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Derating of Induction Motors Due to Power Quality
Issues Considering the Motor Efficiency Class
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Abstract—Heating and losses of induction motor (IM) grow with
the supply voltage unbalance and harmonic distortion. To avoid
thermal overload, the IEEE 141-1993, the IEEE 3004.8, NEMA
MG1-2014, and the IEC 60034-26 standards establish derating
factors for IMs operating under those conditions. In this article,
we show that while the derating factors proposed by these stan-
dards adequately protect standard-efficiency IMs, they are only
marginally adequate to protect modern higher-efficiency IMs. To
this end, we compare the derating factors provided by the standards
with the derating factors required to maintain the losses at rated
values in a standard-efficiency IM, in a premium-efficiency IM, and
in a super-premium-efficiency IM. To extrapolate the results from
these IM, we compared the nameplate data of 548 IMs of different
efficiency classes and found that higher efficiency classes correlate
to higher IM starting currents and lower impedances to the negative
sequence and harmonic voltages. These lower impedances in turn
may lead to higher losses for unbalanced and harmonic voltages
conditions.

Index Terms—Energy efficiency, induction motors (IMs), power
quality.

1. INTRODUCTION

LECTRIC motors, and in particular induction motors
E (IMs), represent the most important load in the electric
power system. Its participation in the demand for electric energy
is close to half of the energy consumed globally [1], [2]. For this
reason, even today, there are proposals to increase the electric
motors efficiency to yield large energy savings [3].

To promote the development of more efficient IMs, the IEC
60034-30 standard from 2008 specified three efficiency classes.
Compliance with these classes guarantees a minimum efficiency
level for every type of IM and nominal power. These classes
are: standard efficiency or IEl, high efficiency or IE2, and
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premium efficiency or IE3. A later revision of this standard
includes two new efficiency classes, the super-premium or IE4
and ultra-premium or IE5 [4].

Even where no commercial restrictions apply, energy prices
justify the installation of IMs in higher efficiency classes because
energy savings quickly repays the higher initial investment
[5]. However, the US and the EU imposed restrictions to the
commercialization of IMs of efficiency classes below premium
(IE3) [11, [21, [4].

As a rule of thumb for full load, IE2 class IMs are 15% more
efficient than IE1 IMs and IE3 IMs are 30% more efficient than
IE1 IMs, similarly IE4 IMs are 45% more efficient than IE1
IMs [4]. However, losses of higher efficiency class IMs under
distorted and unbalanced voltages are not fully documented.
Initial studies are not conclusive: Ferreira et al. [6] concludes
that lower IM losses lead to lower IM temperature and then to
longer IM life even considering voltage unbalance and harmonic
distortion operation. On the other hand there are studies sug-
gesting that higher-efficiency IMs are more affected by voltage
supply problems [7]-[9]. Van Wyk et al. [10] concluded that for
the same level of voltage unbalance, IMs in the IE2 efficiency
class generate higher negative-sequence currents than IE1 ef-
ficiency IMs. The negative-sequence currents cause a number
of problems including: additional losses, torque, speed, and
power oscillations, and reduction of the average electromagnetic
torque. Additionally, torque oscillations may lead to a large
increase in IM vibrations [11], [12].

The magnitude of these effects depends on the IMs construc-
tive characteristics [6], [7], [13].

To avoid thermal overload, the IEEE 141-1993 and NEMA
MG1-2003 establishes derating factors for IMs under unbal-
anced voltage conditions and for IMs operating under distorted
voltage conditions. For voltage unbalanced between 1% and 5%,
this standard requires derating factors between 1 and 0.75. These
derating factors apply to squirrel cage and wound rotor IMs
[14], [15].

IEC 60034-26 standard requires similar derating factors but
with application limited to general purpose IMs with squir-
rel cage rotors under unbalanced voltage condition in which
the average phase voltage magnitude remains at the nominal
value [16].

De Abreu and Emanuel [17] claim that the derating factors
proposed by standards are too conservative and that the use of
such factors results in total losses below the rated IM losses. On
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the other hand, Reineri et al. in [18] tested a wound rotor IM
and concluded that the derating factors proposed by the standard
were not enough to protect the IM because losses grew faster
than assumed in the standard.

