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Abstract: This paper presents the results of load capacity calculations for three-phase squirrel-cage
induction motors supplied with distorted voltage with rotating harmonics. The calculations were
made on the basis of a commonly used model of an induction machine. The difference from many
papers is that the parameters of the equivalent circuit of each motor were precisely determined
in terms of power losses in the motor. The load capacity of the motors was made dependent on
the load power losses in the rotor cage. These losses were determined on the basis of short-circuit
measurements of motors, made for frequencies equal to harmonic frequencies. Measurements and
calculations were made for low-voltage squirrel-cage motors with rated powers of 4-65 kW and
various efficiency classes. Calculations have shown that the calculated derating curves do not match
the curves given in IEC 60034-17 and NEMA MGI. The differences are up to 15% for IE1 and IE2
motors and more than 50% for IE3 motors.
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1. Introduction

Feeding a three-phase induction squirrel-cage motor with non-sinusoidal voltage
causes many disturbances in its operation. The most important of them is an increase in
power losses in the motor, both stator and rotor, and generating alternating torques. Alter-
nating torques can cause oscillations in the motor speed, causing additional frequencies
in the stator currents and additional losses. Speed oscillations appear when the motor is
supplied with a voltage containing sub-harmonics or inter-harmonics [1,2], which is not the
subject of this paper. This paper concerns powering the motor with voltage containing only
rotating harmonics, i.e., harmonics No. k=1, 5,7, 11, 13, 17, 19. .. This makes it necessary
to reduce the motor load capacity.

The fundamental paper on powering the motor with distorted voltage is paper [3]. It
probably became the basis for determining the load curves in [4,5]. They are very similar to
the curve resulting from the calculations in the paper [3]. The paper presents considerations
leading to determining the thermally admissible load power of the squirrel-cage induction
motor supplied with non-sinusoidal voltage. This non-sinusoidality is such that the voltage
contains only rotating harmonics, i.e., harmonics No. h =1, 5,7, 11, 13, .... Motor load
power losses from higher rotating harmonics (i > 5) were expressed as a function of a
defined Harmonic Voltage Factor (HVF). Based on this expression, the expression for the
thermally admissible load power as a function of HVF was derived (as in Appendix A [2]).
Based on multiple motor measurements, the powers equal to 0.6 and 0.8 of the rising
short-circuit resistance and short-circuit reactance of the motor with the voltage supply
frequency were determined. A final form of HVF expression was determined by these
powers. The expression for the HVF is present in the standards [4,5] and is the basis for
determining the curve of the Derating Factor (DF) as a function of HVF.

This topic is often associated with the problem of the operation of a squirrel-cage
motor supplied with unbalanced voltage [6-8]. In general, authors have based their
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work on the classical model of the induction machine, and their studies concern the
steady state of the motor. This enables the use of a model in the form of equivalent
circuits for individual rotating harmonics of the motor voltage supply [9]. Most of the
papers used the HVF coefficient to evaluate the load capacity of motors, but some other
coefficients were proposed [10,11]. In some papers, the electromagnetic motor model
was combined with its thermal model [12]. Very accurate measurements of temperatures
and heat dissipation of the motor powered by distorted voltage were also made [11],
even with the use of a calorimetric chamber [13,14]. The authors of some papers [8]
drew attention to the reduced load capacity of premium-efficiency and super-premium-
efficiency motors (IE3, IE4), compared to standards [4,5]. The authors of [8] wrote that
“This article suggests that (1) IM losses due to voltage unbalance 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.” The disadvantage of
many papers [8,11,13,15,16] is based on the results of measurements of small squirrel-cage
motors, i.e., with a rated power of a few kW. Such motors have unusual values of model
parameters, mainly high stator phase resistance and high short-circuit reactance. Their
thermal overloads do not have much practical significance as high-power motors, due to
better heat dissipation conditions. In almost all papers, the additivity of power losses in
the motor from individual power supply harmonics was assumed. Some papers negated
this assumption, pointing to the global and local saturation of the magnetic circuit of
the machine as the reason for the non-additivity of power losses in the motor [15]. The
literature gives many formulas for determining the variation in the short-circuit resistance
and inductance of an induction motor with the frequency of its voltage supply. In particular,
many formulas and methods in [17] were collected. They are from IEEE Harmonics Task
Force Model 2003, IEEE Std. 399 Generic Method, IEEE Std. 399 Induction Motor Equivalent
Circuit Method, and the papers [3,18]. Unfortunately, the differences between the short-
circuit resistance and reactance values from these formulas are significant. It follows that
the correct calculation of the variation in the short-circuit active and reactive power of
the motor with the frequency of its currents is a serious problem. In [16], the authors
observed an increase in the first harmonic active power when the motor was supplied
by non-sinusoidal voltage. This interesting effect is not discussed further in this paper.
The paper concerns the problems of accurate measurement of the power and efficiency of
motors with non-sinusoidal power supply.

