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Abstract: The paper deals with issues of modeling nonlinear electrical loads of various types,
such an uncontrolled rectifier, thyristor rectifier, thyristor power regulator and mixed equivalent
nonlinear load. For these load types, existing analytical expressions were identified to determine the
magnitudes of harmonic currents, and waveforms of currents were obtained during measurements
in laboratory conditions with variable parameters of the grid impedance and load. The obtained
results were compared, and it was found that the error in determining the magnitudes of harmonic
currents can reach 60% for an individual load and 54% for an equivalent load. A more accurate
method for determining the parameters of nonlinear electrical load is also proposed, which is based
on the application of shunt harmonic filters. In laboratory conditions, it was found that when using the
developed method, the error did not exceed 10% for an individual load and 14% for an equivalent load.

Keywords: harmonics; total harmonic distortion; power quality; nonlinear electrical load; capacitor
banks; passive filters; experimental study; six-pulse rectifier; thyristor regulator; modeling

1. Introduction

In modern industrial power supply systems, there has been a significant increase in the
installed capacity of nonlinear electric loads, for example, a lot of nonlinear load types are
used in the mining industry [1] and railway traction power systems [2], and arc furnaces are
powered by rectifiers [3]. Renewable energy sources must be provided with semiconductor
devices [4,5]. At the same time, measures to minimize the electromagnetic interference that
such power supply systems generate are not being widely implemented. The operation of
such devices is characterized by nonsinusoidal current consumption, which leads to the
appearance of supply voltage harmonics. On the one hand, the implementation of this kind
of electrical equipment leads to an increase in energy efficiency [6,7] and the automation
of technological processes. On the other hand, in the absence of additional compensation
measures, it negatively affects the operation of other electrical receivers, circuit protection
devices and communication devices, and can lead to downtime and losses in production,
as well as to difficulties in determining power consumption [8]. There are known cases of
stoppages in technological lines at food industry enterprises resulting from exceeding the
voltage distortion levels due to outside, nonlinear consumers being connected to the point
of common coupling [9]. So, it is necessary to provide power quality indices control [10,11]
in order to both identify power distortion sources [12] and compensate for the resulting
harmonics [13].

To carry out calculations and an analysis of nonsinusoidal modes of consumer opera-
tion, it is necessary to use correct equivalent circuits for linear and nonlinear electrical loads,
which makes it possible to determine harmonic emissions and distributions in the electrical
network with sufficient accuracy. This question is relevant when choosing the parameters
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of devices that improve power quality and compensate for harmonic distortions in voltage
and current [14,15]. In this case, the validity of nonsinusoidal mode modeling is supported
by the adopted model of the nonlinear electrical load.

Representations of nonlinear electrical loads by nonlinear current-voltage charac-
teristics, approximated by various functions, are widespread, for example, switching
functions [16] or differential equations [17,18]. However, more sophisticated approaches
based on semiconductor converter models have also been extensively used [19]. The com-
plexity of mathematical models leads to the limited use of analytical methods [20,21] and
more extended use of simulation modeling, which makes it possible to obtain numerical
solutions for the tasks [22,23]. In addition, it is often necessary to carry out rough estimates
of network operation modes with nonlinear loads while maintaining sufficient accuracy
for engineering practice. In this case, the calculations can be quite approximate, and do
not require the application of complex mathematical models. Traditional modelling of
nonlinear load seems to be suitable in this case [24,25].

In [24,26,27], diode six-pulse rectifier modelling is considered. Such a model, repre-
sented by current sources with magnitude Ih, may be calculated by the Equation:

Ih =
I1

h
(1)

where h is the harmonic order and I1 is the magnitude of the first harmonic current
consumed by the rectifier. The advantage of this model is the simplicity of its application;
however, such a model is inaccurate [28], and the legitimacy of its use has, in many cases,
been questioned. According to [29,30], it is also common to represent the diode six-pulse
rectifier as a source of current harmonics, as determined by the current spectrum.

