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Abstract: In this article, a method that allows sharing responsibilities for the generation of harmonic
currents between the utility and consumers powered by one point of common coupling (PCC) is
addressed. For these purposes, mathematical modeling of the power supply system (PSS) with two
consumers is carried out in order to introduce new indices using the simplest PSS structure as an
example. Two indices are introduced that quantify the consumers’ contribution to the distortion
of current and voltage at the PCC and that evaluate harmonic emission from the utility side. Ex-
perimental tests are carried out where both linear and nonlinear loads are considered, capacitive
loads are taken into account, and harmonic distortions from the utility side are modeled to show the
applicability of the indices in a wide range of load types. The experiments confirmed the theoretical
results and illustrated that the quantitative assessment of the contributions is unambiguous. It
suggests that the proposed criterion could be a reasonable basis for further tax policy on harmonic
pollution for each consumer at the PCC and for the utility.

Keywords: harmonics; distortion; power supply system; nonlinear load; distortion source

1. Introduction

The uses of nonlinear loads are rapidly increased at the different types of industrial
enterprises. For example, renewable energy sources must be provided with semiconductor
devices [1,2] and the mining industry uses a lot of nonlinear loads [3]. For instance,
frequency converters and rectifiers cause production with high energy efficiency. This
could be due to the new structure of the rectifier [4], new electromechanical transmission [5],
new harmonic compensating device, or a method to implement it that allows a reduction of
active power losses in the distribution network [6,7]. Additionally, semiconductor devices
can become a basis for some low-power supply systems [8].

Besides the obvious advantages of using these types of loads, there is a drawback,
namely, the widespread nonlinear loads lead to deterioration in the quality of electrical
energy [9–11]. At the same time, power quality indicators must comply with both interna-
tional standards (IEEE 1159-2019, IEEE 519-2014, IEC 61000-3-6) and national standards,
for instance, the norms established in the Russian Federation (GOST 32144-2013). While
GOST 32144-2013 regulates only the voltage distortion level, standard IEEE 519-2014 limits
both voltage and current emissions. Concerning IEC 61000-3-6, it is stated that harmonics
emissions have to be evaluated by comparing harmonic voltage vectors before and after
load connection to the PCC. It is reasonable when a new consumer is going to be connected,
but it cannot be used for distortion monitoring during uninterrupted loads operations.
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In this regard, the scientific community has been faced with a number of tasks, namely,
the development of methods and devices for harmonics compensation, and the develop-
ment of methods for assessing the impact of each nonlinear consumer on the quality of
electricity at the PCC [12,13]. The first issue has been considered in detail in [14–20], and
various configurations of active, passive, and hybrid harmonics filters have been proposed.
However, the issue of assessing the contribution of consumers to the deterioration of the
electric power quality has not been fully resolved and there is no criterion that could
quantify the tax of harmonic pollution for each consumer.

Nowadays, there are a number of methods that allow the dominant nonlinear load to
be determined, which makes a greater contribution to network distortion.

The principle of some of them is based on the calculation of any type of power flow.
These methods include the active power flow method [21,22], reactive power method [23],
inactive power method [24], and distortion power method [25]. The authors of the reactive
power method argue that the power direction method cannot be used for harmonic source
detection [26]. Additionally, none of these methods provide accurate information about
the contribution of each harmonics source to total distortion but identify just the dominant
source. In addition, when calculations according to the above methods were presented
in [27], the validity of the methods was investigated. The methods based on reactive power
and the voltage-current ratio showed a higher sensitivity to the errors in the input data
while the method based on the direction of active power flow gave invalid statements.

In [28], the Harmonic Pollution Metering method is proposed, which gives an ad-
vantage in terms of the accuracy and unambiguity of the results compared to the above
methods. However, data on the complex impedance of both the PSS and consumers are
required, which complicates the calculation process and the possibility of application.

There are also some methods based on the analysis of the currents and voltages
vectors at the PCC. For example, in [29], the sharing of responsibilities for the generation of
harmonic currents between PSS and consumers is performed by projecting the normalized
vectors of current and voltage at the PCC on their vector sum for each harmonic separately.
The disadvantage of this method is the presence of an inductive load in the consumption
side, which increases their contribution to the deterioration of the electric power quality at
the PCC, which leads to a biased assessment of the consumers’ contribution.

On the other hand, there are multi points methods [30]. However, it is necessary
to perform synchronized high-precision measurements to draw any conclusions about
the location of the harmonics sources in the power supply system, which is a complex
technical task.

Numerous works have been written about the effectiveness of the mentioned methods
for identifying harmonics sources and determining the contribution of each of them to
total distortion. For example, in [31], the articles [21–23,29,32] are criticized, and in [33],
the drawbacks of [28,30,34] are considered.