As this review shows, the standard [4,5] DF(HVF) curves are questioned [8,12,17]. The
HVF formula is also questioned [12]. From this it follows that only one curve DF(HVF) for
all induction motors all over the world may not exist at all, due to the different designs,
number of poles, size, cooling, efficiency class, and operating duty of the motors. It should
be noted that there is no worldwide consensus on which electromagnetic model with
lumped parameters of an induction machine is appropriate for a non-sinusoidal supply.
The assumption about the additivity of power losses in the machine, from individual
harmonics of the distorted supply voltage, may raise doubts, too.

In the paper [2], a new method of determining the load capacity of three-phase
squirrel-cage induction motors supplied by a voltage containing higher rotating harmonics
was applied. The thermally permissible load capacity of the motor was made dependent
on the power losses in the rotor cage. These losses were determined on the basis of
short-circuit measurements of the motor, performed for frequencies equal to harmonic
frequencies. The calculations were made using a commonly used induction machine model.
These calculations concerned a low-voltage IE3 squirrel-cage motor with a rated power
of 22 kW and a synchronous speed of 1500 rpm. The calculations yielded power derating
curves significantly different from those given in the IEC 60034-17 [4] and NEMA MGI [5]
standards.

This paper contains a continuation of the calculations presented in the paper [2]. The
analyses presented in this paper aim to determine the theoretical curves of the power
load capacity of squirrel-cage motors supplied with distorted voltage, based on the most
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commonly used model of an induction machine. This is to be the starting point for the
subsequent verification of both the load capacity curves given in the standards [4,5] and the
suitability of the commonly used induction machine model for determining such curves.
The need to verify the standard curves primarily results from the emergence of various
efficiency classes of S1 squirrel-cage motors, which did not exist at the time of the creation
of the curves present in the standards. However, the differences between the theoretical
curves and the curves given in the standards may indicate both the inaccuracy of the
standards and the inaccuracy of the induction machine model used for the calculations.
This model is very old [19]. When it was created, the supply of the motor with distorted
voltage was not taken into account. This model is based on simplifying assumptions. The
model assumes the linearity of the magnetization of the magnetic circuits of the machine,
the absence of eddy currents in the core, the smoothness of the air gap, the sinusoidal
variation in the mutual inductances between the stator phases and the rotor phases with the
position of the rotor, and the constancy of the self-inductances of the stator and rotor phases.
Therefore, the question arises whether this model is appropriate for the calculations of the
motor supplied with distorted voltage. In this sense, it can be said that the calculations
presented in the paper are an introduction to the verification of the suitability of the
commonly used induction machine model for determining the thermally admissible load
capacity of squirrel-cage motors supplied with distorted voltage with rotating harmonics.
Measurement verification of the calculated load curves will be the subject of further work.

2. Materials and Methods

The research of the thermally admissible mechanical power load capacity of squirrel-
cage motors supplied with distorted voltage was carried out for five squirrel-cage motors,
and the data are given in Table 1. The calculation research was carried out for each motor
supplied with balanced distorted voltage, containing only the 5th harmonic, with the phase
RMS value varying in the range from u,s5 = 0 to us5 = 0.25 of the motor-rated phase voltage
Usn. The calculations were limited to the presence of only the 5th harmonic in the voltage
for two reasons. First, it is the lowest-numbered rotating harmonic, and therefore the
one with the greatest effect on the motor. Secondly, motor load curves are presented as
HVF or HLF [2] functions and the values of these factors do not depend on the harmonic
number. The RMS value of the fundamental harmonic was equal to the rated voltage of
the motor (U1 = Ugy). The obtained curves DF(uy5) were confronted with the standard
curves [4,5]. These standards contain DF(HVF) curves, and therefore, the value of the HVF
was converted into the values of the 5th harmonic.

Table 1. Rated and cataloged data of the tested squirrel-cage motors. All motors with operating duty
S1 and fy = 50 Hz; 7y—rated efficiency, I;y—rated phase current, Z;y—rated phase input impedance,
cospy—rated power factor, sy—rated slip, p—number of pole pairs, [)—no-load current at rated
voltage U;y, Year—year of manufacture of the motor.

Ugn [V In [A] Zsn =
Motor N (Phase) (Phase) Uan/Loy [O] cospN SN p Iy/In Year
40kW A 0.829 400 4.70 85.1 0.86 0.0317 1 0.40 2016
55 IZW A 0.859 400 6.35 63.0 0.84 0.0333 2 0.49 2008
55 11<3W Y 0.883 220 11.0 20.0 0.86 0.0333 2 041 1971
2 11;:‘/;] A 0.931 400 23.7 16.8 0.83 0.0167 2 0.53 2021
65 kW'Y 0.877 220 132 1.67 0.85 0.0333 5 0.41 1957

2.1. Model of the Motor and Its Power Losses

A classical model of a three-phase induction machine in steady states was used for the
calculations (Figure 1). The skin effect in the rotor cage bars was modeled in this circuit by
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changing the rotor resistance and rotor leakage inductance with the frequency of the rotor
current. The skin effect in the stator winding was modeled by changing the stator resistance
and stator leakage inductance with the frequency of the voltage supply. As in [3,9,12] and
according to the conclusions presented in [20], it was assumed that the increase in the
temperature of the motor windings is caused by the currents of these windings only, i.e.,
load power losses in the motor, both basic and additional. It was assumed that the mean
electromagnetic torque of the motor comes from the fundamental harmonic of the motor
supply voltage only. This is due to the very high speeds of the rotating magnetic fields
from the higher rotating harmonics of the motor power supply.

