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Summary

This work presents a study of the disturbances caused by harmonic pollution

in salient pole synchronous generators (SPSG) and induction generators, when

operating in parallel in isolated systems. SPSG are known to operate with

induction generators, since the excitation system of the synchronous generator

is responsible for the voltage control on the island system. Due to the increase

in the employment of power electronics, the loads take on a nonlinear behav-

ior, where these become responsible for the generation of harmonics, due to

the switching of electrical devices. Therefore, the analysis of the disturbances

that these loads cause in generators, in this proposed and studied architecture,

becomes essential. For the synchronous generator, there is also presented the

analyses of the oscillations for voltages and currents on the dq0 model, the cur-

rents induced on the damper winding, the disturbances on the load angle and

on the field current. In terms of the induction generator, the voltage and cur-

rent oscillations are also analyzed from the dq0 model on the slip frequency.

All the identified and quantified disturbances are oscillations on the electric

variables, which possess a pulsating nature of frequencies 6ω, 12ω, and 18ω for

the synchronous and induction generators, the oscillations of the sixth order

List of Symbols and Abbreviations: A, design constant of the induction machine winding; abc, a-b-c domain; AVR, automatic voltage regulator;
DC, electrical energy of direct type; DFIG, doubly fed induction generators; dq0, direct-quadrature-zero transformation; DSTATCOM, distribution
static synchronous compensator; EMF, electromotive force; fmm, magnetomotive force; fmmh, magnetomotive force of harmonic order h; h, harmonic
component; hmax, maximum harmonic order present in the waveform; i0d, current in direct damping coil; i0dr, direct axis rotor current; i0fd, field
winding current; i0q1, current in quadrature damping coil; i0qr, quadrature axis rotor current; I1, maximum value of the fundamental component of the
stator current; Ia, phase A current; ids, direct-axis stator current; IG, induction generator; Ih, maximum value of the harmonic component of the stator
current; iqs, quadrature axis stator current; K, machine winding design constant; RMS, root-mean-square; Rr, rotor resistance; Rs, stator resistance; s1,
slippage for the fundamental frequency; S1, switch 1; S2, switch 2; s5, slippage for the fifth frequency; s7, slippage for the seventh frequency; sh,
slippage for the harmonic order h; SPSG, salient pole synchronous generator; T"

d, direct axis short circuit subtransient time constant; T"
q, quadrature

axis short circuit subtransient time constant; T0
d, direct axis short circuit transient time constant; T1, electromagnetic torque due to the fundamental
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and its multiples, will be given in the harmonic slip frequency of their respec-

tive harmonic orders in positive and negative sequence. In this way, verifica-

tion is made as to the appearance of high slippage on the rotor of the

induction generator.
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1 | INTRODUCTION

Throughout the 20th century until the present moment, synchronous generators have remained the principal devices
for electromechanical conversion used in large electric power systems around the world. In this case, large machines
with a power of hundreds of Mega Volt-Ampère (MVA) constitute the generation base of hydroelectric, nuclear, or ther-
mal power plants. Noteworthy is that the use of synchronous generators is not restricted only to the large electric power
systems, its use in diesel generator groups is also widely used in applications in isolated systems. These generator
groups are able to supply loads to isolated areas, where high cost places insurmountable difficulties upon the imple-
mentation of electric power transmission lines, as well as acting as an emergency unit for industries, hospitals, among
others.1,2

However, the cost of synchronous generation is high, due to the constructive and preventive maintenance character-
istics of the generator. On the other hand, the induction motor with squirrel cage rotor is widely applied in industry,
where it is also used as a generator. Due to its robustness, simplicity, and relatively low cost, the induction motor with
squirrel cage rotor has seen a wide-ranging use.2

Besides operating as a motor, the operation of the induction machine as a generator is currently gaining ground in
the power scenario. In highlighting the operation of the squirrel cage induction generator, this needs to consume reac-
tive power to function, which is derived from the electric network or capacitor bank when connected to the electric sys-
tem or supplied exclusively by the capacitor bank when operating in isolation.

With the emphasis placed upon the operation of isolated electric systems, one notes that the synchronous genera-
tion used in diesel generator groups can be complemented with asynchronous generation by means of squirrel cage
induction generators. Due to advantages highlighted and brought by this type of generation, especially in terms of the
question of maintenance and robustness found in asynchronous generation.

In addition, emphasis is given to poor voltage regulation, which is a principal disadvantage when using induction
generators; however, this is compensated by the operation in parallel with synchronous generators. These possess the
capacity to maintain the terminal voltage of the set constant, controlled by its excitation system. Therefore, one notes
that the characteristics of these two types of generators are complementary, thus bringing significant advantages to a
generation system constituted of these two machines.

It is noted that currently diesel generator groups are subject to supplying all kinds of loads. Among such emphasis
is given to nonlinear loads, mainly present in residential, industrial, and commercial users, in the form of air condition-
ing, compact lamps, and computers, among others. The growth of these loads in consumer demand has intensified due
to the numerous applications that power electronics provides. The switching of these electronic devices is responsible
for the generation of harmonics, thus causing distortions to the current and consequently to the voltage on a specific
electric system.

2 | BIBLIOGRAPHIC REVISION, SCIENTIFIC RELEVANCE AND
SIGNIFICANCE

2.1 | Bibliographic revision

Presented in this section are studies that refer to synchronous generators and nonlinear loads, of which the following
are highlighted:
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With the aim of discussing the impacts of spatial harmonics in rotating machines, a study is presented in Reference 3
concerning the calculation of the induced EMF, step factor, and distribution factor taking into account the effect of har-
monics in the calculation of the total harmonic distortion of the voltage generated. In Reference 4, the study of the distor-
tion on the waveform for voltage and current is analyzed in an isolated synchronous generator, which supplies a nonlinear
load, where the synchronous generator uses an exciter supplied by a bridge rectifier connected to the machine terminal.