As a result, none of these methods are officially stated by any of the power quality
regulation standards because none of them allow quantification of the consumers’ and
utility’s contributions accurately and reasonably. So, it is necessary to develop a new
method to obtain an unambiguous result as a percentage correlation.

To sum up, it is obvious that an accurate method for determining harmonics sources
should be developed soon in order to meet the needs of the modern energy industry.
This global issue can be divided into two problems. The first one is the separation of
distortions caused by PSS from distortions generated by all consumers connected to the
PCC. The second question is sharing the responsibility for harmonics generation between
consumers connected to the same PCC when there are no distortions caused by PSS or they
are minimal. In this article, both issues are discussed.

Firstly, a method for determining the contributions of consumers to voltage and
current distortions at the PCC is described. It is developed to quantify the responsibilities
between consumers powered by the same PCC for harmonic currents generation when
there are minor distortions caused by the PSS. For this purpose, in Section 2, a mathematical
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modeling of the PSS with two consumers is carried out in order to introduce a new index
using the simplest PSS structure as an example. Further, all conclusions can be applied to
the PSS with a large number of consumers.

Secondly, a method for evaluation of the utility side contribution to harmonic distor-
tion is developed. In Section 2.2.3, a mathematical modeling of the PSS with two consumers
and grid side distortions is carried out and the second index is proposed, which evaluates
the utility’s contribution to the distortion at the PCC using a harmonic filter.

The experimental verification is shown in Section 3, where different types of loads
are studied to illustrate that based on the proposed method and indices, it is impossible to
identify the linear load as a harmonic source even if it includes capacitance. Additionally,
it shows that this method is appropriate for nonlinear loads with different current spectra.

Finally, the obtained results, discussion, and some suggestions for future research are
presented in Section 4.

2. Theoretical Model
2.1. The Method Development

For clarification of the method’s understanding, the simplest equivalent circuit of the
PSS with two consumers is shown in Figure 1.

Figure 1. Equivalent circuit of PSS with two consumers: (a) general; (b) for harmonics.

In Figure 1,
·

U0 is the PSS voltage source without harmonics,
·

UPCC is the voltage

at the PCC,
·
I0 is the PSS current, Z0 is the PSS impedance,

·
I1/

·
I2 are the first/second

consumer’s currents,
·

U
(h)

PCC is the voltage at the PCC for harmonic number h, Z0
(h) is the

PSS impedance for harmonic number h, and
·
I0

(h)/
·
I1

(h)/
·
I2

(h) are the harmonic current
PSS/first/ second consumer’s.

Considering the superposition method, it is possible to consider two circuits: (a) at
the first harmonic and (b) at the harmonics.

It can be seen that the non-sinusoidal network voltage
·

UPCC is proportional to the
vector sum of the currents of the first and second consumers, when the PSS impedance Z0
is constant according to Formula (1):

·
U

(h)

PCC =
·
I
(h)

0 ·Z(h)
0 =

(
·
I
(h)

1 +
·
I
(h)

2

)
·Z(h)

0 (1)

In this way, two important conclusions should be highlighted. The first one is that
proceeding from assessing the voltage quality to assessing the current quality is a possible
and extremely important step, despite its the non-obviousness, since some national stan-
dards regulate only the total harmonic distortion of the voltage (THDu) but not the total
harmonic distortion of the current (THDi). The second conclusion is that it is necessary to
evaluate the contribution of each consumer to the total current and voltage distortion at
the PCC in vector form.
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Additionally, it should be noted that voltage distortions at the PCC depend on the
value of PSS’s complex impedance. Due to the fact that in real power systems, its value is
never equal to zero, the current distortions always cause voltage distortions.

In this regard, the next step is to consider the different relative positions of the currents’
vectors. All possible options were classified into four cases, presented in Figure 2. For each

case, the PSS current’s vector
·
I0

(h) is located horizontally, and they differ in the ratio of the

projections of the consumer’s current vectors
·
I1

(h)/
·
I2

(h) on the total current vector
·
I0

(h),

which are respectively equal to
·
I1pr

(h) and
·
I2pr

(h). Additionally, the vector diagrams show

the angle α between the vectors
·
I1

(h) and
·
I2

(h), β between the vectors
·
I1

(h) and
·
I0

(h), and γ

between the vectors
·
I2

(h) and
·
I0

(h).

Figure 2. Relative positions of the currents’ vectors: (a) K(h)
D1 < 0%; (b) K(h)

D1 > 0% and the second

consumer is a dominant source of distortions; (c) K(h)
D1 > 0% and the first consumer is a dominant

source of distortions; (d) K(h)
D1 > 100%.

