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Abstract: The article presents a description of models and results of research on separate and joint
effects of unbalanced and non-linear loads on the operation of a lower-power synchronous generator.
The modeling of the generator included automatic regulators of excitation and rotor speed. For our
studies, we used computer models built in the MATLAB environment and the Fazonord package, as
well as a physical model of a low-power synchronous generator. The simulation results attested to
the occurrence of the following negative effects: there was a noticeable negative sequence current, the
generator began to emit higher harmonics into the network, and the amplitude of forced oscillations
of the excitation current increased. The presence of these effects can lead to additional mechanical
vibrations of the rotor, accelerated wear of the equipment, and loss of stability. To ensure that low-
power generators can operate in the presence of unbalance and harmonic distortion, it is necessary to
limit their load. The maximum phase current difference, which must not exceed 12% of the nominal
current, can be used as a criterion. Furthermore, when distributed generation units serve non-
linear and unbalanced loads, it is necessary to implement special measures to protect the generating
equipment: the use of direct current links, the use of harmonic filters, the installation of generator

ﬁf;)edcgtfgsr protections limiting negative sequence current, the use of automatic excitation current limitation, etc.
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1. Introduction
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In order to improve the flexibility and resilience of electric power systems (EPS),
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infrastructure facilities, increase the reliability of power supply, and improve the power
quality [4-6], including in areas of power supply to non-traction loads. However, certain

features unique to load flows of RPSSs that are related to the markedly variable nature
of traction loads, the presence of unbalance and harmonic distortions, complicate the
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harmonic distortions of stator and rotor voltages and currents. Therefore, there is a need to
limit the capacity of the generator and the duration of its operation under reduced power
quality. Even a slight increase in current unbalance requires a significant reduction in the
generator’s full-load runtime.

The appearance of harmonic distortions [7,8] leads to a decrease in the power factor,
which can cause the rotor current to increase as a result of the action of the automatic
regulator of excitation. In general, the occurrence of higher harmonics in the stator windings
of a synchronous machine is the subject of many studies, for example, [9-14]. From the
analysis of the reviewed works it follows that the generation of higher harmonics in stator
voltages depends on the type of its winding [10,11], the shape of the cores [12] and the
degree of their saturation, and the availability of damper windings [13], as well as on the
excitation current control system of the generator [14].

Studies of load flows of generators under a reduced power quality, the results of which
were reported in papers [15-18], allowed the significant expansion of the scope of the use
of asynchronous and unbalanced load flows in practical applications. The general principle
governing the application of generators under such conditions, formulated in [16] and
consisting in limiting the continuous load of the synchronous generator when there is an
unbalance and harmonic distortion, still holds valid today. Methods for assessing the effect
of load unbalance with a non-sine waveform of current were based on the fact that the
effect of the negative-synchronous field and the fields of higher-harmonic current of the
stator lead to the same effect, i.e., extra heating of the active parts of the generator. These
conclusions are confirmed by a study carried out in [19] on the calculation of the permissible
load of a synchronous generator with different shares of power consumers with a non-linear
current—voltage characteristic. In [20], a method is proposed to reduce the influence of
higher-current harmonics on the operation mode of synchronous hydrogenerators, and
the permissible generated power of a synchronous hydrogenerator when operating on a
non-sinusoidal load is determined. In such modes, it is mandatory to use thermal protection
of the synchronous generator, taking into account the harmonic distortion of the stator
and rotor currents. For example, in [21], a new model of thermal protection of the rotor
of a synchronous generator is presented, taking into account the simultaneous occurrence
of rotor overload due to the excitation current and rotor overload due to the negative
sequence current.

The studies in [22,23] investigate the effects of non-linear and asymmetric loads in
isolated synchronous generators. Reference [22] presents an analysis of the oscillations
caused by an asymmetric load of an isolated synchronous generator. In [23], a study of
the disturbances caused by harmonic distortions in the synchronous and asynchronous
generators during their parallel operation in an isolated system is presented.