In Reference 5, a description is given for a synchronous generator model that includes harmonic impedances on the
impedance array of the equivalent circuit of the machine. In Reference 6, a synchronous generator model is highlighted
on the abc domain, which considers spatial harmonics. In this case, a park transformation is applied to the fundamental
flow of the stator with the aim of calculating the fundamental voltage generated, as well as the load angle.

In Reference 7, an investigation is made into harmonics caused by an internal fault in the synchronous generator, the
model also considers the spatial harmonics caused by the distribution of the machine windings. Another relevant aspect
is addressed in Reference 8, which presents the harmonic effect over the voltage regulation on synchronous generators in
a nonsinusoidal regime, through an analysis of different levels of harmonic distortion produced by the nonlinear load.

A study of mechanical resonance with the sixth harmonic and its multiples is presented in Reference 9, in which
consideration is given to a distortion of relatively low current, with a comparison made to the actual situation of the
harmonic distortion encountered in isolated synchronous generators.

In dealing with induction generators that operate under the influence of harmonic distortions, with nonlinear loads
and control techniques used to mitigate these distortions, one finds various studies on the subject of the operation of
doubly fed induction generators (DFIG), which operate on windfarms connected to or isolated from the network. Addi-
tionally, in less number, some studies are presented for three-phase induction generators (TIG) of the squirrel cage type
under nonlinear loads. Following this line, the following studies can be highlighted:

In Reference 10, an analysis technique that covers harmonic resonance problems on windfarms connected to a power
electric system is shown, where DFIG are used. In Reference 11, a study is presented for current and voltage harmonic
flows, which are generated by inter-harmonics and the effect caused by the level of harmonic emissions from a windfarm.

In Reference 12, a study aimed at harmonic emission measurements vs active power is presented for a set of three
wind turbines composed of two DFIG and a synchronous generator.

In Reference 13, a new method is proposed for the detection of the islanding of wind generators that are connected to the
network, based on the calculation of the value of the total current distortion of the generator units composed of DFIG. In Ref-
erence 14, the authors investigate the harmonic frequency values generated in a system composed of DFIG and its converter.

In Reference 15, a new control technique is presented for a distribution static synchronous compensator
(DSTATCOM) In this case, this equipment is connected to an isolated distribution system supplied by a windfarm with
DFIG. The application of this new control technique called optimized Icosφ allows the DSTATCOM to mitigate the cur-
rent THD level present in this system.

Also, aiming at the compensation of current harmonic distortions, in this particular case those arising from
nonlinear loads, the proposal is put forward in Reference 16 for a method using the multiple axis reference frame the-
ory, utilizing DFIG. The most significant low order harmonics to be compensated are calculated using a harmonic
observer of multiple axis reference frame.

Through the consideration that voltage harmonic pollution present in an electric power system can introduce cur-
rent harmonics onto the stator of DFIG, which are potentially capable of affecting the quality of the energy generated,
one finds in Reference 17 a current controller specific to DFIG generators for eliminating the impacts of harmonics of
low voltage order.

In Reference 18, emphasis is given to the analysis of harmonic distortions in current waveforms arising from elec-
tronic loads connected to a self-excited induction generator.

In Reference 19, an experimental analysis is presented for the harmonic distortions in self-excited induction genera-
tors, the analysis is performed for nonconventional energy systems, onto which a self-excited induction generator is
connected to a frequency inverter, in order to supply a particular load.

2.2 | Scientific importance

Highlighted here is that different to studies presented in the literature, the theme covered herein investigates the vari-
ous effects that the harmonic voltage and current distortions cause in both machines, when these are operating in par-
allel in an isolated system, which supplies a nonlinear load.
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In this way, there arises the importance behind performing an operational study in isolated form of a synchronous
generator in parallel with an induction generator, supplying nonlinear loads, which aims at studying the impacts and
disturbances that harmonic pollution causes in generators.

Emphasized here is that the operation in parallel of these two types of generators, besides the application in diesel
generator groups, can also be employed in a number of endeavors such as small hydroelectric plants, in biomass with
greater focus on cogeneration of electric energy using biogas produced from organic residues.

In addition, consideration should be given, in isolated operation, to the level of short-circuit on the terminals of
these machines (synchronous and induction generators) which is many times lower than on a bus of an electric power
system. Thus, emphasis is placed on the susceptibility of generators faced with harmonic distortions imposed by these
loads. Therefore, the effects of the current harmonic distortions imposed by the nature of the nonlinear loads manage
to distort the generated voltage waveform, besides the appearance of undesired effects, which contribute to decreasing
the yield and working life of the generators.

An important contribution of this article is based on the identification of the high slippage on the rotor of the induc-
tion generator. In the literature studies are presented for a similar effect that occurs in induction motors when fed with
distorted voltages, where emphasis is placed upon the decrease in torque in the machine. In the study of induction
motors, this effect is classified as the crawling effect. However, the present literature lacks investigations on these high
slippage occurrences in induction generators, with there still no description of the effect or classification being given in
the literature. As such, this article presents this contribution, which is to identify and classify the harmonic orders
responsible for creating these high slippage occurrences on the rotor of the induction generator.

