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Abstract: In the case of adjustable drives systems with an induction motor (IM), a harmonic regime is
manifested, whose knowledge and analysis are always necessary. However, most studies are focused
on specific drive systems, the results of these works being valid only for drive systems of the same
type. The objective of the present paper was to determine the harmonics consequences not only on
the technical characteristics of the IM but also on the power supply as well as on the mechanical drive
system. Thus, by initiating a methodology for estimating the consequences of each voltage harmonic
separately, the aim was to substantiate a generally applicable method, which allows the evaluation,
for any application, of the overall effects of the harmonics. The main feature of the method used in
this paper was the consideration of the presence of voltage harmonics in the stator voltage of the
IM, of certain frequencies and with certain levels, and the determination of all the electrical and
mechanical consequences on the model of the drive system. It has been found that the harmonics of
the IM affects the power quality (PQ) of the power supply, having significant influences also on the
mechanical part of the drive system.

Keywords: induction motor; harmonics effects; drive systems; electromagnetic torque; power
factor; efficiency

1. Introduction

The aspects regarding the effects of the power quality (PQ) disturbances on the electromechanical
receivers are justified, due to the first rank of the electricity consumed by these types of receivers, in
general consumption.

Electric motors and the systems they drive are the single largest electrical end-use, consuming
more than twice as much as lighting, the next largest end-use. It is estimated that electric motor-driven
systems (EMDS) account for between 43% and 46% of all global electricity consumption, giving rise
to about 6040 Mt of CO, emissions. By 2030, without comprehensive and effective energy-efficiency
policy measures, energy consumption from electric motors is expected to rise to 13,360 TWh per year
and CO, emissions to 8570 Mt per year. End-users now spend USD 565 billion per year on electricity
used in EDMS; by 2030, that could rise to almost USD 900 billion [1].

Induction motors (IMs) account for some 68% of the energy consumption of industry worldwide;
thus, to reduce the global consumption of electricity, it is essential to improve their efficiency.
Furthermore, improving the efficiency of IM and drive mechanical systems might reduce around
20%-30% of the energy consumption, also reducing some 10% of the overall electricity demand [2].
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IM has one disadvantage, the fact that the mechanical speed of the machine is directly coupled to
the frequency of the supply voltage, which limits its flexibility when supplied directly from the grid.
Although the usage of AC power converters can adjust the supply frequency, only 25% of the newly
installed machines are supplied from an AC power converter [3,4]. For IM supplied directly from the
AC network, it is essential to determine the tolerability limits of the different types of disturbances
affecting the PQ), as well as to identify those disturbances leading to power losses, both in the machine
itself and in the power grid.

The harmonics consequences are very topical, due to the increasing use of different types of static
converters as well as receivers supplied by electronic power equipment [5-7]. The operating of motors
on a polluted harmonic system results in reduced machine efficiency and service life due to the increase
in iron and copper losses at the harmonic frequencies. In addition, voltage and current harmonics can
affect the torque developed. More, harmonics in rotating machinery can cause vibrations and noises.
Negative sequence harmonics cause negative torque which opposes the fundamental motor torque,
thus causing a decrease of the global motor efficiency.

In the literature, there are numerous studies to reduce losses in the IM and, consequently, increase
the efficiency of this type of motor. If the efficiency of IM is to be increased, this can be achieved at
every design parameter of the machine, and the PQ of the power supply should be considered.

In [8-10], the authors propose estimation methods for some characteristic parameters of the IM,
such as currents, losses, or efficiency, but the harmonics, unbalanced regime, or other PQ disturbances
in the supply voltages are not considered.

Although the detrimental effects of a low PQ on electric motors are known, they are mostly
neglected or ignored. However, some works cover both the analysis of the additional losses that are
caused by supply voltage distortion and other papers address temperature rise and derating of motors
under distortion [11-14]. Other works that are based on experiments usually have the harmonic
content injected by programmable power supply [15-17]. In [18], the authors evaluate the effect of
voltage distortion on the operation of IM, with a focus on a practical setup that is often encountered
in industry.

In [19], motor efficiency is analyzed in the presence of voltage harmonics; however, the use
of a single equivalent circuit is proposed, instead of applying the principle of superposition of the
equivalent circuits corresponding to each harmonic level. In the presence of harmonics, it is not
appropriate to consider a unique parameter value, such as in the cases of stator reactance, magnetizing
branch reactance, rotor reactance, and rotor resistance. These parameters vary considerably with
frequency, and it becomes necessary to analyze them for each harmonic circuit [20,21].

