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Derating of Induction Motors Operating With
a Combination of Unbalanced \oltages
and Over or Undervoltages

Pragasen PillgySenior Member, IEEEPeter Hofmann, and Marubini Manyage

Abstract—This paper examines the proper application of induc- Il. DEFINITION OF VOLTAGE BALANCE

tion machines when supplied by unbalanced voltages in the pres- .
ence of over- and undervoltages. Differences in the definition of 1 he definition of voltage unbalance used by the power com-

voltage unbalance are also examined. The approach adopted is tomunity is the ratio of the negative sequence voltage to the pos-
use NEMA derating for unbalanced voltages as a basis to include itive sequence voltage. For a set of unbalanced voltddgs,
the effects of undervoltages and overvoltages, through motor loss y;, v the positive and negative sequence voltaggs and
calculations. V0 are given by

Index Terms—Equivalent circuit, negative sequence, positive se-

. Voo + a*Vipe + a2*V,,

quence, unbalanced supplies. Vil = b z;) : )
Vap + a**Vie + a* Ve

I. INTRODUCTION Vpy =2 31 (2)

HE proper application of induction motors to the power  wherea = — 0.5 + j0.866 anda® = —0.5 — j0.866. (3)
system to meet load requirements has been a subject of _ _ )

intense interest [1]-[13]. The majority of industrial motors inthe FOr example, if the three unbalanced line to line voltages
US are designed for 460 V operation, yet the utility distributioA® Vap = 384 at an angle of 82:8 V. = 576 at an angle of
system is designed for 480 V. The rationale here is that the cabiél-4 andV., = 480 at an angle of 180 then the positive
voltdrop will allow the proper voltage of 460 V at the motoiS€quence voltag&, is 472.8 at an angle of 73.and the
terminals. Measurements have shown that in spite of the caBRgative sequence voltad, is 112.8 at an angle of 220.3
drop, the motor terminal voltages can be substantially high&herefore the “true” definition of % voltage unbalance is
than 460 V in stiff industrial systems, while it may be well below112-8/472.8)*100 = 23.8%. o
the nominal voltage, when the system is heavily loaded in weakHowever the electrical machines’ community in IEEE and
commercial or industrial systems. NEMA use the following definition of voltage unbalance.

Besides the overvoltage or undervoltage problem existingMEMA MGL1 for example, see (4) shown at the bottom of the
the power system, the supply is never perfectly balanced. USi§Xt page. _
ally, the level of unbalance is small enough so as not to affect!n the previous example, the average is 480V and the max-
the operation of the motors adversely; yet occasions arise wiglym deviation from average 576 — 480 = 96. Therefore
the level of unbalance must be accounted for in the proper aEE-VO't_ag? unbalance= 100"(96/480) = 20%. The IEEE, in
plication of the machine. This has been addressed by NEMRE guideline forthg testing of induction machines in IEEE 112,
using a definition of unbalance that differs from what is use¢ges the same definition of voltage unbalance as NEMA, except
in the power community. In addition, the unbalance assum@@t the phase voltages are used. o
that the average value of the voltage is 460 V, a situation that't is believed that th_e reason for using the above definitions
rarely occurs in practice. It is the purpose of this paper ther@f voltage unbalance is to avoid the use of complex algebra. A
fore, to address the problem of the proper application of indufermula for calculating voltage unbalance which avoids the use
tion machines in the presence of a combination of unbalancidhe complex algebra in symmetrical components, yet gives a
voltages and overvoltages or undervoltages. The differing d§R0d approximation of the true voltage unbalance is
initions of voltage unbalance by the different communities are JV2 VI 12

. . . + cae
also addressed and the impact on the derating curve established. % unbalance= 82* ¥Y_—abe ___bce - (5)
average line voltage

whereV,;,. = difference between the voltagé, and the av-

erage etc. In the above exam = 480 — 384 = 96,
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In order to understand the implications of using the two dif- - 2% NEMA unbalance g NEMA untalance
ferent definitions of voltage unbalance, the following analysis is '
given. Supposé’,,, Ey, E. are three unbalanced voltages with - 56
Ea = EaAOO, E}, = E, /6, andE’C =FE./0.. (6) 5.4
For a given voltage unbalance based on the NEMA definition, *! £2
say 5% and assuming an average voltage of 460 V and call the :
voltage with the largest deviation from the averafjg, Then fo 0ss 099 09% 095 096 097 098 099
E, — 460 :0'05*average E, =483 (7) 10% NEMA unbalance 20% NEMA unbalance