3 | MATHEMATICAL MODELLING, HARMONICS IN SYNCHRONOUS, AND
INDUCTION MACHINES

The equations for the synchronous machine with salient poles and for the squirrel cage rotor induction machine are
presented in Reference 20.

3.1 | Harmonic distortions in synchronous machines

The nonlinear loads are responsible for the generation of harmonics, due to the switching of the devices that employ power
electronics. The operation of themachine in nonsinusoidal steady state has a direct influence on yield, power factor, heating,
and instabilities. Such abnormalities reflect upon the increase in electric losses (thermal and dielectric stress), as well as
mechanical damage, factors which are disadvantageous when analyzed from the electric and economical point of view.

Harmonics cause losses on the stator winding, these losses on the stator copper can be estimated by the increase in
ohmic loss in relation to the sinusoidal scheme, in the squared order of the THD for the (THDi

2) current.3 Such a fact
contributes to the increase in temperature on the machine windings, besides increasing dielectric stress on the insulat-
ing materials, due to the increase in the effective voltage values.21 Emphasis is also given to the core losses, being that
the harmonic components lead to an increase in losses caused by hysteresis and in the losses caused by parasitic cur-
rents, where the losses caused by parasitic currents are greater than those caused by hysteresis.3

The supportability values adopted for the synchronous machines, the THDi value, which calculates the value of the
total current harmonic distortion, should be at maximum 5%, and is given by22:

THDi %ð Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiPhmax

h=2
Ih2

s

I1
× 100≤ 5% ð1Þ

The harmonic components which cause oscillations to the torque on the axis of synchronous generators were inves-
tigated, these are represented in the form of oscillating electromagnetic torque, besides the harmonic order voltage
induction on the rotor of the generator (on the field and damping windings)

Such phenomena are generated by the interactions between the magnetic field in the fundamental frequency and
the harmonic orders present on the stator, being that the current circulation of the fifth and seventh harmonics result
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in a continuous torque of sixth order harmonic on the rotor of the synchronous machine. As these values can coincide
with the natural frequency of the coupling (turbine + rotor), such a situation can cause mechanical fatigue of the mate-
rial constituting the axis, and as such lead to severe damage to the generator.9,23

Thus, for a synchronous generator that supplies a nonlinear load, the combined sum of the temporal harmonic
orders due to the nonsinusoidal currents that circulate in the stator of the machine result in a spatial distribution of
magnetomotive force between the stator and the rotor of the synchronous generator, as shown by:

fmm=
X

fmmh ð2Þ

fmmh =
X

KIh

cos θð Þcos hωtð Þ+cos θ−
2π
3

� �
cos h ωt−

2π
3

� �� �
+

cos θ+
2π
3

� �
cos h ωt+

2π
3

� �� �
2
6664

3
7775 ð3Þ

By substituting h in Equation (3) for the values of odd numbered orders, one has:

h=1!mmf 1 =
3
2
KI1cos θ−ωtð Þ, sequence +ð Þ ð4Þ

h=3!mmf 3 = 0, sequence 0ð Þ ð5Þ

h=5!mmf 5 =
3
2
KI5cos θ+5ωtð Þ, sequence −ð Þ ð6Þ

h=7!mmf 7 =
3
2
KI7cos θ−7ωtð Þ, sequence +ð Þ ð7Þ

where, fmm, magnetomotive force (A.e); fmmh, magnetomotive force of harmonic order h (A.e); h, harmonic compo-
nent; K, machine winding design constant; Ih, maximum value of the harmonic component of the stator current (A); θ,
spatial angle with origin in one of the stator phases (degrees); ω, Synchronous speed (rad/s).For the remaining har-
monic orders, by changing the value of the h index, one has: h = 9, which possesses the same phase sequence of h = 3;
h = 11, which possesses the same phase sequence as h = 5; h = 13, which possesses the same phase sequence of h = 1,
and so on. However, these will successively produce multiple sixth order components (12ω, 18ω, …).

The equations described in (2) to (7) provide a physical representation of thefmm (magnetomotive force) rotating at
a constant angular speed with a positive and negative sequence in relation to the stator of the machine as presented in
Figure 1, together with the fmmh components, arising from other harmonic orders starting out with the fifth.

The seventh order harmonic currents, when circulating through the stator windings generate a rotating magnetic
field, for which the speed is seven times the value of the synchronous speed. These seventh order harmonic currents
are of positive sequence, being these that will produce a magnetic field, which spins in the same direction as the rotor.
This results in a magnetic field that cuts through the rotor windings with a speed of (7ω−ω= 6ω), that is, six times the
synchronous speed, which will lead to the induction of currents of the seventh harmonic on the rotor windings.

Similarly, the currents of the fifth harmonic order, when circulating on the stator windings generate a rotating mag-
netic field five times the value of the synchronous speed. These harmonic currents are of negative sequence, and will
produce a magnet field that spins in the opposite direction to the rotor, thus resulting in a magnetic field that cuts the
rotor windings with a speed of (ω−[−5ω] = 6ω), resulting in an induced current of the sixth harmonic order.24

3.2 | Harmonic distortions in induction machines

In similar fashion to Equation (3), the equation for the total magnetomotive force is described in Reference 25, for eval-
uating the effect of the temporal harmonics in induction machines, which is given by:
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fmm=
X3

2
AIhcos θ�hωtð Þ ð8Þ

where, fmm, magnetomotive force (A.e); h, harmonic component; A, design constant of the machine winding; Ih, maxi-
mum value for the harmonic component stator current (A); θ, spatial angle originating in one of the stator phases
(degrees); ω, synchronous speed (rad/s).

