IEEE TRANSACTIONS ON

ENERGY CONVERSION

.\umy,,
YA

A PUBLICATION OF THE IEEE POWER ENGINEERING $SOCIETY
SEPTEMBER 1998 = VOLUME 14 . . NUMBEF( 3 ITCNE4 o (ISSN 0885-8969)
ELECTRIC MACHINERY COMMITTEE
Off-Line T‘Cﬂ!i!‘-g of Reluctance Machines ... ... .. . i, M. G. Jovanovid and R. E. Bei: 264
Algcebraic Dual-Energy Magnetic Analysis with Application to Variable Reluctance Motor Desigr ...
................................................................. M. Tolikas, J. H. Lang, and J. L. Kirtley. 270
A Thermometric Approach to the Detenmndtmn of Iron Losses in Single Phase Induction Motors ........ A. Bnmlmuw 277
Ani “‘ six of Mechanical Power Fluctuations in n»ymhr\mous WEC s oo A F (l/(l(l and J. Cidias 284
Partial Discharge Screening Test for Internal Voids and Delaminations in Stator Coils and Bars............ ............
........................................................................... W. McDerniid and J1. C. Bromley 292
Voltage Stabilization System for Induction Generator in Stand Alone Mode ............................. 0. Chichetinine 298
Experimental Behaviour of Unbalanced Magnetic Pull in 3-Phase Induciion Moiors with Eccentric Roiors and the
Retationship with Tooth Saturation ... e veiiine e DOGO Dorrell 304
Determination of Synchronous Machine Parameters Using Network Synthesis Techniques ...............................
................................................................... I. Verbeeck, R. Pintelon, and P. Guillaume 310
Skew and Linear Rise of MMFE Across Siot Modeling-Winding Function Approach......................oocoo i
........................................................ G. M. Joksimovié, M. D. Purovic. and A. B. Obradovi¢c 315
Neural Network Based Modeling of Round Rotor Synchronous Generator Rotor Body Parameters from Operating Data
.................................................................................. S. Pillutla and A. Kevhani 321
Comparison of the Performance of a Linear Reluctance Oscillating Motor Operating Under AC Supply with One Under
D UV E. A Mendrela 328
Anmalysis and Modeling of the Steady State Behavior of the Static Kramer Induction Generator .........................
............................................................... L. Refoufi, B. A. T. Al Zchawi, and A. G. Jack 333
Characterising the D-Axis Machine Model of a Turbogenerator Using Finite Elements ..................................
...................................................................... M. A. Arjona L. and D. C. Macdonald 340
Fusmped Modelling of Open-Circuit Turbogenerator Operational Parameters . .. .. M.A. Arjona L. and D. C. Macdonald 347
Starting Transients of Three Phase Reluctance Motors as Affected by Torsional Dynamics ..............................
............................................................... R. M. Hamouda. M. A. Badr, and A. 1. Alolah 354
Noubly-Fed Induction Motor Differential Cascade, Part I — Configuration and Analysis in the Steady State ...........
......................................................................... M. S. Vicatos and J. A. Tegopoulos 361
Doubly Fed Induction Machine Differential Cascade, Part II — Verification by Test ...................coii i,
......................................................................... M. S. Vicatos and J. A. Tegopoulos 367
Speed and Efficiency Control of an Induction Motor with Input-Output Linearization . .. ... W.-J. Wang and C.-C. Wang 373
Avalysis of Shaft Torsional Phenomena in Governing Large Steam Turbine Generators with Non-Lincar Valve
ORI e T.J. Hammons and R. C. K. Golh 379

tContents Continwed on Page 261)



S22 ILEE Transactions on Energy Conversion, Vol 14, No. 3, September 1090
Comparison of standards for determining efficiency
of three phase induction motors
R. Renier, K. Hameyer, Member and R. Belmans, Senior Member
Katholicke Universiteit Leuven
EE Dept. . Div. ELEN

Kardinaal Mercierlaan 94, Heverlee, Belgium
Abstract: The paper describes asel <>l experiments and discusses  World-wide. there exisis several standards for testing clectric
et results for determining ey of low voltage, three machinerv. For induction motors. the three most important
phase aquirrel cage mduction 1nntm~. The measured efficiency of  4pa
an induction motor directly connected fo the grid. strongly depends
an the method nsed to evaluate the results and the standard

. e T . « [IEEE Standard 112-1996 [1]

acearding 1o which the measurenients are performed. Different R e o h 1a
wmideyds as IFEE 112 and 13C 32 are mentioned and their & TB4L2497 2 and {EC 34-2A {2}
svnities and differences are discussed. The main discrepancies  ® JEC

hetween the various standards is the way in which the values for
the stray load losses are obtained at different load Jevels.