24

and > 115 s

E,+ Ey+ E.
Bat P F e 460 By + B, = 89T. ®) .
Now ’ . 25
2
|Ep — 460| <23 |E. — 460| < 23 105 o,

437 >Fk, < 460 437 < E. < 460.

Veoltage unbalance (%)

09 0.95 1 0.8
From the fact that the vector sum of Line voltage Eb p.u
n n o Fig. 1. Relationship between the “true” definition of voltage unbalance and
Ea+ By + Ee =0 (9) the NEMA definition for different values of NEMA unbalance.

=483 + Fy cos by, + Fysin )

+ (897 _ Eb) cos 6, + (897 _ Eb) sin acj —0. )3 2% NEMA unbalance 5 5% NEMA unbalance

(10) |
56
So for a givenky, 6, andf. can be found. From this, the % 22
unbalance based on the ratio of the negative sequence voltage 54
to the positive sequence voltage is given by . -
. E, 483/0° + a’Ey/b, + a (897 — E}) /6.

]

32
o — U s
ratio = E, T 483/0° + aly /0y + a? (897 — Eb) 19(('11) r_E 8.04 1 196 8 484
£
From this analysis, it has been found that for a given % un- E 10% NEMA unbalance oy 2% NEMA unbslance
balance, based on the NEMA definition, there is a range of % g“-5 s
unbalance, based on the ratio of negative sequence voltage to g
positive sequence voltage. This is shown in Fig. 1 for 2%, 5%, ~ 1 3
10%, and 20% NEMA definition of unbalance. Thexis is the 25
magnitude ofF, in p.u. and they-axis is the unbalance based 2
on the ratio of negative sequence voltage to positive sequence 108 215
voltage.

108 336 6.67 9.48 4.24 9.02 138 16.56

The range of the ratio of the negative sequence voltage to the Deviation from 240 degrees

positive sequence voltage will be from 5% to 5.8%. Similarly,
for a 2% unbalance based on NEMA or IEEE, the true unbalangg. 2. Relationship of the “true” definition and NEMA definition of voltage
can range from 2% to 2.3%. For a 10% unbalance using thbalance.
NEMA definition, the true unbalance can range from 10% to
11.6% and for a 20% deviation using the NEMA definition, the Fig. 2 shows the relationship between NEMA and the true
true unbalance can range from 20% to 23.8%. definition of voltage unbalance with angle variation. Thaxis

Fig. 1 also shows how the magnitudelof in p.u varies with represents the deviation from a balanced angle of 24102%,
the “true” definition of voltage unbalance for the same NEMA%, 10%, and 20% NEMA unbalance. Theaxis is the range
unbalance. Since both magnitudes and angles are unbalanoédnbalance based on the negative to positive sequence voltage
the variation of angles with the true definition can also be showratio. For example, at 5% NEMA unbalance, the deviation from
This was done by choosing the valuedpinstead of~, such 240 is from 0.25 to 4.85, therefore the true range of an-
that (7)—(10) are satisfied. gles will be 239.75to 235.15. The deviation of anglé. from

maximum voltage deviation from average voItagf

% voltage unbalance:
average voltage

(4)
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Fig. 5. Positive and negative sequence torques of the IM.

X’2 rotor reactance;
Fig. 4. Negative sequence equivalent circuit. R1 stator resistance;
R'2  rotor resistance;

120°C with unbalance can also be determined is the same wayXm Magnetizing reactance;
These curves are the same as the curves in Fig. 1. That is, foP slip.

a given NEMA % unbalance, there is a range of % unbalance,The total power output will be
based on the “true” definition, which is the same range as in , [(1—s) , [(1—s)
Fig. 1. P =1, [ ] —Iire [ } W.per phase (12)

, - (2-s)
The difference between the NEMA definition of voltage un-

balance and the true definition can differ substantially whefiote the reduction in the output power due to the negative se-
the voltage unbalance is extremely high (say 20%) as showrfjsence current) and the torque
Fig. 1. At lower unbalance levels (say 5%) and when enforcing J5 P }

S

the condition that the average voltage must equal 460 V, the T [? ~ @-9)
maximum deviation between the two definitions is only 0.8%. B W syn.