In order to calculate the contribution of the first and second consumers to the current
and voltage distortions at the PCC, the ratio of the projection of the consumer’s harmonic
current vector on the PSS harmonic current vector to the PSS harmonic current vector is
proposed according to the following expressions:

K(h)
D1 =

I(h)1pr

I(h)0

·100% (2)

K(h)
D2 =

I(h)2pr

I(h)0

·100% (3)

For the case shown in Figure 2a, the contribution of the first consumer is K(h)
D1 < 0%, since

the vector
·
I1pr

(h) is opposite to
·
I0

(h). At the same time, K(h)
D2 > 100% indicates that the second

consumer is the dominant source of distortions at the harmonic h, and the non-sinusoidal
current of the first consumer compensates for the distortions generated by the second consumer.
In contrast, in the case shown in Figure 2d, KD1

(h) > 100%, KD2
(h) < 0%, and consequently, the

current of the second consumer compensates for the current of the first one. So, these relative
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positions of vectors indicate that one of the consumers is the harmonic source and another is
the linear load.

The rest of the cases are intermediate options of the vectors’ location, where the
values of both contributions are in the interval (0; 100), which means both consumers are
harmonic sources.

Analyzing these cases, it is clear that the larger the magnitude of the consumer
current vector, the greater the contribution to the total current vector regardless of the
vectors’ relative position. Namely, in Figure 2, the dominant source of distortion is the first
consumer in both top schemes, and it is the second consumer in both bottom schemes.

The following key findings can be drawn from the above mathematical calculations:

• The influence of each consumer is estimated by the value of the projection of the
consumer current vector on the total current vector separately for each harmonic h;

• The greater the consumer’s harmonic current’s projection, the greater the contribution;
• To carry out calculations, it is necessary to know the magnitude and phases of har-

monic currents.

2.2. Assessment of the Parameters That Influence on the Results of KD1(h) Calculation

The next step is to define the parameters that affect the results of the calculations
according to the proposed method and assess this influence. The following parameters
were chosen:

• Consumers with a mixed structure, namely, that include both linear and nonlinear loads;
• Consumers with capacitances, for instance, power factor correctors or harmonic filters;
• Additional grid side distortions.

Now, all of these parameters are considered in detail.

2.2.1. Mixed Structure Consumers

The previous scheme (Figure 1) does not take into account the influence of the har-
monic currents of the first consumer on the consumed current of the second one and vice
versa. Since real consumers cannot be divided exclusively into sources or consumers
of harmonics, the following equivalent circuit (Figure 3) is considered. Electric power
consumers are represented by both the current sources and the linear loads to show their
generation and consumption of harmonic currents.

Figure 3. Equivalent circuit with mixed structure consumers: (a) for harmonic currents; (b) for
harmonic currents with introduced coefficients.

In Figure 3,
·
I0

(h) is the PSS harmonic current, Z0
(h) is the PSS impedance for har-

monic h,
·
I1

(h)/
·
I2

(h) is the first/second consumer’s harmonic current,
·
I1nl

(h)/
·
I2nl

(h) is the
non-sinusoidal current generated by the nonlinear load of the first/second consumer,

and
·
I1l

(h)/
·
I2l

(h) is the non-sinusoidal current consumed by the linear load of the first/
second consumer.
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To simplify the calculations, the coefficients
·
n
(h)
1 and

·
n
(h)
2 are introduced, showing how

many times the consumers’ impedances Z1
(h) and Z2

(h) are greater than the PSS impedance Z0
(h):

·
n
(h)
1 =

Z(h)
1

Z(h)
0

(4)

·
n
(h)
2 =

Z(h)
2

Z(h)
0

(5)

The proposed system is solved by the superposition method and the calculated
currents are as follows:

·
I
(h)

0 =

·
n
(h)
1 · ·n

(h)
2

·
n
(h)
1 · ·n

(h)
2 +

·
n
(h)
1 +

·
n
(h)
2

·
(

·
I
(h)

1nl +
·
I
(h)

2nl

)
(6)

·
I
(h)

1 =

·
n
(h)
1 +

·
n
(h)
1 · ·n

(h)
2

·
n
(h)
1 · ·n

(h)
2 +

·
n
(h)
1 +

·
n
(h)
2

·
·
I
(h)

1nl −
·
n
(h)
2

·
n
(h)
1 · ·n

(h)
2 +

·
n
(h)
1 +

·
n
(h)
2

·
·
I
(h)

2nl (7)

·
I
(h)

2 = −
·
n
(h)
1

·
n
(h)
1 · ·n

(h)
2 +

·
n
(h)
1 +

·
n
(h)
2

·
·
I
(h)

1nl +

·
n
(h)
2 +

·
n
(h)
1 · ·n

(h)
2

·
n
(h)
1 · ·n

(h)
2 +

·
n
(h)
1 +

·
n
(h)
2

·
·
I
(h)

2nl (8)

It can be seen that the currents of consumers
·
I1

(h),
·
I2

(h) consist of both the harmonic

current generated by the consumer itself
·
I
(h)