A short deseription of the measurement is given and
et rement motors  of manufacturers
aveonnting for different standards are proposed. The results clearly
to handle the efficiency data given by the

setup

results for several

vhnn»nxlmh Thc ecessity

Kevwords: induction motor. efficiency, standards, stray load losses

L INTRODUCTION

Thiee phase. fow valtage squirrel cage induction motors

are the most common uscd clectric motors in industry. They
can he found from a fow hundred watts up to several

Megawatts, The induction motors are characterized by data
provided by the manufacturer as rated speed, power. voltage,
current and efficiency. In the past. the efficicncy value was
of minor importance. Nowac th i

(e
on energy r‘nncnr"\llnn mj

a,\‘,\...., s

1YS vith the

lc increasing encrgy prices. lhe
efficiency value has become very important and cven
dominant for applications in industry. The efficicncy values
given by the manufacturer are measured or calculated
according to certain standards.
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Several national standards arc harmonized wilh rcgz'\rd 1o
onc of the (hree general standards above. The NED
19973 standard and the Canadian standard C390 (‘nrrc‘cnnml

standard and the Cas
to the IEEE standard.
countrics, the standards arc harmonized to TEC 34-2.
stands for the japancse standard. The cfficicncy
obtained from the considercd testing ¢ an differ by
several percent. as will be showr in the measurcment results
Morcover. one standard can contain different methods that
do not necessarily lead to onc ﬁrmh dclcnmncd valuc.
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while in most of the European
JEC
vahie

. 11 N
standards ¢

All this sccins in condit

simiple definition of the cfﬁcncncy:

power out overall Josses
N - =] i (1

power in

lards cmerge from
the wav in WhlL]l the stray load Ioc:gs as a part of the overall
losses. are treated. The paper first discusses the different
losses with special emphasis e the stray Joad losses. Then
the different standards are d'scussed for measuring the
cfficicncy of low voltage, three phase squirrel cage induction
motors. In the last chapter, the measurcment results arc
discussed. and the efficiency values following the application
of the different standards. are compared.
. LOSSES IN INDUCTTON MACHINES

The losses in a thiree phase squirrel cage induction
machine in motor mode are graphically represented in the
Sankey diagram (Fig. 1). The area of the arrows represent
the relative importance of the loss components. The
measurcment of the individual loss components is now
discussed in some detail. Special literature exist discussing
the tests in great detail as for instance [3.4].

08858969 /99 /$10.00 @ 1998 1ELE




Stetor andd rotor PR losses

The stator copper losses are obtained by measuring the
t ance at the SpCCiﬁCd motor temperature and the
stator currents at llm considered operating point of the
machine. The rotor PR losses are obtained from the airgap

power Py and the slip s according 1o
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P, = S !)3 (2)
1°R.2 !

Slip measurements must take place at the specified motor

temperature and should be corrected to the specified stator
teniperatire as follows [ H]:

e e - (3 )

s, stip corrected to the specified stator temperature, 1
s ship measured at the specified stator temperature, {
i, specificd teniperature for resistance correcti
1, observed stator winding temperature during load test [°C|

k is a constant depending on the conductivity of the rotor

conductor material: 23435 for 100 % TACS conduciivity
copper or 223 for aluminium, based on a volume
conductivity of 62 %.
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Fig 1. Sunkey diagram of a three phase, squirrel cage
induction machine in motor mode

IR}
Stator and rotor iron losses

The iron lossc,s consist of eddy current and hysterests
losses i the g

ations Thpv dnnf)nd on

lux (h’n\n\ and
frequency. The iron losses havc almosl a constant value 1
the stator at a given voltage due to the constant frequency in
thie stator and the constant overall flux level. In the rotor, the

llUll IUDDL.«D are llbbll&lulb at

rated load as the frequency of ilic
induced currents is very small (slip frequency).

The iron losses can be obtained ‘rom the no-load test of
the motor at variable voltage after subtracting the windage
and friction losses (Fig. 2).

)

PPl
Prnoload ™KL

Windage and friction losses are determined by the speed

and sometimes by the rotation direction of the motor. They
are also obtained from the no-load test of the motor ul

varying voltages (Fig. 2).
Stator and rotor stray load losses are dealed with in the
next paragraph.