In [22], the authors present a study about supply harmonic effects on the operation of an IM,
including the electrical, vibration, and torque effects analysis. Paper [23] examines how the noise and
vibration level of machines is affected by the level of the current distortion.

This paper follows a systematic analysis of the effects of the voltage waveform distortion on the
IM, both electrically and mechanically. For this, the supply voltages are deformed, overlapping on the
fundamental of a single harmonic. The harmonics introduced at a time in the supply voltage are of
negative-sequence harmonics k € {5,11,17}, respectively of positive-sequence harmonics k € {7,13,19},
each having the following percentage levels yyy € {5%, 10%, 15%, 20%, 25%, 30%} of the fundamental.
Under these conditions, the variations of root mean square (RMS) values of the stator and rotor currents,
as well as the level of the stator current harmonics corresponding to the injected voltage harmonics,
have been followed. In addition, the influence of the voltage harmonics on the electromagnetic torque,
power factor (PF), and efficiency of the IM have been followed.

We use the MATLAB/Simulink programming environment to analyze the IM behavior in harmonics.
Modeling and simulation were chosen as study methods; these have allowed the physical models of
the motor to be adapted to analyze the harmonics consequences both on the IM itself and on the power
grid. In addition, we could highlight possible operating situations that are difficult to put into practice.
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With the proposed methodology, the estimation of the consequences of each harmonic voltage
in part follows the basis for a generally applicable method to assess, for any application, the overall
effects of the harmonics.

2. Methodological Aspects

2.1. Mathematical Model of the IM

The IM chosen for the study of its operation in the harmonics has the nominal data and other
characteristic sizes indicated in Table 1. A nominal power was chosen from the medium power range,
i.e., Pnh = 4 kW, considering that these types of machines are more common in the laboratories of
technical universities where they are used for experimental verifications. The machine windings are
connected in a three-wire Y-configuration with isolated neutral.

Table 1. Parameters of the induction motor (IM).

Symbol Parameter Value
Pn Rated power 4 kW
Vn,RMS Rated line-to-line voltage 400V
f Frequency 50 Hz
Nn Rated speed 1430 rpm
Rg Stator resistance 1.405 Q)
Lis Stator leak inductance 0.005839 H
R, Rotor resistance 1.395 Q)
Ly, Rotor leak inductance 0.005839 H
L Mutual inductance 0.1722
J Inertia 0.0131 kgm?
F Friction factor 0.002985 Nms
P Pole pairs 2
PF, Rated power factor 0.82
Tn Rated efficiency 88.5%

The electrical part of the IM is represented by a fourth-order state-space model. All electrical
variables and parameters are referred to the stator, indicated by the prime signs in the following
machine equations [24]:

Vs = Rsigs + dogs/dt — wgs; 1)
Vs = Rsigs + d@gs/dt + wgs; 2)
Vigr =R’ + do’q/dt = (W — wr)@'qr; 3)
Vigr = Rii'qr + d@’qr/dt + (W — wr)@’qy; (4)
Te = 1.5p(@gsigs — ©qgsids). )
in which
@ds = Lsigs + Lmi’ar; (6)
@as = Lsigs + Limi'qr; @)
@' 4r = L'si’gr + Linigs; (8)
@' gr = L'si’qr + Linigs; )
Ls=Li + Ly, (10)

L'y =L + L, (11)



Appl. Sci. 2020, 10, 1528 40f15

where Rg, Ljs represent the stator resistance and leakage inductance; L,—magnetizing inductance;
Ls—total stator inductance; Vs, igs—d-axis stator voltage and current; Vs, igs—q-axis stator voltage
and current; @gs, @gs—stator d- and g-axis fluxes; p—number of pole pairs; w—reference frame
angular velocity; w,—electrical angular velocity; Te—electromagnetic torque.

All stator and rotor quantities are in the arbitrary two-axis reference frame (dq frame). The
subscripts used are defined as follows: d—d-axis quantity; g—q-axis quantity; r—rotor quantity;
s—stator quantity; l—leakage inductance; m—magnetizing inductance.