1nl and
·
I
(h)

2nl , respectively, where the proportional-

ity factor is represented by Formula (9), and the harmonic current of another consumer
·
I
(h)

2nl

and
·
I
(h)

1nl :

·
C =

·
n
(h)
1 · ·n

(h)
2

·
n
(h)
1 +

·
n
(h)
2 +

·
n
(h)
1 · ·n

(h)
2

(9)

Harmonic currents caused by other consumers flow through the lines of consumers

in proportion to the coefficients
·
A and

·
B, which directly depend on the parameters of

consumers relative to the PSS impedance:

·
A =

·
n
(h)
1

·
n
(h)
1 +

·
n
(h)
2 +

·
n
(h)
1 · ·n

(h)
2

(10)

·
B =

·
n
(h)
2

·
n
(h)
1 +

·
n
(h)
2 +

·
n
(h)
1 · ·n

(h)
2

(11)

Based on these expressions, the following conclusions can be drawn. The consumer’s

contribution K(h)
D1 directly depends on

·
I
(h)

1 . In turn,
·
I
(h)

1 depends on both
·
I
(h)

1nl and
·
I
(h)

2nl ,

which means the second consumer affects K(h)
D1 . However, this influence can be evaluated

by the coefficient
·
B, which is

·
n
(h)
1 times smaller than

·
C. Obviously, when a stiff utility

system is considered with less than a 5% voltage drop across Z0
(1), the influence of the

second consumer on the contribution K(h)
D1 is negligible and decreases with the number of

harmonics h. Similar reasoning can be provided for the influence of the first consumer on
K(h)

D2 . Additionally, conclusions for systems with three or more consumers can be drawn in
the same way.
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Thus, for the considered conditions, the proposed method and index allow evaluation
of the contributions of the consumers that include both linear and nonlinear loads.

2.2.2. Consumers with a Capacitance

This type of load should be considered separately, since its frequency properties differ
from the inductance and resistance. The most common types of capacitive loads are power
factor correctors and harmonic filters. In Figure 4, equivalent circuits with a nonlinear load
and resistive and inductive linear load and capacitive load are shown.

Figure 4. Equivalent circuit with capacitance: (a) with a harmonic filter; (b) with a power factor corrector.

A harmonic filter is presented as capacitance c(h)HF and inductance L(h)
HF, which, when

connected in series, create a resonant circuit with a nonlinear load for harmonic h. In this
regard, most of the current generated by the nonlinear load flows through the filter, which
is the essence of using the filter as shown in Figure 4a. So, there is no sense to calculate

the projection of
·
I
(h)

nl ,
·
I
(h)

l , and
·
I
(h)

HF on
·
I
(h)

0 because
·
I
(h)

0 tends to zero and K(h)
D tends to

infinity. Basically, the harmonic emission problem for harmonic h is solved in this situation.
Concerning other harmonics, the impedance of the harmonic filter increases according to
the increase in the impedance of L(h)

HF. So, the harmonic filter for the non-resonant frequency
shows the properties of the linear load, which is confirmed further in Section 3.2.2.

Considering the power factor correctors, most of them include the inductance L(h)
PFC,

which, firstly, decreases the starting current and, secondly, creates a resonant circuit for
the frequency that is lower than the smallest harmonic. Since it is the 3rd harmonic, the
resonant frequency is, for example, 134 Hz. It leads us to the conclusion that, similarly
to the harmonic filters, power factor correctors have the properties of linear loads for

non-resonant frequencies. It means the currents
·
I
(h)

PFC and
·
I
(h)

l are of the same order of
magnitude. A detailed analysis of the contribution of the power factor corrector with a
detuned frequency of 134 Hz is presented in Section 3.2.2.

2.2.3. Additional Grid Side Distortions

Except distortions generated by the consumers, it is possible that the PCC is powered

by the non-sinusoidal voltage
·

U
(h)

PSS as shown in Figure 5. Then, all loads connected to the
PCC pass current are caused by grid side distortions.
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Figure 5. Equivalent circuit with grid side distortions and: (a) with a power factor corrector; (b) with a harmonic filter.

Considering Figure 5a, the nonlinear load is the least affected by non-sinusoidal

voltage because it can be replaced by
·
I
(h)

l , which remains constant regardless of the grid
parameters. This feature is typical for most types of nonlinear loads, and for this reason,
replacement with current sources is a common practice. However, not all nonlinear
loads are independent of the external conditions, so the question of nonlinear loads’
equivalent circuits is a topic for additional research. Concerning linear loads and power

factor correctors, the non-sinusoidal voltage
·

U
(h)

PSS causes currents that are drawn as red and
green lines in Figure 5a, respectively. If the grid side distortion is not significant compared

to the nonlinear load, then these currents are much less than
·
I
(h)

nl and do not affect K(h)
D .