Recently, there have been certain changes in EPSs and RPSSs. The number of power
semiconductors and other non-linear components used has increased. Particularly signifi-
cant progress has been made in the area of creating effective means of automatic regulation
of excitation (ARE) and rotor speed (ARS) of the generator. Therefore, studies of the effects
of unbalance and non-sine waveforms on the operation of a low-power synchronous gen-
erator prove relevant. The purpose of this study is to determine the effect of unbalanced
and non-linear loads on the operation of low-power synchronous machines equipped with
modern types of ARE and ARS. For our studies we used computer models built in the
MATLAB environment and the Fazonord package [24], as well as a physical model of a
low-power synchronous generator.

The main contribution and value of this work is the study of the separate and combined
effects of a non-linear and asymmetric load of an isolated low-power synchronous generator
or a generator operating as part of an RPSS. At the same time, the main attention is
focused on the influence of these modes on the operation of the modern ARE and ARS of a
synchronous generator.
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Below is a description of the models and the results of research on separate and
joint influence of unbalanced and non-linear loads on the operation of a lower-power
synchronous machine.

2. Unbalanced Load Effect on Operation of a Low-Power Synchronous Machine

The flow chart of the investigated computer model, implemented using the Simulink
and SimPowerSystems packages of the MATLAB R2022b environment, is shown in Figure 1.
The “synchronous machine” block was used to simulate the generator of the DG unit, the
parameters of which are shown in Table 1. A steam turbine (the “steam turbine” block in
Figure 1) was used as the primary engine, the mathematical model of which with respect to
the shaft power of the turbine and the regulator opening was characterized by the following

transfer function: .

W) = 7571

where Tt is the time constant of the turbine, determined by the lag in the conversion of
steam energy into mechanical energy (on average, Tt is 0.2 s), and s is a complex variable.
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Figure 1. Flow chart of the MATLAB model of the generator serving an unbalanced load.

The excitation system model was formed based on the equations describing the
thyristor converter and the input amplifier [25]. The exciter of the synchronous generator
was modeled by the following transfer function, which is typical for a thyristor exciter [26]:
0.02';1775“‘ In this case, the model of the excitation system (the “excitation system” block in
Figure 1) additionally takes into account the amplifier and the limiting block. The block
diagram of the excitation system model is shown in Figure 2.
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Table 1. Parameters of the synchronous machine SGS-14-1-100-6U.

Parameter Value
Power, kVA 3125
Power factor cos ¢ 0.8
Nominal voltage Unop, V 6300
Frequency f, Hz 50
Synchronous speed, rpm 1000
Ohmic resistance of the stator R, per unit 0.00901
Leakage inductance of the stator Lj, per unit 0.045
Direct axis inductance of the stator L,,;, per unit 243
Quadrature axis inductance of the stator Ly, per unit 1.69
Resistance of the field winding Rf, per unit 0.0021
Inductance of the field winding of the rotor Llfd/ per unit 0.506
Direct axis resistance of the damper winding Ry,;’, per unit 0.2998
Direct axis inductance of the damper winding Ly,’, per unit 3.742
Quadrature axis resistance of the damper winding Ry,;, per unit 0.0254
Quadrature axis inductance of the damper winding Ly,;’, per unit 0.2388
Inertia constant H, s 2.279
Friction coefficient F, per unit 0.009
Number of pole pairs p 3

UARE

T b A e
0.001s+1| |0.025s+1 7

Amplifier

Exciter Limit
Figure 2. Block diagram of the thyristor excitation system model in MATLAB: U4rg—signal coming
from ARE; Vf—signal coming to generator field winding; limit—voltage limitation block.

To regulate the generator voltage and rotor speed, we used the microprocessor-driven
ARE and ARS models (the “MARE” and “automatic regulator of rotor speed” blocks in
Figure 1), detailed in [26]. The voltage regulators were set up using the technique described
in [27]. The measurements of non-sine waveforms and unbalance were performed using
standard MATLAB SymPowerSystems blocks: total harmonic distortion and three-phase
sequence analyzer.