I STRAY LOAD LLOSSES

Stray load losses have been the subject of numicrous
studies but still are not understood correctly{5-7]. In fact,
these are all the losses that are not covered by the above
mentioned loss components and therefore, they may be
expressed as

N

. o P > .
Pslmy - Pcl “( m t Plu + IRlz,l t lR12,2 1 [tx,\\ J H

The stray load losses are caused by the space harmonics of
stator and rotor and by the leakage flux near the cnd
windings. They can be separated into the following
components.

e Flux pulsation losses in stator and rotor teeth; in
machines with unskewed slots. the rotor flux pulsation
losses are zero.
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¢ Surface Josses in the rotor due to space harmonics of the
stator and surface losses in the stator caused by the
space harmonics of the rotor, the latter being of minor
importance.

e I"Riosses in the rotor cage due to rotor currents induced
by the hamonics of the flux density.

fn the past. several methods have been proposed to
measure the stray foad fosses as the reverse rotation test at
dm 2 or half f'rrmmnm tests at chn -1 and 3. These low
power tests  make the losscs rCLIIl\C]_V important in
comparison with the effectivally generated power.

However. these methods can not be used for determmmg

machine
the fficiency of induction machines.

it will be explained how the stray foad locscq arc treated i
(he different standards for testing induction machines.

The methods for efficiency measurcments can roughly be
divided into two categorics: direct and indirect methods. The
main difference between them is that in the direct methods

the torgue has to be assessed in one w

slu i Q

Two different standards are discussed: 1EEE st andard 112
and TEC standard 34-2. The JEC standard totally neglects
the stray load losses. and thercfore. is irrelevant in the
present discusston. It is obvious that motors, tested using ihe
TC standard will always show a higher efficiency than
when tested wsing [EER or 1EC. alrcady indicating the
problem  of  comparing  efficieucies  in  manufacturer
citaloguics.

HE standard 112-1996

The TEEE 112-1996 consists of Tive basic methods to
determine the r-mmr\nm )

In method A, the input and output power is measured and
the efficiency is dircctly obtained. This method is only nsed
for very small machines.

Method B employs a direct method o obtain the stray load
losses. Tt as not a direct method for determining the motor
cffic:ency. To reduce the influence of the measuring error. a
linear regression is made of the stray load losses at different
loads. versus the torque squared.

])«(m,\' B ’/\vlvfjmf‘l +B (5)

As at zero load the additional stray load losses are zero,
the values are corrected by:
)
I)&h:\\‘.cnn = A ]<h:1ﬂ (())
One defines a good measurement il the correlation
cocflicicnt of the Hnear regression is higher than 0.9

Method B is the recommended method for testing of
induction machines up to 180 kW.

Method C is a back to back machine test. The total stray
load losses are also obtained via a separation of losses for
both motor and generator. The stray load losses are then
divided between the motor and generator proportional to the
rotor currents.

Method E and method E1 are indirect methods. the output

power is not mecasured. In method E the strax load losscs are
dlrr\r‘th meast

1
...... Cdasu

El, the stray load losses are set to an assumcd value. These
values are given in table 1 as a percentage of the rated ountput
power.

red using th

Fand F1, the cquivalent circuit of the machine
is used. The stray load losses are again directly measured or
in the case of F1 an assuined value is used.

There also exist some additional methods as ¢ g. the usc of
the cquivalent circuit but calibrated at a load point.

TABLE 1
ASSUMED VALUES FOR THE STRAY LOAD LOSSES AS A
PERCENTAGE OF THE RATED OUTPUT.

Motor rated power Stray load losses relative to

the output power

~

0.750 - S0 kW 1.8 %
o1 -375kW 15 %
376 - 1800 kW 1.2 %

0.9 %

1800 kW and higher

Motors with ratings higher then 180 kW can be tested
using methods B.C E El For Fl

¢ 34-2

Micinney

o ~in y vt r
CraCICHey

mcasuremient of a polyphase induction
machine is performed by determining the overall losces of
the induction machine. The overall losses can be obtained
from the summation of the separated losses (sce paragraph
IT) or from the measurcment of the overall losses. Overall

loss measurements according to 1EC 34-2 can be made by:

»  braking test with torque mcasurcment
e calibrated machinc test

o mcchanical back to back test

e clectrical back to back test

However, the method preferred by 1EC 34-2 s the
determination of the separated losses. Constant losses as core
losscs and windage and friction losscs and stator and rotor
losses arc obtained as described in paragraph I1. Regarding
stator and rotor conductor losses no corrections for the
temperature of the windings are made.