This situation is considered in Section 3.2.4. If the dominant harmonic source is located
at the utility side, then these currents increase considerably and K(h)

D does not represent
accurate information. However, in this case, identification of the grid side harmonic source
is essential to transfer the obligation to compensate for these distortions from the consumer
to the PSS.

To solve this problem, the harmonic filter can be used as suggested in [35]. It is shown
in Figure 5b that when the harmonic filter is connected at the PCC, then the non-sinusoidal
current generated by the nonlinear load flows mainly through the filter (green line). At

the same time, the non-sinusoidal current caused by
·

U
(h)

PSS also flows through the resonant
circuit. It means that the new index can be introduced to calculate the contributions of the
PSS and the consumers’ contribution according to the following equations:

K(h)
D PSS/HF =

I(h)0 ·cos
(

ψ
(h)
I0 − ψ

(h)
IHF

)
I(h)HF

·100% (12)

K(h)
D nl/HF =

−I(h)nl ·cos
(

ψ
(h)
Inl − ψ

(h)
IHF

)
I(h)HF

·100% (13)

where ψ
(h)
I0 is the phase of

·
I
(h)

0 , ψ
(h)
IHF is the phase of

·
I
(h)

HF, and ψ
(h)
Inl is the phase of

·
I
(h)

nl .
When the dominant source at the grid side is detected, further calculation of the consumer
contributions is not rational since the problem must be solved outside the investigated
section of the power system. When there is a dominant source at the consumer’s side,
the contributions can be calculated according to Formulas (2) and (3). This example is
considered in Section 3.2.4.

2.3. The Method’s Algorithm

Based on the information above, the algorithm of the proposed method was completed
(Figure 6).
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1. Identification of the utility contribution to the distortion of the current and voltage at
the PCC:

• Separately, for each harmonic, the amplitudes and phases of the PSS’s harmonic

currents
·
I0

(h) and the harmonic filter currents
·
I
(h)

HF are measured for the resonant
frequency h. The previously installed filter can be used or an additional filter
should be connected as part of the measuring equipment. All required data can
be obtained by a standard power quality analyzer;

• Calculations of the PSS contribution are made according to (12). If the utility
is the dominant source (contribution is more than 50%), then no additional
measures to eliminate harmonics at the consumer’s side should be provided
since the measures from the utility side are paramount. If the grid side distortions
are low, then sharing of the responsibilities for harmonic generation between
consumers can be achieved.

2. Sharing responsibilities for harmonic generation between consumers:

• Separately, for each harmonic, the amplitudes and phases of the PSS’s currents
·
I0

(h) and all consumers’ currents
·
I
(h)

1 ,
·
I
(h)

2 , . . . ,
·
I
(h)

n are measured;
• Calculation of each consumers’ contribution using the following equation is done (14):

K(h)
Dj =

I(h)j cos
(

ψ
(h)
I j − ψ

(h)
I0

)
I(h)0

·100% (14)

where I(h)j is the j-th consumer’s current of harmonic h, ψ
(h)
I j is the phase of

·
I
(h)

j ,

I(h)0 is the PSS current of harmonic h, and ψ
(h)
I0 is the phase of

·
I
(h)

0 .

Based on these values, some recommendations on harmonic compensation can be
formulated. It is especially important for cases when the investigated part of the power
system consists of several voltage levels and several busses where harmonic filters can be
connected. Additionally, new methodology for additional charges (penalties) for harmonic
emissions can be developed.

In the next Section 3, laboratory experiments are described that illustrate the particular
cases mentioned above in order to show the applicability of the proposed method and to
confirm the reasoning about different types of loads given above.



Energies 2021, 14, 8416 10 of 21

Figure 6. The method’s algorithm.

3. Laboratory Experiment
3.1. Laboratory Branch

To test the proposed method for determining the contribution of consumers to the
deterioration of the voltage and current quality at the PCC KD, an experimental test bench
was developed as Figure 7 shows.

Figure 7. General laboratory branch scheme.

It consists of:

• A three-phase sinusoidal voltage source (line voltage is 380 V);
• Three coils LS with variable inductance from 0.3 to 12 mH, connected in series with

the network to create an additional voltage drop before the PCC;
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• Three resistors Rs = 2.2 Ohm that can be connected to the PSS in series;
• A linear load as an AIR 90L6 induction motor (M) with a nameplate power of 1.5 kW,

loaded by a P32M DC motor with a nameplate power of 1.1 kW, operating in the
generator mode;

• A thyristor rectifier (TR) TVN-3-L-230-125, designed for an input line voltage of 380 V,
an output voltage up to 230 V, and a rated current of 125 A. The TR is loaded with a
6-kW active resistance as the electric heating tubes (EHT1);

• A three-phase thyristor power controller (TPC) TRM-3M-30, designed for an input
line voltage of 380 V and maximum load current of 30 A. Similarly, the TPC is loaded
by EHT2 but with a lower power 1.5 kW;

• A 5th harmonic filter (HF);
• A power factor corrector (PFC) with a detuned frequency of 134 Hz, with four steps of

regulation, which are 0.5 kvar, and one 1 kvar step of regulation.