The generator in the model served an active and inductive load of 1.8 + j0.6 MV-A. The
unbalanced currents and voltages were introduced by increasing the load between phases
a and b. The load between phases b, c and c, 2 was reduced by an appropriate amount to
maintain total power. The results of computer-aided simulations are summarized in Table 2
and illustrated in Figures 3 and 4.
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Table 2. Experimental data for the case of the generator model in MATLAB serving a unbalanced load.

Parameter Value

ko, % 0 2.99 5.97 8.97 12.0 15.0 18.0
kou, % 0 0.61 1.21 1.81 242 3.02 3.63
kg, % 0.001 0.33 0.66 0.99 1.31 1.62 1.93
kup, % 0.001 0.34 0.67 1.01 1.35 1.70 2.04
ke, % 0.001 0.34 0.68 1.02 1.37 1.72 2.07
1779, per unit 0.79 0.79 0.79 0.79 0.79 0.79 0.79
I}mm, per unit 0.79 0.80 0.81 0.82 0.84 0.85 0.86
Lnf, per unit 0 0.011 0.023 0.035 0.046 0.057 0.069
I4, per unit 0.430 0.44 0.449 0.453 0.461 0.469 0.477
Ip, per unit 0.430 0.44 0.441 0.447 0.453 0.459 0.466
Ic, per unit 0.430 0.42 0.404 0.391 0.378 0.365 0.352
dl, % 0 2 4.5 6.2 8.3 10.4 12.5

Note: kyj—unbalance ratio of negative sequence currents in the stator, %; kyj;—unbalance ratio of negative

sequence voltages, %; ki1a, ki1a, kic—total harmonic distortion of voltages, %; I}mid>, I}max>—mean and maximum
values of excitation current, per unit; I,,, f—amplitude of forced oscillations with a frequency of 100 Hz; I4, Ig,

Ic—effective values of stator currents, per unit; dl—maximum phase current difference, %.

iA’iB’iC’A

250
200
150
100

50

=50
-100
-150
-200
-250

708 8 802 804 806 808 81
(@)
PPl : : : :
083 b/ P

0.82 |
0.81 |
08}
0.79 }
0.78
0.77
0.76

0.75 t
074 | | | | ‘ Time, s

8 8.01 8.02 8.03 8.04 8.05
(b)

Figure 3. Waveforms of stator currents (a) and rotor currents (b) of the generator at ky; = 11.96%.
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Figure 4. Generator load flow as a function of the current unbalance ratio kp;. ((a)—ky = f (k21),
kou = f (kap); (0)—I = f (ko1); (e)—If = f (kar)).

The average excitation current of the generator serving unbalanced loads was prac-
tically unchanged. However, as a result of the unbalance, currents with a frequency of
100 Hz were induced in the field winding, and the amplitude of forced current oscilla-
tions in the field winding increased linearly (Figure 4c). This is due to the fact that the
unbalanced currents of the three-phase stator winding create an elliptical field, which is



Appl. Sci. 2023,13, 3643

7 of 25

equivalent to the sum of two fields rotating at the same speed in opposite directions. The
field component corresponding to the negative sequence currents rotates relative to the
rotor at double synchronous speed and induces double frequency currents in the rotor
circuits, which leads to additional losses.

The growth of the current unbalance ratio ky; was accompanied by an increase in
currents in individual phases and the level of voltage unbalance at the terminals of the
synchronous generator, as well as the appearance of harmonic distortions. These circum-
stances must be taken into account when integrating DG units into RPSSs. Failure to take
these factors into account can lead to rapid wear and tear of electrical equipment and even
to breaking down of generators.

Studies were also carried out on a physical model of a low-power turbogenerator. A
schematic and photo of the experimental setup are shown in Figure 5. The turbogenerator
model was realized as coupled electric machines. The main nominal parameters of the
electric machines of the physical model were as follows (Figure 2):

1. Synchronous machine:

- Active power P =100 W;

- Power factor cosg = 1;

- Stator winding voltage U = 220 V;

- Nominal rotor speed n = 1500 rpm.