]

l, R, X X iy p

osh -’ orh Sh =rh

o *

Figure 1. Equivalent circuit of squirrel-cage motor for harmonic /: s, = (+/—h-w; — w)/(+/—h-w1) = 1;
because values of the slips s5, s7, 511, 513, . . . are close to 1, it was assumed that sy, is equal to 1.

The identification of motor equivalent circuit parameters for the fundamental har-
monic (h = 1) was performed as in paper [2], based on Formulas (8)-(16) and (18)—(20).
Identification is based on the motor ratings, its no-load characteristics, and the measured
short-circuit impedance of the motor for the rated frequency. The identification did not
use well-known simplifications, e.g., the assumption that 100% of the voltage supplying
the equivalent circuit is on the transverse branch of the equivalent circuit, or that the total
no-load current of the motor is the magnetizing current, or that the mechanical losses
of the motor can be neglected in its power balance. Only one simplification was used:
stator leakage reactance was assumed to be half of the measured short-circuit reactance of
the motor. The identification results were verified by calculating the rated values of the
motor based on the equivalent circuit: total motor power losses, stator current, and power
factor (Table 2). Stator resistance DC values are given for comparison purposes. They
are not identical to the resistance values derived from the identification process. These
differences result from the uncertainty of the machine model. If the steady-state model
perfectly represented the machine, then these differences should be much lower. They
would only result from the difference in frequency (AC 50 Hz in rated state vs. DC for
measuring resistance).

Table 2. Verification of the results of identification of motor equivalent circuit parameters for the
rated state (Us = U, s = sN); Rs1pc—stator phase resistance measured with DC current, Rs1—stator
phase resistance determined during identification and used for further calculations, APy—the total
rated power losses of the motor.

Motor I;:)II‘DZCO/%Z\I I;:)er;fs/%é\f RsllzsN APNuprox/APN INuprox/IN Cos¢Nuprox COS(PN
4.0 kW 0.0443 0.0536 0.0481 1.0000 1.0003 0.8611 0.86
55kW A 0.0442 0.0535 0.0489 1.0000 1.0132 0.8221 0.84
55kW B 0.0382 0.0463 0.0378 1.0000 1.0087 0.8463 0.86
22 kW 0.0156 0.0189 0.0159 1.0000 1.0142 0.8111 0.83
65 kW 0.0307 0.0372 0.0543 0.9999 1.0015 0.8495 0.85
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The admissible mechanical power of each motor was determined based on the expres-

sions [2]:
w1 APC d
Pomder = us1-TN- p 'H Aszl\jr — APcysider (1)

APCurtder = DPcurN = Y gy 5711 . APcun ©)

where us1 = Usq / Ugn, Us1—RMS value of the first harmonic of phase voltage of the motor,
Tn—rated torque of the motor, wj—ypulsation of the first harmonic of the motor supply,
APcyp14e—thermally admissible load power losses in the rotor cage for the first harmonic
of the motor voltage supply, APc,,y—rated power losses in the rotor cage, APc,,,,—power
losses in the rotor cage from i harmonic.

Expression (1) was derived in [2] with the assumption that the thermally admissible
electromagnetic torque of the motor depends on the thermally admissible power losses in
the rotor cage from the fundamental harmonic of the motor supply APcr14r- According to
(2), these losses are equal to the rated power losses in the rotor cage, reduced by the sum
of losses in the rotor cage from all higher rotating harmonics of the motor power supply
(h=5,7,11,13, ...). It was therefore assumed that the load power losses in the rotor cage
could not exceed their rated value. This assumption can be considered debatable. Rotor
cage bars typically do not have insulation, which may lead to the conclusion that the rotor
may be overloaded with currents or with temperature (in relation to the rated state values).
There is no risk of thermal damage to the insulation. This conclusion was not accepted in
the calculations for three reasons. First, however, some motors have rotor bar insulation [21].
Secondly, an overheated rotor (compared to its rated heating) can additionally heat the
stator winding through an air gap that is very small in induction motors. Thirdly, heat
dissipation from an overheated rotor is difficult because it is surrounded by a heated stator
and does not have its own active cooling. The motor fan typically cools the stator only. It
should be noted that with a deformed voltage, the total power losses in the rotor will be
increased in relation to the losses of the rated state by the power losses in the rotor core,
from higher harmonics of the stator supply voltage. If a constant volume of load losses in
the rotor is maintained, the RMS value of the stator current will be lower than that resulting
from the admissible temperature of the stator winding. However, the general assumption
was made that no part of the motor could overheat. This assumption may be considered
too conservative, but such a conservative approach makes engineering sense.