In addition, the model of diode six-pulse rectifier can be presented by means of a
table based harmonic model [24,31]. The table is created based on experimental measure-
ments of the rectifier currents when external conditions are changing (e.g., line impedance,
additional ac-reactance, dc-link inductance and load parameters). A wide range of refer-
ence information increases the accuracy of the calculations, but this approach is very time
consuming when measuring large amounts of data.

A number of articles [32,33] have proposed representing nonlinear loads on the basis
of time-domain [34,35], harmonic domain [36] or frequency domain models [37]. According
to the frequency-domain model approach, a power converter may be analyzed by observing
the converter passing through a sequence of states describing its conduction pattern. In
each state, the converter can be represented by a passive linear circuit and analyzed with
the help of complex harmonic phasors [38,39]. As for the time domain model, the converter
is represented by a system of differential equations or operating state equations [40–42].
After solving these equations, the spectrum of the converter harmonic currents from the
AC side is determined using the fast Fourier transform.

One of the most widespread approached in harmonic power flow is the hybrid time-
frequency domain method. It tries to exploit the advantages of the time and frequency
domain approaches, i.e., linear components are modeled in the frequency-domain, while
nonlinear components are represented in the time-domain [17,26,27,43].

According to [25], for thyristor power regulators, the 2nd, 3rd, 4th, 5th, 7th, 11th, 13th
harmonic currents are the most typical (more than 0.5%). In the case of an individual consumer,
the magnitudes of 5th, 7th, 11th, 13th harmonics are determined by the following equation:

Ih =
0.7Snom√
3Unomh

(2)

while the magnitudes of the 2nd, 3rd and 4th harmonics may be determined by:

Ih =
0.1Snom√
3Unomh

, (3)
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where Snom is the rated power of supply transformer and kVA, Unom is rated voltage of the
power supply system.

In [44], the rectifier is represented by a simplified single-line diagram, which is used to
describe the transfer functions of the converter model. In this case, two transfer functions
are used to describe the model. These functions relate the DC and AC sides of the converter,
taking into account the variation of the firing angle and commutation overlap.

According to IEEE Std 519-2014, the harmonic currents on the AC side are determined
by Equation (1), assuming that the direct current of the bridge rectifier has no ripple.
However, due to commutation phenomena, the shape of the current consumed by the
rectifier takes on a different form. In this case, the harmonic currents of three-phase
rectifiers can be determined by the equation:

Ih = Idc


√

6
π
·

√
A2 + B2 − 2ABcos(2α+ µ)

h[cosα− cos(α+ µ)]

 (4)

where α is a firing angle and µ is a commutation overlap angle. Coefficients A and B are
determined by the equations:

A =
sin
[
(h− 1)µ2

]
h− 1

, B =
sin
[
(h + 1)µ2

]
h + 1

(5)

When determining the parameters of the equivalent nonlinear electrical load according
to IEC/TR 61000-3-6-2020, the general law of summation for harmonic voltage and current
can be empirically adopted. The law for the resulting harmonic current of order h is
expressed by the equation:

Ih = β

√
∑

i
Iβhi (6)

where Ih is the value of the h-order resulting harmonic current for the considered set of
sources (probabilistic value), Ihi are the values of various h-order individual emission levels
that should be combined, and β is an index determined by IEC/TR 61000-3-6-2020. A
similar formula is proposed to be used for harmonic voltage summation.

Obviously, existing methods make it possible to determine the parameters of a nonlin-
ear electrical load with a certain margin of error, which increases when taking into account
the grid parameters, equipment loading and simulating equivalent loads. In such cases,
difficulties often arise, since data regarding power supply systems may be outdated or
insufficient, and the number of outgoing cable lines at the point of equivalent can be very
large. Thus, the purposes of this work are to experimentally determine the parameters
of nonlinear loads of various types, and to develop a new method for determining the
parameters of an equivalent nonlinear electrical load.

