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Abstract — Concomitant rundown regime electromechanical
processes demonstrate success of the following induction motor
operation regimes linked to different kinds of switching: self start
at repeated closing and changeover, wye-delta start-up, reverse
etc. This article presents an induction motor mathematical
model in two phase coordinate system a,p, which allows to
compare characteristics obtained on a model and characteristics
received in experimental way without additional transformations.
Such characteristics as rotation frequency, residual voltage,
electromagnetic torque, stator and rotor currencies and flux
linkages were obtained using this model. That gave opportunity
to analyze induction motor rundown regime concomitant
processes.
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I.  INTRODUCTION

Induction motors are dominant consumers of power supply
systems today. These motors are rather cheap and do not need
large service expenses [1]. Thereto induction motors (IM)
utilize about 60% of energy produced in the European Union
[2]. Therefore processes in IM investigation remain topical
even today. Switching regime is one of the most extensively
used in practice IM operation regimes. Switching regime is
accompanied by two processes: stator winding switching off
and repeated closing. Most interesting for us is stator winding
switching off process, respectively induction motor rundown
regime investigation. The matter is that this regime specifies
success of machine repeated closing at regimes like self start,
where to assure important consumers power supply continuity
use automatic load transfer automation or repeated closing
automation or reverse, wye-delta start-up etc.

The sources overview in this matter showed that there were
many issues dedicated to IM switching regimes investigations,
but last years there is given particular attention to
electromagnetic transient processes [3-7]. The reason of that is
fast-response switching automation development succeeding
acting time respectable decrease last years [8]. At IM repeated
closing in short time there proceeds processes analogical with
synchronous machine with certain excitation determined by
residual motor flux and residual voltage on terminals
switching on [9]. At switching on moment appears inrush
current initiating raised impacting windings electrodynamical
forces and raised torque. At such conditions it is impossible to
ignore residual voltage after IM switching off and this
argument led to more deep investigations of this regime. In
papers [5-7] there is presented transient processes analysis for
IM rapid switching. There are investigated IM repeated
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switching variants depending on residual voltage and network
vectors location for different IM operation load level. But in
this papers there is not provided accurate mathematical model
describing transient processes at rundown regime and at
repeated closing for inrush currents and torques determination.
In paper [5] special attention dedicated to inrush currents and
torques determination at IM repeated closing. In paper [7]
there is presented investigation of IM group repeated closing
after repeated closing automation and automatic load transfer
acting and its impact on network.

In this article there is provided mathematical model in two
phase coordinate system a,p, for IM rundown regime
accompanied processes investigation, which allows to get
characteristics of rotation frequency, residual voltage,
electromagnetic torque, stator and rotor currents flux linkages.
Thus we get clear understanding of rundown regime
accompanied processes.

Il. RUNDOWN REGIME SINGULARITY

To model IM rundown regime we need to understand
processes proceeding after IM stator windings switched off
power supply.

We know that in accordance with commutation first rule “in
circuit with active-inductive load the current impossible to
change by step”. Electromagnetic energy accumulated in IM
couldn’t be dispersed instantaneously. Electromagnetic energy
is concentrated in the main magnetic circuit — excitation circuit
and in stator and rotor dispersion magnetic fluxes. Remaining
part of electromagnetic energy at opening moment remains
constant and supported by squirrel cage rotor windings.

Rundown regime become at IM stator winding switching off
power supply. Power interruption might appear by purpose or
by any network emergency [10, 11].

Switching IM off power supply stator winding current value
suddenly drops to zero. Because of interconnected with stator
winding magnetic flow change there inducts voltage the larger
the faster acts interruption.

Electromagnetic energy accumulated in IM stay constant
and it is supported by rotor winding. This circumstance is
important because it allows coordinate final electromagnetic
conditions before switching off and initial electromagnetic
conditions of rundown regime.