2. Turbine modeled as a direct current machine:

- PowerP=90W;

- Armature voltage U, =220 V;

- Field winding voltage Uy =220V;

- Rotation speed n = 1500 rpm.

@, + PID

controller
(6 SM CB
o
eeeeeeeeeeeeeee RON===
FwW m VT
U

g
PID =¥ +Ug;

Exciter [«

Figure 5. Schematic (a) and photo (b) of the experimental setup: SS—RPM sensor; T—turbine;
SM—synchronous machine; FW—field winding; VT—voltage transformer; CB—circuit breaker.

To increase the inertia on one shaft of the synchronous generator and the DC machine,
we installed a flywheel with a moment of inertia of 0.009 N-m-s.
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The generator in the simulation served resistive and inductive loads. The unbalance
was created by increasing the load in phase A; the loads in the other phases were reduced
by an appropriate amount to maintain full loading.

Regulation of generator speed and voltage was carried out on the basis of digital PID
controllers, the block diagrams of which are shown in Figure 6.
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Figure 6. Flow charts of Simulink models of the ARE (a) and ARS (b) of the experimental setup.

Experimental data obtained with the physical model of the turbogenerator, presented
in Tables 3 and 4 and Figure 7, confirmed the results of the computer-aided simulation
detailed above. As a result of these studies, we found that when the generator served an
unbalanced load, the stator winding had higher current and voltage harmonics, and the
third harmonic had the greatest amplitude. This is explained by the fact that in the presence
of an unbalanced load, a current of double frequency (100 Hz) is induced in the rotor
winding, which in turn excites the magnetic field of the rotor, which rotates in the forward
direction at a double frequency with respect to the rotor. This field is superimposed on the
fundamental frequency magnetic field, which leads to the formation of a magnetic field of
the rotor rotating in the forward direction at three times the frequency of the stator. Thus,
the generated field will induce a current of triple frequency (150 Hz) in the stator winding.
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Table 3. Parameters of the physical model of the turbogenerator serving an unbalanced load.

Notation Value
kor, % 6.10 9.76 16.3 20.8 247 28.4 40.9
kou, % 0.82 1.24 1.74 2.10 2.36 2.45 3.21
kia, % 1.62 2.56 3.61 418 4.24 4.34 6.25
kup, % 2.09 2.32 3.11 427 441 471 5.82
kue, % 2.09 2.96 3.92 4.52 5.14 5.5 6.62
kia, % 1.51 2.26 2.89 371 3.97 4.19 5.62
krp, % 1.66 2.03 2.68 2.87 3.19 3.24 3.79
ki, % 1.89 2.97 3.82 4.48 4.84 5.11 6.86
Iy, A 1.72 1.71 1.72 1.72 1.71 1.71 1.70
I, A 0.082 0.082 0.080 0.077 0.073 0.067 0.066
L, A 0.005 0.008 0.013 0.016 0.018 0.019 0.027
U, v 223.4 2249 2259 227.0 227.3 227.4 228.3
U, V 1.84 2.78 3.94 477 5.36 5.56 7.33
Isa, A 0.085 0.086 0.088 0.090 0.091 0.092 0.093
Isg, A 0.083 0.081 0.078 0.075 0.071 0.068 0.064
Isc, A 0.078 0.076 0.073 0.070 0.066 0.064 0.062
dl, % 2.92 417 6.25 8.33 10.42 11.67 12.92
Usa, V 128.6 129.7 130.6 128.9 1294 130.2 128.3
Usp, V 128.7 129.1 128.9 131.5 130.8 131.0 132.4
Use, V 129.8 131.7 132.7 132.5 132.8 133.0 134.8

Note: Ugx, Usp, Usc—phase voltages.