It was assumed that all power losses in the rotor from higher rotating harmonics are
converted into heat in the rotor cage, heating it directly. This is not true because some of
these losses are converted to heat in the rotor core by eddy currents. As estimated in [2],
this assumption is the source of errors in determining the power dissipated in the rotor
cage, not exceeding 10%. This assumption underestimates the admissible load power
of the motor Py, which, from an engineering point of view, is a safer procedure than
overestimating the admissible power.

It was also assumed that the power losses from individual harmonics of the motor
supply, both in the stator and in the rotor, were additive. This is an assumption result-
ing from the machine model. The total power losses in the motor from higher rotating
harmonics were determined experimentally, by measuring the short-circuit power of the
stopped motor for supply frequencies equal to harmonic frequencies (250, 350, 550, 650 Hz,
...). The short-circuit measurements also provided information on the variability of the
short-circuit reactance of the motor with the frequency of the stator current. It has been
assumed that the rotor resistance at the steady state of the motor (s ~ sy) for each supply
harmonic is the same as the resistance measured in the short-circuit state of the machine,
with the stator current at the frequency of the rotor current at the steady state of the mo-
tor (h-f1 +/— (1 — s)-f1) and with an RMS value equal to the rated stator current. This
assumption results from the machine model. According to this model, for higher rotating
harmonics of the supply voltage (& > 5), the machine rotating at the sub-synchronous speed
is in a short-circuit state. In other words, the rotor resistance was assumed to be a function
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of the frequency of the cage currents only. It does not depend on whether the rotor rotates
or not. On the basis of this assumption, it is possible to calculate the power losses in the
rotor, coming from higher harmonics of the motor power supply, using the short-circuit
measurement values of the rotor resistance.

Unfortunately, it is not possible to divide the measured short-circuit powers into the
power losses in the stator and the power losses in the rotor. This is due to the different
variations in these losses with the frequency in the stator and in the rotor—the resistance
of the stator phases and the equivalent resistance of the rotor change with the frequency
of the stator currents in different ways. Therefore, this division, necessary to determine
the power losses in the rotor and its resistance for each harmonic, was made according to
three alternative models of the dependence of these losses on the frequency of the stator
current. These models cover the full range of possible variants of the stator resistance Ry,
and equivalent rotor resistance R,;,” with the stator supply frequency: from the assumption
that the stator resistance is constant for all harmonics (Rg, = Rs1), to the assumption that
the stator resistance and rotor resistance vary with the frequency in the same way. In many
papers, it is assumed that Ry, = Rs1 [3,9,22], although it is not a rule [8,10]. This assumption
seems to be close to reality because the skin effect is much stronger in the cage bars than
in the typical stator winding. However, three different models of variability in the stator
and rotor resistance with frequency were examined in the paper in order to check how
the models affect the calculation curves of motor load capacity. In addition to the model
assuming constant stator resistance, two others were investigated. In the first one, it was
assumed that the variation in the rotor resistance with frequency is determined by its two
values: for the frequency f; (R,1’ from short-circuit measurements) and for the frequency
snf1 (RN’ from the identification of the machine model parameters). This assumption
determines the variation in stator resistance with frequency. This model directly follows the
induction machine model. In the second model, it was assumed that the stator resistance
varies with frequency the same as it does with the rotor resistance. This model was taken
into account as an extreme situation, practically non-existent. Hypothetically, this could be
the case in a round-bar cage rotor.

Based on the results of the short-circuit measurements of the tested motors for har-
monic frequencies of the supply voltage [23], it was assumed that the variability of the
short-circuit resistance and reactance of a motor with the frequency short-circuit current
can be approximated as follows [2,23]:

Ry = Rpr-((1 —a)-h* +a) 3)

Xin = Xia-hY “4)

where Ry;—motor short-circuit resistance measured at frequency f; = fy; Ry,—motor
short-circuit resistance measured at frequency f, = h-f1; Xjj—motor short-circuit reac-
tance measured at frequency f1; Xj,—motor short-circuit reactance measured at frequency
fu = h-f1; a, x, y—coefficient and exponents determined during approximation.