2. Research Methods
2.1. Laboratory Test Bench

The study was carried out using a laboratory test bench that included the following:
a connection point to the energy system with a phase to phase voltage of 380 V; variable
grid inductance L, connected to the energy system in series; an uncontrolled rectifier (UR)
loaded with variable resistance RUR and unregulated inductance LUR in DC link; a thyris-
tor rectifier (TR) loaded with resistive element RTR in DC link; and a thyristor power
regulator (TPR) with resistance load RTPR.

The laboratory test bench electrical scheme is presented in Figure 1. The electrical load
can be connected both individually and simultaneously. Variation of the uncontrolled recti-
fier parameters was achieved by changing the parameters of the DC link, while variation
of the thyristor rectifier and power regulator parameters was achieved by changing the
firing angle of the thyristors.



Energies 2021, 14, 7762 4 of 14Energies 2021, 14, x FOR PEER REVIEW 4 of 14 
 

 

. 

Figure 1. Schematic of the laboratory test bench. 

The electrical load parameters are presented in Table 1. 

Table 1. The parameters of the laboratory equipment. 

Elements of the Scheme Parameters and Values 
Grid/system parameters Us = 380 V, L = 0 ± 4 mH 

Uncontrolled rectifier (UR) UUR = 380 V, RUR = 42 ± 176 Ω, LUR = 40 mH 
Thyristor rectifier (TR) UTR = 380 V, PTR = 0.5 ± 4.0 kW 

Thyristor power regulator (TPR) UTPR = 380 V, PTPR = 0.5 ± 4.0 kW 

In the first stage, the study was carried out with nonlinear loads separately connected to 
the energy system. During the experiment, parameter L was changed according to the values 
L0 = 0 mH, L1 = 1 mH, L2 = 4 mH, and the parameters of nonlinear loads were changed accord-
ing to the data presented in Table 1. During the experiment, current and voltage waveforms 
were recorded for various laboratory test bench modes. Further, data processing was carried 
out, from which the magnitudes of the current and voltage harmonics, the spectrum of har-
monics, as well as the phase shift angles at harmonic frequencies were obtained. Measure-
ments were carried out using a Rigol DS2202A oscilloscope. In the second stage, all non-
linear loads were connected to the point of common coupling simultaneously, and the 
parameters of grid inductance were changing, similar to the first stage of the experiment. 
Also, data on the current and voltage waveforms of the aggregated load were recorded, 
including the magnitudes and the phase shift angles at harmonic frequencies. 

The obtained experimental data were compared with the analytical expressions de-
scribed in Section 1. In this case, the current harmonic magnitudes of the individual non-
linear loads such as UR were compared with Equation (1), the TPR with Equations (2) and 
(3), and the TR with Equation (4). The current harmonic magnitudes of the aggregated 
nonlinear loads were compared with Equation (5). 

2.2. Method of Determination the Parameters of Nonlinear Electrical Load 
In this paper, a method is proposed for determining the parameters of a nonlinear 

electrical load based on the use of resonant shunt filters of harmonic currents. When a 
shunt filter tuned to any frequency with h order is connected to the point of common 
coupling, the harmonic current generated by this nonlinear electrical load INLh flows 
through this shunt filter as current IFh at a tuned harmonic frequency (Figure 2). 

Figure 1. Schematic of the laboratory test bench.

The electrical load parameters are presented in Table 1.

Table 1. The parameters of the laboratory equipment.