By considering (8) as the positive value for harmonic components of negative sequence, and the negative value for
harmonic components of positive sequence. As found in the synchronous machine, the harmonic currents of the fifth
and seventh orders will produce torque on the frequency of 5ω and 7ω, as illustrated in Figure 2. The phasorial sum
produces a continuous electromagnetic torque, developed by the fundamental component and added to a pulsating tor-
que of 6ω, which results in a difference of the magnetic field speeds produced by these components (ω−[−5ω] = 6ω)
and (7ω−ω = 6ω)

Equation (9) provides a better explanation to this electric phenomenon, taking into consideration the analysis for
the operation of the induction generator.

Te =T1 +T5 +T7 =Tcc +T6ω ð9Þ

where, Te, resulting electromagnetic torque (N.m); T1, electromagnetic torque due to the fundamental component (N.
m); T5, electromagnetic torque due to the fifth order harmonic component (N.m); T7, electromagnetic torque due to the
seventh order harmonic component (N.m); Tcc, resulting portion of the continuous level of electromagnetic torque (N.
m); T6ω, resulting oscillating portion of the electromagnetic torque (N.m).

By including the harmonic components h, of odd numbered pairs, the equation for electromagnetic torque, can be
represented mathematically by (10)

Te =Tcc +
XT h�1ð Þ

2
ð10Þ

Once again, the positive value is for the harmonic components of negative sequence, and the negative value for the
harmonic components of positive sequence. Therefore, the resulting electromagnetic torque will be the sum of the con-
tinuous electromagnetic torque, plus the sum of the multiple pulsating electromagnetic torque for the frequency of 6ω,
similarly to that previously analyzed.

The currents on the rotor, as well as the squared and right axis voltages and currents are in the sliding frequency,
when in sinusoidal mode. Through an analysis of the operation in nonsinusoidal mode, there will exist slippage in each

FIGURE 1 Magnetomotive force components. Source:

Extracted from Reference 24
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harmonic order. Thus, the slippage for the fundamental frequency, as well as for the fifth and seventh portions, can be
given respectively by (11) to (13).25

s1 =
ω−ωm

ω
ð11Þ

s5 =
5ω+ωm

ω
ð12Þ

s7 =
7ω−ωm

ω
ð13Þ

where, ωm, mechanical speed of the rotor (rad/s).
For the odd numbered components of orderh, one has the following equation:

sh =
hω�ωm

ω
ð14Þ

with this being the positive value for harmonic components of negative sequence, and the negative value for harmonic
components of positive sequence.

The relationship between the slippage due to the harmonic orders (sh) regarding the fundamental slippage (s1) is
given by:

sh =
hω−ωm

ω
=
ω−ωm

ω
+

h−1ð Þω
ω

ð15Þ

with,

s1 = 1−
ωm

ω
ð16Þ

thus,

sh =1−
ωm

ω
+ h−1= h− 1−s1ð Þ ð17Þ

sh = s1 + h−1ð Þ ð18Þ

FIGURE 2 Graph representation of the phasor for the torque superposition due to the

harmonic components. Source: Adapted from Reference 25

VANÇO ET AL. 7 of 27



For those harmonic orders of positive sequence, one uses Equation (18), while Equation (19) is used for harmonic
orders of negative sequence.

sh = −s1 + h+1ð Þ ð19Þ

4 | METHODOLOGY FOR THE EXPERIMENTAL PROCEDURE

The experimental tests were performed on a laboratory test bench, which was composed of a salient pole synchronous
generator (SPSG), and by a TIG, both operated by two DC motors. The representative diagram for the experimental pro-
cedure performed with the two generators is shown in Figure 3.

The first step is to start up the DC motor, in order that these remain at the synchronous speed, in no-load and shortly
thereafter close switch S1, in a way that the asynchronous machine performs the start up as a motor. One starts up the
DC motor coupled to the induction generator (the DC motor should spin in the same direction as the induction machine)
The speed of the induction generator is adjusted in order that it is at a faster speed than that of the rotating field of its sta-
tor, and shortly after, close switch S2, placing the load on the generators. If the induction machine is powered, it is neces-
sary to increase slippage without the load, that is, turn off the load (opening switch S2), thus increasing the mechanical
speed of the induction generator to a speed value slightly higher than that of the synchronous generator in no-load.

If the induction machine behaves as a generator when the closing of S2 occurs, one adjusts the frequency of the sys-
tem to 60 Hz, through use of the speed control of the DC machines. The controlling of the terminal voltage is performed
by means of the excited control circuit of the synchronous generator, absorbing or supplying reactive power depending
on load variation, thus guaranteeing values that are always close to the nominal voltage. The three-phase bench is
designed as in Reference 26.

Figure 4 shows the experimental bench mounted for performing the experiment. As noted in the following images,
the induction generator is on the left, while the synchronous generator is to the right, both moved by a DC motor. The
excitation control for the synchronous generator is found to the right.

4.1 | Results of the experimental procedure

In the architecture of the joint operation of the synchronous generator with the induction generator, when a nonlinear
load is in isolated operation, one obtains oscillographic readings at the indicated points (meter-phase readings) as in
Figure 3. This test is necessary in order to demonstrate posteriorly, in the computer simulation, that the oscillations pre-
sent in the electric variables of the generators, when supplying nonlinear loads, are significant.

FIGURE 3 A representative diagram of the experimental work bench for the synchronous and induction generators, supplying a three-

phase nonlinear load
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The phase voltage waveform of the isolated system or on the coupling point (between the generators and the load)
is illustrated in Figure 5. Table 1 shows the decomposition of the phase voltage (peak values) waveform of the isolated
system.