The stray load losses are assumed to be 0.5 percent of the
rated input power for motors at rated load and to vary as the
square of the stator current. The assumed percentage docs
not depend on the motor rated power. Comparison of this




vatue with the values of Table 1 alrecady shows a large
diffcrence for the stray load losses between IEEE and [EC.
[tis generally known that the amount of stray load losses
can be  several  percent
measurcment results furtheron. The cfficiency values in the
catalogues according to 1IEC are thus overestimated. When
comparing the 0.5 % to the values of Table 1, the stray load
losscs using the 1EEE standard arc liigher than those using
the IEC The IEC efficiency thus is higher than the IEEE
value.

and  will be confirmed by

V. EXPERIMENTAL RESULTS
Experimental setup

‘The experimental
o 100 kKW at
loaded by a DC motor equiped with a four quadrant rectifier
feeding the energy back to the supply. The test rig is also
intended to be used for assessing the efficiency ol speed

sctup for testing induction machines up

1300 rpm nin Fig 3. The machine is

controlled, inverter supplied induction motors.
The input power, input voltages and curremts are

measured using voltage and non-contacting current probes,
and the signals are digitally processed. The fnput powcer
accuracy is U4 %. The S\sl >m 1S cap: 1blc to handle non-
sinnsoidal guantitic - reating inverter
supplied drives.

The output torque is measured with a high precision
torque transducer based on strain ganges. The speed is
assessed with a high accuracy speed iransducer. The overaii
accuracy of the output power is better than 0.5 %
measuring errors introduced by slip ring arrangemems for
transporting  the measuring signals to the stationary
recording equipment, a non-contacting transmitting system
1s used, that also supplies the power to the strain gauge
measuring bridge. A battery supply is not required, avoiding
the cccentricity problems and yielding a safer and miore
reliable measuring system.

The measured data are read in a computer equipped with a
LabView™ based data acquisition system. The processing of
the measurement data is fully automised.

The motor under test is first operated at low load in order
1o loosen the bearings. Then motor is loaded at rated load
until thermat equilibrium is reached. The required operating
points arc set (23, 30, 73, 100 and 125 % of the rated load).

The no-load test, performed at different values of the
stator voltage, is used to find the value of the mechanical
losses.

For squirrel cage induction machines under test, the
cfficiency is evaluated in four different ways. The first is the
direct method as expressed by (1). Then the results of the
experiments are used to get the efficiency values according

51

to IEEE standard 112 method B, 1EC 342 and JIC
Although the measurement data are the same, the cificicucy
values will differ substantially. Tie main reason for these
differences are the different definitions of the stray load
losses, except for the losses in the stator and rotor iub:-cs that
are slightly different, due to rhe apphlied
corrections. The latter differences ure very small and are not
taken into account in the table,

ottt

[¢]

lemperature
s

3 — load

7~ motor
y

IEEE nterfuce L

3-phase sinusoidal

supply
1 Current tiansfoimers Messwandier isau
2. Voltech PM3000A Power Analyser

wer HBM 1000 Nin

3 Tolque tians

3 Torgue

4 Encoder

serimental setiin
JeTiiiiciitdn sciup

ISV

14 cren uiactuicrs, U hree sta andard 75 kW.
six polp types and rated voltage 400 V are lcs[(.d The stators
arc A-connected. Table 2 gives thie detailed results for one
specific motor from manufacturer 1.

From these results, it becomes cevident that the way the
cfficiency is defined, has a significant influence on the
cfficiency as stated in the catalogucs. The difference nay be
as large as 2 9% at full load between the real cificiency valuc
(direct evaluation of the input and output power) aud the
JEC value, neglecting all stray load losses. The cificicney as
defined by 1EEE 112 method B are very close to the actual
values, measured directly. Therefore, the definition of the
stray-load losses in the [EEE standard is closc to the actual
values. The measuring error for the efficicncy is evaluated to
be maximally 0.9 %. Therefore, the IEC and even more the
JEC values are out of the tolerance.