Elements of the Scheme Parameters and Values

Grid/system parameters Us = 380 V, L = 0 ± 4 mH
Uncontrolled rectifier (UR) UUR = 380 V, RUR = 42 ± 176 Ω, LUR = 40 mH

Thyristor rectifier (TR) UTR = 380 V, PTR = 0.5 ± 4.0 kW
Thyristor power regulator (TPR) UTPR = 380 V, PTPR = 0.5 ± 4.0 kW

In the first stage, the study was carried out with nonlinear loads separately connected
to the energy system. During the experiment, parameter L was changed according to
the values L0 = 0 mH, L1 = 1 mH, L2 = 4 mH, and the parameters of nonlinear loads
were changed according to the data presented in Table 1. During the experiment, current
and voltage waveforms were recorded for various laboratory test bench modes. Further,
data processing was carried out, from which the magnitudes of the current and voltage
harmonics, the spectrum of harmonics, as well as the phase shift angles at harmonic fre-
quencies were obtained. Measurements were carried out using a Rigol DS2202A oscilloscope.
In the second stage, all nonlinear loads were connected to the point of common coupling
simultaneously, and the parameters of grid inductance were changing, similar to the first stage
of the experiment. Also, data on the current and voltage waveforms of the aggregated load
were recorded, including the magnitudes and the phase shift angles at harmonic frequencies.

The obtained experimental data were compared with the analytical expressions de-
scribed in Section 1. In this case, the current harmonic magnitudes of the individual nonlin-
ear loads such as UR were compared with Equation (1), the TPR with Equations (2) and (3),
and the TR with Equation (4). The current harmonic magnitudes of the aggregated nonlin-
ear loads were compared with Equation (5).

2.2. Method of Determination the Parameters of Nonlinear Electrical Load

In this paper, a method is proposed for determining the parameters of a nonlinear
electrical load based on the use of resonant shunt filters of harmonic currents. When a shunt
filter tuned to any frequency with h order is connected to the point of common coupling,
the harmonic current generated by this nonlinear electrical load INLh flows through this
shunt filter as current IFh at a tuned harmonic frequency (Figure 2).
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Figure 2. Scheme for the method of determination of nonlinear load parameters.

In this case, the value of current IF was determined by the adjustment of filter parame-
ters. Ideally, the harmonic current of nonlinear load INLh at tuned frequency completely
flows through the filter:

INLh = IFh. (7)

In the case of inaccurate adjustment of the filter parameters, part of the harmonic
current flows through the system impedance, and the other part through the filter circuit.
Considering harmonic currents, the current flowing through a linear load ILh connected
to the same point of common coupling is incommensurably small in comparison with
the filter IFh and system currents ISh because the impedance of the linear load is rather
more than the energy system and filter impedance at tuned frequency. Summing up these
complex values, it is possible to determine the value of the nonlinear harmonic current,
INLh, of the load:

INLh = IFh + ISh. (8)

This method is also efficient when the energy system is a source of harmonics. Then,
the harmonic currents generated by outside nonlinear consumers flow through this filter.
To exclude their influence on the determination of the nonlinear load parameters, it is
necessary to provide measurements of the energy system harmonic current. Then, sub-
tracting the values of the harmonic currents flowing from the grid side ISh1, it is possible to
determine the values of the nonlinear load currents:

INLh = IFh − ISh1 (9)

The proposed method works under the assumption that the source of harmonics
is presented in the form of current sources. However, when a harmonic shunt filter is
connected to the point of common coupling, the instantaneous current of the nonlinear load
may change. In other words, the spectrum and magnitudes of current harmonics generated
by the nonlinear load may change. In this work, to verify this assumption, experimental
studies were carried out using a shunt filter on the 5th and 7th harmonics. During the
experiment, the current of various nonlinear load types was compared before and after the
shunt filter was connected. The filter parameters are presented in Table 2.

Table 2. The parameters of shunt filter.

Parameter Value

Resistance of the 5th and 7th harmonic filter 0.2 Ω
Inductance of the 5th and 7th harmonic filter 8.29 mH

Capacitance of the 5th/7th harmonic filter 50/26 µF
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3. Experimental Determination of Nonlinear Load Parameters of Various Types
3.1. Experimental Study of Individual Nonlinear Load Parameters

This experiment was carried out to determine the parameters of the harmonic currents
of three different nonlinear loads separately connected to the point of common coupling,
namely, UR with resistance and inductance in DC-link, TR with resistance in DC-link, TPR with
electrical heating tubes. The experimental parameters were changed as described in Section 2.