The mechanical part of the machine is represented by a second-order system as follow:

Seom = HTe— Fom ~T) (12)
d
aem = Wm, (13)

where wp, is the angular velocity of the rotor; J—combined rotor and load inertia coefficient;
F—combined rotor and load viscous friction coefficient; Tr,—shaft mechanical torque; 6,n—rotor
angular position.

The physical model considered is linear, the inductivities are considered constant, so here the
phenomenon of saturation of the magnetic circuit is not considered.

2.2. Modeling and Simulation of the IM in Harmonics

Harmonics are sinusoidal voltages or currents with frequencies that are integer multiples of
the fundamental electrical system frequency. These are classified as positive-sequence harmonics:
kp =3n + 1; and negative-sequence harmonics: ky = 3n + 2, being n =0, 1, 2. In IM, positive-sequence
harmonics contribute to torque in the positive (forward) direction, and negative-sequence harmonics
provide torque in the negative (backward) direction. The circulation of zero-sequence current harmonics
is null because the IM is usually Delta or isolated Wye connected [15].

The model shown in Figure 1 illustrates the IM simulated in MATLAB/Simulink. The Asynchronous
Machine block implements a three-phase induction machine (single squirrel-cage), operating in
motor mode.

We considered the following initial hypotheses for the study of the IM behavior in the harmonics:

e  The initial reference situation is that when the IM stator is supplied with a symmetrical system
of sinusoidal voltages, at the network frequency, the motor is running stable at a determined
constant torque and speed.

e The voltage waves applied to the stator are deformed, by superposing over the fundamental of a
single harmonic, with orders from the series k € {5, 7, 11, 13, 17, 19}, and having percentage levels
among the values vy € {5%, 10%, 15%, 20%, 25%, 30%}, above the rated value of the voltage.

e  Solving the situations considered above on the physical model of the IM, the levels of the harmonics
of the stator current, corresponding to those of the injected voltage, are followed. Moreover, the
total harmonic distortion (THD) of the stator current, of the electromagnetic torque and its THD,
the PF, and the IM efficiency are monitored as well.

The voltage THD varies in the electrical networks depending on the type, power, position, and
weight of the receivers and the deforming consumers. The chosen values for the voltage THD in this
paper frame the real, possible situations.
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Figure 1. Simulation of the IM in MATLAB / Simulink.

For supplying the IM in harmonics, a three-phase voltage source with programmable time
variation of amplitude, phase, frequency, and harmonics is used. With this type of voltage source,
two harmonics can be programmed and superimposed on the fundamental signal. Figure 2 shows
the waveforms of the supply voltages in which 15% of the 5th-order harmonic was superimposed on
the fundamental.
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Figure 2. Supply voltages, with 15% of the 5th-order harmonic superimposed on the fundamental.
We used the RMS block for obtaining the values of the stator and rotor currents. This block

computes the true RMS value of the input signal, which is calculated over a running average window
of one cycle of the specified fundamental frequency:

RMS(f(t)) = (14)

where f(t) is the input signal and T is 1/(fundamental frequency).
We chose, for graphical exemplification of the IM behavior running in harmonics, the case when
in the supply voltage, 15% of the 5th-order harmonic was injected over the fundamental. Figure 3



Appl. Sci. 2020, 10, 1528 6 of 15

shows some IM characteristic parameters when the supply voltage contains the abovementioned
harmonic content.
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Figure 3. IM parameters when 15% of the 5th-order harmonic is superimposed on the supply voltage
fundamental. (a)—rotor current; (b)—stator current; (c)—electromagnetic torque.

The harmonic contents of both the stator current and the electromagnetic torque were obtained by
using the Powergui FFT Analysis Tool, which computes THD for the analyzed signal.

We calculated the values of the rotor speed and electromagnetic torque using the Mean block,
which computes the mean value of the input signal. The mean value is computed over an average
running window of one cycle of the specified fundamental frequency:

Mean(f(t)) = (t)dt. (15)

L
-

LAl

For the calculation of the active (P) and reactive (Q) total powers, we used the Power Measurement
block. The block outputs the power quantities for each frequency component specified as follows:

n
pP= Z Py, W; (16)
k=0
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Q= Z Q, Var, (17)
k=1

where Py is the active harmonic power for each harmonic k; Qy—the reactive harmonic power for each
harmonic k.

Next, we calculate the PF, taking into account the harmonics, with the following relation:

pp=tin__ Pin

S V3-Vp -
where Pj, is the active input power, in W; S—the apparent power, in VA; V| g\is—the line-to-line
voltage, in V; I; pms—the stator current, in A.