I11. ASSUMPTIONS

Making IM rundown regime analysis we assume following
[12]:



Scientific Journal of Riga Technical University
Power and Electrical Engineering

2011
Volume 28

v" The motor keeps a constant speed when switching off
or reclosing is taking place;

v/ Saturation is only considered in the calculation of the
motor parameters. They remain unchanged for a
given transient calculation. This gives a linear nature
to the analysis of the transient circuits ;

v' The neutrals of the motor and the power-factor
correction capacitors are not grounded; consequently,
the current of coordinate zero can be neglected. It is
worth mentioning that the current and flux of
coordinate zero, even if they exist, do not produce
torque;

v" Multiple re-ignition and voltage escalation caused by
switch-gears are not considered.

IV. INDUCTION MOTOR MATHEMATICAL MODEL

IM mathematical model in two phase coordinate system
a, 3 looks following:

d‘/’izum -c08(7) — Ry “igy;
dr
d(‘;’_jﬂ =-Up, -sin(z) = Rs “isg; 1)
d‘é’%:—Rr drg toryig; |
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dda;r = (Mem =M )/ Ty, 0

where current values have gotten from flux linkages
expressions:

isqg =(XR-ysq — XAD -y, )/ del;
Isﬂ Z(XRWSﬂ —XADl//rﬂ)/del,

irg =(XS Wy, —XAD -y, )/ del; ©
irg = (XS w5 — XAD yg5)/ del,
where del = XS- XR— XAD - XAD,
Mem = XAD(is,, -irs —isp -irg ), 4)
M =SM -@f +SMK ()

To model rundown regime at IM switching off moment we
point start-up steady parameters Yra0 W50 @ro; Ire0s i,ﬁ0 .

Interrupting motor power supply we assume that stator
circuit broken instantly, stator currents are equal to zero [13].

Forced stator current nullification (7) actuates rotor currents
irq:irg change from rotor flux linkage vector invariability at

switching moment condition.

Is1 =0 iy =0, (6)

Thus, IM rundown process behavior is determined by
following differential equations system:

d .
—Vral _ _RR. Irol + On¥rp

dr ’ )

dyrp
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8
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Provided model usage gives opportunity to get rotation
frequency, current, flux linkages, electromagnetic torque,
residual voltage characteristics at rundown regime for further
estimation of safe repeated closing if fast-response automation
applied.

V. RUNDOWN REGIME CHARACTERISTICS ANALYSIS

On the base of IM mathematical model presented in
previous chapter it was modeled IM with following parameters
(in relative units) [14]: X4 =0.099 , X, =0.14, X 4 =5.7,
Ry =0.012, R, =0.027 rundown regime.

After switching off motor continue to rotate by inertia.
Motional energy spends for all kind of motion resistance
overcome. Therefore motor rotation frequency after complete
motional energy spending time interval will become zero

(Fig.1).
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Fig. 1. Rotation frequency curve at IM rundown regime

IM rotation frequency curve at rundown regime gives
opportunity to determine exact IM rundown time or residual
rotation frequency value at fixed time point after power supply
switching off. Exact rotation frequency definition is needed for
driven mechanism behavior determination in such regimes as
self start, reverse, repeated closing.

Thus, there is opportunity to get rotation frequency curves
for any IM with different load factors and load torques without
graphic and analytic methods usage.

For mechanism exact stoppage it is important to know not
only rotation frequency residual value but residual voltage on
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Residual voltage curve at rundown regime gives opportunity
to define stator winding residual voltage damping time for any
IM independent on its parameters and load type. Thus, there is
opportunity to define the time interval needed for residual
voltage on stator winding would be limited by 0.33U; on the

model, which assure following IM operation regimes safety
[16].

On figures 3 and 4 are presented IM full current and
electromagnetic torque characteristics at rundown regime.

Rundown regime currents and flux linkages curves analysis
showed that in rotor circuit at IM switching off moment rotor
current changes step-wise (Fig.5) in contrast to stator circuit
current, which drops to zero (Fig.6). Rotor flux linkages at
IM switching off moment have damping nature (Fig.7) but
stator flux linkages drops to zero instantaneously (Fig.8).

As far rotor current swift increase at IM power supply
interruption at rundown process at the matter of this current
change there inducts EMF, which phase and value in aggregate
with network voltage might have negative impact on IM at
rapid reclosing.
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Fig.3. IM current curve at rundown regime.
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Fig. 5. IM rotor current curve at rundown regime.
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Fig. 6. IM stator current curve at rundown regime.
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Fig. 7. IM rotor flux linkages curve at rundown regime.
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Fig. 8 IM stator flux linkages curve at rundown regime.