The effect of harmonic distortion on new higher efficiency
IMs is currently under study [19], [20]. For example, Kanchan
et al. [21] showed that feeding a 15 kW IE2 IM with a variable
frequency drive reduces its efficiency mainly due to increased
losses in the IMs core and parasitic currents in the rotor. The
IEEE 3004.8 and NEMA MG1-2003 standards provide derating
factors for IMs operating under harmonic voltage distortion
conditions. For conditions where the harmonic voltage factor
(HVF) is below 0.03, no derating factor is required. On the other
hand, when HVF reaches a 0.115 value, a 0.7 derating factor is
required [15], [22].

In a previous version of this article [23], we show that while
the derating factors proposed by the standards adequately protect
standard-efficiency IMs, they are only marginally adequate to
protect modern higher-efficiency IMs. To this end:

1) we first show that higher efficiency class IMs are associ-
ated with higher starting currents and lower impedances
to negative sequence and harmonic voltages;

2) werun lab tests on three IMs of different energy efficiency
class to obtain accurate model parameters;

3) weused the models to obtain the derating factors for which
IM losses remained at design values for different levels of
unbalance and harmonic distortion;

4) we compare the derating factors provided by the standard
with the derating factors we obtained.

In this article, we extended the analysis of the model and

provided further details into the model’s validation. We also
included newly found bibliographical references.

II. STARTING CURRENTS FOR DIFFERENT EFFICIENCY
CLASS IMS

A. Definitions
In this article, we compute the voltage unbalance using

|va|

VUF = —.100 ey

[or]
where vy and v, are the positive and negative sequence com-
ponents of the voltage. This definition is consistent with IEEE
141-1993 [14].

To compute the harmonic distortion, we use the HVF defined
by

h=c0 thpu
HVF = ths =2 h=57,11,13 2)

where V},;,,, is the magnitude of the harmonic voltage compo-
nent of order 4, in per unit (p.u.) of the fundamental voltage
magnitude. This definition is consistent with IEEE 3004.8 [22].

B. Analysis of Starting Currents

Using the starting current in p.u. to estimate the negative
sequence impedance of IMs [24], we can predict the behavior
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Fig. 1. Average starting current in p.u. of the rated current for IMs in different

international efficiency classes at rated voltage and frequency.

TABLE I
NAMEPLATE DATA OF THE IMS

International Efficiency IE1 IE3 1E4
Power (kW) 5.5 5.5 5.5
Voltage (V) 380 380 380
Frequency (Hz) 50 50 50
Poles 4 4 4
Frame 132 132 132
Service Factor 1 1 1
Efficiency (%) 85.5 90.7 91.9
Rated Current (A) 11.7 10.8 11.1
Rated Speed (R.P.M) 1450 1465 1470
Power Factor 0.84 0.85 0.82
Starting Current (p.u.) 7.2 8.5 8.8

of IMs losses under voltage unbalance. High starting currents
imply low negative sequence impedances, leading to greater
losses under unbalanced voltage conditions.

Ferreira [25] compared the starting currents of four 7.5 kW
IMs, one in each of the four efficiency classes and noted that
the higher the efficiency class the higher the starting current. To
quantify these trend, we calculated the average starting current
in p.u. for 548 IMs in different efficiency classes: 244 60 Hz
IMs (75 1E1, 79 1E2, 70 IE3, 20 IE4) from 0.12 to 550 kW, and
304 50 Hz IMs (79 IE1, 90 IE2, 81 IE3, 54 IE4) form 0.12 to
500 kW (http://ecatalog.weg.net/tec_cat/tech_motor_sel_web.
asp) [26]. As shown in Fig. 1, the higher the efficiency class, the
higher the starting current.

These higher starting currents imply lower negative sequence
impedances and higher losses under unbalanced voltage condi-
tions [24].

As an example of this relation between the starting current
and the negative sequence impedance, we tested three IMs in
a laboratory setup. The IMs nameplates data are presented in
Table 1. The IMs are in the IE1, IE3, and IE4 efficiency class
with p.u. starting currents of 7.2, 8.5, and 8.8, respectively.