In Fig. 4 the measured stray load losses are plotted versus
the torque squared.
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TARLE?2
FFFICIENCY OF A STANDARD 75 KW SQUIRREL CAGE INDUCTION MOTOR ACCORDING TO THE
DIRECT MEASUREMENT, THE TEEE 112 METHOD B. IEC 34-2 AND JEC

Table 4 makes the comparison for manufacturcr 1 between

the cfficiency value given in the cataloguc and the measured

Load 25 % load 50 % Joad 75 % load 100 % load

Uyernge [V] 407.8 404.7 400.2 391.3
Laverage [A] 71.4 91.2 118.1 149.6
P [W] 22270 41820 61850 81360
Power Factor |-} 0.44 0.65 0.76 0.80
T [Nm] 182.2 364.0 548.3 7233
n [rpm] 997 995 994 991
Paan {W] 19021 37924 57078 75064
slip [%o] 0.3 0.5 0.6 0.9
Piogs measured directly [W} 3249 3896 4772 6296
Pert s [W] ' 354 578 968 1553
Peore [W] 1774 1728 1660 1527
Pri’p [W] 60.4 198 355 705
Pog [W] 910 910 910 910
Pa e from eq (4 [W] 151 482 879 1601
P nant/Pratea [ o] 254 50.6 76.1 100.1
Efficiency Direct |%] 85.4 90.7 92.3 92.3

Efficiency using IEEE-112.
Linear regression coefficient. Slope: 2.802 10™* Correlation: 0.99
Poray cor [ W] 93 371 843 1466
Plocs corr [W] 3191 3785 4736 6161
Lot com [ W) . 19079 38035 57114 75199
Ponan/ Prsied {75} 254 56.7 76.2 100.3
Efficiency IEEE-112 [%] 85.7 90.9 92.3 92.4
Efliciency using IEC 34-2
Parm |W] 93 151 253 407
Piogs [W] 3191 3565 4146 5102
Paan [W] 15679 38255 57704 T6Z58
P e/ Prared | %) 254 51.0 76.9 1017
Efficiency [TEC 34-2 [%)] 85.7 91.5 93.3 93.7
Effictency using JEC
Pargl W] 0 0 0 0
Prags [W] 3098 3414 3893 4095
Paan [W] 19172 38406 57957 T606S
Ponan/Prated | 7o] 25.6 51.2 77.3 102.2
iiificiency JEC [%] 86.1 91.8 93.7 94.2
TABLE 4

RESULTS FOR MANUFACTURER 1 (6 POLE 75 KW)

o J ) Load 100 9% load 75 26 load 50 %4 load
e and TEC values. IEC Catalogue 94.7 94.7 92.7
Toble 5 gives the results for manufacturer 2. For [ Motor 1 e 93.7 933 91.5
manufacturer 2 results from TEC and IE were equal IFEE 52.4 923 90.9
. . . S ¢ 1] 3
within the limits of measurcment accuracy. Motor 2 EC 93.9 036 92.3
: IEEE | 926 92.6 918
Motor 3 IEC 937 932 91.9
ey - IFEE | 923 922 91.2
|
140t
| TABEIL 5
N RESULTS FUR MANUFACTURER 2 (6 POLE 75 KW)
T | Load 100 % load 75 %% load 50 "o load
= e TEC Catalogue 94.7 947 936
g T Motor | ILEE | 933 937 929
o T Motor 2 [BFE_| 932 934 925
; e Motor 3 IFEE 935 93.8 93.0
400 ¢ S * measured
an i 1 * corrected B K 3 .
| C" Discussion of the measurement results
il 10000 217000 30N000 4060090 500000 £O0000
Torque squared [Nm2] The results clearly show that at rated load for

Fig 4. Strav load losses versus torque squared

manufacturer 1, there is a difference up to 2.5 percent
between the catalogue values and the values according (o
IEEE 112 and up to 1 percent between the measured 1EC




and the catalogue 1EC values. For manufacturer 2, the
difference is 14 between measured 1EC and IEEE values
and the  catalogue value. However, having the same
catalogue cethiciency, the motors of manufacturer 2 deliver a
higher mechanical output. ANl motors were brand new and
have been loaded for several hours before testing. The
termperature of the windings was the same and also the
cnvironmentat te mperature did not che

mge.

V1. CONCLUSIONS

ail 1 .:,. n
dii n

: tliciency valic o
motor is not uncquivocal, but depends

The European IEC and the Japanese JEC standard alimost
always overestimate the efficiency. According to IEC and

|'n

JEC, motors from n crent manufacturers have the sam

~Ag that o
el were are differences, that are

dumnmui by tlm stray load losses. The extend of thesc
losses depends on the design of the machine and the quality
of the manufacturing pro»css The value is higher than the
£
I

>-n
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on the s md,a d ugwl_
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act,

0.5 percent of 1EC or the zero percent o JEC All this leads
to the conclusion that one should work towards a worldwide

uniform standard for the testing of clectrlc:zll machines.
Duc to the constant improvement in the accuracy of
measurement  cquipment  and - especially  of  torque

transducers, the indirect method should whenever possible
be abandoned 1n favor of the direct method as IEEE 112 - B
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