Table 4. Harmonic distortion of generator current and voltage under an unbalanced load.
Harmonic Voltage Harmonic Distortion Current Harmonic Distortion
No. kumar % k(s % ku(mcr % kinyar % k1(n)ps % kinycr %
1 100 100 100 100 100 100
2 0.39 0.31 0.26 0.27 0.2 0.25
3 5.73 5.83 6.01 5.52 3.55 6.54
4 0.15 0.09 0.07 0.03 0.02 0
5 1.15 1.18 0.21 0.67 0.54 0.49
6 0.37 0.39 0.34 0.19 0.25 0.23
7 0.39 0.33 0.25 0.23 0.08 0.32
8 0.45 0.22 0.54 0.46 0.11 0.56
9 0.04 0.13 0.05 0 0.08 0
10 0.52 0.76 0.74 0.47 0.4 0.65
11 0.31 0.40 0.30 0.21 0.14 0.23
12 0.29 0.26 0.62 0.35 0.11 0.52
13 0.24 0.45 0.29 0.24 0.23 0.41
14 0.18 0.23 0.13 0.12 0.08 0.17
15 0.10 0.14 0.16 0.04 0.05 0.10
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Figure 7. Generator load flow as a function of the current unbalance ratio ky;. ((a)—ky =f (kap) ko =f
(kar); (b)—I =f (kap); ()—U =f (kz1))-



Appl. Sci. 2023,13, 3643

11 0f 25

Due to the fact that the generator was loaded at about one third of its rated power,
the maximum phase current difference slightly exceeded the allowable 12% only at the
value of ky; equal to 40%. It should also be noted that the effective value of the excitation
current of the generator serving an unbalanced load remained practically unchanged.
The relationships shown in Figure 7 differ slightly from the nearly linear ones obtained
by computer-aided simulation. The differences are due to a number of assumptions
made in the simulation, as well as measurement errors. This is especially true for current
measurements in the presence of harmonic distortions.

The results of computer-aided and physical modeling revealed the following;:

1. When the synchronous generator served an unbalanced load, there was a noticeable
negative sequence current, which may exceed the maximum allowable value with re-
spect to overheating. The generator began to emit higher harmonics into the network,
which led to extra heating. In the experiments carried out on computer and physical
models, the difference between the currents of the stator phases slightly exceeded the
maximum permissible value and amounted to 12.5% for the computer model and
12.9% for the physical one.

2. The average excitation current of a generator serving an unbalanced load was practi-
cally unchanged, but there was a 100 Hz current in the field winding whose amplitude
increased linearly as the load unbalance increased. Therefore, the excitation current
and the generator load should be limited.

3. The power limitation of a generator serving unbalanced loads can be determined by
the difference in phase currents, which must not exceed 12% of the nominal current.

3. Non-Linear Load Effect on Operation of Low-Power Synchronous Generator

A flow chart of the computer model that was used in the study is shown in Figure 8.
The turbogenerator in the model served a resistive and inductive load of 1.8 + j0.6 MWA.
Distortion of the current and voltage sine waveform was carried out by consistently increas-
ing the rectifier power with a simultaneous reduction of the main load of the turbogenerator
so that the total load remained unchanged. The results of computer-aided simulation are
summarized in Table 5 and illustrated in Figures 9 and 10.
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Figure 8. Flow chart of the model of the turbogenerator serving balanced and non-linear loads
in MATLAB.
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Table 5. Experimental data for the MATLAB model of the turbogenerator serving a non-sine wave-

form load.
Parameter Value
kor-1073, % 0 0 0 0 0 0 0 1 1 1 1 1 2
kzu-10_3, % 0 2 6 7 8 6 9 9 13 19 21 17 22
ktia, % 0.001 0.741 1.821 2.733 3.503 4250 4.948 6.794 8.5 10.15 11.67 15.6 19.77
kup, % 0.001 0.746 1.842 2.738 3.528 4260 4.915 6.819 8.53 10.16 11.63 15.58 19.8
ke, % 0.001 0.727 1.847 2.710 3.534 4234 4942 6.827 8.537 10.12 11.66 15.9 19.8
I}mid), perunit 0787 0791  0.795 0.801 0.807 0.812 0.818 0.837 0.855 0.874 0.891 0945 1.003
I}max), per unit 0.787 0.792 0.799  0.807 0.814 0.822 0.83 0.853 0.876  0.898 0.921 0.982 1.0491
Imf, per unit 0 0.001 0.004 0.006 0.008 0.011 0.013 0.019 0.025 0.03 0.035 0.048 0.06
I, per unit 0.430 0.432 0.438 0.443 0.449 0.454 0.46 0.477 0493 0.509 0.525 0.569 0.613
Ip, per unit 0.430 0.432 0.438 0.443 0.449 0.454 0.46 0.477 0493 0.509 0.525 0.569 0.613
Ic, per unit 0430 0.432 0438 0.443 0449 0454 046 0.477  0.493 0.509 0525 0569 0.613

