (s) ﬁ (12)
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In the block diagram of the closed-loop control system of the frequency-
controlled asynchronous electric drive, the following designations are used:

W, (s) — transfer function describing the motor’s electromagnetic processes.

W, (s) — transfer function of the motor’s electromechanical part.

W, (s) — transfer function of the filter.

o* — reference input.

® — controlled variable, the rotational speed of the motor shaft.

Md, — electromagnetic torque of the motor.

Mc- static resistance torque.

Id — current in the motor’s stator winding.

p, — number of pole pairs of the motor.

k — rotor coupling coefficient.

r, — equivalent phase resistance of the motor.

7}— mechanical time constant of the motor.

T, — electromagnetic time constant of the motor.

Kfc — frequency converter transfer coefficient.

T, - filter time constant.

K — proportional gain of the speed regulator.

psc K
T. — speed regulator time constant.

isc

The system’s motion equation is as follows:

dw

rTa Mg, — M, (13)

I

where —is the reduced moment of inertia.

The frequency converter transfer coefficient K fc, as well as the feedback loop
gain coefficients k, and k , are assumed to be equal to one since these parameters
are compensated by the regulators and do not affect process dynamics.

For tuning the current regulator to modular optimum, its transfer function
must be [13, p. 82-91]:

Tim s +1
L
e

Wie(s) = (14)

2 T!Jr's

The modular optimum for the speed regulator is achieved by adjusting the
proportional gain:
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Tj

Kpoe = ——4———
VEE 15
FL 4'%'P,|'kr'r|,l' ( )

To avoid a static error (Figure 3) under disturbance, an integrating component
was added to the speed regulator, enclosed in an additional feedback loop (Figure
1). Maintaining the set speed regardless of the load and ensuring a smooth start-
up of the conveyor is crucial. Introducing an integrator into the speed regulator
increases the regulation time by 0.6 seconds but eliminates the static error (Figure
3). The time constant of the integrating component is calculated as follows:

Tise = 8- Ty (16)
The parameter calculations were performed using the equations presented
in[1, p. 197-201].
The mechanical time constant of the motor:

1, 314,15
= f L EA =47 17
oM, 2= 3019 = 04es

The scattering inductance of the stator phase winding:

[ - Koo — 0.036 = 000011 H
TR, 314,15 (18

Rotor winding leakage inductance:

L

_ A 005 0.00016 H
e =, 3415 (19)

Equivalent leakage inductance of the Motor phase:

L,= Loy + k- Ly = 000011+ 0.977 - 0.00016

= 0.00027 H (20)
Equivalent Active resistance of the Motor phase:
R, =R, + kiR, =0.004 + 09772 .0.005 = 0.0090hm  (21)
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Electromagnetic time constant of the motor:

L, 0.00027
= = (.03 5

fim = & = “0.000 (22)

The parameters used to construct the simulation model, calculated in per-unit
values, are given in Table 3.

Table 3 — Parameters for constructing the simulation model

Parameter Value
0.42
0.977
2
0.024
0.03
0.06

The filter time constant was selected empirically based on the oscillogram
of the real object presented in [6, p. 178].

Figures 2 and 3 show the oscillograms of the transient process of the motor’s
angular velocity under a unit step input with and without the use of an integrator
in the speed regulator. A disturbance is applied to the system at t =2 s (Figure 3).
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Figure 2 — angular velocity of the motor without load (0 r. u.)
1 —reference input ; 2 — angular velocity of the motor without the integrator
in the regulator; 3 — angular velocity of the motor with the integrator in the
regulator

Figure 3 — Angular velocity of the motor under load (0,3 r. u.)
1 — reference input ; 2 — angular velocity of the motor without the integrator
in the regulator; 3 — angular velocity of the motor with the integrator in the
regulator

As shown in Figure 3, the created closed-loop control system of an
asynchronous electric drive with frequency regulation ensures stable dynamic
transient processes and demonstrates low sensitivity to external disturbances. The
simulation model can be used for further research.

The developed simulation model of the frequency-controlled asynchronous
electric drive exhibits high efficiency in managing dynamic processes. The vector
control system with cross-coupling compensation provides high-quality transient
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processes and operational stability under disturbances. The main contribution of
the proposed model is to minimize the static error and ensure smooth acceleration
of the conveyor, which is confirmed by the oscillograms of transient processes.

Comparison with existing models confirmed that the use of controllers with
individual feedback loops increases the stability of the system, and that tuning
parameters according to the principle of modular optimum helps to increase energy
efficiency. Unlike similar works, the proposed model is focused on practical
application in industrial conditions, considering the characteristics of mining
equipment.