Figure 3a shows waveforms of the UR currents at various values of the grid inductance
(L0 and L2) and Figure 3b shows the relative values of the UR harmonic currents Ih/I1 for
different power consumption P and grid inductance L2 equal to 4 mH.
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Figure 4a shows the waveforms of the TR currents at various values of the grid
inductance (L0 and L2), and Figure 4b shows the relative values of the TR harmonic
currents Ih/I1 for different power consumption P with grid inductance L2 equal to 4 mH.
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Figure 5a shows waveforms of the TPR currents at various values of the grid induc-
tance (L0 and L2), and Figure 5b shows the relative values of the TPR harmonic currents
Ih/I1 for different power consumption P with grid inductance L2 equal to 4 mH.
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currents for different power consumption (b).

It can be concluded that connecting an additional grid inductance reduces the current
harmonics generated by nonlinear loads, as can be seen in the presented current waveforms.
However, the total harmonic distortion in current (THDI) decreases insignificantly for UR
when additional inductance is connected (from 29% to 26%), and practically does not
depend on the loading of equipment, as confirmed by the data shown in Figure 3. From
Figure 4, it follows that THDI for TR in the absence of additional inductance was 44%,
and with an additional inductance of L2-39%. The harmonic composition of the consumed
current for a thyristor rectifier has a significant dependence on the loading of equipment.
So, THDI was 138% when the loading of electrical equipment was 10%, but dropped to
44% when the loading of equipment was increased to 90% in the absence of additional
inductance. The trend of changing the parameters of current harmonics for TR is also
typical for TRP, as confirmed by the data shown in Figure 5.

The dependencies of the phase shift angles at harmonic frequencies were obtained for
various types of nonlinear load (Figure 6).
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It can be seen from Figure 6 that the phase shift angles for the 5th and 7th harmonics
varies from −85 to −120◦ for various types of nonlinear loads. The minus sign means
that the direction of current harmonics flow did not coincide with the direction of current
flow at the fundamental frequency during measurements. So, the obtained values of phase
shift angles characterized the active-inductive load and were determined by the energy
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system parameters at the harmonic frequencies. In this case study, the connected additional
grid inductance was crucial. As part of the experiment, a 3 Ohm resistance was connected
to the supply line instead of an additional grid inductance. In this case, the phase shift
angles for the 5th and 7th harmonics were about 180◦, which is typical for the resistive
character of the energy system parameters and for the generation of harmonic currents
into the energy system (from consumer side to grid side). Thus, the phase parameters of a
nonlinear load at harmonic frequencies were determined by the parameters of the energy
system. It follows that when simulating an equivalent nonlinear load in the form of current
sources, only their amplitudes can be specified. In this case, the phase shift angles at the
harmonic frequencies will be determined by the energy system model. Therefore, only the
values of the current harmonic magnitudes were compared with the existing analytical
expressions in this study.

In accordance with the expressions specified in Section 2, the values of the current
harmonic magnitudes for various types of nonlinear loads were determined and compared
with the results of experimental measurements. The data on the calculated relative errors
are presented in Table 3.

Table 3. Relative errors of the calculated and measured current harmonic magnitudes.

Type of the Load Comparison
Equation

5th
Harmonic
Error, %

7th
Harmonic
Error, %

11th
Harmonic
Error, %

13th
Harmonic
Error, %

UR (1) 10.3 32.1 21.2 33.2
TPR (2), (3) 27.9 32.5 38.1 24.2
TR (4) 40.4 57.5 46.3 60

It can be concluded from the Table 3 that the relative error in calculating the values
of the harmonic current magnitudes of various types of nonlinear load by analytical
expressions in comparison with the measured data varied from 10% to 60%. It should be
noted that lower order harmonic currents are determined with the smallest relative error.
As such, the analytical model for determining the parameters of TR was the least accurate
of the considered approaches.