Note: I,,¢, per unit—amplitude of forced oscillations with a frequency of 300 Hz; 1,4, Ip, Ic,—stator currents.
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Figure 9. Stator current (a) and rotor current (b) of the generator as a function of the deviation of the

voltage waveform from the sine waveform.
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Figure 10. Waveforms of stator currents (a) and rotor currents (b) of the generator and their harmonic
content (c,d) at kyz; = 15.6%.

An increase in harmonic components of load current led to an increase in stator and
rotor currents of the turbogenerator (Figure 9) while maintaining the balanced load flow.

The results of the study also showed that when the voltage and current waveforms
deviated more from the sine waveform, the amplitude of the forced oscillations of the
excitation current of the generator at a frequency multiple of 300 Hz increased, which led
to additional losses and extra heating (Figure 10c,d). This circumstance is due to the fact
that the higher harmonics in the turbogenerator stator current curve create magnetic fields
rotating in the forward and reverse directions with the harmonic frequency. These fields,
rotating asynchronously with respect to the rotor, are superimposed on the magnetic field
of the fundamental frequency and induce high-frequency currents in the rotor circuits. If
there are odd harmonic currents in the stator winding, even harmonic currents are induced
in the rotor winding as a result of the interaction of magnetic fields.
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Thus, an increase in the harmonic distortion of the load current was accompanied by a
growth of stator and rotor currents and the occurrence of forced oscillations of electrical
and mechanical parameters of the generator. This should be considered when introducing
DG units into RPSSs. Failure to consider these factors can lead to rapid wear and tear of
equipment and even breakdown of generators. In addition, given significant deviation from
the sine waveform, the stability margin was reduced, and the probability of the generator
switching into asynchronous operation increased. Experiments run on the simulation
model showed that when the generator served a rectifier load, the power of which was 85%
of the rated generator power, and an additional load was connected, the system lost stability,
and the generator started asynchronous operation. When serving linear loads of the same
power, ARE and ARS effectively dampened the disturbances introduced into the system.
The waveforms of the rotor speed of the turbogenerator that illustrate these conclusions
are shown in Figure 11: the load was 85% of the rated power of the turbogenerator. In
this experiment, the sine-wave distortion coefficient of the voltage waveform reached
ki = 30%, while the RMS value of the excitation current increased by 55% compared with
the operation that served a linear load. These circumstances, which also take place in
real-world operation of RPSSs, must be taken into account as well when deciding on the
settings of the ARE and ASR of generators of DG units.

02 Aw.% | '

-0.1
-0.4
-0.7

6 7 8 9

Figure 11. Waveforms of the turbogenerator rotor speed deviation when additional load was con-
nected: 1—linear load; 2—non-linear load.

Thus, the loss of stable operation of the synchronous generator is due to the incorrect
operation of the regulators and an additional increase in the stator and rotor currents,
which reduces the actual stability margin.

On the basis of computer-aided simulation it was found that the following effects took
place when the harmonic distortion of the load current increased:

1.  The stator and rotor currents of the generator were significantly increased. For
example, at ki, = 15.6%, the RMS value of the stator current increased by 32%
compared with the load flow when there was no rectifier load. At ki, = 3.5%, the
average excitation current increased by 2.5% compared with the load flow when there
was no rectifier load, and at ki, = 15.6% (rectifier load was 25% of the generator rated
power), the average excitation current increased by 20%. This fact is due to improper
operation of the ARE under such conditions, which requires the use of harmonic
filters and excitation current limitation in the ARE.