The phase current waveform on the synchronous generator is illustrated in Figure 6. Table 2 shows the decomposi-
tion of the current (peak values) waveform from the synchronous generator.

The phase current waveform generated by the induction generator obtained from the capacitor bank terminals is
shown in Figure 7. Table 3 shows the decomposition of the current (peak values) waveform from the induction
generator.

The current waveform on the nonlinear load is illustrated in Figure 8. Table 4 shows the decomposition (peak
values) of the waveform on the nonlinear load.

The RMS voltage values for the isolated system and current on the synchronous generator are obtained in accor-
dance with Reference 21. Through the data presented on Tables 1 and 2, one obtains:

The RMS voltage for the isolated system: 230.2424 (V).
The RMS current for the synchronous generator: 1.7084 (A).
One obtains the RMS current values on the induction generator and the nonlinear load with the data present on

Tables 3 and 4, respectively.
The rms current on the induction generator: 1.5264 (A).
The rms current on the nonlinear load: 2.9308 (A).

5 | COMPUTER SIMULATION METHODOLOGY

The data and parameters of the SPSG are shown through Tables 5 and 6. For the squirrel cage induction generators, the
data and parameters can be found on Table 7.

In the computational simulation of the generators, supplying a nonlinear load, the following procedures were
defined on Table 8, according to the representative diagram of Figure 3.

The computer simulation used the data from the generators obtained by means of experimental tests, with the aim
of representing, in the most natural way possible, the operation of these machines.

FIGURE 4 Experimental bench mounting
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5.1 | Simulation results

The voltage waveforms from the isolated system and the phase current generated by the synchronous generator, when
supplying a nonlinear load, are presented in Figure 9.
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FIGURE 5 Phase voltage generated from the isolated system (at the coupling point)

TABLE 1 Decomposition of the

phase voltage waveform from the

isolated system

Approximated THDV = 12.764%

DC 1st 3rd 5th 7th 9th 11th 13th

0.753 314.989 9.434 37.264 10.066 2.393 4.186 1.856

15th 17th 19th 21st 23rd 25th 27th 29th

0.855 1.672 1.125 0.422 0.749 0.578 0.170 0.383
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FIGURE 6 Phase current generated by the salient pole synchronous generator

TABLE 2 Decomposition of the

phase current waveform from the

synchronous generator

Approximated THDi = 20.038%

DC 1st 3rd 5th 7th 9th 11th 13th

0.036 2.369 0.015 0.403 0.201 0.008 0.021 0.021

15th 17th 19th 21st 23rd 25th 27th 29th

0.002 0.115 0.083 0.020 0.007 0.001 0.002 0.005
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Tables 9 and 10 present the decomposition (in peak values) of the voltage waveforms for the isolated system (cou-
pling point of the island system) and the current of the SPSG, respectively.

The RMS voltage values for the isolated system, the current on the synchronous generator, induction and for the
nonlinear load are obtained through the data present on Tables 9–11, and 12, respectively.
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FIGURE 7 Phase current generated by the induction generator

TABLE 3 Decomposition of the

phase current waveform of the

induction generator

Approximated THDi = 92.785%

DC 1st 3rd 5th 7th 9th 11th 13th

0.036 1.583 0.054 1.188 0.614 0.036 0.395 0.269

15th 17th 19th 21st 23rd 25th 27th 29th

0.027 0.168 0.170 0.049 0.185 0.127 0.030 0.145
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FIGURE 8 Current on the nonlinear load

TABLE 4 Decomposition of the

phase current waveform on the

nonlinear load

Approximated THDi = 29.951%

DC 1st 3rd 5th 7th 9th 11th 13th

0.025 3.975 0.075 0.872 0.492 0.065 0.391 0.239

15th 17th 19th 21st 23rd 25th 27th 29th

0.064 0.245 0.155 0.058 0.180 0.101 0.057 0.141
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RMS voltage for the isolated system: 224.31 (V).
RMS current for the synchronous generator: 2.00 (A).
RMS current for the induction generator: 1.6065 (A).
RMS current on the nonlinear load: 2.895 (A).

TABLE 5 Data for the

synchronous generator
Parameters Values

Nominal voltage—YY 380 (V rms)

Nominal (full-load) current—YY 2.3 (A rms)

Nominal power 1.5 (kVA)

Nominal power factor 0.8

Nominal efficiency 0.85

Poles 4

Frequency 60 (Hz)

Moment of inertia 0.00928 [kg.m2]

Constant of inertia 0.11 [s]

Isolation A

TABLE 6 Parameters for the

synchronous generator
Parameters Values

Stator resistance 0.107 (pu)

Direct axis reactance, Xd 1.83 (pu)

Quadrature axis reactance, Xq 1.124 (pu)

Direct axis transient reactance, X’
d 0.312 (pu)

Direct axis subtransient reactance, X"
d 0.176 (pu)

Quadrature axis subtransient reactance, X"
q 0.111 (pu)

Leakage reactance, Xl 0.263 (pu)

Direct axis short circuit transient time constant, T’
d 17.60 (ms)

Direct axis short circuit subtransient time constant, T"
d 5.30 (ms)

Quadrature axis short circuit subtransient time constant, T"
q 5.25 (ms)

TABLE 7 Data and parameters for

the induction generator
Parameters Values

Nominal power 1 (cv)

Nominal voltage 380/220 (V)

Nominal (full-load) current 2.0/3.5 (A)

Connection Y/Δ

Poles 4

Nominal power factor 0.7

Nominal efficiency 0.802

Frequency 60 (Hz)

Stator resistance, Rs 5.6 (Ω)

Rotor resistance, Rr 10.0 (Ω)

Magnetizing reactance, Xm 149.84 (Ω)

Stator dispersion reactance, Xls 9.16 (Ω)

Rotor dispersion reactance, Xlr 13.47 (Ω)

Moment of inertia 0.0029 (kg.m2)
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The voltage waveforms for the isolated system and for the phase current generated by the induction generator,
when supplying a nonlinear load are presented in Figure 10. Table 11 shows the decomposition (in peak values) of the
current wave from the induction generator on the terminals of the three-phase capacitor bank.

