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Abstract. Incompliance of the settings of the system to control actual values of the parameters
of a variable frequency induction electric drive may sometimes result in complete non-operability
of a variable frequency electric drive as well as in the considerable reduction of the dynamic qua-
lity parameters. Such parameters as active rotor resistance, rotor inductance, and inductance of the
magnetization circuit are available for the immediate measuring. They are not identified in terms
of the acceptance tests, and the values presented in catalogues and reference books are calculated
ones that may differ considerably from the real values of a certain machine. Despite constant stu-
dies by the researchers, a task to identify electromagnetic parameters of the equivalent circuit of an
induction motor is still important and topical. The objective of the paper is to develop a method of
online-identification of the electromagnetic parameters of an induction motor making it possible to
implement accurate regulator adjustment of the frequency control system in terms of operational
changes in the driving motor parameters. For the first time, the paper analyzes a steady mode of induc-
tion motor operation which does not apply T-network of the equivalent circuit of an induction motor.
An approach has been proposed relying on the equation of an induction motor in three-phase fixed
coordinate system obtained on the basis of the theory of generalized electromechanical converter.
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HepabOTOCIIOCOOHOCTH YacTOTHOTO JJIEKTPONPHBONA, K CYIIECTBEHHOMY CHIDKCHHUIO AWHAMHYe-
CKHUX MOKa3aTenel kadecTBa. Takue mapaMeTpsl, KaKk aKTUBHOE COIPOTHBIICHHE U HHIYKTHBHOCTh
poTOpa, MHAYKTUBHOCTD LIENH HAaMarHWYMBAHUS, HEJOCTYIHBI ISl HENOCPEICTBEHHOTO H3Mepe-
Hus. [Ipyu npHeMo-CIATOYHBIX WCHBITAHUSX OHM HE ONPEIEISIOTCS, a BEJIMYHMHBI, IPHBOIUMBIC
B KaTaJlorax M CIpaBOYHUKAX, SBIISIOTCS PACUETHBIMU M MOTYT CYIIECTBEHHO OTIMYAThCA OT pe-
aNbHBIX 3HAUEHUM KOHKpETHOW MamuHbl. HecMOTps Ha NMOCTOSHHBIE YCHIIUSI UCCII€OBaTelleH,
3a7a4a NACHTU(GUKAINY 3JIEKTPOMAarHUTHEIX ITapaMeTPOB CXEMBI 3aMEIICHUSI aCHHXPOHHOTO JIBH-
rateisl OCTaeTcs BaKHOW M aKTyaJbHOW. ABTOpBI CTaThM pa3pabOTald METOJ OHJIAWH-MICHTH-
(HKaIMN NIEKTPOMArHUTHBIX NTApaMeTPOB ACHHXPOHHOTO JBHUIATENS, YTO MO3BOIUT PEATU30BaTh
TOYHYI0 HACTPOIKY pETyJSITOPOB CHUCTEMBI YaCTOTHOTO YHPABICHHS MHpPH IKCIUTyaTallMOHHBIX
HU3MEHEHUSIX XapaKTepUCTHK NPHBOIHOIO ABUTATENs. BBHINOJIHEH aHaNIN3 YCTAaHOBMBILETOCS pe-
JKMMa paboThl aCHHXPOHHOTO ABHUraTens 0e3 ucrosb30Banus T-o0pa3HON CXEMBI €ro 3aMEIeHHUS.
[IpenyioxkeH mMoOIXon, OMUPAIOIIWICS HA ypaBHEHHS ACHHXPOHHOTO IBHTATENs B Tpex(asHoi
HETIOJBIDKHON CHCTeMe KOOPIUHAT, MOTyYeHHBIC HA OCHOBE TEOPUH 00OOIEHHOTO JIeKTpoMexa-
HHUYecKoro npeodpaszosatens. C yueToM aHaIMTHYECKUX IpeoOpa3oBaHuii 3Tux GopMmyI momyde-
Ha CHCTEeMa HEJIMHEHHBIX anreOpanyeckux ypaBHEHHH YETBEPTOrO IMOPS/AKA, PELICHHE KOTOPOi
TI03BOJISIET OTPEJETUTh AKTUBHOE COMPOTHBIECHHE POTOPA, CONMPOTHBICHNE PACCEHMBAHMS H TJIaB-
HYIO B3aUMHYIO HHAYKTUBHOCTh ACHHXPOHHOTO JBUTAaTeJsl B IPEIIION0KEHHH, YTO aKTHBHOE CO-
IIPOTUBIICHHE cTaTopa u3BecTHO. [IpousBeneHa Bepudukanus npeaigaraeMoro merona. Ha ocHo-
BaHUM JaHHBIX YCTAHOBUBILETOCS PEXHMa paOOThl aCHHXPOHHOTO ABHraTtess Tuma 4A250M2Y3
BEIIIOJTHEHA HJACHTH(QUKAIMS €ro JJICKTPOMAarHUTHBIX I1apaMeTpOB, HCCICIOBAaHO BIMSHHE
HaAyaJIbHOTO NPHOIIKEHHS HAa TOYHOCTH MOJYYEHHBIX pPE3YJIbTaTOB, KOTOPBIC MOATBEPKIAIOT
paboTocriocoOHOCTh PaccMaTPUBAEMOr0 METOA HACHTU(PUKALIUH.