Fig. 2 illustrates the voltage and current unbalanced factors
VUF and CUF, respectively. For low levels of voltage unbalance,
the current unbalance levels are small for all the IMs. However a
small change in the voltage unbalance is associated with a large
change in current unbalance. Comparing the IMs, the negative
sequence current in the IE4 IM grow faster than the negative
sequence current in the IE3 IM and IE1 IM.
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Fig. 2. Current unbalance due to voltage unbalance in a standard efficiency
class IM (IE1), a premium efficiency class IM (IE3), and a super-premium
efficiency class IM (IE4).
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Fig.3. Harmonic current due to harmonic voltage in a standard efficiency class

IM (IE1), a premium efficiency class IM (IE3), and a super-premium efficiency
class IM (IE4).

Higher starting currents (in p.u.) are also correlated with lower
impedances to harmonic components.

Fig. 3 shows the relation between the harmonic current factor
and the HVF for the IMs under test. For low levels of harmonic
voltage distortion, the current distortion levels are small for all
the IMs. The figure shows that the harmonic currents grow faster
than the percentage of harmonic voltages. Again, comparing the
IMs, we see that the magnitude of the harmonic currents is higher
in the IE4 IM than the IE3 and IE1 IM, which implies that the
impedances to harmonic voltages are lower in the IE4 class IM
than in the IE3 and IE1 IMs.

III. IM MODEL AND PARAMETERS FOR VOLTAGE UNBALANCE
AND HARMONIC DISTORTION

A. IM Model for Voltage Unbalance and Harmonic Distortion

The steady state model of an IM may be used to evaluate the
IM’s behavior under voltage unbalance and harmonic distortion
conditions [24]. The model consists of single-phase equivalent

Fig. 4.

IM model equivalent single-phase circuit.

TABLE II
POSITIVE- AND NEGATIVE-SEQUENCE PARAMETER FOR THE
FUNDAMENTAL FREQUENCY
Parameter Fundamental frequency
Positive sequence  Negative sequence
R, T 7
X/s X Xs
Rr n Trin
s 2—-s
X, X Xrin
Ry e e
TABLE III

POSITIVE- AND NEGATIVE- SEQUENCE PARAMETER FOR
HARMONIC FREQUENCIES

Parameter Harmonic

Positive sequence Negative sequence
RS rshp Tsin
X hp X By - Xy
Rr 7}[‘0 & hn Vohn

(h —1)+S " (hn+1)_s
P

X ((hp—1)+s)-x,hp ((hp +1)—s)~xrhn
Xm hp X hn X
Ry e e

circuits for the positive- and negative-sequence components of
the fundamental frequency and single-phase equivalent circuits
for the positive- and negative-sequence components for each
harmonic frequency [24], [27], [28].

Fig. 4 shows the single-phase circuit used in the model. While
the circuit topology remains the same, parameter values are
different for each sequence and frequency component, as shown
in Tables II and III.

Subscripts p and n indicate that the parameter corresponds
to the positive or negative sequence, respectively. Similarly, &
represents the harmonic index, e.g., h =5, 7.

To compute the output power of the IM, we sum the posi-
tive sequence power and the negative sequence power for the
fundamental frequency and its harmonics as follows:

Poutput:P1p+Pln+Php+Phn (3)
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where
1—s
Piy =3(I1,)* ( . ) . 4)
_ 1)
P, = 3(I1,) (s in 5
1In ( ln) (Z—S)Tl ()
Py = i 3(Irhp)2erp VkeN (6
h=6k+1 (hy = 1) +s
Py, = f: 3(Ir,m)2h7”rmn VkeN. (7)
Nl (hp+1)—s

The losses of an IM include the stator loss, rotor loss, core loss,
friction and windage loss, and stray-load loss [29]

Plosses = Peus T Peur + Dfe + Pf4+w + pu (8)
where

Peus = 3(Islp)2rs + 3(Isln)27ns + Z S(IShP)ZTShP
h=6k+1

+ Z 3(Ishn)2rshn (9)

Peur :S(Irlp)zrr+3(Irln)27ﬂrln+ Z 3(17’Izp)zrrhp
h=6k+1

o]

+ Z 3 (17'}Ln)zrr}zn

h=6k—1

Pre = 3Ue1p)’rre + 3L e1n)’re

+ D 3Usenp)’rre+ D 3(Igenn)’rre
h=6k+1 h=6k—1
(11)

12)

(10)

Df+w + pu = constant.