The obtained results demonstrate the applicability of the model for analyzing
various operational scenarios and optimizing the operation of conveyor equipment.
Prospects for further research include the development of adaptive control systems
capable of dynamically responding to load changes.

Conclusions

The paper calculates the parameters of the equivalent circuit of an
asynchronous motor considering its characteristics. A procedure for converting
parameters into relative and absolute units is proposed, which ensures high
accuracy of modeling.

A model of an asynchronous electric drive with frequency regulation and a
vector control system has been developed in the Matlab Simulink environment,
including dynamic compensation of cross-links. This made it possible to minimize
the static error, ensure smooth acceleration and resistance to load disturbances.

The modeling results confirmed that the control system provides high-quality
transient processes, meets the requirements of reliability and energy efficiency. The
model is suitable for analyzing various scenarios of conveyor equipment operation
and optimizing its operation, including adaptive control systems.

The created model allows to increase the efficiency of work, reduce energy
consumption and extend the service life of equipment, which makes it attractive
for use in industry.
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MOJAEJIUPOBAHUE ACUHXPOHHOI'O IBUT'ATEJIA
YITPABJIAEMOTI'O IPEOBPA3OBATEJIEM YACTOTBI

B cmamwe npedcmaenenvi pe3ynomamol npoeedeHHbIX MeoPemuiecKux
uccredosanui. Co30aHa UMUMAYUOHHAS MOOENb ACUHXPOHHO20
INEKMPONPUBOIA C YACTNOMHIM PE2YIUPOSAHUEM 6 NPOCPAMMHOL
cpede Matlab Simulink. Ha ocrnose dannoii mooenu paspaboman
08YX08U2AMENbHBIL IMEKMPONPUBOD JICHMOUHO20 KOoHeelepa. OCcHOoGHoe
GHUMAHUe YOCNeHO pAcyemy napamempos Mamemamuyeckol Mooenu
osucamens. B umumayuonnoi modenu yumeHvl XapakmepucmuKu
NPOMBIUWICHHO020 060PY008AHUS, YCMAHOBICHHO20 HA 00beKmax
20pHo006bIsalowux komnanuu Pecnybonuxu Kazaxcman. Paspabomannas
MOOeNb OCHOBbIBACMCS HA NPUHYUNAX 6EKMOPHO2O YNPAGICHUS C
KOMNeHcayuell NepeKpecmublX CEa3¢ell, 4mo N0360151en 00eCneuumy 6blCOKOe
KAuecmeo OUHAMUYECKUX XAPAKMEPUCMUK U YCIMOUYUBOCHb K GHEUUHUM
so3mywgenuam. IIpusedenvl meopemuueckue u IKCNEPUMEHMALbHbIE
pe3yrbmamol, noomeepicoanuue IPPeKmueHocms nPedloNHCeHHOU
cucmemvt ynpagienus. I1onyuennas umumayuorHas Mooeib Modicem Gulimb
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UCNONIb306AHA OISl NPOCKMUPOBAHUS U MOOEPHUZAYUU NPOMBIULICHHBIX
IEKMPONPUBOA08 8 20PHO00bbIsAIOWell ompaciu. [JonoiHumenbHo
paccmompenvt Memoobl NOGbIULEHUS. IHEP2OIPHEKMUSHOCIU CUCTEMbL
3a Cuém ONMUMU3AYUU NAPAMEMPO8 YPAGIeHUs. AHAIU3 NepexooHbix
U CMAYUOHAPHBIX NPOYECCO8 NOKA3ANL, UMO NPEON0NCEHHbIN NOOX00
NO360JAEM MUHUMUSUPOBAMb GIUSHUE GHELUHUX BO3MYUEHUL UL 0Decneyums
cmabunvhyro pabomy obopyodosanus. Paspabomannas mooenv maxoice
Modcem Oblmb UHMESPUPOSAHA 6 CUCHIEMbl A8MOMAMUSUPOBAHHO20
ynpasnenus OJis NOSbIUEHUsT UX (YHKYUOHATLHOCU U HAOENCHOCIU.
Pesynomamul uccie006anuLi 0eMOHCIMPUPYIOM 8bICOKVIO MOYHOCHb MOOEU
U e€ NPUMEHUMOCMb 8 YCA0GUAX NPOMBIULICHHOU IKCRIyamayuu Ois
VIVHULEHUS POU3E0OUMETIbHOCIU U CHUIICEHUSL DHEP2O3AMPAM.

Knwouesvie cnosa: acunxponuolii deueameins, 31eKMponpugoo,
npeobpazosamend 4aCmMomyl, IHeP2OIPHeKMUGHOCMb, UMUMAYUOHHAS]
Mooeib.