The question that remains then is whether this difference is S@bte the reduction in outout toraue. due to the negative se
nificant in the derating of the machine. To answer this ques- P que, 9

tion, itis necessary to review the positive and negative sequeﬁlr'fjee nce current), wherk, is the positive sequence phase cur-

equivalent circuits of the induction machine, which is done irnem’I” is the negative sequence phase currentéign is the

the next section. synchronous speed.
The positive and negative sequence currents are functions of

their sequence voltages, the motor parameters and the.slip
Thus using the equation given below the currdptand’, are
obtained using the respective sequence voltages and motor pa-
Each set of positive and negative sequence voltages prodtex@eters and including the dependence on the slip
corresponding balanced currents in the IM and the synthesis

N.m per phase (13)

Ill. POSITIVE AND NEGATIVE SEQUENCE
EQUIVALENT CIRCUITS

of the two sets of current vectors represents the actual currents I, = Vo (14)
produced in the three stator phases by the original unbalanced [T n (,_)} 2 (o 4o )2

voltages. The behavior of the machine to the positive sequence ' ! s ! 2

voltage is essentially the same as for normal balanced operation. Vv

The negative sequence currents, however set up a reverse field, I, = - = : (15)
so that if the rotor slip is s with respect to the positive sequence , [7(’;:)} + (o1 + x,2)2

field, it will be (2— s) relative to the negative sequence field. The

equivalent circuits of the induction motor for each sequence areThus the positive and negative sequence currents for an un-
shown in Figs. 3 and 4. The motor behaves as the addition of tvalanced supply can be obtained and used in analyzing the ma-
separate motors, one running at sliwith a terminal voltage of chine performance. Using these equivalent circuits, the positive
V), per phase and the other running with a slip®f(s) and a and negative sequence torque-speed curves may be plotted as

terminal voltage ofV/,,. where shownin Fig. 5. The upper curve is the positive sequence torque.
V,  positive sequence voltage; The positive sequence torque resembles the torque of an in-
V.,  negative sequence voltage; duction motor operating from a balanced supply. Normal oper-

X1 stator reactance; ation is between zero speed and synchronous speed. This curve
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is typical of a class B machine. The counter rotating field pro-
duced by the negative sequence currents produces a negative
torque, with a peak in the 3rd quadrant. The magnitude of the
negative sequence torque is not negligible, so that the net shaft 07

2 ' ' ' ' ' ' ' ' '
torque produced by the machine will be somewhat less thanthat 5 06} ---4-----i--d bbb
produced by a balanced supply. T S S L A S S SO SO S

While the entire envelope of the torque-speed curve is re- £ qa-f.bo il ]
duced, by the presence of the negative sequence torque, three & .| i . 1 G50

points on the curve of particular interest are the starting torque,
breakdown torque and full load torque. Thus the important im-
plication of Fig. 5 is that the motor will take longer to run up in ‘ . ,
the presence of unbalanced voltages. This increases the thermal o 05 1 15 2 25 3 35 4 45 &
stress in the machine and will lead to loss in life, if not early Voltage unbalance ()
failure. This is due firstly to a reduction in the magnitude ofig. 6. Derating curve of the IM.
the positive sequence voltage when compared to the unbalanced
supply voltage. Secondly, the presence of the negative sequence
current creates a negative sequence torque which subtracts from o )
the positive sequence torque to yield a net torque that is everftS Per NEMA guidelines, operating a motor for any length
smaller. If full load is still demanded, then the motor will bf time at voltage unbalance above 5% “is not recommended.”
forced to operate at a higher slip, thus increasing the rotor loség¥ @mount of unbalance makes a motor run hotter. The NEMA
and heat dissipation. Premature failure can only be preventeddgndard states that once unbalance reaches 5%, the tempera-
derating of the machine to allow it to operate within its therma''® begins to rise so fast that protection from damage becomes
limitations. The reduction in the peak torque reduces the abilifjPractical. _
of the motor to ride through dips and sags, thus affecting the T he Simplest protection, as proposed by the NEMA standard,
stability of the entire system. is to derate the motor—to reduce its output horsepower load so it
This section has demonstrated the effects of the unbalan£&d tolerate the extra heating imposed by the unbalanced supply.
voltage supply on the torque production in the machine. The5Bere are several ways to develop a derating curve. One of them
circuits may be used to evaluate the derating of the machiyBich is based on many tests of a variety of motors, for balanced