Finally, we determine the IM efficiency using the direct method as follows:

(18)

_ Pout

Py —P
100 = % -100, %, (19)

Pin in

where Pt represents the active output power, in W; Pj,—the active input power, in W; Py;—the total
mechanical power developed by the motor, in W; Pr,—the mechanical losses (friction and windage
losses), in W.

We compute the mechanical power with the following relation:

Py =Te - wm, W, (20)

where Tk is the electromagnetic torque, in Nm; wy—the angular velocity of the rotor, in rad/s.
The mechanical losses are determined with the following equation:

Pm=F-w, W, (21)
where F represents the friction factor, in N-m-s; wy—the angular velocity of the rotor, in rad/s.

3. Results

To have comparison terms at different percentage loads of the IM, currents, speed, powers, PF, and
efficiency have been calculated at loads of 25%, 50%, 75%, and 100% of the rated value. We indicate the
obtained data in Table 2.

Table 2. The characteristic sizes of the IM in the symmetrical and sinusoidal regime, for different loads.

Motor Load, %

Parameter

25% 50% 75% 100%
Stator Current—Ig rvis, A 4.44 5.29 6.5 7.94
Rotor Current—IR rims, A 1.94 1.74 3.1 9.38
Rotor Speed—N, rpm 1484 1468 1452 1435
Electromagnetic Torque—Te, Nm 7.13 13.81 2047 27.15
Active Power—P, kW 1.2 2.28 3.39 4.53
Reactive Power—Q, kVAr 2.83 2.86 2.96 3.12
Power Factor—PF 0.39 0.62 0.75 0.82
Efficiency—, % 86.11 89.75 89.68 88.54

The results obtained are concentrated in Table 3; we emphasize that the values in the table
correspond to the motor operation in the stabilized regime under the given conditions. Based on them,
a series of graphical representations were made, the interpretation of which results in the IM behavior
in harmonics. The most important remark is that the presence of a specific harmonic in the voltage
wave leads to the appearance of a single harmonic of current, of the same order with the harmonic of
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voltage, both in the stator and rotor currents. For some physical sizes, analytical identifications were
searched for the highlighted dependencies, in order to provide a calculation basis for those interested.

Table 3. Data on the IM behavior in harmonics at rated load.