KnioueBble cjI0Ba: >IEKTPONPUBOA, METOJ MACHTU(HKAIMH, CHCTEMA YpaBHEHHH, ypaBHEHHE
AIEKTPUIECKOTO PAaBHOBECHs, MaTeMaTH4YecKash MOJeNb, YpaBHEHHE IOTOKOCLeIUIeHus, ¢asa,
yTIIOBasi CKOPOCTh, YCTAHOBHBIIUICSA PEXUM, YUCIEHHBIH METOJ, TOYHOCTh MAECHTU(PUKALINH, PO-
TOp, CTaTOP, TOK, CXEMa 3aMEIICHHS

Jns uurupoBanus: OmialiH-MICHTHGHUKANMS DJIEKTPOMATHUTHBIX [MAPAMETPOB ACHHXPOHHOTO
neuratenst / B. K. Teitiok [u 1p.] // Dnepeemuxa. H36. svicus. yued. 3a6edenuil u sHepe. 06veduHe-
nuti CHT. 2020. T. 63, Ne 5. C. 423-440. https://doi.org/10.21122/1029-7448-2020-63-5-423-440

Introduction

High performance variable-speed machines incorporate a model for the
system in either the controller or state estimation stages. The accuracy and
general robustness of the machine is dependent on this model. Therefore, it must
represent accurately both the electrical and electromagnetic interactions within
the machine and associated mechanical systems.

Accurate and reliable parameter estimation techniques for an induction
machine are critical for the design and development of high-performance drive
systems in which the parameter estimates are used in the field of orientation,
motion control, self-sensing, and other advanced algorithms. There are two basic
approaches to this problem, viz.:

« online-identification methods — utilize state observer theory (e.g. Kalman
filter) and Least Square based techniques;

« offline techniques — rely on statistical curve fitting to the measured data
under specific conditions.

To be able to identify the unknown parameters of an induction motor,
two main tests will be done on the induction motor according to IEEE test
procedure [1]. The standard technique of using the short — circuit, no-load, and
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blocked-rotor tests seems to be inaccurate and, consequently, not suitable for
the synthesis of high dynamic performance systems.

Reference [2] suggested using an extended Kalman filter for parameter
estimation. The machine’s response to load perturbations was measured, and the
resulting changes in current, voltage, speed, and torque were used to estimate
the values of currents, mechanical damping, and magnetizing reactance.

Reference [3] dealt with creating a solution to identify the parameter of an
induction motor by using ¢, d, 0 axis for the induction motor modeling. Genetic
algorithm was applied to identify the parameters.

Reference [4] demonstrated the use of genetic algorithm to identify an induc-
tion motor by adding 4 different levels of noise. Kron’s voltage equation was
the applied mathematical model.

In reference [5], a parameter identification method was applied to identify all
the electric parameters simultaneously. The method assumes that the motor can
be described by a time-varying linear model.

Reference [6] presented a new approach to identify the nonlinear model of an
induction machine. For simulation purposes, the measured stator voltages and
rotor angular speed were treated as input, and the stator currents were simulated
as output.

