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VYSETROYANIE UCINNOSTI ASYNCHRONNEHO MOTORA
S VYUZITIM NELINEARNEHO PROGRAMOVANIA

DETERMINATION OF INDUCTION MOTOR

EFFICIENCY USING NON-LINEAR PROGRAMMING

Cldnok sa zaoberd vysetrovanim icinnosti asynchrénneho motora,
ako jedného z kvalitativnych ukazovatelov prevdadzky stroja, na
zdklade vypoctu a merania pocas prevdadzky. V clanku si ukdzané
moznosti vypoctu, resp. urcovania ucinnosti asynchronneho stroja.
Najjednoduchsi pristup spociva vo vypocte ii¢innosti pomocou ndahrad-
nej schémy asynchronneho stroja. Tdto metoda je zdokonalend tym
sposobom, Ze hodnoty prvkov ndhradnej schémy sii optimalizované
na zdklade tdajov, meranych pocas ustdlenej prevadzky stroja.
Optimalizdcia vyuZiva prostriedky nelinedrneho programovania.

1. Uvod

Priama metoda urCovania ucinnosti spoiva vo vypocte
pomeru vykonu P na hriadeli a prikonu motora Pp na svorkach
stroja. Vykon P sa vypocita ako sucin momentu a otacok, priCom
otacky a moment su merané priamo na hriadeli stroja. Vsetky
priame metody vyuzivaji dynamometre, magnetostrikéné, lase-
rové, resp. iné snimace momentu, ktoré sa vyznacuju mnohymi
nevyhodami, hlavne vysokou cenou zariadenia, zloZitostou
procesu, redukovanymi moznostami pouZitia pohonu ako celku
a obyCajne nemoznou implementaciou. Preto sa hladaju iné moz-
nosti ziskavania momentu motora, napr. takZze moment sa vypo-
Cita na zaklade nahradnej schémy asynchrénneho stroja.

V tomto Clanku je prezentovany vypocet ucinnosti asyn-
chronneho stroja na zaklade meranej hodnoty prikonu motora
a vypocitanej hodnoty vykonu motora, ktory je ureny pomocou
meranej hodnoty rychlosti a hodnoty momentu stroja vypocitanej
na zaklade klasickej nahradnej schémy asynchrénneho stroja.
Tato metdda vypoCtu je menej presnd, nevyZaduje vSak pouZitie
Specialnych snimacov, resp. merani. Presnost uvedenej metody
zavisi od presnosti znalosti hodnot parametrov nahradnej schémy
asynchronneho stroja. V Standardnych pristupoch st hodnoty
parametrov pocCitané na zaklade vysledkov merania jednosmer-
nym prudom, merania naprazdno a nakratko. Takto ziskané
hodnoty parametrov nezodpovedaju skutoénym hodnotam para-
metrov stroja pocas jeho prevadzky, co sposobuje nizsiu presnost
vypoctu ucinnosti asynchronneho stroja na zaklade jeho nahrad-
nej schémy. Pokial budu parametre identifikované priamo pocas

* Ing. Ladislav Janousek, Doc. Ing. Valéria Hrabovcova, PhD.,

This paper deals with determination of induction motor efficiency,
as one of the qualitative indexes of machine operation, by means of
a calculation and measurement during its operation. The possibilities of
the efficiency calculation are described and it is explained that the sim-
plest method for the efficiency determination is a calculation from
a steady state equivalent circuit of the machine. This method is im-
proved by an optimization of the induction machine equivalent circuit
parameters based on the measured quantities during steady state ope-
ration of the machine. Optimization utilises non-linear programming.

1. Introduction

Shaft torque measurement is a direct method of efficiency
determination by using the ratio of motor output power P to the
input power PP, where Pp is measured and P is given as a product
of measured value of speed and measured value of torque. All
methods use dynamometers or magnetostrictive, laser etc. torque
sensors but have a lot of disadvantages, especially, the high cost of
the equipment, the complexity of the procedures, the reduced
possibilities of the whole drive using and usually impossible
implementation because of the dimension or temperature limits.
Hence, other possibilities for motor torque determination have
been looked for; for example, torque calculation based on the
steady state model of the machine.