Harmonic Voltage Harmonics Level of Fundamental, yvy, %
Parameter

Order k 5% 10% 15% 20% 25% 30%
Stator current—Ig rms, A 7.96 8.04 8.17 8.34 8.56 8.82
THDyg, % 8.01 16.04 24.05 32.05 40.05 48.03
Rotor current—Ig rms, A 9.4 9.46 9.55 9.69 9.85 10.07
Electromagnetic harmonic torque—Tey, Nm 2.51 5.01 7.51 10.01 12.515 15.02
5 Electromagnetic torque—THDr,, % 9.22 18.44 27.66 36.87 46.09 55.31
Active power—P, kW 4.53 4.54 4.56 4.58 4.61 4.65
Reactive power—Q, kVAr 3.14 3.2 3.31 3.47 3.66 3.91
Power factor—PF 0.82 0.81 0.79 0.77 0.75 0.72
Efficiency—n, % 88.48 88.28 87.96 87.51 86.93 86.24
Stator current—Ig rms, A 7.95 7.99 8.05 8.14 8.25 8.39
THDys, % 5.74 11.49 17.24 22.99 28.74 34.5
Rotor current—Ig rms, A 9.39 9.42 9.47 9.54 9.64 9.75
Electromagnetic harmonic torque—Tey, Nm 1.82 3.64 5.46 7.28 9.1 10.92
7 Electromagnetic torque—THDre,, % 6.7 13.4 20.11 26.81 33.51 40.22
Active power—P, kW 4.53 4.53 4.54 4.55 4.57 4.59
Reactive power—Q, kVAr 3.13 3.18 3.26 3.37 3.51 3.68
Power factor—PF 0.82 0.81 0.8 0.79 0.77 0.75
Efficiency—n, % 88.51 88.41 88.25 88.02 87.73 87.38
Stator current—Ig rivs, A 7.94 7.96 7.98 8.02 8.07 8.13
THDys, % 3.66 7.32 10.98 14.64 18.3 21.96
Rotor current—Ig rms, A 9.39 94 9.43 9.45 9.49 9.54
Electromagnetic harmonic torque—T,y, Nm 1.04 2.285 3.425 4.57 5.71 6.85
11 Electromagnetic torque—THDre, % 421 8.41 12.62 16.82 21.03 25.23
Active power—P, kW 453 4.53 4.53 4.54 454 4.55
Reactive power—Q, kVAr 3.13 3.16 3.21 3.28 3.37 3.48
Power factor—PF 0.82 0.81 0.81 0.8 0.79 0.77
Efficiency—n, % 88.53 88.49 88.42 88.32 88.2 88.06
Stator current—Ig rivs, A 7.94 7.95 7.97 8 8.03 8.07
THDys, % 3.09 6.19 9.29 12.39 15.49 18.59
Rotor current—Ig rms, A 9.38 94 9.41 9.43 9.46 9.49
Electromagnetic harmonic torque—T¢, Nm  0.975 1.95 2.92 3.895 4.87 5.84
13 Electromagnetic torque—THDre, % 3.59 7.17 10.76 14.34 17.93 21.52
Active power—P, kW 4.53 4.53 4.53 4.53 4.54 4.54
Reactive power—Q, kVAr 3.12 3.15 3.19 3.25 3.33 3.42
Power factor—PF 0.82 0.81 0.81 0.8 0.79 0.78
Efficiency—n, % 88.53 88.5 88.46 88.39 88.3 88.2
Stator current—Ig rivs, A 7.94 7.94 7.96 7.97 7.99 8.02
THD;ys, % 2.36 4.73 7.1 9.47 11.85 14.22
Rotor current—Ig rms, A 9.38 9.39 9.4 9.41 9.43 9.45
Electromagnetic harmonic torque—T¢, Nm 0.74 1.48 2.22 2.96 3.7 4.44
17 Electromagnetic torque—THDre, % 2.72 5.45 8.17 10.89 13.62 16.34
Active power—P, kW 4.53 4.53 4.53 4.53 453 4.54
Reactive power—Q, kVAr 3.12 3.14 3.17 3.22 3.28 3.35
Power factor—PF 0.82 0.81 0.81 0.8 0.79 0.78
Efficiency—n, % 88.54 88.52 88.49 88.45 88.4 88.34

Stator current—Ig rivs, A 7.94 7.94 7.95 7.96 7.98 8
THDys, % 2.12 424 6.36 8.48 10.6 12.72
Rotor current—Ig rms, A 9.38 9.39 9.4 9.41 9.42 9.44
Electromagnetic harmonic torque—Te,, Nm  0.665 1.33 1.995 2.66 3.325 3.99
19 Electromagnetic torque—THDre, % 2.45 4.90 7.35 9.80 12.24 14.69
Active power—P, kW 4.53 4.53 4.53 4.53 4.53 4.53
Reactive power—Q, kVAr 3.12 3.14 3.17 3.21 3.26 3.33
Power factor—PF 0.82 0.81 0.81 0.8 079 0.78
Efficiency—n, % 88.54 88.52 88.5 88.47 88.43 88.38
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4. Discussion

4.1. THD of the Stator Current

The first of the observed sizes is the THD for the stator current—denoted THDg (expressed in %),
represented in Figure 4—depending on the k-order and the weight yyy of the voltage harmonics.
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Figure 4. THDjg dependence on the k-order and the weight yvyy of the voltage harmonics.

In the considered specific case, it should be taken into account that the level yyy of a k-order
harmonic is defined as the ratio between the RMS value Y of the harmonic and the RMS value Y; of
the fundamental wave, expressed as a percentage:

Y
Yk = Y—k -100, %, (22)
1

as well as the fact that the deforming residue is defined (in AC, in the absence of a continuous
component) by the following expression:

(23)

in which the maximum order of harmonics taken into account was noted with kys. Next, if for the THD
of a nonsine wave, the expression given by the ratio expressed as a percentage between the deforming
residue and the RMS value of the fundamental is adopted,

Y
THD = ~4¢f . 100, %, (24)

we have found that, in this case, when the deformed wave contains a single harmonic, the THD of
the stator current (24) is equal to the level of the respective harmonic (22), both sizes expressed as

a percentage:
THDis = visk, %. (25)

Graphical representations of THDyg(k), with yyy as parameter (Figure 4), obtained by joining the
corresponding points through continuous interpolation functions, lead to a second observation—a
qualitative one this time: the values of THDjg depend only on the order of harmonics and the magnitude
of the voltage harmonic level yyi and does not depend on its type of sequence, positive or negative.
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The third observation, a quantitative one, is related to the constancy of the ratio between the
THDjs and the level of the voltage harmonic yvy, for a constant specific-order k of the voltage harmonic
present in the voltage wave. The calculation of this ratio leads to the results presented in Table 4.