To estimate validity of characteristics got by mathematical
modeling it was made experiments for rotation frequency,
residual voltage characterization for motor with squirrel cage
rotor (Fig.11 and 12). Also it was made experiment to get IM
with wound rotor stator and rotor currents at rundown regime
(Fig. 9 and 10).

At figure 9 it is clear seen that at motor switching off
moment stator current drops to zero instantly but rotor current
changes by step (Fig.10). Comparison of rundown regime
curves received in mathematical modeling way and in
oscillographing way shows that experimental characteristics
completely concur with characteristics got by modeling.
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Fig. 9 Stator current oscillogram at IM with wound rotor rundown regime.

50.00

I,

40.00

30.00

2000

-10.00

Fig. 10 Rotor current oscillogram at IM with wound rotor rundown regime.
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Fig. 11 Residual voltage oscillogram at squirreled cage rotor IM rundown
regime.
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Fig. 12. Rotation frequency oscillogram at squirreled cage IM rundown
regime.

V1. CONCLUSIONS

Presented induction motor mathematical model in two phase
coordinate system a,B, really allows to analyze rundown
processes concomitant electromechanical processes. With the
help of this model there is opportunity to find out rotation
frequency, residual voltage, electromagnetic torqu, currents
and flux linkages curves for any certain IM capacity with
different load torques and different load characteristics.

Received characteristics analysis will give an opportunity to
define residual rotation torque, permissible stator residual
voltage value to ensure safe repeated IM closing at regimes
like: self start, wye-delta start-up, reverse etc.

ACKNOWLEDGMENT

esr H

EIRCPAS SOCIALAIS i,
FONDS EROPAS SAWVIENIES

This work has been supported by the European Social
Fund within the project ,,Support for the implementation of
doctoral studies at Riga Technical University”.

57



Scientific Journal of Riga Technical University
Power and Electrical Engineering
2011
Volume 28

REFERENCES JHEPreTMKM M  JHEPreTHYECKOr0  INPOEKTHpOBaHHS.  IIpoGiembl
. sHepretuku Nel, 2005.
[1] Softstarter handbook, ABB Automation Technology Products AB, [14] Acumxpommble nurarenn cepun 4A: Crpasounuk/A.D.CoGoneBckas,

control, February 2003. M.M. lllnad, B.U.Adouus, E.A. Coboneckas.-M.:DHeprousaar,1982.
[2] International Energy Ageny, key World Energy statistics 2007. [15] P.Dalasta and S.Duran. High-speed breaker reclosing can put abnormal
[3] Cupoxobritenko B.®., Jlebenes B K., Kykuit K.A. MatemaTnaeckoe stress on your motors. Design and Equipment Application Section —

MOJICJIMPOBAHUE ACUHXPOHHOH HArpy3skd B pPEXKUMax TIPYNIOBOro Power, February 1958, pp.90-183.

Bbibera u  camosamycka.- C6.Hayu.tpymos JIoHTY. Cepus:  [16] ANSI (NEMA) American National Standart for Polyphase Induction

DJleKTpoTeXHHUKa U SHepreTuka, o4 1:JIoHTY. C.28-34, 2002. Motors for Power Generating Stations. ANSI Standart C50.41-2000.

[4] Koshevnikova E.S., Chelpanov V.V. Mogenuposanue mporecca
camosainycka ssektpojsuraresei. Proceeding of the four All-Russian
Scientific Conference with international participation (29-31 May 2007.)
Part 2. Matem.Mod.Kraev.Zadachi,Samara State Technical Univ.,
Samara. pp.67-69, 2007.

[5] Faiz J., Ghaneei M., Keyhani A. Performance analysis of fast reclosing
transients in induction motors. IEEE Trans. Energy Conversion Vol.14,
No. 1. pp. 101-107. March 1999.

[6] Reynaud and P.Pillay. Reclosing transients in induction machines
including the effect of saturation of the magnetizing branch and a
practical case study. IEEE Transaction on energy conversion, Vol.9,
No.2, pp.383-389, June 1994.