In reference [7], an approach to identify the induction motor parameters in
parallel to the normal field-oriented controlled drive operation was represented.
Besides an overview of the suitable system identification methods, the parameter
estimation approach combined with a FIR-filter to determine the derivatives
of measured signals was analyzed in detail as well as the use of the extended
Kalman filter or the unscented Kalman filter for combined state and parameter
estimation.

Reference [8] discussed an effect of the parameters variation on a variation
in the performance characteristics of the motor. In order to identify parameters
which have the most impact on motor performance, sensitivity analysis calcula-
tions were performed for a particular machine size.

Reference [9] proposed an adaptation mechanism (supervisor) for the
Pl-gain, allowing improvement of the classical controller, by introducing a cer-
tain degree of intelligence in the control strategy of the controller. Estimation
of induction motor parameters based on fuzzy rules was represented.

Reference [10] proposed a new method, which derives induction motor (IM)
parameters based on the equivalent network of the machine. The approach com-
bined skin effect and saturation of the stator and rotor leakage paths, modelling
rotor parameters as a function of the slip.

In reference [11], procedure of the identification was based on the model
reference adaptive control (MRAC) system theory. An appropriate choice
of the reference model allowed building a Lyapunov function by means of which
the updating law of the rotor time constant can be found.

In reference [12], a new method of identification of the induction motor
equivalent circuit parameters was introduced and discussed. The proposed method
uses single-phase test results as a base test for calculating the equivalent circuit
parameters of the induction motor.
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Reference [13] described three methods for estimating the lumped model
parameters of an induction motor using startup transient data, which was based
on Levenberg — Marquardt method.

Reference [14] proposed an off-line parameter identification method that
is suitable for self-commissioning of an electric drive in cases when machine
and converter comes from different producers. The method was carried out
entirely by means of a standard power inverter only by the impressed stator
voltages.

Reference [15] proposed an identification method for induction motor
parameters at standstill using integral calculations. The rotor time constant and
magnetizing inductance were identified. References [16—18] dealt with different
identification methods for the induction motor parameters at standstill too.

Reference [19] proposed a novel stator resistance estimation approach for
stator winding temperature monitoring based on the wavelet network and
parameter identification by the use of wavelet network that accurately localizes
the characteristics of a signal in the time frequency domains.

Reference [20] also involved wavelet-transformations to identify the parameters
of an induction motor. The approach is based on obtaining a 2D time-frequency
plot representing the time-frequency evolution of the main components in an elec-
trical machine transient current. The work used frequency B-spline (FBS)
wavelets.

Reference [21] developed and substantiated experimentally new algorithms
to identify unknown parameters of induction motors during self-commissioning
procedure. To guarantee asymptotic identification, we design adaptive stator
current controller based on stator flux observer.

Reference [22] was devoted to the parameter identification of large induction
machines from the no-load acceleration-deceleration tests.

References [23, 24] considered solution of the problem of the IM parameters
identification on the basis of the analysis of characteristics of external electro-
magnetic fields generated by an induction motor during the operation.

References [25-27] were mostly the reviews dealing with the analysis of
standard procedures of diagnostics and determination of the induction motor
parameters, description of the prospects of different methods for IM parameters
identification, and comparative analysis of the accuracy of different identify-
cation methods and error introduced by the computational methods.

Use of T-network equivalent model for induction machine to analyze
the steady mode or for differential IM equations in the system of coordi-
nates d, g, 0 are the general features specific to the known papers. The methods
proposed in the well-known scientific and technical literature are not suitable
for the online-identification of the induction motor parameters being necessary
for the development of a system of continuous monitoring of their technical
condition.

For the first time, the paper proposed to use the known equations, obtained
on the basis of the theory of generalized electromechanical converter, as the
theoretical basis of the induction motor description [28]. Advantage of the
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method is in the much higher accuracy of a theoretical model of an induction
motor compared with the known approaches; that makes it possible to obtain
principally new equations to identify the induction motor parameters.

