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THE SQUIRREL-CAGE MOTOR EFFICIENCY DETERMINATION
BY MODIFIED AGT METHOD

The modified air gap torque method to determineedffieiency coefficient of squirrel-
cage induction motor was presented. The resultsa ofontinuation of work on the
application of the method to estimate the efficjenmoefficient also are shown.
The verification of the proposed method on a felecsed motors of small power are
presented in this article

WYZNACZANIE WSPOLCZYNNIKA SPRAWNO SCI SILNIKA KLATKOWEGO
ZMODYFIKOWAN A METODA AGT

W artykule zostata zaprezentowana zmodyfikowartadaedir Gap Torque (AGT) do
wyznaczania wspoétczynnika spravtiosilnika indukcyjnego klatkowego. Zaprezentowane
rowniez zostaly wyniki badabedgce kontynuagj prac nad zastosowanie metody AGT do
estymacji wspofczynnika sprawisa W artykule dokonano weryfikacji proponowanej
metody na kilku wybranych silnikach matych mocy

1. INTRODUCTION

Squirrel-cage induction motors are widely usedanous industrial applications. These
engines usually operate below nominal values becthey are oversized in relation to the
power-driven machinery and equipment. In many ca#iemsse motors are powered by
inverters to change the rotor speed. Under sucHitons, the motor efficiency varies as a
function of not only the load but olso the supplgltage and frequency. Economic
considerations related to the lowering of energysconption in industrial processes make
it expedient to act in the direction of monitoritige engine operating efficiency ratio, and
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ultimately control the operation of the engine im energy-efficient [1,2,3]. This paper
presents matters relating estimation of the cdefiicof efficiency selected based methods
of estimation method of electromagnetic torque hie motor air gap, allowing factor
estimates motor efficiency at on-line mode.

Several methods of determining factor induction angafficiencys are known. They
can be divided as follows [2]:

- slip measuring methods,

— methods based on measurement of stator phase t;urren
— methods based on equivalent circuit,

— methods of determining the losses involved,

- AGT (Air Gap Torque) methods

- torque measuring methods.

The article was adopted way of determining factfficiency » by determining the
electromagnetic torque in the motor air gap. Thikition requires no installation on the
actual specialized propulsion system of the meaguristrumentation.

The efficiencyy is defined in the following relationship:

=P

R 1)

7

where: P; — average of input motor active power
P, — average of the output motor power

The average input motor powey for the special case in which the variables atertzed
and sinusoidal supply voltage symmetrical threesphmotor is determined as follows
[4,5]:

R =Uyiy +Uyiy +Uyiy 1)

where: uy, Wy, Uy — instantaneous value of the phase motor voltages
iy, iy, iw — instantaneous value of the motor wired currents

The output poweP, was determined using the direct method by meaguhe average
value of torqueT and the average value of rotor speeih the laboratory. The powét,
was calculated according to the relation [4,6]:

P, = 27Tn
60

The above method of determining the output poRgis not applicable in practice.
The output poweP; is determined based on parameters measured cupipéy side of the
motor, such as voltage, current or frequency. Thaesihods are subject to estimation error.

®)

2. THE OUTPUT POWER ESTIMATION METHOD
Distribution of the power losses of induction motershown at the figure no. 1. The
output powelP, is determined by the relation [6]:
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P, =Ry — ARy, = APeer = APyoqr — AP, 4)

where: AP¢, — rotor cooper losses
APge, — rotor core losses
APyoqr — rotor stray load losses
AP, — friction and windage losses

Py Py P
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Fig. 1. Distribution of the squirrel-cage inductiomotor power losses

The power losseAPc,, in the winding rotor are defined with the relasbip:
AP, =SB, (5)

The rotating field powePy is determined based on the average electromagoetjae
Tag found in the air gap and the synchronous spged

_ 2r Tagl‘lS
LY

where: T,4— the average electromagnetic torque determiraed the instantaneous values
of electromagnetic torque:

(6)

1 T
T, = T [t, dt @)
0

Taking into account the dependence (5) and (6)otliput powerP, can be determine as
follows:

27 T, N
P, = 6gg —APer = APyoqr — ARy, (8)

The equation (8) provides a basis for estimatingacdy of donated®, on the motor
shaft during operation by the electric control eyst The electromagnetic torqug is
defined as the product module of the instantane@hises vector of stator fluys and
instantaneous values vector of stator currentsgJ,8
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tag = Pws X 9)

where: p — pole pairs number
ws —the instantaneous values vector of stator flux
is — instantaneous values vector of stator currents.