The voltage waveforms for the isolated system and for the current on the nonlinear load are shown in Figure 11.
Table 12 shows the decomposition (in peak values) of the current waveform for the nonlinear load.

TABLE 8 The procedures performed in the simulation

Time
(s) Switching (procedures)

0 System start-up. Simulation initiation.

1 Turn on switch S1, synchronous generator performs motor start-up of no-load induction.

3 Increase the speed of the asynchronous machine above the synchronous speed, in order that it operates as a generator.

3.1 Trigger switch S2, the synchronous generator operates in parallel with the induction generator, supplying the nonlinear
load.

10 Turn off the system. End of simulation.
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FIGURE 9 Voltage on the coupling point of the isolated system and the phase current generated by the synchronous generator

TABLE 9 Decomposition of the

voltage waveform for the isolated

system

Approximated THDV = 13.07%

DC 1st 3rd 5th 7th 9th 11th 13th

0.08 314.55 0.11 38.93 12.2 0.04 3.87 2.38

15th 17th 19th 21st 23rd 25th 27th 29th

0.01 1.47 1.07 0.02 0.78 0.6 0.02 0.48

TABLE 10 Decomposition of the

phase current waveform for the

synchronous generator

Approximated THDi = 27.21%

DC 1st 3rd 5th 7th 9th 11th 13th

0 2.73 0 0.71 0.21 0 0.03 0.02

15th 17th 19th 21st 23rd 25th 27th 29th

0 0.01 0.01 0 0 0 0 0
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6 | THEORETICAL–EXPERIMENTAL COMPARATIVE

By performing the comparison between the simulated data for the load with the reading obtained in the experimental
trial, one notes proximity in the RMS value of the current for the nonlinear load used, besides the harmonic current dis-
tortions being of close approximation. The current distortion shows an acceptable error between the practical and simu-
lation trials, among the harmonic components, for the load, synchronous and induction generator.

In the nonlinear load, the fact of the values for some simulated harmonic components possess a slight difference, in
the aspects dealt with in the experiment for voltage and current, is due to difficulty in the precision to model or repre-
sent in the simulation the harmonic or nonlinear load. This occurs due to the internal induction and resistance values
of the diodes, with values added from the resistance and capacitance snubber. These last two parameters are extremely
sensitive to the nonsinusoidal characteristics imposed on the generators. The three-phase rectifier model is ideal and
simplified, as such, small differences in the voltage harmonic components of the isolated system and in the currents
generated by the generators are present in the theoretical-experimental comparison. This difference is acceptable
between the obtained experimental and simulated decompositions (Tables 4 and 12)

In terms of the theoretical-experimental comparison for the current generated by the synchronous generator, this
possesses a spatial distortion (spatial harmonics) due to being a synchronous generator from a simple didactic work-
bench. The phasorial sum of the temporal harmonics produced by the nonlinear load and by the spatial harmonics,
generated by the constructive aspect of the machine, result in the difference of the harmonic components found on
Tables 2 and 10.

TABLE 11 Decomposition of the

phase current waveform for the

induction generator

Approximated THDi = 105.21%

DC 1st 3rd 5th 7th 9th 11th 13th

0 1.58 0 1.37 0.67 0.01 0.37 0.26

15th 17th 19th 21st 23rd 25th 27th 29th

0.01 0.22 0.17 0.01 0.16 0.13 0.01 0.12

TABLE 12 Decomposition of the

phase current waveform on the

nonlinear load

Approximated THDi = 26.47%

DC 1st 3rd 5th 7th 9th 11th 13th

0 3.97 0.01 0.7 0.47 0.01 0.33 0.24

15th 17th 19th 21st 23rd 25th 27th 29th

0.01 0.21 0.17 0.01 0.15 0.13 0.01 0.12
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FIGURE 10 Voltage on the coupling point of the isolated system and phase current generated by the induction generator
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In general, induction machines possess low distortions by spatial harmonics, due to the construction being optimized on
the construction line, as the induction generator is nothing more than an induction motor with a squirrel cage rotor. It is for
this reason that the values are closer than the synchronous generator, as seen through the values on Tables 3 and 11.

It should be borne in mind that the differences between the harmonic components in the isolated system are due to
the fact that the simulations are based on ideal generator-load models, and more specific models would have to be used
to reduce theoretical-experimental errors. Thus, one would need models envisaged on one that contemplates the har-
monics produced by the constructive aspects of the generators (magnetic saturation and spatial harmonics), and also a
model not ideal for nonlinear loading.

As previously explained, the values obtained between the practical and simulated trials are acceptable values,
through this comparison, an analysis is made of the oscillations on the electrical variables on the SPSG and the induc-
tion generator with a squirrel cage rotor.