Rearrangement of the equations of induction motor
in the three-phase fixed coordinates

While generating the equations, we use following assumptions connected
with the idea of an ideal motor:

e motor steel is unsaturated;

« phase windings of a rotor are symmetric and displaced uniformly in space;

« MMF of windings and magnetic fields are propagated sinusoidally along
the circumference of an air gap;

« the rotor is symmetric both electrically and magnetically;

« factually arranged windings are replaced with the concentrated ones; MMF
is taken as equal to the MMF of the real winding.

Multiphase IM is represented as the

Phase m Phasel o system of magnetically connected circuits

Phase 3 located on the stator and rotor (Fig. 1).
Equation of electric balance for stator
windings of a multiphase IM is as follows
d
Ug) =igRs + Yo ;
dt
dy
Us, =i, Ry +—22;
S2 S244S dt (1)
dy
' , Ugy =ig Ry +—32
ol | ® sm = Lsm s di
) .
Phasen | /o o1 Equation of electric balance for rotor
? E " Phase 2 windings of a multiphase IM is as follows
i '\ Phase 3 dvy
| _ = R1 .
=9 Up =i Ry + ;
dt
~
. avy
/ U, =ip,R, +—L%;
§2 R27'R dt (2)
Fig. 1. Scheme of mutual arrangement d
of the stator and rotor windings U.. =i.. R + Wy
. . . RN RN**R .
of a multiphase induction motor dt

In terms of the aforementioned equations, following designations are

d¥ . .
adopted: Uy, Ii, Ry, y k _ voltage, current, resistance, and derivative of flux
t

linkage of the corresponding circuit.
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Equation of flux linkages for each of the stator phases is
Jj=N,j#k
Y, =L+ > IM, 3)
j=1
Equation of flux linkages for each of the rotor phases is
j=M,j#k
Y, =LL+ Y I,M, (4)
j=1

3 1

where vy, I;, L, — flux linkage, current, and inductance of the K™ circuit; 2
current of the /" circuit and mutual inductance of the & and ;™ circuits.

While developing a mathematical model, there is the major difficulty due
to the fact that mutual spatial arrangement of the rotor and stator windings expe-
riences certain changes resulting in the changing value of the mutual inductance
between those windings. As it is known, maximum value of the mutual induc-
tance corresponds to the case when the axes of two phases coincide.

Basing on the geometrical ideas (Fig. 1) formula for mutual inductance
between the rotor winding with » number and stator winding with m number

may be represented as follows:

My —

u Y cos(y 2n(m—1)+2n(n—1)J (5)
SmRn 0 - M N .

In the general case, equation of flux linkages of the stator winding with m
number may be written as follows:

\VSm =(LS _MS)ISm +Moi(COS(Y— 2n(m_1) + 27[:(]_1)\]113]} (6)

J=1 M N

Equation of flux linkages of the rotor winding with #» number may be written
as follows:

Vi = (Lg = M) I, +Mozﬂi(co{y_ Zn(j\;_l) N Zn(]iz]—l)}]sj} -

For a case of standard three-phase induction motor, equations (1)—(7) are
rearranged in the known form [15]:

2 2
v, =L1,+Mi,cos(y)+Mi, cos(y +?n)+MiC cos(y—?n}

v, =L1,+Mi, cos(y —i—nj + Miy cos(y)+ Mi, cos(y +27nj; (8)

2 2
Ye=LI.+Mi, cos(y +?nj + Mi, cos[y —?nj +Mi, cos(y).

Equation of flux linkages of a rotor:
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2 2
v, =Lyi, + MI  cos(y)+MI, cos(y—?nj+MIC cos(y+?nj;

2 2
v, =Lyi, + MI, cos(y+Tﬂj+MIB cos[y]+MIC cos(y—%}; 9)

y.=Li +M, cos(y—z?anrM[B cos[y+2?nj+MIC cos[y].

The represented system of equations is characterized by the clear redundancy
for a case of IM operation without a neutral conductor for which a sum of phase
currents is equal to zero at any moment of time according to Kirchhoff’s first law:

I, +1,+1.=0; i, +i,+i =0.

The relations are met in three-phase systems without a neutral conductor
according to Kirchhoff’s first law even in terms of any asymmetry of windings.

Rewrite equations of flux linkages (8) and (9), excluding phase current C
of a stator and phase ¢ of a rotor respectively. As a result, we obtain the simpli-
fied, reduced equations for IM phase flux linkages in a phase coordinate
systems; general order of the IM equation system will reduce by two.