3.2. Experimental Study of Aggregated Load Parameters

In this section, the experimental determination of the harmonic parameters of three
nonlinear electrical loads simultaneously connected to the point of common coupling was
considered. The experimental parameters were changed as described in Section 2. Figure 7
shows waveforms and harmonic spectrum of aggregated load currents at various values of
grid inductance.
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Figure 7 also shows a tendency toward a decrease in harmonic currents with an
increase in the system impedance. With a four-fold increase in grid inductance, the mag-
nitudes of the 5th and 7th current harmonics decreased by 25 and 27%, respectively. A
comparison of the 5th and 7th current harmonic magnitudes, obtained by expression (5)
and measured during the experiment without additional grid inductances, showed that
for the 5th harmonic, the relative error was 38%, and for the 7th harmonic, 54%. The
relative error in estimating the current harmonic magnitudes with theoretical expressions
increased in the presence of additional grid inductances. Due to the large values of the
current relative errors, there was a need for a more accurate determination of the nonlinear
electrical load parameters, including the methods based on real measurements.

4. Determination of Nonlinear Load Parameters Based on Measurements
4.1. Current Harmonics of Nonlinear Load When Filter Is Connected

An important condition for determining the parameters of a nonlinear electrical load
is the constancy of the generated harmonic currents before and after connecting a passive
harmonic filter in parallel with the load. To prove this, experimental studies were carried
out on a laboratory test bench. The current harmonic magnitudes of various types of
nonlinear load were measured before and after connecting a passive filter. The parameters
of the passive filter are presented in Table 2. As an example, Figure 8 shows the waveforms
and harmonic spectrum of UR currents before and after connecting the 5th harmonic filter
with additional grid inductance L1.
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Then, an assessment of the relative error for various types of nonlinear load was
carried out for different values of the additional grid inductance (L0, L1, L2). Table 4 shows
the errors in determining the current harmonic magnitudes relative to the magnitude at the
fundamental frequency before and after connecting the filter of the 5th and 7th harmonics.

Table 4. The error of determination the current harmonic magnitudes via passive filter.

Type of the Load Line Parameters 5th Harmonic Error, % 7th Harmonic Error, %

UR L0\L1\L2 3.5\1.0\4.7 2.2\2.7\4.0
TRP L0\L1\L2 2.9\0.2\8.1 3.2\0.2\2.3
TR L0\L1\L2 1.4\1.7\7.3 2.2\0.9\10.2

From the data presented in the Table 4, it can be seen that the relative errors of
determination the current harmonic magnitudes did not exceed 5% for cases with additional
grid inductances L0 and L1, which is typical for low-voltage networks of centralized power
supply systems. In the case of connecting the grid inductance L2, the current harmonic
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magnitudes before and after connecting the passive filter varied within 10%. At the same
time, total harmonic distortion in voltage (THDU) was about 13%, which is a rather high
value of distortion for low-voltage networks and could affect the error in determining the
current harmonic magnitudes. It should be noted that the determination of the current
harmonic magnitudes with an error of 10% is a reasonably good result when calculating
the operation modes with harmonic distortions.

4.2. Current Harmonics of Aggregated Nonlinear Loads When Filter Is Connected

It was found that the harmonic currents generated by the individual nonlinear elec-
trical loads, connected to the power supply system, did not change significantly when a
passive harmonic filter was connected. So, in the presence of a large number of nonlinear
electrical loads connected to the consumer busbars, it is possible to correctly determine
the parameters of an equivalent nonlinear load based on measurements using a resonant
shunt filter. The proposed method was tested on a laboratory test bench (Figure 1) with
different nonlinear electrical loads connected. The parameters of the loads are listed in
Table 1. At the same time, the parameters of the additional grid inductance were varied.
As an example, Figure 9 shows waveforms and harmonic spectrum of aggregated load
current (UR and TR are connected) before and after connecting a passive 5th harmonic
filter for grid inductance L2. The value of the equivalent load harmonic current INLh after
connecting the filter was determined by Equation (7) as the sum of the system harmonic
current ISh and the harmonic filter current IFh for each harmonic separately.