2. The amplitude of the forced oscillations of the generator excitation current at a fre-
quency multiple of 300 Hz increased. For example, at kj, = 15.6%, the amplitude of
the forced oscillations was 5% of the effective signal. This led to additional losses and
extra heating.
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3.  There were additional mechanical vibrations of the rotor with a frequency of 300 Hz.
As the deviation from the sine waveform increased, the amplitude of these oscillations
increased as well, which can lead to excessive runout during operation, rapid wear of
the generator, and loss of stability.

4. Joint Effect of Unbalanced and Non-Linear Loads on Operation of a Low-Power
Synchronous Generator

To assess the levels of unbalance and harmonic distortion in 6, 10, and 35 kV networks,
fed from traction substations (TS), we modeled a section of a standard power RPSS, the
circuit of which is shown in Figure 12. The modeling was carried out based on the Fazonord
software package developed at Irkutsk State Transport University [23]. A flow chart of
the computational model is shown in Figure 13. We studied three freight trains weighing
5000 tons moving in the odd direction. The train schedule is shown in Figure 14, and the
current profile of the train is shown in Figure 15.

100 50 AS-240 50 A
S B
C
220 kv AT_ Btl_ Cr A1l Bt Cr A1 BrlL Cr
XtL_Y1l ZT | XtlLY1{ ZT I Xr[ Y[ Zt I
6 kV 6 kV 6 kV
la b cl
CS
w7 T
iu'ac
Rails

Figure 12. Diagram of a section of a standard 27.5 kV RPSS.

AS 240
S0km |

las240
1100 km

Figure 13. Detail of the computational model circuit.
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Table 6. The results of calculation of unbalance parameters at 6 kV busbars of the TS.
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Table 7. Results of calculating total harmonic distortions at 6 kV buses of TS2.

Phase
Parameter
A B C
Mean value 6.04 9.69 4.58
Maximum value 28.68 31.68 21.27
Minimum value 0.07 0.96 0.11
7 T
6 [ far.%
° TS
4
3 151
Y
2 I\w
1 A L7
0 —

40 50 60 70 80 90 100 Time, s

Figure 16. Negative sequence unbalance ratios at 6 kV busbars of the TS.
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Figure 17. Total harmonic distortion at 6 kV buses of TS2.
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Figure 18. Waveforms of phase voltages at 6 kV busbars of TS2.

The obtained results allow us to conclude that even a limited movement induced
significant levels of unbalance, and harmonic distortions were observed at 6 kV buses of
the simulated RPSS. The mean values of the total harmonic distortion were within 4.5...10%,
and the maximum value of the unbalance ratio in the negative sequence reached 3.7...6.5%.
Thus, the relevance of the problems related to the study of load flows of low-power
generators under increased unbalance and harmonic distortions was further confirmed.

The flow chart of the investigated simulation model that was implemented using the
MATLAB Simulink and SimPowerSystems packages is shown in Figure 19. The turbogener-
ator served an active and inductive load of 2 + j0.6 MWA. The rectifier load was consistently
increased to increase the deviation from the sine waveform. At the same time the main
balanced load was reduced so that the total load of the generator remained unchanged. The
unbalanced currents and voltages were introduced by increasing the linear load between
phases a and b. At the same time, the load between phases b, ¢ and ¢, @ was reduced to
maintain the total power.
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The results of the computer-aided simulations shown in Figures 20-23 attest to the
following:

1.

400
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Due to the presence of an unbalanced load, there were harmonics of 150 Hz in the
stator current (Figure 20) and 100 Hz in the rotor current, which caused an increase in
the excitation current.

The amplitude of the forced oscillations of the excitation current of the generator with
a frequency of 300 Hz increased (Figure 21). These factors entail the use of harmonic
filters and field current limiting automatics in the ARE.