from thermal considerations as well. In particular, the effect §PIt2ges, suggests that
the differing definitions of voltage unbalance can be examined. percent increase in winding temprise

s S e

IV. DERATING CURVE FORINDUCTION MOTORS

From Fig. 1, it is evident that for a 5% voltage unbalance baséd" 100
on the NEMA definition, the range of voltages based on the true percent loa 1.7
definition is 0.05 to 0.058. The question is whether this is signif- = (Tj a7

icant in terms of the motor’s thermal rating. The procedure for
determining this is to find the total losses with a 5% unbalanceBut information developed by NEMA and various re-
(based on the true definition), using the two circuits in Figs. gearchers indicates that when voltages are unbalanced, the
and 3. For the particular example under consideration, the topalrcent increase in temperature rise equals about twice the
losses was 2160 W. With a 5.8% unbalance (based on the tggiare of the percent voltage unbalance. This can be defined
definition), the losses increased to 2181 W, an increase of 1%y the following relation:

Ef ficiency =

1 — Losses 2(percent unbalancg) percent loa —L
- 1 = . 18
’ (16) + 100 100 (18)

Input

For a motor efficiency of 0.85, the input is 14400 W and The above relation can be used to find the percent load for

the output is 12 240 W. With a 1% increase in the losses, tngratlng under various unbalar!ced conditions (percent unbal-
ance). In other words, the derating necessary to hold the tem-

change in the efficiency is from 0.85 to 0.849 (for the same : . S .
g . erature rise to the machine specifications can be determined.
output) which is approximately 0.85 anyway. In other word% .
a 1% increase in the losses, does not require a correspondlhn .
decrease in the % output power. Thus the fact that NEMA ar(])derate at more than 77% of its rated outout
IEEE use a different definition of unbalance from the rest of tha’ 0 put.
power community, does not result in a significant difference in
the machine derating, up to an unbalance of 5%. It is therefore
safe to use either definition when determining derating.

While the respective sequence networks may be used to esn order to include overvoltages and undervoltages on the
tablish derating, NEMA has also addressed this problem empINEMA derating curve, the electrical and thermal models were
cally by conducting tests on a number of machines. This methdeveloped. Fig. 7 shows the connection of the models. The elec-
is used to establish the steady state derating curve given in theal model is used to calculate motor losses. These losses are

next section. fed into the thermal model to predict the motor temperature rise.

V. INCLUSION OF OVERVOLTAGES AND UNDERVOLTAGES
IN THE DERATING CURVE
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8 Fig. 9. Inclusion of overvoltages and undervoltages on the derating curve.
50
0 very close to the NEMA curve as expected. The 110% curve will
0 1 2 3 4 5 protect the motor when supplied wiase 2voltages. Below
Voltage unbalance (%) 1% .
% unbalance, the motor can be operated at full-load without
e rated voltage — —10% overvoltage being derated. This is the same as for the NEMA curve. At 5%
= = = 10% undervoltage | unbalance, the motor cannot be operated above 71% of the rated
power. The 90% curve shows the derating curve that will protect
Fig. 8. Core loss variation with voltage unbalance. the motor winding from overheating when a motor is operated