Rewrite the equation of flux linkages of phase 4 of a stator excluding current
phase C from them using Kirchhoff’s first law. Thus, we will have the following:

Va=Li, +M(ia cos(v)+4, COS[Y+2—n]+(—ia —ib)cos(y—z—nn =
. 3 (10)

v, =LI, +M(ia (cos(y) —cos(y —%D +i, [cos[y +%) —cos(y —%“D]

Finally, simplifying trigonometric expression in brackets in (10), we obtain:
v, =L1, —M\/gia sin(y —gj —M\/gib siny.

Similarly for phase B of a stator:

2 2
y,=L1, +M[ia cos(y—?njﬂ'b cos(y)+(—ia —ib)cos(y+?nD:>

Vy=L1,+ M(ia (cos(y —2?“) —~ cos(y + 23—“]} +i, [cos(y) —~ cos(y + %”DJ

vy=LI, —M\/gia sin(y)—M\/gib sin(y+§j.

Similarly for phase a of a rotor:
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v, =L, +M[IA cos(y)+IB cos(y—z?nj+(—IA —IB)cos(y+2?nD:

v, =L,i, +M[1A [cos(y) —cos(y +2?“D +1, [cos[y —2?”] —cos(y +2?“D]

v, =L, +M\/§IA sin£y+§)+M\/§IB sin(y).

Similarly for phase b of a rotor:

v, = Ly, +M(IA cos(y+2—3nj+13 cos(y)+ (-1, —IB)cos(y—z?nD:

v, =L,i, +M[1A (cos(y +%)—cos(y —23—“D +1, {cos(y) —cos(y—z?nDJ.

v, =L,i, +M\/§IA sin(y)—M\/ng sin(y—gj.

For the clarity of presentation, represent the reduced equations of flux lin-
kages of separate IM windings:

v,=L1, Mfz sm(y—gj Mfzbs1n(y),

)

waszia+M\/§IA51n[y j+MfI s1n( );
Wb:inb—M\/gIAsm(y) M\/_] sm(y—gj

\|/B=LIIB+M\/§iasm(y +M\/_zbsm( +

w|;]

(11

Assuming that the angular velocity is known and constant and considering
that stator and rotor currents are sinusoidal for a steady mode, it is possible
to obtain expressions for amplitudes and phases of the stator and rotor currents
as well as the values of IM electromagnetic moments.

Write the expressions for phase currents of stator and rotor in terms of
a steady mode:

I, =isin(wt—¢);

. 2m ).
I, =i sin wlt—(pl—? ;
(12)

i, =i, sin(wyt — @, );

()
i, =1, sin wzt—(pz—? ,

where ij, i, — amplitudes of the stator and rotor currents respectively; wy, w, —

circular frequency of the stator and rotor respectively; ¢;, ¢, — phase angle of the
stator and rotor currents respectively.
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Use symbol w, for the angular velocity of a rotor.
It is known from the theory of electric machines that following ratio is com-
pleted in terms of steady mode

W =W, +0,.

Moreover, it is required to take into consideration that the turning angle of
a rotor during the uniform motion under the steady mode may be calculated
as follows:

Y =m,t.

Substituting equations (12) in equations (11), it is quite possible to obtain
the equations of flux linkages of separate IM windings under the steady mode.
Thus, in terms of phase 4, we obtain:

vo= L1 +3iM [Cos(gmzt}m[w_%]_Sin[mzt]Sin(wzt_% _23_71:)}

Simplify the products of trigonometric functions using the known trigonometric
identities. After simple arrangements and combining similar terms, we will have:

v, =L1, 4—%Mi2 sin(wzt—(pz).

Applying similar method for equations of the rest IM windings, in the end
we obtain following equations for flux linkages of separate IM windings under
the steady mode:

v, =L1, +%Mi2 sin(wz—@,);

v, =L1, +%Mi2 sin(wlt—(p2 —Z?E];
(13)

vy, =L, +%Mil sin(w,t — @, );

3

v, = L,i, -‘r%Mil sin(wzt—(pl —2—nj

As it is clear from the obtained equations, 120-degree shifts are preserved
between the flux linkages; that demonstrates the symmetry of flux linkages
relative to each other.