Marina Konuhova was born in Riga, Latvia. She
received the Dipl.-Ing. bachelor degree in power
and electrical engineering and master degree in
power and electrical engineering from the Riga
Technical University in 2005 and 2007,
respectively. From 2007 Riga Technical

University doctoral department student. She

works at Riga Technical University on faculty of

Electrical machines and devices by the

researcher since autumn 2007. Is engaged in

[7] Aiyuan W, Zhihao L, Wenbo L. Residual voltage analysis in reclosing researching and modeling of induction motor and
process for induction machine. IEEE Proceedings of 7th World Congress J f also by processes connected with them.
on Intelligent Control and automation. Chongging, China. pp. 4785- ~ E-mail: Marina.Konuhova@rtu.lv
4788. June 2008.

[8] Tepexos B.M. Cucremsl ympaBiieHHs DJIEKTPOIPHUBOIOB: YUEOHUK st
crya. Boicui. Yue6. 3asenennii/ B.M.Tepexos, O.W. Ocunos; [lox pex.
B.M.Tepexosa.-M.: U3natenbckuii neHTp «Akagemus», 2005.-304 c.

[9] HomGposckunii B.B. 3aifumk B.M. ACHHXpOHHBIE MamMHBL Teopws,
pacder, dJIEMEHTBl  TpoeKTHpoBaHus.- JI.:  DHeproaroMusiat.
Jlenunrpan. Ota-ue, 1990.

[10] Ketners K., Ketnere S., Klujevska S., Konuhova M. “Research of the
induction motor’s self-starting mode”. Scientific proceedings of Riga
Technical University, Power and Electrical Engineering, Riga: RTU,
2007. Vol.19. pp.124-130.

[11] Konuhova M., Ketners K., Ketnere E., Klujevska S. Investigation of the
induction motor start up process using star-delta start”. Scientific assistant since autumn 2003. Is engaged in
proceedings of 4" International Conference on Electrical and Control researching of electrical machines.

Technologies of Kaunas University of Technology, Kaunas, Lithuania, E-mail: jott@inbox.lv
May 7-8, 2009,pp.-215-218.

[12] John S.C. Htsui Non-simultaneous reclosing air-gap transient torque of
induction motor: Part I, Analysis and computation logic. IEEE Trans. Of
Energy Conv., Vol.EC-2,No.2, June 1987.

[13] Mxadapos 3.C., Mycradaes P.M. CrocoOsl ymydiieHus: caMo3aIycKa
nBurarenei cooctBeHHbIX HyxI TOC. A3zepOailKaHCKMH HMHCTUTYT

Guntis Orlovskis was born in Ludza, Latvia. He
received the Dipl.-Ing. bachelor degree in power
and electrical engineering and master degree in
power and electrical engineering from Riga
Technical University in 2008 and 2010. From
2010 Riga Technical University doctoral
department student. From 2002 until 2004 he was
employed as electrician in department of
electrical machines service at ABB Company. He
works at Riga Technical University on faculty of
Electrical machines and devices by the scientific

Konuhova Marina, Orlovskis Guntis. Asinhrona dzinéja izskrejas rezZimu pavado$o elektromehanisko procesu analize divfazu koordinatu sistéma a,f.

Saja darba aprakstits asinhrona dzingja (ADz) matematiskais modelis koordinatu sistéma a,B. Koordinatu sistémas «,p izmantoana ir vélama, jo Jauj bez papildus
parveidojumiem salidzinat rezultatu vienai no fazém. Izmantojot $adu modeli tika veikta izskrejas reZimu pavadoSo ADz elektromehanisko procesu analize. Ta
izradijas, ka rotora k&de bridi, kad ADz tiek atslégts no baroanas avota, rotora strava pieaug un izskrejas procesa ar laika konstanti nokritas lidz nullei. STs stravas dél
statora tinuma tiek inducéts EDS, kas tapat rimst laika. Tomér paliekoSais spriegums statora tinuma var norimt péc vairakiem periodiem mazas jaudas masinas, bet
var ari ilgt 5 un vairdk sekundes lielas jaudas ma$inas. Tada veida izmantojot aprakstito modeli pastav iesp&ja noteikt laiku pa kuru paliekoSais spriegums statora
tinuma sasniegs droSu vértibu, lai nodrosinatu droSus turpmakos ADz darbibas reZimus, tadus ka: paSpalaide izmantojot ARI, AAlI, reversu, palaide no zvaigznes uz
trisstiri uc.