Energies 2021, 14, x FOR PEER REVIEW 10 of 14 
 

 

grid inductances L0 and L1, which is typical for low-voltage networks of centralized power 
supply systems. In the case of connecting the grid inductance L2, the current harmonic 
magnitudes before and after connecting the passive filter varied within 10%. At the same 
time, total harmonic distortion in voltage (THDU) was about 13%, which is a rather high 
value of distortion for low-voltage networks and could affect the error in determining the 
current harmonic magnitudes. It should be noted that the determination of the current 
harmonic magnitudes with an error of 10% is a reasonably good result when calculating 
the operation modes with harmonic distortions. 

4.2. Current Harmonics of Aggregated Nonlinear Loads When Filter Is Connected 
It was found that the harmonic currents generated by the individual nonlinear elec-

trical loads, connected to the power supply system, did not change significantly when a 
passive harmonic filter was connected. So, in the presence of a large number of nonlinear 
electrical loads connected to the consumer busbars, it is possible to correctly determine 
the parameters of an equivalent nonlinear load based on measurements using a resonant 
shunt filter. The proposed method was tested on a laboratory test bench (Figure 1) with 
different nonlinear electrical loads connected. The parameters of the loads are listed in 
Table 1. At the same time, the parameters of the additional grid inductance were varied. 
As an example, Figure 9 shows waveforms and harmonic spectrum of aggregated load 
current (UR and TR are connected) before and after connecting a passive 5th harmonic 
filter for grid inductance L2. The value of the equivalent load harmonic current INLh after 
connecting the filter was determined by Equation (7) as the sum of the system harmonic 
current ISh and the harmonic filter current IFh for each harmonic separately. 

  
(a) (b) 

Figure 9. The waveforms (a) and harmonic spectrum (b) of aggregated load currents with filter. 

Figure 9 shows a minor difference in the current waveforms, which was associated 
with an insignificant voltage change after connecting the passive filter. Further, the error 
in determining the 5th harmonic current magnitude relative to the current magnitude at 
the fundamental frequency was estimated for a different composition of nonlinear loads 
and different values of grid inductance. Table 5 shows the data of the relative errors of the 
5th harmonic current magnitude before and after the connection of the 5th harmonic filter. 

Table 5. The 5th current harmonic relative error of the equivalent nonlinear load. 

Line  
Parameters 

Relative Error, % 
UR + TR UR + TR + TRP TR + TRP 

L0 1.23 3.92 0.94 
L1 3.53 3.82 3.52 
L2 7.25 13.94 12.49 

Figure 9. The waveforms (a) and harmonic spectrum (b) of aggregated load currents with filter.

Figure 9 shows a minor difference in the current waveforms, which was associated
with an insignificant voltage change after connecting the passive filter. Further, the error in
determining the 5th harmonic current magnitude relative to the current magnitude at the
fundamental frequency was estimated for a different composition of nonlinear loads and
different values of grid inductance. Table 5 shows the data of the relative errors of the 5th
harmonic current magnitude before and after the connection of the 5th harmonic filter.

Table 5. The 5th current harmonic relative error of the equivalent nonlinear load.

Line Parameters
Relative Error, %

UR + TR UR + TR + TRP TR + TRP

L0 1.23 3.92 0.94
L1 3.53 3.82 3.52
L2 7.25 13.94 12.49
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From the data presented in the table, it can be seen that the relative errors of determi-
nation the current harmonic magnitudes of the equivalent load did not exceed 5% when
the parameters of grid inductance were equal to L0 and L1. This corresponds to the results
for separately connected nonlinear loads. With a four-fold increase in grid inductance, the
error in estimating the current harmonic magnitudes of the equivalent load increased to
14%. However, the error remained acceptable for calculating the operating modes in the
presence of harmonic distortions.