This paper presents an efficiency determination based on the
output power calculation from the measured speed and calculated
mechanical torque, by means of classical steady state equivalent
circuit of induction machine, and measured input power. This
method is less accurate, but the simplest method available without
using special sensors or tests. Accuracy of the proposed method
strictly depends on the exact knowledge of the induction
machine’s equivalent circuit parameters. In the classical approach,
these values are calculated based on the results from a DC test,
no-load and locked-rotor tests. Such determined values of
electrical parameters of induction machine equivalent circuit do
not correspond to the real values during operation of the machine
and, therefore, the efficiency calculation based on these
parameters has lower accuracy. If the values of equivalent circuit
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prevadzky stroja, presnost spominanej metddy vypoctu Gcinnosti
vzrastie. Preto ¢lanok prezentuje metodu optimalizacie hodnét
elektrickych parametrov nahradnej schémy asynchronneho stroja,
ziskanych pomocou klasickych merani, na zaklade udajov mera-
nych pocas ustaleného chodu stroja. Ako uvedieme neskor Styri
veli¢iny s merané a rovnaké veliiny si pocCitané na zaklade
uplnej nahradnej schémy asynchronneho stroja. Optimalizované
hodnoty parametrov su urené pomocou prostriedkov nelinear-
neho programovania minimalizaciou suctu §tvorcov relativnych
rozdielov medzi meranymi a vypocCitanymi hodnotami veli¢in.
Tieto hodnoty parametrov najlepsSie popisuju nahradnt schému
stroja pre stav, na zaklade ktorého boli optimalizované. Clanok
popisuje moznosti identifikacie vSetkych hodnot elektrickych
parametrov asynchréonneho stroja, pocas jeho ustalenych stavov
a zdokonalenii metdédu vypoCtu ucinnosti asynchronneho stroja
na zaklade jeho nahradnej schémy s optimalizovanymi hodnotami
parametrov.

2. Vypocet vykonu a ucinnosti asynchronneho motora
na zaklade jeho nahradnej schémy

Nahradna schéma asynchronneho stroja, znazornena na obr. 1,
uspokojivo popisuje asynchronny stroj pocas ustaleného stavu.

Uéinnost asynchronneho stroja je dana znamym vzfahom:

P 0,
n=5100% (1

p

Cielom je najst hodnoty vykonu P a prikonu P, pomocou
hodnét prvkov nahradnej schémy, ktoré budu on-line optimalizo-
vané pocas prevadzky stroja.
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parameters are identified during the motor’s operation, the
preciseness of the efficiency determination mentioned above
rises. Therefore, the paper presents a method for optimization of
the electric parameters of an induction machine obtained from
the classical tests owing to measured quantities during a steady
state operation of the machine. Four steady state quantities are
measured and the same quantities are calculated based on the
complete equivalent circuit of the machine. The sum of square
relative differences between measured and calculated values are
minimized by means of the non-linear programming to find out
the right values of the parameters which fit best the steady state
based on which they have been optimized. The paper shows
possibilities of the identification of all induction machine
parameters during a steady state operation of the machine and
efficiency calculation improvement by using the optimized
parameters.

2. Calculation of the output power and efficiency
of induction motor based on its steady state
equivalent circuit

The steady state equivalent circuit of an induction machine,
drawn on Fig. 1, fits very well with the steady state behaviour of
an induction machine.

Efficiency of induction motor is given by the well-known relation:

P
0= 100% (1)

p
The purpose is to find out the value of output power P and

input power P, by means of the equivalent circuit parameters,
which will be adapted on-line during the induction motor operation.

b
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Obr. 1 Nahradnd schéma jednej fazy asynchronneho stroja
Fig. 1 Steady state equivalent circuit of one phase of induction machine
KOMUNIKACIE / COMMUNICATIONS 3/99 o )
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Komplexna vstupna impedancia jednej fazy asynchrénneho
stroja je na zaklade nahradnej schémy dana:

Zy- Z,

Zl'n = Rs +an's +
Zo+ 7,

(2)

kde: Z, je komplexna impedancia magnetizacnej vetvy, dana
Ry - jX,
Z() — Fe " J- . m
RFe + ij

Z, je komplexnd impedancia rotorovej vetvy, prepocitana

’
’

na stator, dana Z, = — + jX
s

3-fazovy ¢inny prikon asynchronneho stroja je dany (V ozna-
Cuje efektivnu hodnotu fazového napétia):

V2
. | Zin |

5 " RelZ,) 3)

Vystupny vykon 3-fazového asynchronneho stroja je dany:

1—3s
P=3-R.-I?