Table 4. The values of the ratio THDjg/yvy related to the harmonic voltage order.

Harmonic Order k THDs/vvk
5 1.600
7 1.149
11 0.732
13 0.619
17 0.473
19 0.424

The significant decrease of the current harmonics with the increase of their order can be explained
by the significant increase of the inductive reactance of the IM when the frequency of the respective
harmonics is growing. The analysis of the numerical data from Table 4 leads to the conclusion
that, under the given conditions, the total harmonic distortion of the stator current, at an order k,
(THDy5)k2, can be calculated if the value of the size (THDjg)y; is known, for a known order kq, with the
approximate relation:

kq
k1 k_z :

An attempt was made to identify a relationship that would allow the calculation of the level of a
stator current harmonic of the k-order, denoted yjsk, when the level yyy of the voltage harmonics of
the same order k, from the voltage applied to the stator, is known. Among the variants obtained, the
simplest is the following relation:

(THDys)y, ~ (THDys) (26)

8- Yvk
Yisk ¥ T %o, (27)

based on the observation caused by the graphs from Figure 4, which cuts the lines corresponding to
the ordinates with the adopted values yvy, for a (fictitious) order k = 8. Checked on the data in Table 3,
(26) emphasizes that the current harmonics with the order k < 8 have higher weights in the current
wave than the voltage harmonic of the same order. On the other hand, for orders k > 8, the level of the
current harmonics decreases (8/k)-times related to one of the corresponding voltage harmonics.
Using (27), the levels of the stator current harmonics may be calculated for each of the voltage
harmonics present in the stator voltage wave, and thus, THD can be determined with the relation

THDss = ) Vi (28)

where a summation index has not been explained, because the sum is made only for those harmonic
orders that have been highlighted in the stator voltage wave.

4.2. The Electromagnetic Torque of the IM

The second size taken into consideration is the electromagnetic torque of the IM, through which it
interacts with the mechanical system of the driven machine. Since the fundamental harmonic of the
voltage is maintained at the rated value, it is expected that the average value of the electromagnetic
torque, calculated with (15), should have the value Ten = 27.15 Nm (Table 2). For this reason, in
Table 3, we introduced the amplitude Ty of the torque oscillations, produced by the voltage harmonics,
superimposed over the fundamental one. The amplitude of the electromagnetic torque oscillations in
relation with the order and the level of the voltage harmonics is represented in Figure 5.
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Figure 5. The amplitude of the electromagnetic harmonic torque of the IM in relation with the order
and the level of the voltage harmonics.

Data from Table 3, as well as the graphs in Figure 5, lead to the conclusion that the amplitudes
of the torque oscillations decrease inversely proportional to the order of the voltage harmonics and
increase directly proportional to their level, according to the proposed relation:

Tk 100 ~ 918 Y& o, (29)

Ten k
The oscillations of the electromagnetic torque affect only its instantaneous values, but their average
effect on the electromagnetic torque of the motor is null, regardless of the kind of sequence of the
voltage harmonics. For this reason, in each of the simulated situations, the average electromagnetic
torque is the same, having the value corresponding to the fundamental nominal voltage, at rated load.

4.3. THD of the IM Electromagnetic Torque

In this context, it was considered useful to analyze the total harmonic distortion of the IM
electromagnetic torque, noted THDt,, due to the presence of both voltage and current harmonics of
the same order. The graphs plotted according to the k-order of the harmonics, having the level of the
voltage harmonics yvyy as a parameter, are shown in Figure 6. The fact that, in most of the situations,
studied THDt, exceeds 10%—reaching up to the value of 55%—raises the question of the resulting
mechanical stresses, both for the motor and the mechanical system of the driven machine. Particularly,
the existence of some resonance frequencies of the parts and subassemblies from the overall mechanical
system composition is of interest, as well as the fact that they are in the range (250—-950) Hz.