Measurements of the currents and voltages were carried out using the Fluke 125B
power quality analyzer, which allows the amplitudes and phases of the measured values
from the 1st to the 40th harmonics to be determined.

3.2. List of the Experiments

As part of the study, four blocks of experiments were carried out:

• Block 1. Experiments with no additional grid side distortions and without any capaci-
tive loads;

• Block 2. Experiments with no additional grid side distortions and with two types of
capacitive loads;

• Block 3. Experiments with additional grid side distortions and without any capacitive loads;
• Block 4. Experiments with additional grid side distortions and with two types of

capacitive loads.

A detailed description of the experiments for each block is presented below.

3.2.1. Experiments of Block 1

To conduct the experiments of block 1, a laboratory branch was assembled according
to the scheme shown in Figure 8.

Figure 8. Laboratory branch scheme for block 1.

Based on the used equipment, the following experiments were conducted, the param-
eters of which are described in Table 1.
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Table 1. The equipment parameters for the experiments of block 1.

LS, mH TR, Ud% TPC Uc% M, kW

Experiment 1 0.1 15 ÷ 55 - 1.04

Experiment 2 0.1 40 - 0 ÷ 1.04

Experiment 3 0.1 - 10 ÷ 50 1.04

Experiment 4 0.1 - 40 0 ÷ 1.04

According to Experiment 1, the voltage of TR’s DC-side was regulated as the value Ud
as a percentage correlation. At the same time, the output voltage of TPC was varied as a
percentage of the control voltage Uc for Experiment 3. Experiments 2 and 4 were conducted
while M’s load was changed from no-load mode to 1 kW. During each experiment, the

harmonic currents
·
I0

(h),
·
ITR

(h)/
·
ITPC

(h), and
·
IM

(h) were measured and the contributions
K(h)

DTR/K(h)
DTPC and K(h)

DM were calculated.
The waveform of the currents measured during Experiments 1 and 2 are shown in

Figure 9a. The calculation results for the fifth harmonic are presented in Figure 9b,c. The
same data for Experiments 3 and 4 is shown in Figure 10.

Figure 9. Results of Experiment 1 and Experiment 2 for the 5th harmonic: (a) waveform of the currents; (b) calculation
results of Experiment 1; and (c) calculation results of Experiment 2.

Figure 10. Results of Experiment 3 and Experiment 4 for the 5th harmonic: (a) waveform of currents; (b) calculation results
of Experiment 3; (c) calculation results of Experiment 4.

Calculated by the proposed method, the consumer’s contribution to the current and
voltage distortion at the PCC for each harmonic has a negative value for M. It indicates
that the harmonic current flowing through the motor compensates for the non-sinusoidal
current caused by the presence of TR and TPC in the system, and the linear consumer
itself is not a harmonic source. The proposed contribution K(h)

D is expressed as a stable
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value above 100% for the harmonic sources. Thus, it is emphasized that the calculated
values of the contributions are equal under the various operating modes of linear and
nonlinear loads.

3.2.2. Experiments of Block 2

The experiments of block 2 are different from block 1 due to the presence of capacitive
loads, which are shown in Figure 11.

Figure 11. Laboratory branch scheme for block 2.

Experiments were carried out according to the parameters described in Table 2.

Table 2. The equipment parameters for the experiments of block 2.

LS, mH TR, Ud% TPC Uc% M, kW HF
PFC’s Ca-
pacitance,

kvar

Experiment 1 0.1 15 ÷ 55 - 1.04 + -

Experiment 2 0.1 - 10 ÷ 50 1.04 + -

Experiment 3 0.1 15 ÷ 55 - - - 2

Experiment 4 0.1 40 - - - 0–3

During each experiment, the harmonic currents
·
I0

(h),
·
ITR

(h)/
·
ITPC

(h),
·
IHF

(h)/
·
IPFC

(h), and
·
IM

(h) were measured and the contributions K(h)
D TR/K(h)

D TPC, K(h)
D HF/K(h)

D PFC, and K(h)
DM were

calculated relative to
·
I0

(h). In addition, the contributions K(h)
D TR/F/K(h)

D TPC/F, K(h)
D 0/F, and

K(h)
DM/F relative to

·
IHF

(h) were found for Experiments 1 and 2.
The waveforms of the currents measured during Experiment 1 are shown in Figure 12a.