— Pm 4)
S

kde: s  jesklz
I je efektivna hodnota rotorového pradu, prepocitaného
na stator:

14 Zy
=17 |75 5)
Zy+ 2,

m|

P, st mechanické straty, uvazované ako 1 % z prikonu.

Pokial chceme vylepSit presnost vypoctu ucinnosti je
potrebné adaptovat (optimalizovat) parametre stroja pocas jeho
prevadzky.

3. Optimalizacia hodnot parametrov nahradnej schémy
asynchronneho stroja pocas ustalenych
prevadzkovych stavov

Princip metody

Ako uZ bolo spomenuté, hodnoty parametrov nahradnej
schémy asynchronneho stroja ziskané vypoctom z merania jedno-
smernym prudom, merania nakratko a naprazdno, nezodpovedaju
aktualnym hodnotam parametrov pocas prevadzky stroja. Pokial
chceme ziskat presné hodnoty parametrov, musime hodnoty
ziskané z klasickych merani optimalizovat tak, aby zodpovedali ¢o
najpresnejsie stavu, ktory reprezentuju, ¢ize urobit on-line identifi-
kaciu parametrov. VSeobecne su zname tri hlavné pristupy identifi-

Input complex impedance of one phase of asynchronous
machine based on the equivalent circuit is given:

7, Z,

Zin = Rs +.jX0's +
Zo+ Z,

(2)

where: Z, is complex impedance of magnetising branch, given
RFe ./Xm

Zy=
RFe +JXm

Z, is complex impedance of rotor branch referred to the

’
’

stator, given Z, = — + jX/
s

The input active power of 3 phase induction machine is given
(V is rms value of phase voltage):

2
27" Re{Z,,} (3)

|[n

P,=3-

P

Output power of 3 phase induction machine is given:

’ ,2 -5
P=3-R,-I7: — Pm (4)
s
where: s is slip
I, is the rms value of rotor current referred to the stator
given:
, 4 Z,
=7 |7 (%)
z, z,+z
P,, is mechanical loss assumed as 1% of input active power.

To improve the accuracy of the efficiency calculation, the
adaptation (optimization) of machine parameters during its
operation is needed.

3. Optimization of induction machine equivalent circuit
parameters during its steady state operation

Principle of the method

As mentioned above, the values of parameters of an induction
machine equivalent circuit calculated from the results of the
classical tests, such as D.C. test, locked rotor and no load test, do
not correspond to the actual values during the machine operation.
Therefore, these values have to be optimized if the accurate values
of parameters are needed. Three main approaches for the
parameters identification are generally known. First, one employs
a testing signal and the transfer function is calculated based on the
known input testing signal and a measured output signal. The
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kacie parametrov. Prvy pristup vyuZiva testovacie signaly, priom
pri znamom vstupnom testovacom signale a zosnimanej odozve
systému je vyhodnocovana jeho prenosova funkcia. Druhy pristup
vyuZiva moznosti vySetrovania pridavnych oscilacii, ziskanych
zamerne zaradenou nelinearitou. Tento pristup nemoze byt vyuzity
pre on-line identifikaciu, pretoze mdze ovplyvnit prevadzku stroja.
Treti pristup je zaloZeny na vySetrovani chyb medzi vystupom
systému a vystupom jeho modelu. Tento sposob je najrozsirenejsi
a je znamy ako adaptivny systém s referencnym modelom (ASRM).
ASRM je pouzity v tejto praci pre optimalizaciu hodnot paramet-
rov asynchronneho stroja, ziskanych z klasickych merani.