7 | EFFECTS FROM HARMONIC POLLUTION ON THE GENERATORS:
ANALYSIS OF THE OSCILLATIONS

7.1 | SPSG

The developed electromagnetic torque and the harmonic spectrum of the electromagnetic torque from the synchronous
generator are presented in Figure 12. As the system is nonsinusoidal, the electromagnetic torque has a pulsating
nature.

Here DC means the continuous component, which is the value of the electric variable in its unit value, and the
THD means the total harmonic pollution due to these cited oscillations. The values are plotted in percentages in rela-
tion to the continuous component.

The oscillation of the synchronous generator load angle and its respective harmonic spectrum are illustrated in
Figure 13.

The quadrature and direct axis stator voltage and respective harmonic spectra are shown in Figures 14 and 15,
respectively.

The quadrature and direct axis stator current and respective harmonic spectra are shown in Figures 16 and 17,
respectively.

The field current or synchronous generator excitation of the synchronous generator for nonsinusoidal steady state
and its respective spectrum illustrated through Figure 18.

The currents induced on the damping windings and their respective quadrature and direct harmonic axis spectra,
due to harmonic pollution, are shown above in Figures 19 and 20, respectively.

Therefore, through an analysis of Figures 12 to 20, one notes the presence of oscillations in the electric variables of
the synchronous generator, when this supplies a nonlinear load. The sixth harmonic component is predominant due to
the fifth and seventh harmonic components being greater than the components that generate the oscillations of 12ω
and 18ω. The harmonic pollution in each variable is the sum of the pollution of the components of 6ω, 12ω, and 18ω.
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FIGURE 11 Voltage on the coupling point of the isolated system and current on the nonlinear load
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The behavior of the synchronous generator when it operates with the induction generator suppling a nonlinear
load, possesses oscillatory disturbances in its electric variables. The electromagnetic torque pulsation is close to 21%,
the effect on the generator is to heat up, due to the friction between the stator and the rotor caused by mechanical
vibration and damage to the bearings.

The load angle also suffers alterations in nonsinusoidal steady state, the distortion in this variable is of ~18%. The
currents induced on the damper windings together with the current induced on the field winding (oscillation of
the excited current) will go on to cause superficial losses in the structure of the rotor, thus resulting in the heating of
the rotor structure, in other words, ohmic losses in the rotor of the synchronous generator.

Noted also are very high oscillations in the quadrature and direct axis currents, also the oscillations on the quadra-
ture and direct axis voltages should be considered as significant.

7.2 | Induction generator with a squirrel cage rotor

As the regime is nonsinusoidal, the electromagnetic torque has a pulsating nature, the pulsating electromagnetic torque and
the harmonic spectrum of the electromagnetic torque developed by the induction generator are presented in Figure 21.

The quadrature axis stator voltage and its respective harmonic spectrum are presented in Figure 22.
The direct axis stator voltage and its respective harmonic spectrum are shown in Figure 23.
Keeping in mind that the frequency of these voltages is on the slippage frequency exerted by the induction genera-

tor, which is the fundamental frequency. In order to obtain the fundamental frequency, the relationship between the
differences in mechanical speed of the induction generator to the synchronous speed are noted (199.27
−188.4956 = 10.7714 rad/s). Through such one obtains the slippage frequency that is close to 3.4285 Hz for the har-
monic load power used in the isolated system. Then the harmonic spectra of the electric variables, which are on the
slippage frequency, are plotted.

The quadrature and direct axis stator current and its respective harmonic spectra are presented in Figures 24 and
25, respectively.

The quadrature and direct axis rotor current and their respective harmonic spectra are presented in Figures 26 and
27, respectively.

The harmonic components of the harmonic spectra are plotted as a percentage of the fundamental component, that
is, in relation to the slippage frequency component.
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By using Equation (11), one obtains s1 = − 0.071599. One finds s5 and s7 by applying the value of s1 to
Equations (18) and (19), respectively. Therefore, the values of the high slippage identified on the rotor of the induction
generator are calculated by:

s5 = −s1 + 6= 6:0571
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s7 = s1 + 6= 5:9428

Where the system frequency is 60 Hz, the fifth and seventh order frequencies on the slippage frequency will be of:

h= 5! 6:0571× 60= 363:428Hz
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h= 7! 5:9428× 60= 356:568Hz

For the higher harmonic orders, it is only necessary to make use of Equations (18) and (19) However, as noted from
the above mentioned spectra, these are not expressive, this is due to the fact that the most significant harmonic compo-
nents on the induction generator coils are of the fifth and seventh orders.
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Note that the oscillations of 6ω (360 Hz), 12ω (720 Hz), and 18ω (1080 Hz), can be seen around the harmonic com-
ponents that approach these frequencies, on the respective harmonic components of positive and negative sequence
from which it is composed. In other words, the seventh order and its multiples will be given in the harmonic slippage
frequency of their respective positive and negative sequence harmonic orders.