The flux ws in equation (9) determines its real value in thetanand is the basis for
calculating the poweP, rotating field (Fig. 1). Analytical determinaticof stator flux
value is based on generally accepted surrogatermtwit [4], which are omitted in the
core loss of statohPr.s Introducing the concept of a replacement vegtginstantaneous
values of stator flux:

we = [ (U, — Rt (10)

where: Rg— stator winding resistance matrix
Us — instantaneous values vector of phase statoertsrr

On the substitute flux vectaps basis the powerPy was calculated according to
[7,8,9]. At the same time formula (9) and (10) tbree-wire, sinusoidal and symmetrical
three-phase power system receives a temporary ceapknt expression for the
electromagnetic torquigy defined as:

tage =3Pl [ (uy ~ Ry )dt =iy [y ~ Ry )] (11)

Based on the equation (11) it is possible to cateupowerPy (6) replacement of the
rotating field (Fig. 1). According to the adoptedvance assumption the relationship is
correct:

P‘P = PY’t _APFes (12)

In the known literature to calculate the output po the stator core lossedr.s and
the rotor core losseSPg, were omitted [7,8,9]. Simultaneously assumes timatvalue of
the stray load lossesPy.q, is in accordance with IEEE 112 [10]. It is assurieat losses
are tabulated value, depending on the percentagetufr output poweP, (Table 1). Also
assumed that the friction and windage logseg a fixed value of 1,299,.

Table 1. Stray load losse®oq

Stray load loss percent gf
Power ranges
rated output power
1-90 kW 1,8%
91 — 375 kW 1,5%
376 — 1850 kW 1,2%
1851 kW and up 0,9%

The authors of this article made a substitute wation of losses in the engine model
adopted in [7,8,9] by comparing the actual valuettaf coefficient of efficiency of the
engine with the value estimated. The results shdvigld values of estimation error which
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makes the simplification made in the literature8[9] cannot find practical application in
the evaluation of the efficiency factor of the modaoring operation.

The resulting negative coefficient estimate motfiiciency [11,12] have made this
article the authors formulated a new, unfamiliarthwithe literature, according to
calculations with motor output powét,. On the basis of calculations and studies the
compatibility of the theoretical and laboratory aeity P replacement of the rotating
field. It is assumed that losses in the copperostac,s are subject to constant
identification. Other losses, due to its multithdieg calculation assumes that a single
group estimated lossédP.. LossesAP.; are estimated new concept whose interpretation
is the aim of this article.

AP

est

AP,

Cus

Fig. 2. Simplified distribution of power losses sopl-cage induction motor

Based on the assumptions the Sankey diagram idifs@dgo the form shown in figure
2. At the same time dependence (8) specifies thrubpowerP, is expressed as follows:

2t Tagtn
P, = o0 APt (13)
where: APg— estimated losses (fig. 2) defined dependence:
n
AP = n_APFes = APrg = APyoqr — AR, (14)

S

In this paper assumes that the estimated lasBggare a function rotor speet(APqs=
f(n)) defined as follows:

AP, = (n)" (15)

where: AP. — the relative value of the estimated losses
n — the relative value of the rotor speed
a — exponent, wherg 0 R

and:
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AP = BFest (16)
APESIN
n = n (17)
nN

where: APgyw—Vvalue of etimated losses at a nominal motor djperaonditions
ny — the nominal rotor speed

On the basis of dependence (15) for rotor speedual zero the estimated los2d%.q
are equal zero too. For the nominal rotor speedny the estimated losses correspond to
the nominal valué\Ps(ny)=APesv The nominal losses are determined according4j (1

27
APggin = RTagtN Ny —Pon (18)

where: P,y — the nominal motor power
T.gn— the average value of the nominal tordyy&:

u = Uy .
v J.( o 3 N F">S|UN )dt
ta\gtN Vv Sp

. 2u +u .
+iyy I(w + Ry ]dt

(19)

where: iyy, iyy — instantaneous value of stator nominal curkehf
Uyvn, Uwun — iNstantaneous value of nominal supply voltaigé)y.

The nominal value of estimated los3e3.¢, is the second point on the characteristics
of AP¢s=f(n). There is no rule that determines the value efdékponentr (15). Assumed
that the empirical results make its verificationt.tAis stage, the a-priori assumed value of
a=1[12].