The variation in stator phase resistance and the variation in the resistance of the
equivalent rotor phase with a frequency of voltage supply of the motor were determined in
three alternative models [2]:

1. Inmodel 1, it was assumed that the stator and rotor resistance change with frequency
as in the expression (3) and with the same power of x, but with different coefficients:

Rkh = Rkl'((l — a)-hx + ﬂ) = Rsh + R;h (5)
= Rg1-((1 —as)-h* +as) + Ry ((1 — a,)-h* +ay)

The power of x is obtained from the approximation (3). The value of R,;’ is obtained
from short-circuit measurement: R,;’ = Ry — Rg1. The values of rated stator and rotor

resistance Rs; and R,n’ are obtained from identification. The value of the rotor resistance
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R,N' is its value at the nominal slip of the motor, i.e., for the frequency of the rotor currents
equal to sy-f1. Obtaining the rotor resistance value for this frequency from the short-circuit
measurements of the motor would require supplying the stopped motor with the voltage
of the frequency sy-f1. Therefore, for this stator supply frequency, the number /1 < 1 is
informally used: & = sy. This allowed us to determine the values of coefficients a; (for

stator) and a4, (for rotor):
Rin !

erl
— " 6
ay 1- Sf\] (6)
a-Ryg — ar Ry’
— 7
as Ry )

2. Inmodel 2, it was assumed that the stator and rotor resistance change with frequency
as in the expression (3) and with the same power of x and coefficient a:

Ry = Rq-((1 —a)-h* +a) = Ry, + R}, ®)
— Ra-((1 = a)-h" +a) + Ry-((1 — a)-1* + a)

Model 2 is “optimistic”, i.e., it underestimates the load power losses in the rotor cage.
These losses can be considered underestimated because it is unlikely for the stator resistance
value to increase with frequency as fast as the rotor resistance value. The skin effect in the
cage bars is much more intense than in the stator winding wires. Model 2 overestimates
the value of the rotor resistance in the rated state R,5’. However, this does not affect its
practical usefulness, because it is used to represent the stator and rotor resistance values for
higher frequencies—harmonics 5,7, 11, 13, . ..

3. In model 3, it was assumed that the stator resistance is constant, and the rotor re-
sistance changes with frequency as in the expression (3) and with the same power
of x:

R = Rig-((1 —a)-h* +a) = Ry + Ry, = ©)
Rg1 + (Rkl((l - ﬂ)'hx + {1) - Rsl) = Ry + Rﬂ/-((l — lZ/)'hx + a/)

This allowed us to determine the value of coefficient a,’ for the rotor:

= a .
r ! !
er er

R R
a/ _ k1 . s1 (10)

Model 3 is “pessimistic”, i.e., it overestimates the load power losses in the rotor
cage. These losses can be considered overestimated because it is unlikely for the stator
resistance value not to increase with frequency. Model 3 underestimates the value of
the rotor resistance in the rated state R,n’. However, this does not affect its practical
usefulness, because it is used to represent the stator and rotor resistance values for higher
frequencies—harmonics 5,7, 11, 13, ...

2.2. Measurements

Short-circuit measurements of the stopped motor were made for the frequencies of the
three-phase sinusoidal voltage equal to harmonic frequencies, i.e., 50, 250, 350, 550, 650,
850, 950, 1150, 1250, 1450 Hz (h =1, 5, 7, 11, 13, 17, 19, 23, 25, 29) [23]. The RMS value of the
short-circuit current was equal to the rated current of the motor. Short-circuit measurements
were carried out at the rated current for different supply frequencies to ensure the same
saturation level of the magnetic paths for the stator winding and rotor cage leakage fluxes.
This ensures that the short-circuit reactance variation is determined by frequency only (not
by RMS current). To power the motor and to measure its voltages, currents, and powers,
the Chroma 61512 programmable inverter was used. It is a special inverter for experimental
and scientific purposes, whose output voltages are purely sinusoidal, i.e., without PWM
effects. It is not an inverter commercially designed to power induction motors. The inverter
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measures the RMS voltage, RMS current, and active power of the motor by recording
waveforms of phase voltages and currents. On this basis, it determines the RMS values of
phase voltages and currents as well as the value of the active power.

Unfortunately, for the highest frequencies, the inverter was not able to give the voltage
RMS value required to obtain the rated motor current. For the 65 kW motor, it was not
possible to obtain its rated current of 132 A at all. The limit of the output phase voltage of the
inverter is 300 V RMS (in wye connection), and the limit of the output phase current is 48 A
RMS. In cases where it was not possible to obtain the rated motor current, the measurement
results for lower currents were converted to the level of rated current. Short-circuit powers
were converted with the square of the ratio of rated current to the measurement current,
and the short-circuit voltages linearly with this ratio. The linearity of the conversion results
from keeping the RMS value of the measuring currents limited to the value of the rated
stator current. This guarantees the rated level of saturation of the magnetic circuits of the
leakage fluxes. The unchanged saturation level of these magnetic circuits allows for a linear
conversion of the RMS value of the voltage with the RMS value of the current.

The value of power losses in the rotor cage from higher harmonics, needed for the
calculation of the admissible motor power according to (1) and (2), was calculated according
to the expression [2]:

R, U2
0 AP -y _rthp . Zsh 11
Zh:5,7,11,... Curh Zh:5,7,ll,... Ry, ™ Uz, (1)

where R,;,'—rotor cage resistance for harmonic h > 5, calculated by estimation expressions
(5) or (8) or (9), for rotor current frequency at sub-synchronous motor speed (R, is for
frequency: h-f1 +/— (1 — s)-f1), Ryy,—measured short-circuit resistance of the motor for the
stator frequency h-f1, Uy,—RMS value of the measuring short-circuit phase voltage of the
stator with a frequency h-f1, Py,—measured motor short-circuit power at a stator frequency
h-f1, Us;—RMS value of the harmonic / of the phase stator supply voltage.