As in the synchronous generator, oscillations are noted in the electric variables of the induction generator when
supplying a harmonic load in parallel with the synchronous generator. Reiterating that the sixth harmonic component
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FIGURE 19 Induced current

in the direct shaft damper winding

of the synchronous generator and

its harmonic spectrum
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is most predominant, due to the fifth and seventh harmonic order components being greater than those are that gener-
ate the oscillations of 12ω and 18ω for a three-phase rectifier, which is the nonlinear load. The total harmonic distortion
on each variable is the sum of the pollution for the components of 6ω, 12ω, and 18ω. These oscillations vary according
to the slippage/loading of the induction generator.
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The behavior of the induction generator when operating with the synchronous generator supplying a harmonic
load, goes on to suffer disturbances in its electric variables as noted in the previously presented graphs. Although the
electromagnetic torque pulsation of the induction generator is less than the synchronous generator, remaining around
16%, the effects will be significant and damaging to the structure of the generator.
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The disturbances on the electric variables end up resulting in the heating of the stator and rotor, besides dielectric
stress in the air gap due to harmonic disturbances. These disturbances are principally found on the rotor, where the
ohmic losses in the squirrel cage are considered greater in an asynchronous machine. These pulsating currents on the
rotor result in electric losses on the surface of the cage, in addition to mechanical vibrations that the electromagnetic
torque oscillations produce.
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the direct axis stator current for the

induction generator and its

harmonic spectrum
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8 | ADDITIONAL COMMENTS

In a large isolated system, there exists an acquisition system for reading the generated voltage and current, as such it is possible
to identify which are the harmonic components of higher density on the island system. In this way, it is easy to create the behav-
iormodelling of harmonic pollution, as it canmodel by current or voltage source, if the impedance of the system is known.

Generator manufacturers make data and parameter for generators available, or experimental tests can be performed
in order to obtain parameters, as well as the data for boards are normally described on the equipment. As such, it is pos-
sible by means of computational simulation to be aware of or analyze the effects on large systems, when an influence
from harmonic pollution has arisen. Therefore, for any generator load with harmonic pollution, it is possible to perform
the study be that in small or large plants.

In terms of turbo-generators, as these possess a lower inertia than a salient pole generator of the same power class,
they possess greater oscillation of electromagnetic torque and as a consequence higher vibration and so greater will be
the damage to the generator bearings, as well as producing a reduction to the working life of the generator.

Another factor to be considered is regarding the speed variation is when the turbo-generator is submitted to har-
monic pollution:

In the same way that translation movement occurs on a body, where mass opposes speed variation, and as such
needs an external force in order that this speed varies. In electric machines, in rotational movement, inertia opposes
the variation of angular speed. Therefore, torque causes this speed to change, the speed variation causes an angular
acceleration. As such, those machines of lower inertia tend to be more susceptible to speed variations. In this sense,
due to the occurrence of oscillating torque, turbo-generators tend to suffer greater speed variation.

This line of research can be continued in harmonic mitigation on both generators. Thereby new techniques and
techniques already used for harmonic attenuation can be implemented for harmonic mitigation on synchronous gener-
ators operating in parallel with squirrel cage induction generators in nonsinusoidal regime. Such publications27-36 can
be adapted to continue this research line for harmonic reduction in the isolated system proposed here.

9 | CONCLUSIONS

The disturbances caused by harmonic pollution in generators that operate in isolation are more expressive, as these are
not connected to the electric system, whether these are in high voltage generation or in distributed generation. The
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harmonic currents circulate only through a single circuit, which leads to a high voltage and current distortion, different
to when connected to the infinite bus, where there exists harmonic escape onto the electric power system and the
short-circuit level is high. Based on the experiments, it was possible to parameterize the simulation of the generators
supplying a nonlinear load, the theoretical–experimental analysis, was shown to be close to the analysis of the oscilla-
tions on the electric variables of the generators.

Noteworthy in the synchronous generator is that the oscillations of 6ω, 12ω, and 18ω cause oscillatory disturbances
on the electric variables. The pulsation of the electromagnetic torque in relation to its nominal value exceeds 20% oscil-
lation, proving oscillations of mechanical torque, which results in mechanical vibrations, and consequently audible
noise. The power angle oscillates above 17%, which can be lead to the synchronous generator losing stability, when up
against the occurrence of sudden load switching, short-circuit, failures, among other eventualities in transitory state.
The currents induced on the field and damper windings will go on to result in superficial losses on the rotor windings,
which will result in heating and thus the elevation in rotor structure.

The disturbances on the induction generator are also expressive in their electric variables, due to harmonic pollu-
tion. Highlighted here is the electromagnetic torque oscillation that arrives close to 16% in relation to the continual
nominal value, in the same way as the synchronous generator. This pulsating nature of the electromagnetic torque from
the induction generator results in conjugate vibrations, which cause mechanical vibrations and consequentially audible
noise. The currents induced onto the rotor of the induction generator, that being, on the squirrel cage, bring about oscil-
lations over the current on the rotor in the slippage frequency that cause ohmic losses on the surface of the cage,
resulting in heating and temperature elevation of the rotor structure.

The current distortion, in the generators, results in an increase of ohmic losses in relation to the THDi to the square
of the stator windings, proving stator temperature rise.

The nonlinear loads are responsible for the generation of harmonics, due to the switching of nonlinear devices that
employ power electronics. The study presented shows that when the synchronous generator operates in parallel with
the induction generator in nonsinusoidal steady state, the disturbances caused by the harmonic pollution will reflect
upon the behavior and operation of the generators, such as in yield reduction, loss of power factor, stator, and rotor
heating. Such anomalies will reflect upon the increase of electric losses (thermal and dielectric stress) and mechanical
damage (on the bearing structure) of the generators due to electromagnetic torque oscillations.

The study of disturbances caused by harmonic pollution in SPSG and induction generators that operate in parallel
in isolated systems, demonstrates that it is possible to identify and quantify the oscillations on the electric variables of
the synchronous generator and induction generator. Noteworthy here is that the oscillations of 6ω is the most expres-
sive in the synchronous generator, and for the induction generator the resulting oscillations on the slippage frequency
of the fifth and seventh order harmonics, due to the components of the fifth and seventh harmonic, will be higher due
to the nature of the three-phase rectifier with a resistive load.
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