The friction, windage, and stray load losses are assumed
constant because their variations are small as shown in the
validation (see Section IV) [30].

B. Parameters of the IMs Under Test

We tested three 5.5 kW 50 Hz IMs, a standard efficiency class
(IE1), a premium efficiency class (IE3), and a super-premium
efficiency class (IE4). Table I summarizes nameplate data of
each IM. Comparing starting currents of the IMs, we predict
that the super-premium-efficiency IM will be more affected by
voltage disturbances than the premium-efficiency IM. Finally,
standard-efficiency IM will be the least affected IM by voltage
disturbances.

Table IV summarizes the nominal frequency parameters of
the IMs we tested in this article. To obtain these parameters, we
followed the procedure described in IEEE 112-2004 standard
[29].

This table shows that stator resistance r and rotor resistance
r, of the super-premium-efficiency IM (IE4) are lower than

TABLE IV
IM PARAMETERS FOR NOMINAL FREQUENCY

M/ IE] IE3 1E4
Parameter (Q)

r 0.896 0.633 0.594
r, 0.331 0.247 0.229
x, 1.683 1.462 1.207
x, 1.683 1.462 1.207
X, 40.73 44.76 37.01
e 175.9 210.3 288.3
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Fig.5. Negative-sequence impedance magnitude computed from voltage and
current measurements under 5% VUF.

the respective values of the premium-efficiency IM (IE3) and
the standard-efficiency IM (IE1). Similarly, the stator and rotor
leakage reactances of the IE4 IM are lower than those of the IE3
and IE1 IMs. On the other hand, the resistance of the magnetizing
branch of the super-premium-efficiency IM (IE4) is larger than
those in premium-efficiency IM (IE3) and standard-efficiency
IM (IE1). The reactance of the magnetizing branch is similar in
all cases.

To obtain the negative-sequence parameters, 7.1, and x,i,,
we first apply unbalanced voltages (VUF ~ 5%), measure
the current on the IMs, and computed the negative-sequence
impedances at different loading conditions. Fig. 5 shows
the impedance values we obtained. The results shown in the
figure are consistent with Arkan findings in [31].

The negative sequence resistances for the IE1, IE3, and 1E4
IMs were: 2.1, 1.73 €2, 1.26 €2, respectively, and did not change
with the loading conditions. With these values, we compute the
IM’s model parameters as described in [28].

IV. VALIDATION OF THE MODEL AND PARAMETERS UNDER
UNBALANCED VOLTAGE CONDITIONS

To validate the model and its parameters, we compared
the stator current measured on a test bench with the currents
obtained with the model under the same voltage and loading
conditions.

Authorized licensed use limited to: University of Exeter. Downloaded on May 06,2020 at 23:47:44 UTC from IEEE Xplore. Restrictions apply.



DONOLO et al.: DERATING OF INDUCTION MOTORS DUE TO POWER QUALITY ISSUES CONSIDERING THE MOTOR EFFICIENCY CLASS 965

:I Auto

transformer Filter

Inverter

Rectifier

Torque
reference

Programable
power source

°'|{ Oscillographic
vsSD Recorder

—4

Torque and
speed

wlu
A~

IM
Load

[
Il

:

——

[

Fig. 6. Test bench used to test the IMs.

A. Test Bench

The test bench (see Fig. 6) consists of a three-phase pro-
grammable source to create different supply voltage conditions
including voltage unbalance and harmonic distortion.