Zakladny princip ASRM je zrejmy z obr. 2. Pri rovnakych
vstupnych podmienkach su porovnavané chyby medzi vystupom
systému a vystupom jeho modelu
a pomocou identifikacnej metody su
tieto chyby minimalizované.

Dalsie ulohy, ktoré musia byt vyrie-
Sené je vyber vhodného modelu asyn-
chréonneho stroja a vytvorenie identi-
fikaCnej metody. Tymito otazkami sa
zaoberaju nasledujuce podkapitoly.

Je potrebné poznamenat, Ze
pokial pri minimalizacii funkcie, ktora
upravuje parametre systému, vycha-
dzame z pripustného rieSenia, vtedy
hovorime o optimalizacii. V tomto
zmysle bude tento vyraz pouzity aj
v dalSom texte.

Input

Ustdleny model asynchronneho stroja pouZity pri optimalizdcii
jeho parametroy

Problémom modelu asynchréonneho stroja pouzitého v opti-
malizacii jeho parametrov sa zaoberali predchadzajice prace
autorov [3], [4]. V tychto pracach bolo ukazané, ze len uplna
nahradna schéma asynchréonneho stroja moze byt pouzita pri opti-
malizacii jeho parametrov. Tato nahradna schéma je velmi dobre
znama z klasickej teorie elektrickych strojov a je zndzornena na
obr. 1.

Ako uz bolo spomenuté, ASRM pracuje na zaklade porovna-
nia vystupov systému a vystupov jeho modelu. Ktoré vystupné veli-
¢iny mozu byt porovnavané zavisi od moznosti ich merania
v realnom systéme a od moznosti ich vypoctu pomocou modelu. Je
potrebné poznamenat, Ze vystupy, ktoré sa maju porovnavat, musia
obsahovat bohaté informacie o zmenach parametrov. Vektorovy
wattmeter umoznuje meraf vstupny prud, ucinnik, ¢inny a jalovy
prikon pocas ustalenej prevadzky stroja. Rovnaké veli¢iny mozu
byt pocitané pomocou nahradnej schémy na obr. 1:

V
e statorovy prud: I, = ZT (6)
R Re(Z,,)
e statorovy uéinnik: cose, = A @)

in

Real y
system

Obr. 2 Principidalna schéma adaptivneho systému
s referencnym modelom
Fig. 2 Principal scheme of the Model Reference Adaptive System
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second approach utilises investigation of an oscillation gained by
an intentional non-linearity. This approach cannot be used in the
on-line identification because it can affect the current operation of
the machine. The third approach investigates an error between the
output of a system and its model. This kind of identification is
widely used and is known as Model Reference Adaptive System
(MRAS). MRAS is used in this work for the optimization of
induction machine parameters obtained by means of the standard
tests.

The basic principle of MRAS can be seen from Fig.2. Outputs
of the system and its model under similar input conditions are
compared and the identification procedure works in such way that
the differences between system and its model outputs are forced
to minimum.

Objective
function

Identification
method

The next tasks which have
to be solved are the choosing
of the appropriate model of
induction machine and the
creation of the identification
procedure. The next chapters
deal with these tasks.

It should be noted that if
minimization of some func-
tion which improves parame-
ters of the system starts from
one feasible solution, it is
called optimization. In this
sense, this expression will be
used in the further text.

Steady state model of an induction machine used in the
optimization of its parameters

A problem of a steady state model of induction machine used
in the identification procedure was solved in the recent papers of
authors [3], [4]. It has been found out that only a complete equi-
valent circuit of the induction machine can be used in the optimi-
zation procedure, described below, to get appropriate results. Fig. 1
shows the complete equivalent circuit of an induction machine,
known very well from the basic theory of the electric machines.