Raksturlielumi, kas iegaiti izmantojot modeli ADz izskrejas rezima, tika salidzinati ar raksturlielumiem, kas iegiiti eksperimentala cela. Tada veida aprakstitais ADz
matematiskais modelis koordinatu sistéma o, ir adekvats un lauj veikt elektromagn@tisko parejas procesu analizi asinhronas masinas izskrejas rezima.

Mapuna KonioxoBa, I'yntuc OpJioBckuc. AHATH3 3J1eKTPOMeXaHHYECKHX MPOLECCOB, COMPOBOKIAIONIMX PeXKHM BbIOera acHHXpPOHHOTO ABHraTelsl B
AByX(a3HoN cHCTeMe KOOPIAHHAT a,f.

B nanHoli paboTe mpencrapieHa MaTeMaTHYeCKas MOJielb aCHHXpOHHOTO jBuratens (AJl) B koopauHaTHOU cucteMe o,f3. Mcnonp3oBaHne KOOPAWHATHON CHCTEMBI
o, SBIAETCS MPENINOYTHTENIBHBIM, T.K. TIO3BOJISICT O€3 JTOMOJHHUTENBHBIX NPeoOpa3oBaHUi CPaBHUTH pe3yNbTaT OAHOW u3 (a3. C MOMOILIbIO TaKOW MoOZAENn ObLI
IIPOBEJICH aHAIN3 YIEKTPOMEXaHHIeCKUX mporeccoB AJl, cOPOBOXKIAIONINX PEXXUM BbIOera. Tak oka3anoch, 9YTO B POTOPHOI! IeN: B MOMEHT OTKiIIoueHus: AJl oT
HCTOYHHMKA MUTAHHs, TOK POTOpa BO3pAcTaeT U B Ipolecce BbIOera ¢ MOCTOSHHOM BpeMEHH OOMOTKH POTOpa MajaeT 10 HyJs. 3a CYeT 3TOro TOKa HHAYKTHPYETCs
DJIC Ha 0OMOTKE cTaTtopa, KOTOpasi TaK e 3aTyxaeT Bo BpeMeHH. OJJHAKO OCTAaTOYHOE HANpsHKEHHE Ha CTATOPHOM OOMOTKE MOXET 3aTyXHYTh Yepe3 HECKOIbKO
MEPUO/IOB B MAIIMHAX MAJIOW MOIUIHOCTH, HO MOXKET MPOUIUTHCS U Oonee S5 CeKyH B MallMHaX OONBIIONW MOUIHOCTH. TakuM 0a30M, ¢ MOMOUIBIO MPEICTaBICHHON
MOJIEITH, IMEETCSI BO3MOXKHOCTB ONPEIETUTh BPEMsI, 32 KOTOPOE OCTATOYHOE HANPSHKEHUE Ha OOMOTKE CTAaTopa JOCTUTHET OE30IacHOr0o 3HAUSHUS, I 00ecedeH s
0e30MacHbIX MOCIEAYIONINX PEXXUMOB paboThl AJ], TakuX Kak: camo3aryck ¢ ucronb3oBanueM APB, ATIB, pesepc, Iyck co 3Be3/1bl Ha TPEYTOIbHUK U TIp.
XapaKTepuCTHKH, HOMydeHHbIe Ha Moxenu Mt A/l B pexxuMe BblOera, ObIIM COIOCTABIEHBI C XapaKTEPHCTHKAMH, IOTYyYEHHBIMH JKCICPHMEHTAIbHBIM ITyTEM.
Takum 00pa3oM, NpeACTaBleHHas MaTeMaThdeckas Monenb AJ[ B KOOpOMHATHOW cHcTeMe o, sBIsieTCs aJeKBaTHOM M II03BOJSET IPOM3BOAUTH aHAJIU3
9NIEKTPOMEXAaHNIECKUX EPEXOIHBIX IIPOLIECCOB B PEXKUME BBIOEra aCHHXPOHHOH MAIIIHHBL.
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