Using equations (1), (12), and (13), represent the reduced system of equa-
tions of electrical equilibrium in terms of steady mode. Expressions for supply
voltages of separate stator windings are as follows:

U, =U,sin(wt);

. 2
Uy,=U, sm(wlt—?nj.
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The objective of the further actions is to determine the unknown amplitudes
of stator and rotor currents #;, i, and their phase angles @, ¢, in terms of the
specified parameters of supply voltage and angular rotor velocity w,.

After differentiation (13) and substitution of the obtained results in (1),
reduced system of the equations of electrical equilibrium in the steady mode will
be as follows:

3
U,=1,Rg +5Mw1i2 cos(wt — @, )+ Lwi cos(wit — ¢, );

P 2
U, =I4R, +%Mw1i2 cos(wlt -0, —?RJ+L1W11'1 cos(wlt—(Pl —?ﬂ;);
(14)

0=i R + %szil cos(wyt — @, ) + Lyw,i, cos(wyt — ¢, );

2 2
0=iR, + %szi1 cos[wzt - —?ﬂ;j + Lyw,i, cos(wzt -¢, — ?TEJ

The obtained system of equations is of fourth order having four unknowns,
i. e. it is a defined system.

Write equation system (14) for the moment of time ¢=2nn, n=0...0.
For definiteness, set ¢ = 0, which is not a critical assumption taking into account
the periodicity of sinusoidal currents and voltages. At the moment of time ¢ = 0,
instant values of the supply voltages and currents of separate windings will be
equal to:

U,=0;
(2
Uz =-U, sm(—nj;
3
1o =—isin(¢,);
o [ 275}
Ipy =—i,sin| ¢, +— |;
3
Iy =1, Sin((p2 );
. . ( 27:]
iy ==, sin (P2+T .

Then, system (14), taking into consideration (15) for moment ¢ = 0, may be
represented as follows:

(15)

0=—i, sin(q, ) Ry +%Mwli2 cos(, )+ Liwj cos(@, );
U, Sm(?ﬂ:j = Sln((Pl + ?n) Ry + %Mwliz COS((PQ + ?nj + Liwi, cos((p1 + ?nj

0=—i, Sin((p2 )Rr +%MW2i1 COS((P1 ) +Lywy, COS(‘Pz );

0=—i, sin((p2 + %}Rr + %szi1 cos((pl + %) + L,w,i, cos[(p2 + %)
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To find the currents and phase angles, it is required to solve the obtained
system of nonlinear equations. Introduce following substitution of the variables
to simplify the equation system and for its reduction to the system of linear alge-
braic equations:

i sin(@; ) =X;
iy cos(p ) =X,; 16)
isin(@,) =¥
i, cos(¢,)=1,.

Initial equation for the phase of stator 4 is:
. 3 : .
0=— sm((pl )RS +5M cos((pz)wlz2 + cos((p] )L]w]z].

Applying the aforementioned substitution of variables, reduce the equation
to the following form:

3
0=—X\R, + Xy L+ MEyw.

Initial equation for the phase of stator B is:

3

. . 2n) 3 . 2n ) 27
TUO =—i Ry s1n((p1 + T) + EMWﬂz cos((p2 + ?) + Lw g cos((p1 + ?j
Taking into consideration following trigonometric identities:

. 2m)_ 3 1
sinf 0,28 = o) - sin(o )

2nj V3

. 1
cos((p2 +? = —7s1n((p2 ) —Ecos((p2 ),

(17)

we obtain the equation for the phase of stator B in the following form

?UO =—i Ry [?COS((PI)_%Sin((Pl )J—%Mwliz {?Sin((pzﬁ-%c()s((pz )J_
(3 1
—Lywy, (TSm((Pl )+ Ecos,((pl )j =
\/g 1 \/5 1 3\/5 3

= _TRSXZ +ERSX1 _LIWI TXI _ELIWIXZ _TMWIYI —ZMWIYT

After reduction of the similar terms, we will obtain the following:
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1 1
QUO =X,| =R, —Llwlﬁ + X, —ﬁRS -—Lw —ﬂMwlY1 —EMWIYZ.
2 2 2 2 2 4 4