As mentioned above, MRAS works based on the outputs of the
real system and its model. Which output values can be compared
depends on the possibilities of their measurement in the real
system and on the possibilities of the reconstruction of these values
by means of the model of the system. It should be noted that the
outputs which are compared must carry rich information about
parameters changing. The Vector Wattmeter can be used to
measure the values of the input current, power factor, input
active power and input reactive power during steady state operation
of an induction machine. The same values can be calculated by
means of the equivalent circuit of an induction machine shown on
Fig.1.:

Vv

® stator input current: IS = Z—| (6)
in

Re(Z,,)
|z,

e stator power factor: cosg, =

(7

U’l|
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e
e ¢&inny prikon: P, = 3 - EAE * Re(Z,,) (®)
in
V2
e jalovy prikon: Q,, = 3 - EAE - Im(Z,,) 9

Minimalizovand funkcia

V predchadzajicom texte sme si priblizili model asynchréon-
neho stroja pouzity pri optimalizacii jeho parametrov a vysvetlili
sme si, ktoré veliCiny mozeme porovnavat. Optimalizacia
vychadza z nejakého pripustného riesenia a na zaklade minimali-
zacie definovanej funkcie prechadzka k novym, optimalnym hod-
notam parametrov. Funkcia, ktora ma byt minimalizovana, musi
poskytovat jednoznacné rieSenie. Podla matematickej analyzy len
kvadraticka funkcia ma jednozna¢né minimum. V [4] boli pre-
zentované Styri kvadratické funkcie dané Stvorcami absolutnych
rozdielov medzi meranymi a vypocitanymi veli¢inami. V tomto
Clanku je prezentovana nova funkcia, ktord ma byf minimalizo-
vana. Je dana sumou $tvorcov relativnych rozdielov medzi vypoci-
tanymi a meranymi veliCinami statorového prudu, ucinnika,
¢inného a jalového prikonu:

I=h+h+h+4

2 _ Pp_ﬁpz _ Qp_ép2
R R oy

I —f_y 2 cos@, — cos,
f1=<y ) ’f2=< , — cos,
I CoS @

kde I, cose,, Pp, QI, - merané veli¢iny,
1., cos®, P,, Q, -vypocitané veliciny.

Rovnica (10) je dana suc¢tom Styroch kvadratickych funkcii
a preto ma tato funkcia okrem globalneho minima aj lokalne
minima. Ako najst prave globalne minimum funkcie f'je popisané
nizsie. Na zaklade skusenosti je mozné odporucat, ze pre optima-
lizaciu parametrov asynchronneho stroja je nutné pouZzit co naj-
VACSi pocet velicin.

Funkcia (10) je nelinearna vzhladom na parametre stroja,
preto mozeme na jej minimalizaciu s vyhodou vyuzit nelinearne
programovanie.

Nelinedrne programovanie

Zakladnym pojmom ¢i uz v linearnom alebo nelinearnom
programovani je ucelova funkcia. Je to funkcia, ktorej extrém sa
snazime najst. V nasom pripade ide o minimalizaciu funkcie f,
danu rovnicou (10), ktorou najdeme optimalne hodnoty elektric-
kych parametrov asynchrénneho stroja.

Dalsim, velmi dolezitym pojmom je gradient Géelovej funk-
cie f”. Je to stipcovy vektor prvych derivécii ucelovej funkcie podla
parametrov v bode x a tento gradient ukazuje smer maximalneho
narastu hodnoty ucelovej funkcie v bode x. Antigradient potom
predstavuje smer maximalneho poklesu hodnoty ticelovej funkcie
v bode x.

y2
e input active power: P, = 3 - |Z |2 *Re(Z,,) (8)
in
V2
e input reactive power: Q,, = 3 - W - Im(Z,,) 9)

Minimized function

The model of induction machine used in optimization
procedure was described in the previous chapter. It explained
which values of induction machine and its model can be
compared. Optimization starts from one feasible solution and
calculates new values of the parameters based on the minimization
of a defined function. A function which has to be minimized must
be found to get a uniform solution. Mathematical analysis says that
only quadratic function has uniform minimum. In [4] four
quadratic functions given as the square absolute difference
between measured and calculated values were presented. In this
paper, a new function which has to be minimized is presented. It is
given by the sum of the square relative differences between
measured and calculated values of the stator current, power factor,
input active power and input reactive power:

(10)

where I, cose;, Pp, QI, - measured values,
N A N N
I, cosg, P,, Q, -calculated values.