3. Results
3.1. Approximations of Motor Resistance and Reactance Changes with Harmonic Number
The results of motor short-circuit measurements and their approximations are pre-

sented in Figures 2-6. The approximation coefficients obtained by (3) and (4) are presented
in Table 3.

Figure 2. Values of short-circuit reactance (red line) and short-circuit resistance (x5, blue line) as a
function of the harmonic number / and their approximations (dashed lines) for a 4 kW motor.
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Figure 3. Values of short-circuit reactance (red line) and short-circuit resistance (x5, blue line) as a

function of the harmonic number / and their approximations (dashed lines) for a 5.5 kW A motor.
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Figure 4. Values of short-circuit reactance (red line) and short-circuit resistance (x5, blue line) as a

function of the harmonic number / and their approximations (dashed lines) for a 5.5 kW B motor.
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Figure 5. Values of short-circuit reactance (red line) and short-circuit resistance (x5, blue line) as a

function of the harmonic number / and their approximations (dashed lines) for a 22 kW motor.
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Figure 6. Values of short-circuit reactance (red line) and short-circuit resistance (x5, blue line) as a
function of the harmonic number / and their approximations (dashed lines) for a 65 kW motor.

Table 3. Approximation coefficients for the tested motors.

Motor a X y as a, a,
4.0 kW 0.780 1.10 1.090 0.618 1.000 0.481
55kW A 0 0.34 0.965 —0.756 0.973 -1.287
55kW B 0.875 1.25 1.060 0.748 1.000 0.739
22 kW 0.592 0.57 0.920 0.780 0477 0.343
65 kW 0.650 0.60 0.933 1.000 0.389 0.389

3.2. Derating Power under Non-Sinusoidal Fed Conditions

The results of derating factor calculations by expressions (1), (2), and (11) with esti-
mated values of equivalent rotor cage resistance by expressions (5), (8), or (9) are presented
in Figures 7-11. These results apply to the supply of the motor with the voltage containing
the fundamental harmonic (h = 1) with an RMS value equal to the motor’s rated voltage
and harmonic No. 5 with an RMS value varying in the range from 0 to 25% of the motor’s
rated voltage. The values considered characteristic of motors when they are supplied with

a voltage containing 25% of the fifth harmonic are presented in Table 4.

1.05
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' 0 0.05 0.1 0.15 0.2 0.25 0.3

Figure 7. Derating power of the 4 kW motor as a function of the us5 = Uss/ Uy ratio.
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Figure 8. Derating power of the 5.5 kW A motor as a function of the us5 = Uss/ Uy ratio.
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Figure 9. Derating power of the 5.5 kW B motor as a function of the us5 = Uss /U ratio.
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Figure 10. Derating power of the 22 kW motor as a function of the us5 = Uss/ Uy ratio.
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Figure 11. Derating power of the 65 kW motor as a function of the us5 = Uss/ Ugy ratio.

Table 4. Relative impedances, currents, and power losses of the motors for harmonic No. 5 voltage
Uss = 0.25 Usn; Zg1, Zs—measured short-circuit impedances of the motor for the frequencies f1 (h = 1)
and f5 (h = 5), Xys—measured short-circuit reactance of the motor for the frequency fs, R,5'—rotor
resistance value for frequency f5, determined by model 3, [y5—measured short-circuit current for
frequency f5, converted to supply voltage level Uss = 0.25 Ugy, APc,r5—power losses in the rotor
cage for resistance R,5’ determined by model 3 and for current of the rotor I,5’ = ;5.

Motor  ZK1/ZsN =t ZyslZsn XislZsn RN'I1Zsn Rys'IZsn Iis/Lsn APcyN/PN  APcys/Py
(Measure’s) (Measure’s) (Measure’s) (Ident.) (Model 3) (Measure’s) (Ident.) (Model 3)
4.0 kW 0.227 1.090 1.077 0.0354 0.1248 0.229 0.0336 0.00925
55kW A 0.202 0.826 0.813 0.0373 0.1012 0.302 0.0355 0.01280
55kW B 0.217 0.968 0.958 0.0350 0.0932 0.258 0.0351 0.00821
22 kW 0.129 0.486 0.477 0.0203 0.0786 0.514 0.0170 0.02691
65 kW 0.257 0.998 0.979 0.0343 0.1453 0.250 0.0346 0.01163