The calculation of the contributions for the fifth harmonic relative to the PSS is presented in
Figure 12b. Additionally, the contributions relative to the filter are described in Figure 12c.
Data on the non-resonant frequency for Experiment 1 is shown in Figure 13. The same data
for resonant frequency of Experiment 2 is shown in Figure 14. Concerning Experiments 3
and 4, the currents’ waveforms are shown in Figure 15a, while the contributions relative to
the current of PSS are shown in Figure 15b,c.
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Figure 12. Results of the Experiment 1 for the 5th harmonic: (a) waveform of currents; (b) K(h)
D relative to the current of the

PSS; (c) K(h)
D relative to the current of the filter.

Figure 13. Results of Experiment 1 for the 7th harmonic: (a) K(h)
D relative to the current of the PCC; (b) K(h)

D relative to the
current of the filter.

Figure 14. Results of Experiment 2 for the 5th harmonic: (a) waveform of currents; (b) K(h)
D relative to the current of PSS;

(c) K(h)
D relative to the current of the filter.

Figure 15. Results of Experiment 3 and Experiment 4 for the 5th harmonic: (a) waveform of currents; (b) K(h)
D relative to the

current of PSS for Experiment 3; (c) K(h)
D relative to the current of PSS for Experiment 4.
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It can be seen in Figure 12b that TR’s contribution is about 265%, M’s contribution
is about −5%, and TR’s contribution is about −160%, when Ud is more than 35%. When
this value is lower, the calculation results do not give 100% in sum due to the small
harmonic emissions, which do not allow an accurate calculation. It is especially notable
when measurements for each consumer are not carried out simultaneously. Based on the
obtained results, it can be concluded that HF can be characterized by a negative value
of the contribution, which means HF compensates for the harmonic emission of other
consumers whose contributions are positive. Furthermore, the contribution of M is still
a small negative value, which shows the absence of M’s harmonic emissions and its low

compensation ability. Considering the contributions relative to
·
IHF

(h), in Figure 12c, it is
shown that TR is a dominant source of harmonic currents, when current that flows through
the PSS causes a negative contribution of about −55%. It indicates an absence or extremely
small harmonic emission from the utility side.

Concerning the non-resonant frequency, it is shown in Figure 13a that M’s contribution
remains the same as for the 5th harmonic in Figure 12b but HF’s contribution is about
−27%, which is closer to the linear load’s result. The higher the frequency, the closer the
results for M and HF are. At the same time, Figure 13b presents information about the
consumer’s side distortion source similar to Figure 12c. However, only the results for the
resonant frequency can be used for this purpose to obtain an accurate result, because the
currents of the consumer and the utility flow mainly through the filter only for the resonant
frequency that is shown if Figure 5b.

Similarly, Figure 14b illustrates that TPC is a dominant source of the 5th harmonic
current. However, it can be seen that both TPC’s and HF’s contributions amplitudes
have a maximum at Ud = 30%. This is a consequence of the fact that the amplitude of
TPC’s 5th harmonic current has a maximum at Ud = 30%. As a result, HF’s 5th harmonic

current has a maximum at the same point. Consequently, the current of PSS
·
I0

(h) decreases

and leads to an increase in the contributions relative to
·
I0

(5) because the denominator of
Formula (14) tends to zero. As in Figure 12c, Figure 14c presents information about the
utility and consumer contributions and the same conclusions can be drawn in that there
are no significant distortions at the utility side.

Analyzing Experiments 3 and 4 when PFC is connected, it can be concluded that the
contribution of PFC is about −5% within the wide range of the nonlinear load parameters
and the wide range of the PFC’s capacitance. It means that this type of load shows
results similar to M. In other words, it can be characterized as a linear load and cannot be
mistakenly identified as a harmonic emission source.

3.2.3. Experiments of Block 3

The experiments of block 3 were conducted with additional grid side distortions
created by TPC and resistors Rs, which is shown in Figure 16.

Figure 16. Laboratory branch scheme for block 3.

The parameters of the used equipment are presented in Table 3.
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Table 3. The equipment parameters for the experiments of block 3.

RS, Ohm TPC Uc% LS, mH TR, Ud% M, kW

Experiment 1 2.2 40 0.1 15 ÷ 50 1.04

Experiment 2 2.2 40 0.1 40 0 ÷ 1.04

Experiment 3 2.2 10 ÷ 50 0.1 40 1.04

Experiments 1 and 2 were similar to Experiments 1 and 2 of block 1 but with additional
distortions from the grid side. Experiment 3 was carried out to evaluate the influence of
external harmonic distortions on the K(h)

D calculation results when M’s and TR’s parameters
were constant.

During each experiment, the harmonic currents
·
IPCC

(h),
·
ITR

(h), and
·
IM

(h) were mea-
sured and the contributions K(h)

D TR, K(h)
DM were calculated.

The waveforms of the currents measured during Experiments 1–3 are shown in Figure 17.
The calculation of the contributions for the 5th harmonic relative to the PSS is presented in
Figure 18a–c for Experiments 1–3, respectively.