From (10) it can be seen that it is the sum of four quadratic
functions, so it has not only an absolute minimum but it has
a local minimum, too. How to find an absolute minimum of the
function f'is described below. It was found out that as many values
as possible have to be used for parameters of induction machine
optimization.

Function (10) is not linear in regard to the machine
parameters. This function can be minimized by using the non-
linear programming.

Non-linear programming

A basic term in the linear or in the non-linear programming is
an objective function. It is the function by which an extreme has
to be found. In this case, the objective function f, given by (10) has
to be minimized to find the optimal values of the electric
parameters of an induction machine.

The next very important term is a gradient of the objective
function f’. The gradient of the objective function is the
column’s vector of the first derivatives objective function by
parameters in point x and this gradient shows the direction of the
maximum grow of the objective function in the point x. The
antigradient thereby represents the direction of the objective
function maximum drop in point x.
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V tomto pripade bola pre optimalizaciu parametrov asyn-
chrénneho stroja, ziskanych vypoctom z klasickych merani,
pouzita Fletcher-Reevesova metdda, ktora pracuje na zaklade prin-
cipu zdruzenych smerov, spolu s metodou zlatého rezu. Blizsie
informacie o spominanych metédach najdete v [2, 4, 5].

Pokutova funkcia

Spominana metdda nelinearneho programovania je len nume-
rickou metodou a teda okrem globalneho minima mdzZe najst aj
lokalne minimum, ¢o nie je rieSenim nasho problému, pretoze
hodnoty optimalizovanych parametrov mozu byt mimo prijatelnt
oblast. Preto definujeme pokutovu funkciu. Princip spociva
v minimalizacii funkcie f(X,) = f(X,) + P(X,), kde P je pokutova
funkcia, na otvorenom intervale, namiesto minimalizacie funkcie
f, ktora je definovana na uzavretom intervale U. Pokial hodnoty
optimalizovanych parametrov patria do intervalu U, pokutova
funkcia konverguje k 0 a ak tieto hodnoty nepatria do intervalu U,
tak pokutova funkcia konverguje k . Pokutova funkcia, dana
vztahom (11) bola pouzita pri optimalizacii hodnot parametrov
asynchronneho stroja.

KOMNIKCCe
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In this case Fletcher-Reeves method, which works based on
the Principle of Conjugate Gradient, together with the Method of
Gold Section has been used for the induction machine parameters,
obtained by means of the standard tests, optimization. For more
information about these methods see [2, 4, 5]

Penalty function.

The above mentioned method of the non-linear programming
is only a numerical method and it can find a local minimum of the
function f which is not the solution of our problem and values of
parameters can be out of the appropriate ranges. Therefore,
a penalty function must be defined. The principle of this method
consists in minimization of the function f(X,) = f(X,) + P(X,),
where P is the penalty function, on the open interval instead of the
function f defined on the closed interval U. If the optimized values
of parameters Xn are found from the interval U, penalty function
P converges to 0 and if the optimized values of parameters X, are
out of interval U penalty function P converges to . The penalty
function given by (11) was used for optimization of parameters of
an induction machine.

ES_R: 2 RIr_R’: : ﬁFe_R;‘e : X/a's_X:n' 2 X/’(TI‘_X';T : A7m_X:n :
P=K- — N + (B Ny + — + — (11
Rs R’r RFe Xo’: Xva'r Xm

kde oznacuje hodnoty parametrov vypocitané z klasickych
merani
*  oznacuje hodnoty parametrov, optimalizované na
zaklade meranych udajov
K je konStanta vyjadrujica vahu pokutovej funkcie

4. Experimentalne vysledky

Pre overenie opisanej optimalizacie bola urobena zatazova-
cia skuska asynchrénneho stroja, pocas ktorej boli zaznamena-
vané nasledujuce udaje: fazova hodnota statorového prudu,
ucinnik, ¢inny a jalovy prikon a rychlost rotora. Pocas merania
bolo statorové napitie a jeho frekvencia udrziavané na konstan-
tnej hodnote.