4. Discussion

1.  InTable 2, the greatest differences are between the identified stator resistance values
for the fundamental harmonic of the stator current (Rs1) and their values measured
with the direct current (Rs1pc). These differences result from the identification pro-
cedure, in which the stator resistance is selected so that the calculated rated motor
losses are equal to their catalog value. Therefore, the values of these approximated
losses (APNgprox) are identical to the catalog values (APy). Except for the 65 kW motor,
the identified stator resistance values are lower than values measured with the direct
current and converted to a temperature of 75 °C, considered as a typically rated tem-
perature of the stator windings. The impossibility of obtaining from the identification
the resistance values equal to the measurement values seems to be a deficiency of
the model of the induction machine and not the method of identifying the model
parameters. The calculated RMS values of the rated current (Ingprox) do not differ
from the declared ones (Iy) by more than 1.5%. The calculated rated power factors
(cos@Naprox) differ from the declared ones (cos¢y) to a greater extent, by a maximum of
2.3%. The highest errors in reproducing these two values are for the 22 kW motor. The
parameters of the motor equivalent circuit obtained from the identification procedure
are relatively strongly dependent on the rated speed of the motor. For example, if the
catalog-rated speed of the motor is 1450 rpm (sy = 0.0333), and the actual rated speed
(speed for rated torque load of the motor supplied with rated voltage) is 1440 rpm
(siy = 0.04), then the error in determining the rated power losses in the rotor cage
is 20%. This is also the error in determining the Ry’ parameter. This problem is
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especially true for older motors. In other words, the curves in Figures 7-12 strongly
depend on the rated speeds of the motors.

1.2

0.4 |—4kW B
—&—standards
5.5 kWA
0.2|——55kwWB )
—22 kW
ol=—ss5kW | Uss’Usn |

0 0.05 0.1 0.15 0.2 0.25 0.3

Figure 12. Derating power for all tested motors for the third power losses model as a function of the
uss = Uss/ Ugy ratio.

2.

Table 3 presents the approximation coefficients of changes in the motor resistance
and reactance values with the frequency (harmonic number h) of the motor supply
voltage. For the two largest motors (22 kW, 65 kW), it can be seen that (a) the power
x of the motor short-circuit resistance increase with frequency is practically equal
to the value of 0.6, as assumed in [3], and (b) the values of the coefficients a, a,, a,’
are close. The assumption adopted in [3] about the invariance of the stator phase
resistance as a function of frequency (a; = 1) was confirmed for the 65 kW motor only.
Negative values of a; (model 1) and a,” (model 3) for the 5.5 kW A motor result in the
negative stator and rotor DC resistance. This does not affect the calculations based on
the approximate variations in these resistances with frequency. However, this raises
concerns about the accuracy of approximation Formulas (3), (5), (8), and (9). They
were assumed not only in the power form, as for short-circuit reactance (4), to avoid
the passus of zero approximated winding resistance for direct current. A significant
weakness of these formulas is the arbitrary assumption that the stator resistance and
the rotor resistance increase with the frequency with the same power of x.

There is no right mechanism to determine the variation in the stator and rotor resis-
tance with frequency, based only on the results of short-circuit measurements of the
motor. From an engineering point of view, model 1 cannot be considered reliable,
because it determines the variation in the rotor resistance based on only two of its
values: R,N’ and R,/, that is, for two relatively close rotor current frequencies: sy-fy
and fy. An indirect confirmation of the limited reliability of the identification of model
1 parameters is the incorrect order of the calculation curves by models 1 and 2 in
Figures 7-9. This is the result of the values of the coefficient a, > a, which theoretically
should not be the case. Model 2 is for illustrative purposes only—the assumption
of the same variability of the stator and rotor resistances is speculative. Therefore,
to calculate the DF value, model 3 should be taken, assuming that the variation in
the short-circuit resistance with frequency is the effect of the variation in the rotor
resistance only, with the stator resistance constant.

Table 3 shows that the power y of the motor short-circuit reactance increases with
a frequency of 0.9-1.1 and decreases with increasing motor rated power. Thus, it is
greater than the power of 0.8 given in [3], which was used to derive the expression
for the HVF (the expression for HVF depends on the values of x and y). For the two
largest motors, the y value is 0.92 and 0.933, and for others, it is greater. This suggests
that the y value approaches 0.9 with the increasing rated power of the motor.
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Table 4 shows that a 65 kW motor (IE1, 1957) compared to a 22 kW motor (IE3, 2021)
has ~2 times the relative impedance for the fifth harmonic. Therefore, it has ~2 times
less relative current of this harmonic, which would mean ~4 times fewer power losses
in the rotor, if not for the fact that the relative resistance of the rotor for the fifth
harmonic is ~2 times higher than that of the rotor of a 22 kW motor. Therefore, the
relative losses from the fifth harmonic are only ~2 times lower in the 65 kW motor
than in the 22 kW motor. They are one-third of the rated power losses in the rotor,
but the power losses from the fifth harmonic in the rotor of a 22 kW motor exceed
their rated value. The 22 kW motor, as a premium-efficiency motor, has relative rated
power losses in the rotor 2 times lower than the 65 kW motor. In both motors, the
estimated rotor resistance increases approximately 4 times for the fifth harmonic, in
relation to its rated value.