Fig. 6 shows the IM under test mechanically coupled to a
second IM working as a load. The IM used as load is fed by a
commercial variable-speed drive, so that the load condition of
the IM under test can be adjusted as required. A 0—100 N-m
transducer is used to measure torque and speed. The test bench
records two line voltages and two phase currents using a four
channel oscillographic recorder (3.2 s, 40 kS). The remaining
voltage and current are obtained from the measured values.

During the tests, we keep the positive sequence of fundamen-
tal voltage at its nominal value. Voltage unbalance is generated
by incrementing the negative-sequence component of the fun-
damental voltage. To generate voltage distortion, we introduced
5th and 7th harmonics while maintaining the magnitude of the
7th harmonic at 0.7 times the amplitude of the 5th harmonic.
Even voltage harmonics are seldom present in power systems
voltages and are not included here. The third harmonic and
its multiples are not included because they are zero sequence
harmonics, which cannot flow into IMs due to them being either
delta connected or in ungrounded wye connection.

B. Validation of the Model and Parameters Under Unbalanced
Voltage Conditions

To validate the model, we measured the currents through
the IMs under different conditions of voltage unbalance and
load. Then, we compared these measurements with the currents
predicted by the model for all the combinations of {0, 1, 3, 5,
7} percent of voltage unbalance (VUF) and {0, 25, 50, 75, 100}
percent of rated load.

Using the bench described in the previous section, we mea-
sured the currents through the IMs under different conditions of
voltage unbalance and load. Then, we compared these measure-
ments with the currents predicted by the model for each voltage
and load conditions.

Fig. 7 shows the measured and estimated fundamental
positive-sequence currents for the IE1 IM operating at full load.
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0.975 ==« Model r3.5
0.950 | mmm o - ——————————— 3 ()
e 1ottt 25 _
& X
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—— Error (%)
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Fig. 7. IEl IM: Measured and estimated fundamental positive-sequence cur-

rent and the corresponding error, full load case.
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Fig. 8. IE3 IM: Measured and estimated fundamental positive-sequence cur-
rent, and the corresponding error, full load case.
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Fig. 9. IE4 IM: Measured and estimated fundamental positive-sequence cur-

rent, and the corresponding error, full load case.

Figs. 8 and 9 present the same data for the IE3 IM and IE4 1M,
respectively. These figures show that the differences between
the measured and modeled values are less than 2%.

Fig. 10 shows the calculated and measured negative-sequence
current for the IE1 MI at full load and for different levels of volt-
age unbalance. Figs. 11 and 12 present the same data for the IE3
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Fig. 10. IEl IM: Measured and computed negative-sequence fundamental

current and the corresponding error, full load case.
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Fig. 11. IE3 IM: Measured and computed negative-sequence fundamental
current and the corresponding error, full load case.

IM and IE4, respectively. These figures show a proper agreement
between the current obtained using the models and the measured
currents. Note that the difference between the currents is below
2% of the nominal current. These figures also show that the
negative-sequence currents grow linearly with the voltage unbal-
ance level, and that a 7% of voltage unbalance leads to negative-
sequence currents close to 40% of the nominal current of the
standard-efficiency IM. For the premium-efficiency IM, 7% of
voltage unbalance causes negative-sequence currents that reach
50% of the nominal current. In the super-premium-efficiency
IM, 7% of voltage unbalance causes negative-sequence currents
that reach 64% of the nominal current. This result is consistent
with the analysis we presented in Section II.

The negative-sequence impedance of IMs changes with the
loading level, it is then important to validate the IM model and
parameters for different loading levels.

Fig. 13 shows the calculated and measured negative-sequence
current for the IE1 IM at no-load condition for different levels
of voltage unbalance. Figs. 14 and 15 present the same data for
the IE3 IM and IE4 IM, respectively.

0.5 7 5
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0.4 / L4
//
3 pid
Zo03 /,, 3%
‘g‘ P4 —— Error (%) E
E 0.2 3]
O
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Fig. 12. IE4 IM: Measured and computed negative-sequence fundamental

current and the corresponding error, full load case.
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0.4+ F4

Current (p.u.)
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Fig. 13. IEl IM: Measured and computed negative-sequence fundamental
current and the corresponding error, no load case.