Initial equation for the phase of rotor a is:

0=—i,R, sin(g,)+ %szi1 cos (@, )+ Lywyi, cos(@,).
Applying substitution of variables (16), we obtain
0= %MWZXZ ~RY, + Lw,Y,.
Initial equation for the phase of rotor b is:

0=-i,R, sin((p2 + 2%} -F%szi1 cos((p1 + 2%} + L,wyi, cos((p2 + %j

Taking into consideration trigonometric identities (17), we will obtain:

0=—i,R, {?cos((p2 ) —lsin((p2 )J —iszi1 [gsin((p1 ) +%COS(([)1 )J -

2 2

V3 1
— Lywyi, [%sm((p2 )+ Ecos((p2 )]

Applying substitution of variables (16), we have:

3 1 3J3 3 3 1
0 =—§R Y, +ER 4 —T\/_szXl _ZszXz _§L2W2Y1 _§L2W2Yz-

r r

After reduction of the similar terms, we will obtain the following:
0= —#sz)(1 —%MWZX2 +Y [%Rr —ngwzJ +7Y, (—g& _%szz]-

Write the obtained equation in the form of a system:

0=—X,Ry +X,Lw, +%MW1Y2;

ﬁUO - X, (lRS —%Llwl J +X, [—?RS —%LIWIJ—

2 2
(18)
_¥MW1YI _%Mwlyz;

0 =%Mw2)(2 —RY, + Lyw,Y,;

0=—£Mw2)(1 —észX2+Y1 er —ﬁsz2 +7, —ﬁR,.—lew2 .
4 4 2 2 2 2
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Identification of the induction motor
electromagnetic parameters

Assume that following values are known: supply voltage Up; amplitude and
phase of stator current -i;, @;; active resistance of stator Rg; angular velocity
of rotor m,. Voltage and current of a stator may be defined easily by the imme-
diate measuring in terms of the steady mode with the following processing
and determination of the first harmonic parameters. It means that variables X
and X, defined with the help of formula (16), are also known.

Online-determination of active resistance of stator Rg is of the highest diffi-
culty. That problem is possible to be solved on the basis of the analysis of star-
ting conditions of an induction motor [29]. The paper [30] proposes a universal
method to determine active resistance of the phase of the alternating-current
motor stator, according to which the resistance maybe calculated as the ratio
of average values of integral functions of the supply voltage and phase current,
where averaging is performed from the moment of energizing according to
the function:

1 T(t
lim | [U,,dt |dt
TooT 0\ 0 iUAmean
R = =
’ 15 f i,
}13010? JlAdl‘ dt

0

The proposed solution makes it possible to determine active resistance of the
IM stator phases even in terms of the available parametric asymmetry of a stator
at each starting, maintaining the importance of the value of active resistance
while operating.

Analysis of equation system (18) shows that six parameters remain to be
unknown, i. e. active resistance of rotor R,, complete inductances of stator and
rotor phases L; and L,, main IM mutual inductance M, and rotor current deter-
mined by variables Y}, ¥, according to (16).

Since, according to [15], L1=L15—%M; LZ:LQS—%M, then complete

inductances of stator and rotor phases L, and L, differ by the value of the
difference in resistances of stator and rotor dissipation, i. e. the difference is
slight.

Additionally, assume that L, = &M, L, = &;,M, where ¢, and &, are known
numerical coefficients. Thus, we may exclude complete inductances of stator
and rotor phases from the unknowns and reduce the number of unknowns down
to four: R,, M, Y1, Y.

Rewrite system (18) relative to the adopted unknowns:
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3
0=—X\Ry + X2, M+ M1y

ﬁUozXl lRS _ﬁglMWl +X, _ERS 1 (M, —ﬁMwlYl—EMwle;
2 2 2 2 2 4 4

0 %MWZX2 ~RY +&,MwY,;

O=—¥MW2X1 —%MWZX2 +Y{%Rr —?szsz}rY{—gRr —%SZMWQJ;

3
X\ Ry = X, 6, Mw, + EMWIYZ;

V3o V3 V3 1
TUO —EXIRS +7X2RS = _TSIMXIWI _EXZSIMWI -
_¥MW1Y1 _%Mwlyz;

3
0= M, Xy = R Y, + ;M

1 1
0= —%MWZX1 —%MWZX2 +5Y1R, —gszsz —gR Y, —EszszYz.

r

NEI NE)

Designate K =7U0 _EXIRS +7X2RS.
We will obtain the following from the first equation:

_2X\Ry 2Xpe .