Stitkové udaje meraného stroja su:

3f IM 1.8kW 1440 ot/min
Y/A 380/220 V
3.8/6.5 A

a hodnoty jeho elektrickych parametrov, ziskané pomocou klasic-
kych merani, su: R, = 2,01 O; R, = 1,97 O; L, = L, = 11,575 mH,
L,, = 421,55 mH; Ry, = 884,971 Q

Obr. 3 znazornuje priebehy optimalizovanych parametrov
asynchronneho stroja, na zaklade udajov nameranych pocas spo-
minanej zataZovacej skusky. Tieto parametre nie su zavislé od
sklzu stroja, ale st znazornené v zavislosti od sklzu, pretozZe vSetky
veliCiny boli merané v zavislosti od sklzu.

denotes value of parameter obtained by calculation

from the classical tests

* denotes optimized value of parameter based on the
measured data

K is a constant which treats the rate of the penalty function

where

4. Experimental results

A loading test of an induction motor was carried out. The
phase current, power factor, input active power, input reactive
power and rotor speed were measured during this test under
several loading conditions. The voltage and frequency were held
constant during the whole test.

The ratings of the motor used in the experiment are:

3f IM 1.8kW 1440 ot/min
Y/A 380/220 V
3.8/6.5 A

and the values of parameters of its equivalent circuit obtained
from the classical tests are: R, = 2.01 ; R, =197 O; L, =
=L, = 115715 mH, L,, = 421.55 mH; Ry, = 884.971 ()

Fig. 3 shows the flows of the optimized values of the
parameters of the induction machine obtained from classical test
based on the measured data during the test mentioned above.
These parameters are not dependent on the slip, but values based
on which the optimization of the parameters was performed were
measured as the dependency on the slip.
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Z obr. 3 vidno, Ze R, sa pocas merania zmenilo az o 40 %,
oproti R, ktoré sa zmenilo len o 2 %. Reaktancie a odpor repre-
zentujuci straty v Zeleze sa zmenili len o niekol'ko percent 1 -3 %,
z coho modzeme predpokladat, Ze boli konstantné pocas celého
merania (iba detailna mierka zobrazuje vel'ké zmeny). Je potrebné
poznamenat, Ze meranie musi byt presné, pretoze ovplyviiuje pres-
nost opisanej metddy. Pocas celej optimalizacie bola tcelova
funkcia spolu s pokutovou funkciou minimalizovana na hodnotu
priblizne 10 - 107 a relativne rozdiely medzi meranymi a vypoci-
tanymi hodnotami veliin boli 102 - 10 %. Z uvedeného moZeme
predpokladat, Ze navrhovany algoritmus optimalizacie hodnot
parametrov asynchronneho stroja, ziskanych z klasickych meranti,
na zaklade udajov meranych pocas ustdleného chodu stroja, je
dobre navrhnuty a Ze ziskané vysledky su uspokojivé

Rs,R'r

885.30
885.25 | ,
885.20 |
885.15 |
885.10 4
885.05 |
885.00 +———+—+—+—

A QD
o &8
Q- QO

Rfe

NESAN 5 A
SRRSO
NN

slip

From Fig.3 it can be seen, that R, changed rapidly by about
40 %, different from the R, that changed only by about 2 % during
the test. The reactances and resistance corresponding to the core
losses changed only only 1 -3 % and can be supposed to be constant
during the whole measurement (only detailed scale shows large
variation). It should be noted that the method described needs very
accurate values of measured quantities because of the errors
occurring during the identification. During whole optimization, the
objective function f together with the penalty function P were
minimized to approximately 10 - 107 and relative differences for
each measured value are about 102 - 10* %. It can be supposed that
proposed algorithm of optimization of the induction machine
parameters obtained from the classical test based on the measured
data during a steady state operation of the machine is well designed
and the gained results are very satisfactory.

'
XGS’XGI'

Xm

A \) > Q A ™ A
() Q S 2 S 5 v
F P F PP &S
. by by Q . . Q . Q .
slip

Obr. 3 Priebehy optimalizovanych parametrov pocas zataZovacej skuisky
Fig. 3 The optimized parameter flows during the loading test

Ucinnost

Ucinnost, ako jeden z kvalitativnych ukazovatelov prevadzky
stroja, moze byf vySetrovana na zaklade nahradnej schémy
asynchronneho stroja s optimalizovanymi hodnotami elektrickych
parametrov. Navrhovana metoda moze byt overena presnejSim
urCovanim u€innosti na zaklade merania otaCok a momentu
stroja.