The 22 kW motor as an IE3 motor has exceptionally low relative rated power losses
in the rotor. Compared to all other motors, they are about 2 times lower (Table 4).
Because it has a low short-circuit impedance for the fifth harmonic (also about 2 times
lower than in other motors), it is particularly susceptible to the current flow of this
harmonic. This current is about 2 times higher than in each of the other motors.
Despite the smallest estimated relative resistance of the rotor for the fifth harmonic
(1.5-1.75 times lower in relation to other motors), it causes such high power losses
in the rotor from the fifth harmonic that they are greater than their rated value.
For these reasons, the limitation of the load capacity of this motor in the case of a
distorted power supply is the largest among all the tested motors (Figure 12). It is
higher than the results from the standard curve, regardless of the adopted loss model
(Figure 10). Low short-circuit reactance is typical for motors with high maximum
torque (Tax/Tn > 3), i.e., premium-efficiency motors [24]. In the tested motor, the
maximum torque is 3.4 of the rated torque.

The relative parameters of the 4 kW motor in Table 4 are close to the parameters of
both 5.5 kW motors, especially motor B. Compared to it, the 4 kW motor has a 34%
higher relative rotor resistance for the fifth harmonic. This results in higher power
losses in the rotor from the fifth harmonic, by 12.7%. Nevertheless, the calculation load
capacity of the 4 kW motor is also higher than the results from the standard curve.
The curves in Figures 7-12 are presented as a function of the RMS value of the fifth
harmonic of the motor supply voltage, related to the rated voltage of the motor. In
the case of many harmonics in the supply voltage, the relative value of the sum of the
rotor power losses from all higher harmonics should be used as the argument of the
DF function. This relative value is the sum of the losses related to the rated motor
power or related to the rated power losses in the rotor. This results from Formula (1):

DF = Dypier
1— s AP urh oo= AP ur
- (11sN)'<”51’\/1 _ SI\S]N).):h—SPN Curl —SN> + Li 3l Curl
1 > - AP * - AP,
_ 1= Zh,S Curh N gy — s 1_ Zh,5 Curh (12)
(1 - SN) APcyrN APcyrN

According to the induction machine model, the sum of power losses in the rotor due to

higher harmonics can be determined based on short-circuit measurements of the motor for
different frequencies of its supply—Formula (11). Unknown rotor resistances for individual
harmonics R,;,’ can be calculated according to model 3. Contrary to the HVF, the relative
sum of rotor power losses due to higher harmonics depends not only on the harmonics
of the supply voltage but also on the values characteristic of the specific motor: resistance
and short-circuit reactance Ry, and X}y, stator phase resistance for rated frequency Rs1,
and coefficient a,” from model 3. With the same content of higher harmonics in the motor
supply voltage, the relative sum of the rotor power losses from these harmonics will be
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different for different motors. The curve according to Formula (12) is a function not only
of this sum as an argument because it also depends on the parameters sy and 5. This is
a different situation than for standard curves [4,5], which have no parameters, and with
the same content of higher harmonics in the supply voltage, their argument (HVF) has the
same value for all motors.

5. Conclusions

1.  The values of load power losses in the rotor due to higher rotating harmonics of the
motor supply depend on the square of the RMS values of these harmonic currents.
According to the model of the induction machine, RMS values of harmonic currents
depend on the short-circuit impedances of the motor for these harmonics. These
impedances mainly consist of short-circuit reactances. Short-circuit inductances are
low in premiume-efficiency motors (IE3), which is confirmed by high values of max-
imum torque of such motors. Therefore, premium-efficiency motors are especially
exposed to currents of higher harmonics. For this reason, it can be expected that their
DF curves will be below the standard curves [4,5].

2. IE1 class motors show higher short-circuit reactances for higher motor supply har-
monics than IE3 class motors. Lower values of the maximum torque of such motors
confirm this thesis. Therefore, their higher harmonic currents are relatively lower than
in premium-efficiency motors, so their relative power losses in the rotor from higher
harmonics are lower than in premium-efficiency motors. For this reason, it can be
expected that their DF curves will be above the standard curves.

3. Based on conclusions 1 and 2, the suspicion arises that one curve cannot be drawn for
all S1 squirrel-cage induction motors, regardless of their efficiency class. Perhaps it is
possible to draw such curves for S1 motors of particular classes.

4. The paper shows the non-compliance of the theoretical load capacity curves with
the curves given in the standards. The reason for this inconsistency may be both on
the side of the machine model and on the side of the standard curves. Solving this
problem requires measurement studies of cage motors. It is absolutely necessary to
measure the temperatures of the stator and rotor (in different places, according to the
standard requirements), in order to verify the curves shown in Figures 7-12. This will
verify the correctness of the calculations using the model of the induction machine
when the machine is supplied with voltage containing higher rotating harmonics. It is
also necessary to determine the actual rated speed of the motor by measurement, i.e.,
the speed when the motor is loaded with the rated torque, when it is supplied with
the rated voltage, in a thermally steady state.
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