In such cases, it is necessary to intervene in limiting the harmonics run of the stator voltage, since
the mechanical measures to dampen the mechanical oscillations, as a consequence of the harmonics in
the IM supply, can be heavier and more expensive.
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Figure 6. Total harmonic distortion factor of electromagnetic torque THD 1 (k,yyy).
4.4. Power Factor of the IM

From the power supply network point of view, a priority aspect is the PF of the IM, because it is
known that these electric receivers have a significant weight (of about 46%) in the global electric power
consumption. Based on the data in Table 3, we have drawn the graphs PF(k,yvyy), in which the k-order
of the harmonics is the independent variable and the level of the voltage harmonic yvy is a parameter
(Figure 7).
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Figure 7. Power factor (PF) variations of the IM in the harmonics, related to the k-order of the voltage
harmonics and their level yyy.

As a first remark, PF remains constant at the rated value, PF,, = 0.82, for a level of the voltage
harmonics yyi = 5%, regardless of the order of the harmonics. If the level of the voltage harmonics
increases to 10%, the constant character of the PF related to the order of the harmonics is preserved
(Figure 7), but the constant value is lower compared to the previous case, at PF = 0.81 (decrease by 1.2%
compared to the rated value). At higher values of the voltage harmonics level, yyi > 15%, significant
decreases of the PF appear, especially at the lower orders, k € {5, 7}, so that the constant appearance
returns to the higher orders, k € {17, 19}.
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For a weight of the voltage harmonics of yyyx = 30%, the most significant decreases of the PF are
recorded as follows: at the value PF = 0.72 (decrease by 12.2% compared to the rated value), when the
order of the voltage harmonic is k = 5; and at PF = 0.75 (decrease by 8.5% compared to the rated value),
when the order of the harmonic is k = 7 (Figure 7).

4.5. The Efficiency of the IM

In terms of energy, the efficiency is also essential along with the PF, so that its variations concerning
the two variables, k and yyy, are shown in Figure 8.
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Figure 8. Variations of efficiency versus the harmonics order and their level, n(k,yyx).

As in the case of the PF, the low levels of the voltage harmonics, vy € {5%, 10%}, are felt to be
imperceptible or, to a minimal extent, at the IM efficiency level. Thus, for the level, yyx = 5%, the
decrease of the efficiency is An < 0.02%, and for yyn = 10%, this is An < 0.24% (practically imperceptible,
regardless of the order of harmonics). It can also be stated that for orders k > 11, even at a level of the
voltage harmonics yvi = 30%, the IM efficiency does not decrease by more than 0.5%, compared to the
rated value (Table 3 and Figure 8).

More significant decreases of the IM efficiency due to the harmonics are recorded in the case of
the 5th-order harmonic: An = 1.77%, when vy = 25%; and An = 2.55%, when yyy = 30%. In the case
of the 7th-order harmonic, the decreases are slightly smaller: An = 0.87%, when yyy = 25; An = 1.27%,
when vy = 30%.

5. Conclusions

The identification of some dependencies, in analytical forms, between the sizes of interest and the
frequency and level of the voltage harmonics, has the role of allowing us to estimate the harmonics
consequences in the case of other applications, in which the harmonic composition of the stator voltage
wave is known. The similarity of the voltage harmonics consequences, regardless of the type of their
sequence, is one of the important observations based on the data obtained.

From an electric power point of view, the general conclusion is that the harmonics are felt both
at the level of the IM, through the variations of the PF and the efficiency; as well as at the level of
the power supply system, through the current harmonics introduced to it and by the decrease of
the PF. In addition, the electromagnetic torque harmonics can affect the behavior, reliability, and
service life of some parts of the IM mechanical system, as well as of the ones belonging to the driven
technological equipment.
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The proposed methodology for analyzing the effects of the harmonics on IM could be extended
by the following:

e Deformation of the voltage waves applied to the stator, by overlaying a single harmonic, with
different orders and percentage levels, so that the total RMS value of the voltage is less than or
equal to the rated value.

e Introduction of two or even more harmonics into the harmonic content of the voltage
wave simultaneously.

e The study of the IM behavior in harmonics at different percentage loads such as 25%, 50%,
and 75%.

e  Adaptation of the current physical model of the IM to track the effects of saturation on the current
harmonics developed in the motor. The present study is a reference to assess the consequences
of saturation.
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