Pre porovnanie bola u¢innost stroja pocas zatazovacej skusky
urCovana tromi metodami. Po prvé bola ucinnost urCena na

Efficiency

Based on the optimized values of parameters obtained from
the standard tests during a steady state operation of the machine,
the efficiency of the machine operation can be investigated. If the
efficiency is precisely calculated by means of the speed and torque
measurement, it can be used for the verification of the proposed
method for the parameters identification.

Efficiency of the motor during the test was calculated based
on the three methods for comparison. At first the efficiency was

1) ¢ KOMUNIKACIE / COMMUNICATIONS 3/99



zaklade meraného prikonu, otdiCok a momentu stroja (obr. 4 -
krivka ,a“). Druhy pristup spo€ival vo vypoCte uc¢innosti na
zaklade nahradnej schémy asynchronneho stroja s konstantnymi
hodnotami parametrov, ur¢enymi z klasickych merani (obr. 4 -
krivka ,b“). A krivka ,c“ na obr. 4 znazornuje vysledok treticho
pristupu, kedy bola ucinnost urCovana na zaklade nahradnej
schémy asynchronneho s troja s optimalizovanymi hodnotami
parametrov pocas zatazovacej skusky. Z obr. 4 mozeme vidiet, ze
ucinnost stroja uréena pomocou nahradnej schémy s optimalizo-
vanymi hodnotami parametrov sa lepSie priblizuje ucinnosti
urcenej na zaklade meranej hodnoty otaCok a momentu, rozdiel
podla integralneho kritéria je 0,2 %, nez ucinnost urCend na
zaklade nahradnej schémy s pevnymi hodnotami parametrov,
rozdiel podla integralneho kritéria je 1 %.

90
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calculated based on the measured torque by means of
dynamometer, speed and input power (Fig. 4 - curve “a“). In the
second method, efficiency was calculated by means of the steady
state equivalent circuit of induction machine with fixed
parameters calculated from classical tests (Fig.4 - curve “b“). The
third method - curve “c* on Fig.4, represents efficiency
dependence determined by means of the adapted (optimized)
values of parameters during the loading test. From Fig.4 it can be
seen that the efficiency calculated from adapted induction
machine’s equivalent circuit parameters better fits the measured
efficiency (by means of dynamometer) of the motor and the
difference according to the integral criteria is 0.2 % instead of the
1 % obtained by means of the equivalent circuit with fixed
parameters.
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Slip

0.020 0.025 0.030

Obr. 4 Zavislost ucinnosti od sklzu
Fig.4 Efficiency versus slip

5. Zaver

Clanok sa zaobera urcovanim uéinnosti asynchréonneho
stroja na zaklade jeho uplnej nahradnej schémy. Hodnoty para-
metrov nahradnej schémy, ziskané z vysledkov klasickych
merani, su optimalizované na zaklade hodnét meranych pocas
ustalenej prevadzky stroja, o zvySuje presnost vypoctu ucinnosti
stroja. Optimalizacia sa vykonala na zaklade minimalizacie uce-
lovej a pokutovej funkcie danych vztahmi (10) a (11), pomocou
metod nelinearneho programovania. V zavere su uvedené
vysledky experimentov, ktoré potvrdzuju vhodnost pouzitia zvo-
leného pristupu.

Recenzenti: L. Klug, B. Dobrucky

5. Conclusion

The paper deals with the determination of the efficiency of
induction machine based on its complete steady state equivalent
circuit. The values of equivalent circuit parameters obtained by
means of standard tests were optimized based on the measured data
during a steady state operation of the machine which results in
increasing of efficiency calculation preciseness. Optimization has
worked based on the minimization of the objective function
together with the penalty function given by (10) and (11) by using
the non-linear programming. The experimental results shown in the
end of the paper confirm the suitability of the presented approach.

Reviewed by: L. Klug, B. Dobrucky
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