The currents increased in the individual phases (Figure 20), which led to extra heating.
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Figure 20. Waveforms of generator stator currents (a) and their harmonic content (b) at ki, = 10.3%
and kzu = 5.8%.
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Figure 21. Waveform of the generator excitation current (a) and its harmonic content (b) given
ki = 10.32% and kyy; = 5.83 %.

It should also be noted that with increasing unbalance and deviation of current and
voltage waveform from the sine waveform, the amplitude of the mechanical vibrations of
the generator rotor at 100 and 300 Hz increased, which can cause excessive runout during
operation and accelerated wear of the generator.

The increase in the difference of currents in the generator phases led to an increase in
the coefficient ky;, which was accompanied by an increase in the level of voltage unbalance
at the generator terminals, as well as the appearance of harmonic distortions (Figure 22).
These facts of RPSSs should be taken into account when introducing DG units since failure
to do that can lead to the accelerated wear and tear of electrical equipment.

Results of our study also indicated that when the generator served unbalanced and
non-linear loads with a total power of 2.4 + j1.45 MV-A (which corresponded to 90% turbo-
generator load), the amplitude of the forced oscillations of the electrical and mechanical
parameters reached the limiting values, which led to a significant increase in equipment
wear, the improper operation of the microprocessor-driven ARE and ARS, and, conse-
quently, a decrease in the stability margin. For example, when an additional load was
connected, the system lost its stability (Figure 23).

Thus, when DG units serve non-linear and unbalanced loads, it is necessary to imple-
ment special measures to protect the generating equipment: the use of DC links [6], the
use of harmonic filters, the installation of generator protections limiting negative sequence
current, the use of automatic excitation current limitation, etc.
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5. Conclusions

The results of the studies on the effect of unbalanced and non-linear loads on the load
flows of a low-power synchronous generator allow us to draw the following conclusions:

1.  When the generator serves an unbalanced load, there is a noticeable negative sequence
current, which may exceed the maximum allowable value with respect to overheating.
The generator begins to emit higher harmonics into the network, which leads to
extra heating.

The average excitation current of a generator serving an unbalanced load was prac-
tically unchanged, but there was a 100 Hz current in the field winding whose amplitude
increased linearly with increasing load unbalance. Therefore, the excitation current and the
generator load should be limited.

The power limitation of a generator serving unbalanced loads can be determined by
the difference in phase currents, which must not exceed 12% of the nominal current.

2. The following effects occurred when the harmonic distortion of the load cur-
rent increased:

e The generator stator and rotor currents increased significantly; for example, at
ku, = 15.6%, the RMS value of stator current increased by 32% as compared
with the load flow when there was no rectifier load; at ki, = 3.5%, the mean
value of the excitation current increased by 2.5% as compared with the load flow
when there was no rectifier load; and at ky;, = 15.6 % (rectifier load was 25% of
the generator rated power), the mean value of the excitation current increased
by 20%. This fact was due to the improper operation of the ARE under such
conditions, which required the application of harmonic filters and excitation
current limitation in the ARE.

e The amplitude of the forced oscillations of the excitation current of the generator
at a frequency multiple of 300 Hz increased; for example, at ky;, = 15.6%, the
amplitude of forced oscillations was 5% of the effective signal. This led to
additional losses and extra heating.

e  There were additional mechanical vibrations of the rotor with a frequency of
300 Hz; as the deviation from the sine waveform increased, the amplitude of
these vibrations increased as well, which can lead to excessive runout during
operation, rapid wear of the generator, and loss of stability.

3. Applicable to the case where there was a joint effect of unbalance and harmonic
distortion, the following conclusions can be stated:

o  There was a noticeable negative sequence current, which may exceed the maxi-
mum allowable value with respect to overheating; the generator began to emit
higher harmonics into the network, which led to additional losses and a decrease
in the power factor.

e  The amplitude of the forced oscillations of the excitation current of the gener-
ator with frequency multiples of 100 and 300 Hz increased, which also led to
additional losses and extra heating.

e Additional mechanical vibrations of the generator rotor occurred, which can lead
to excessive runout during operation, accelerated wear of the generator, and loss
of stability.
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