MY,
3w, 3

BM
and substitute that expression in the remained equations:

3
0= X,e,Mw, +EMWIY2 - X|Ry;

3 1 3

3 33
0=-K —ZWI(X.—[TSIXIWI +§X281W1 —ZWIB]M _TMWIYI’
3
0282W20L+(5W2X2 —SzwzﬁJM—RrYl; (19)

1 33 3 1
0= _582W2a+[_TWZX1 —ZWZXZ +582WZBJM +

+%R,Yl —gszszYl —?R Y,.

7
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The obtained system is the system of nonlinear algebraic equations of fourth
order which may be solved numerically.

To verify the proposed approach, the MatlLab application was applied;
the programme has rather wide range of the implemented numerical methods
to solve the systems of nonlinear equations and to offer ample opportunities for
their setting. Function fso/ve was used to find solution for system (19).

Induction motor of 4A250M2V3 type was used to test experimentally the
obtained equations; the motor had following technical characteristics: nominal
rated power P, = 90 kW; nominal linear voltage U, = 380 V; nominal rotation
frequency n = 2940 rot/min; nominal efficiency 0.938; nominal power coeffi-
cient cos@ = 0.88; starting current ratio k; = 7; and surge capability &, = 2.7.

In terms of that motor, parameters of the equivalent circuit were specified:
active resistance of stator and rotor phase Rs = 0.0312 Ohm, R, = 0.0236 Ohm;
inductance of dissipation of stator and rotor phase Lgs = 0.0003394 H, L,s =
=0.0004604 H; and inductance of magnetization contour M = 0.0158 H.

Fig. 2, 3 demonstrate the results of mathematical modeling of the steady
mode; the figures indicate the values necessary for further calculations.

4.845 b
200 f )\:310,3 ' X4.866
- Y2524

0"

X4.841
Y 9.906
=200

4.84 4.85 4.86 487 s 4.88

s

Fig. 2. Diagrams of phase voltage and current in the steady mode
of induction motor operation

4.6 4.8 5.0 52 54 t,s 56

Fig. 3. Diagrams of rotor current in the steady mode of induction motor operation

The graph of the rotor current is given to control the performed identification.

Use the represented diagrams to determine following numerical values
necessary to specify the coefficients of equation system (19): U, = 310.3 V;
I10=252.4 A; fi; = 0.351858; Rg=0.0312 Ohm.
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The required initial approximation of the solution may be found using
the rated values of the machine. While solving equation system (19), missing
IM parameters were identified. Tab. 1 represents the data concerning the accu-
racy of the obtained solutions.

Accuracy of the identification of the induction motor parameters e
Parameter Exact value Valuc? foufld dufing Relative error, %
the identification
Ly, H —0.0158 —0.0145 8.23
R,, Ohm 0.0236 0.0238 0.85
L, A 246 245.1816 0.33

The fulfilled study of the parametric sensitivity of equation system (19) has
shown that the obtained solutions do not depend practically on the initial appro-
ximation of the solution; numerical method provides convergence to the para-
meter values indicated in Tab. 1.

CONCLUSIONS

1. A reduced system of electrical equilibrium equations of fourth order has
been developed on the basis of general system of equations of multiphase induc-
tion motor in the coordinate system fixed relative to a stator; the developed
system of equations describes the operation of an induction motor in the steady
mode.

2. A system of equations has been obtained to identify electromagnetic
parameters of an induction motor on the basis of the analysis of the steady mode
data; efficiency of the proposed method of identification has been substantiated
experimentally. In terms of the induction motor with the power of 90 kW,
relative identification error for certain parameters was up to 8 %.

3. High convergence of the solution of the system of nonlinear equations
and tolerance of the obtained results to the initial approximation of the para-
meters being identified has been proved experimentally.
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