Reviewing Figs. 6-14, we see a maximum estimation error of
4.8%. These differences may be attributed to the variations in
the stray losses, which we contemplate as constant in this article
[30].We validated the model for loading conditions between full
and no load, and we found that the model presents the same or
better accuracy than in the cases shown earlier.

V. COMPARISON OF DERATING FACTORS

In this section, we used the model we validated in SectionIV to
obtain derating factors for the three IMs. The derating factors are
calculated for different voltage unbalance and harmonic voltage
conditions as described further.

A. Derating Factors for Unbalanced Voltage Conditions

According to the NEMA and IEC standards, IMs are designed
to operate continually at full load with a 1% of voltage unbalance
[15], [16]. We compute the total baseline losses in the IM for
those conditions. Then, we increase the voltage unbalance in
0.5% steps. At each step and as a consequence of the increase
in voltage unbalance, the losses in the IM increase. So, at each
step we scale down the load until the losses in the IM fall back to
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Fig. 15. IM: Measured and computed negative-sequence fundamental current

and the corresponding error, no load case.

the baseline value. These scale-down factors are the computed
derating factors corresponding to the different voltage unbalance
levels.

Fig. 16 compares the derating factors we computed for the
IE1, IE3, and IE4 IMs with the derating factors suggested by
the NEMA standard [15]. Note that while the derating factors
suggested by the standard adequately protect IE1 and 1E3 IMs,
the margins for the IE3 IM are smaller than those for the IE1
IM as inferred from the lower negative sequence resistance on
the IE3 IM. In the IE4 IM, the standard protects adequately for
VUF<3.5%. For VUF>3.5%, the derating factors proposed in
the standard are not enough to protect the IE4 IM.

B. Derating Factors for Harmonic Distortion Conditions

In this section, we assume that IMs can operate indefinitely
at full load with a 0.03 HVF harmonic distortion condition.
With this level of harmonic distortion, the IM losses are like
those with the IM operating with 1% VUF. Then, we compute
derating factors for HVF values between 0.03 and 0.14 HVE.
We introduce 5th and 7th harmonic voltages while we maintain
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Fig. 16. NEMA derating factors maintain IM losses below design values, but

margins are smaller for the higher efficiency class IM as predicted by the lower
negatives sequence impedance.
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Fig. 17. NEMA derating factors are not sufficient to maintain IM losses below

design values in the IE3 and the IE4 IMs

the 7th harmonic at 70% the magnitude of the Sth harmonic.
Fig. 17 compares the derating factors defined in NEMA standard
with the derating factors we computed for the IE1, IE3, and IE4
IMs. Note that the derating factors computed for the IE1 IM are
close and somewhat above the values suggested by the NEMA
standard. However, the derating factors computed for the IE3
and IE4 IMs are below NEMA’s values, indicating that losses
in these IMs are higher than the losses for which the IMs are
designed.

VI. CONCLUSION

In this article, we study the effect of voltage unbalance and
harmonic distortion on the losses of IMs in different efficiency
classes.

We first studied the nameplate data of 548 IMs to show that
higher efficiency class IMs are correlated to higher starting
currents in p.u. Then, we drew attention to the work presented
in [24], where higher starting current are associated with lower
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negative-sequence impedances and to higher losses for unbal-
anced and distorted voltage conditions.

In a second approach, we compared the behavior of three IMs
(an IE1, an IE3, and an IE4 efficiency class) under harmonic
and unbalanced voltage conditions. We found that, for the same
levels of voltage unbalance and harmonic distortion, losses were
greater in the IE4 class IM than in the IE3 class IM and IE1 class
IM. For these IMs, we computed derating factors to maintain
losses at the design values. The derating factors corresponding to
the IE1 IM were above that suggested by the standards. However,
the derating factors computed for the IE3 IM and IE4 IM are in
some cases below NEMA'’s values, indicating that losses in the
IMs are higher than the losses for which the IMs is designed.

This article suggests that 1) IM losses due to voltage unbal-
ance and harmonic distortion are greater in higher efficiency
class IMs, and 2) that derating factors defined in standards are
not enough to avoid overload on higher efficiency class IMs.
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