*A. I1. Kymuxos', B. B. Kasepun?, A. M. 3w3e6’,B. M. [[pyscunun’
'C-NRG, Kazakcran Pecnybnukachl, AiMaThl K.

2006inkac CarbIHOB aThIHAarbl KaparaHibl TEXHUKABIK YHUBEPCHUTETI,
Kazakcran Pecnyonukacer, Kaparanssl K.

SPeceiiIiH TYHFBIII PE3UIEHTI aThiHaAarbl Opai eaepaiablK YHUBEPCHTETI
b. H. Enbuun, Peceit @enepanusicel, EkatepunOypr K.

*KaparaHbl HHyCTPUSIIBIK YHUBEPCHUTETI,

Kazakcran Pecrryonukacsl, Temipray K.

30.12.24 k. OGacmara TYCTi.

13.01.25 x. Ty3eTy/epiMeH TYCTi.

10.03.25 x. OachIn mIbIFapyFa KaObLIIaH bl

JKULIIKTI TYPFAHJIBIPYIIBIMEH BACKAPAJIATBIH
ACHUHXPOH/AbIK MOTOP/Jbl CUMYJIAY

Maxanaoa scypeizineen meopusivlk 3epmmeyiepOiy HOmudicenepi
bepineen. Matlab Simulink 6az0apramaneix sycacakmama opmacvlHOa
HCULTIKMI pemmetmin aCUHXPOHObL DJIEKMP HCEME2IHIY UMUMAYUSLILIK,
Mmodeni xcacanovl. Ocvl YICIHIH He2I3iHOe MACNAbl KOHBelepee APHAI2aH
eKi MomopJivl djekmp dcemeei 93ipaeH0i. Hezizel Hazap Ko32anmxbluumoly
MAMeMamuKanblk MOOeLiHiy napamempiepin ecenmeyze ayoapbuiiobl.
HUmumayusnvix modenvee Kazaxcman Pecnybnuxacvinoazor may-
KeH KOMRAHUALAPbL 00beKmilepiHoe OPHAMbLIZAH OHePKICINMIK
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2HCAbOLIKMAPOblY CUNAMMAMALAPLL eHI3I10i. O3IpieHeern Mooelb aliKac
batinanvicmapobl omey apKblivl 8eKMOPAbIK OACKApy RpUHyunmepine
HezizOenzen, Oy OUHAMUKATBIK CUNAMMAMAIAPObIY HCO2apbl CANACbIH
JICOHE CHIPMKbI OCepiepee MO3IMOLIIKMI Kammamacol3 emeoi. ¥ colvliean
backapy oicyueciHiy MUuiMOIiNieiH pacmaiumolH MEOPUSIIbIK HCOHE
9KCHepUMEeHMMIK Homudicenep KeamipineeH. AnviHean UMUumayusibiy
MOOelb Mmay-KeH 6HePKOCIOiHOe2l OHEPKOCINMIK JJeKmp JHCemeKmepin
aocobanay icone dHcanabipmy Yulin Koaoanviayvl mymxin. Convimen
Kamap, backapy napamempiepin O4mMAauiaHobipy apKbiibl HCyUeHiy
SHepeust MuiMOLieiH apmmulpy s0icmepi Kapacmoulpviieat. Omneini dHcone
CMAYUOHAPLIK, npoyecmepoiy maidaybl YCbIHbLI2AH MOCIL CbIPMKbL
acepriepOiy ocepin bapvinuia azaumyeaa HoHe HeaboblKmbvly MypaKmbl
HCYMBICHIH KAMMAMACHL3 emyee MYMKIHOIK OepeminiH Kopcemmi.
O3IpiieH2eH MOOEb ASMOMAMMAHObIPbLIZAH OACKAPY JCyUenepiHe 0n1apobly
@DYHKYUOHANObIZbl MEH CeHIMOLNIZIH apmmblpy YWIH UHMeSPaYUsIaHY bl
MYMKiH. 3epmmey Homuoicenepi MoOenbOIiH JHco2apvl 0oN0IZIH JHCOHE OHBIH
OHEPKOCINMIK JHcaz0aulapoa eHIMOLIIKMI apmmubipy HCOHE IHePeUsl
WbIZLIHOAPBIH A3aUMY Yulin KOIOGHbLLYbIH KOpCcemeoi.

Kinmmi ce30ep. acunxporobl K032aimKblid, JeKmp dHcemei, HCUiLiK
myprenoipeiuti, sHepeus muimoiniei, Mooenboey MOOeli.
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