3. BADANIA LABORATORYJNE

The laboratory tests were made using the laboragtagd, which illustrates a block
diagram of figure 3. The tested motors IM2 (Tabjen2re suplayed with the sinusoidal
voltage fed to the synchronous generator with ainahpower SG SGN = 4.0 kVA. The
tested motors IM2 were loaded with direct curresherator DCG. The drive unit DML
with a programmable speed indicator allowed to poedthe required braking torque on the
shaft of tested motors.

The research process was implemented using atisgrigystem for industrial
automation control devices [13] developed at thstitute of Electrical Drives and
Industrial Electronics (ZNEIEP) at the Departmehf cansport and Electrical Engineering
Technical University of Radom. It allowed for sirradeous reading of measured values.
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Table 2. The technical data of tested motors
PN UN IN NN Cos| 7@
[KW]| [V] [[A] | [1/min] | [-] | []
INDUKTA 2,21400| 4,8| 1425 |0,8(0,82
INDUKTA 2,21400| 5,0 2870 |0,770,82
TAMEL 1,5/380| 3,7| 1420 |0,800,77
TAMEL 1,5/380|3,5| 1410 |0,800,81

L.p. Company

AIWIN|F

There have been attempts to load motors for freqjueamge of 25 to 50Hz, which is a
reasonable range of work the most common applicdticthe form of sets of pump and
compressor units. The motor efficiency was deteechinusing the direct method by
measuring the torque on the motor shaft and itegpeaccordance with PN-EN 60034-2-1
[14]. Obtained from measurements of the efficiengidor the tested motors were as real
values.

#A# DRIVE %4 IM1 [-7-1 SG H

1L
4

LLL
777

DML [+ DCG [-" 71 IM2 [

Fig. 3. Block diagram of laboratory stand

The efficiencyy, was calculated for squirrel-cage induction motortloe basis of AGT
method, modified for estimated losses determinatifg; according to the relation (15).
The results of calculations efficienay and real efficiency; is shown in figure 4. The
efficiencyn determined using the direct method of measuringu® on the motor shaft was
marked with dots in the figures. The estimatedcifficy . was marked as a dotted line.
The results show a large divergence depending otormmodel. Motor no. 1 (fig. 4a)
obtained estimation error rate performance is featisry and is less than 4%. But
divergences are unacceptable for other motors 4fig.c, d). This is the reason for the
verification of the definition of estimated loss&B,, specific relation (15) by introducing a
correction factogs:

ars = () (20)

factor S, because it takes different values for the testetbrs.
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Fig. 4. The motor efficiency in a functic Fig. 5. The motor efficiency in a function
shaft torquey=f(T): a) motor no. 1, b’ shaft torques=f(T) with a correction
motor no. 2, ¢) motor no. 3, d) motor r coefficient3 a) motor no. 1, b) motor
4 no. 2, ¢) motor no. 3, d) motor no. 4
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Coefficient § adopt different values for the tested motors.akes into account the
change in motor power losses during the periodiofife. At this stage, the determination
of a correction coefficieng is possible on the basis of laboratory tests peréd. The use
of individually selected values of the correctiaefficient 5 causes the error of estimated
efficiency is reduced for the motors tested inlg®ratory ZNEIEP (fig. 5).

The results of estimating the coefficient of effiscy for the motor no. 1 does not
require any adjustment factgt (fig. 4a and 5a). In this case the correctiondia takes
value of 1. The value of estimation error is comapde with the value of systematic error
assigned on the basis of accuracy classes of niegsustruments used.

The motor no. 2, 3 and 4 the results of estimasétiitiency factor deviate from the
measured values and the estimation error increagbsdecreasing torque on the motor
shaft (fig.4b, ¢ and d). The correction coefficightcaused a reduction in estimation error
(fig. 5b, c and d) to the level of systematic eriidne values of correction coefficient are in
the range from 0.6 to 0.9 for the tested motoi® &yd 4.

4. CONCLUSIONS

Laboratory tests were made for new and exploitetbraolt was shown that the modified
method allows to determine the coefficient of AGfficgeency squirrel cage induction
motor. Estimation error occurring can be reducedapglying an adjustment factg At
this stage, the authors look for dependencies,wtem be used to determine the correction
Made studies confirm the validity of the adoptidrtlte exponentr = 1. This means that
defined in this article estimated losses, can lierdgned as linearly dependent on speed,
specific for the motor tested.
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