5. Discussions

Thus, the parameters of different types of nonlinear electrical loads have been identi-
fied by carrying out measurements on a laboratory test bench in the study. The obtained
current harmonic magnitudes were compared with the values calculated according to the
well-known analytical expressions for these types of load. The relative error for the indi-
vidual nonlinear consumers reached 60%, and 54% for the equivalent nonlinear electrical
load under laboratory conditions. The relative error increased in the presence of additional
grid inductances and different equipment loading.

The method has been proposed for determining the parameters of a nonlinear electrical
load based on the use of harmonic shunt filters. This method makes it possible to determine
the current harmonic magnitudes of both individual and equivalent nonlinear electrical
loads by measuring the currents of the energy system and the filter. It has been shown that
the spectrum and magnitudes of the nonlinear load currents remained almost constant,
regardless of the harmonic filter connection. Furthermore, the maximum relative error in
determining the harmonic current magnitudes of the equivalent nonlinear load did not
exceeded 14% before and after connecting the filter. Some factors should be highlighted
that can affect the determination of the harmonic current parameters of the equivalent
nonlinear electrical load:

• influence of linear electrical load
• influence of resonance phenomena
• influence of harmonics generated from the grid side.

Let’s comment on the points outlined above. The parameters of a linear electrical load,
such as asynchronous motors, are represented by resistance and inductance, the values of
which turn out to be much higher than the impedance of the tuned filter and the energy
system at the harmonic frequencies. Therefore, the calculation of the current harmonic
magnitudes of the converters cannot be significant influenced by the parameters of the
linear electrical load.

Resonance phenomena are possible if there are harmonics in the spectrum whose
frequencies are lower than the frequency of the tuned filter. In this case, it is possible that the
voltage increases at the harmonic frequency. This can affect the current harmonic magnitude
of the converter at the considered harmonic frequency. Therefore, it is recommended to
select the filter parameters starting with the lowest harmonic frequency presented in
the power supply system spectrum. However, even in this case, the current harmonic
magnitudes of the converter can be correctly determined at the tuned frequency of the filter.
If the filter is incorrectly configured or the filter parameters are changed during operation,
series resonance with the network impedance is possible. However, incorrect filter settings
are excluded, since, in fact, the filter is a measuring device, the parameters of which must
be strictly controlled prior to connection. Changing the filter parameters as a result of
long-term operation is also excluded, since the measuring filter is connected for several
days that covers various modes of nonlinear load operation.

Additional grid side harmonic currents can flow through the passive filter. Then,
according to the superposition method, the harmonic current of the input feeder generated
from the consumer side decreases, since its direction is opposite to the harmonic current
generated from the grid side. However, in this case, the decrease in the mentioned harmonic
current is compensated by an increase in the filter harmonic current on the same value.
Therefore, the value of the current harmonic magnitude of the nonlinear load does not change.
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6. Conclusions

As a result of the studies, a new method for evaluating the parameters of nonlinear
electrical load was developed based on the application of a harmonic filter. The developed
method was compared with existing analytical expressions, and it was shown that the error in
determining the magnitudes of current harmonics was reduced by approximately four times.

To implement this method, it is necessary to measure the harmonic currents of the
energy system and harmonic filter. Then, depending on the direction of the energy system
harmonic current, the current harmonic magnitude of the nonlinear load is determined.
This method makes it possible to accurately assess the current harmonic magnitudes of the
equivalent nonlinear load, which can be connected in large quantities to consumer buses.
The obtained values of the current harmonic magnitudes can be used in the modeling of
a nonlinear electrical load as a current source. Data on the daily change in the current
harmonic magnitudes of the nonlinear load make it possible to calculate power quality
indicators at minimum, average and maximum values of current distortions.

Further research will include the development of a method for selecting the parameters
of harmonic filter to improve the accuracy of determining the current harmonic magnitude
of the nonlinear load. It is also planned to create a mobile measuring device based on the
developed method for implementation in networks with a voltage of 0.4 kV.
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