with Case 3roltages. If a motor is expected to run at full-load in
Then, the derating factor is calculated depending on the temp&e presence of 10% undervoltage, with or without voltage un-
ature magnitude. balance, the 90% curve suggests that the motor must be derated.
The electrical model is a combination of Figs. 3 and 4. The The 90% undervoltage and the 100% rated voltage curves
motor parameters were determined from no-load and lockgave almost the same derating at 5% unbalance. This is believed
rotor tests. The core losses were determined experimentaifybe due to the highei” R and lower core losses in the under-
Fig. 8 shows the core losses when the motor is supplied by weltage case cancelling out with the lowi? and higher core
balanced voltages, in combination with over- or undervoltagdgsses for the rated case, hence giving the same derating at that
The core loss increases with increase in voltage unbalance. point. The core loss for the 110% curve is the highest as shown
The thermal model presented in [12] was adopted. SimpfeFig. 8.
tests were performed to determine thermal parameters througs an example of a motor, operating with a balanced voltage,
motor testing rather than from motor design data. From tlyet with an undervoltage, consider Fig. 10, which has practical
model performance test, the thermal model worked with baneasurements for such a condition. The magnitude of the un-
anced voltages, unbalanced voltages, over and undervoltagesvoltage is 200 V, while the machine rating is 230 V; this cor-
The model was able to predict both transient and steady stegeponds to a 0.87 undervoltage condition.
temperatures to an accuracy-bg°. Using the 90% curve in Fig. 9, for 0% unbalance and 90% un-
Fig. 9 shows the inclusion of overvoltages and undervoltagervoltage, the derating can be read off directly as 0.92. Hence,
on the derating curve. The curves were obtained by running tifne motor output should be derated so that its output is no more
following three casesCase 1 a motor was supplied with un- that 92% of the rated output and should be a little less, because
balanced voltages at rated average voltag€€dnre 2 a motor the actual undervoltage is 87% and not 90%. Using the models
was supplied with 10% overvoltage in combination with unbaln Fig. 7, the derating of this motor is about 90% of the rated
anced voltages up to 5%. [Dase 3 a motor was supplied with output.
10% undervoltage in combination with unbalanced voltages upFig. 11 has an example of a motor operating with an unbal-
to 5%. anced voltage. Table | summarizes the voltage unbalance shown
The motor rated temperature when supplied by balanced ratedrig. 11.
voltages at full-load was known. The chosen voltages were ap-The first column in Table | summarizes the unbalance in
plied at the motor terminals. The stator winding temperaturethie period 10/28 through to 10/31 and the second column
full-load was predicted. For temperature values above rated, thenmarizes the unbalance from 10/31 through to 11/4. In the
motor output power was reduced so as to keep the temperafiinst period, the % unbalance is approximately 2%, while in
at rated. The derating factor was determined as the ratio of the second period, it is approximately 0.78%. In addition, the
calculated output power to the rated power. average voltage during the unbalance in the first period is 213
The 100% curve in Fig. 9 shows the derating required to pr¥; i.e., 93% of rated, while in the second period, the average
tect the motor when supplied wiase lvoltages. This curve is voltage is 215V, i.e., 94% of rated. For the first case, the motor
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TABLE |
VOLTAGE UNBALANCE

Period |10/28 - 10/31 |10/31-11/4
Ave A-N 120.5795 125.0362
Ave B-N 124.0745 124.4744
Ave C-N 124.3826 123.3095

Average 123.0122 124.2734
Max 124.3826 125.0362
Min 120.5795 123.3095

Max-A 1.370424 0.762842

Ave-min 2.432732 0.963854

% unbal 1.977635 0.775592

over- and undervoltages. An extensive analysis of the different
definitions of unbalanced supply has revealed that the differ-
ences in the definitions do not result in significant derating dif-
ferences when operated by unbalanced supplies in the 5% range.

Positive and negative sequence circuits were presented and
the impact on the overall torque speed curve explained. The neg-
ative sequence torque reduces the starting, peak and full load
rated torque, thus increasing starting time, reducing the ability
to ride through sags and forces the motor to operate at a higher
slip.

The NEMA curve for the derating of induction machines has
been extended to cover overvoltages and undervoltages. The
losses and temperature values for a machine operating with 10%
overvoltage or 10% undervoltage have been calculated using the
electrical and thermal models respectively. The derating factor
was determined for safe operation. Two case studies were also
included.
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