Figure 17. Waveform of the currents for the block 3 experiments.

Figure 18. Results of the calculations of K(h)
D for the 5th harmonic: (a) Experiment 1; (b) Experiment 2; (c) Experiment 3.

Compared to block 1, the contribution of TR slightly increases from 104% to 107% and
the contribution of M changes from −4% to −7%, which does not significantly affect the
conclusions that can be drawn according to the data obtained. Concerning Experiment 3,
TPC as a source of harmonic emission from the utility side does not significantly affect the
calculation results and the changes in the K(h)

D values are in the confidence interval of the
calculations and measurements.
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3.2.4. Experiments of Block 4

The experiments of block 4 were conducted with the additional grid side distortions
and capacitive loads that are shown in Figure 19.

Figure 19. Laboratory branch scheme for block 4.

The parameters of the used equipment are presented in Table 4.

Table 4. The equipment parameters for the experiments of block 4.

RS, Ohm TPC,
Ud% LS, mH TR, Ud% M, kW HF

PFC’s
Capaci-
tance,
kvar

Experiment 1 2.2 40 0.1 15 ÷ 55 1.04 + -

Experiment 2 2.2 40 0.1 15 ÷ 50 1.04 - 2

Experiment 3 2.2 40 0.1 20 1.04 - 0–3

Experiment 4 2.2 10 ÷ 50 0.1 20 1.04 - 2

During each experiment, the harmonic currents
·
IPCC

(h),
·
ITR

(h),
·
IHF

(h)/
·
IPFC

(h), and
·
IM

(h)

were measured and the contributions K(h)
D TR, K(h)

D HF/K(h)
D PFC, and K(h)

DM were calculated

relative to the current
·
IPCC

(h). In addition, the contributions K(h)
D TR/F, K(h)

D PCC/F, and

K(h)
DM/F were found for Experiment 1. The results of the measurements and calculations for

Experiment 1 when HF is connected at PCC are presented in Figure 20. Namely, Figure 20a
shows the waveforms of the measured currents, Figure 20b provides information about

the calculated contribution relative to the current
·
IPCC

(h), and data about the contributions

relative to the current
·
IHF

(h) is given in Figure 20c.

Figure 20. Results of Experiment 1 for the 5th harmonic: (a) waveform of currents; (b) K(h)
D relative to the current of the

PCC; (c) K(h)
D relative to the current of the filter.
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Similar to Experiment 1 of block 2, in Figure 20b, TR can be identified as the harmonic
source, where current that flows through the HF compensates for TR harmonic generation,
while M is not affected by harmonic distortions. According to Figure 20c, the created grid side
emission is not enough to change the signs of the contributions of TR and PSS. However, in
Figure 20c, it can be seen that the contribution K(h)

D TR/HF is smaller for Ud > 30% compared to
the same experiment without grid side distortion (block 2, Experiment 1, Figure 12c).

Considering Experiments 2–4, when PFC is connected, the oscillograms of the mea-
sured currents and voltage are provided in Figure 21a. At the same time, the contributions
relative to the current of the PCC are presented in Figure 21b–d. It can be noted that PFC’s
and M’s contribution is close to each other and these loads are clearly identified as linear.
The change in the consumer’s harmonic generation nor the parameters of PFC does not
affect the calculation result. Only the varied utility side harmonic source leads to a slight
decrease in the amplitudes of K(h)

D TR and K(h)
D M.

Figure 21. Results of Experiment 2–4 for the 5th harmonic: (a) waveform of the currents; (b) K(h)
D relative to the current of

PCC for Experiment 2; (c) K(h)
D relative to the current of PCC for Experiment 3; (d) K(h)

D relative to the current of PCC for
Experiment 4.

4. Discussions

Based on the algorithm proposed in Section 2.3, we can analyze the results obtained
during the laboratory experiments.

Concerning the identification of the utility contribution to the distortion of current
and voltage at the PCC, Experiment 1 of block 2 and Experiment 1 of block 4 should
be considered. It can be seen that the calculated contributions K(h)

D TR/HF and K(h)
D 0/HF

clearly identify that TR is a source of harmonic currents when there is a small amount of
harmonic emission from the utility side. At the same time, when a grid side distortion
appears, as shown in block 4, the contribution K(h)

D TR/HF decreases from 156% to 125%

and the contribution K(h)
D 0/HF rises from −55% to −23% compared to block 2. This result

illustrates how external distortion affects the calculations of the contributions relative to
the filter’s current and confirms that this approach is applicable for these conditions. Based
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on the obtained values of the contribution, it is possible to conclude whether the utility is
responsible for harmonic distortion at PCC. If K(h)

D 0/HF is more than 50%, any compensation
measured from the consumer side do not reach the expected result. Thus, one of the tasks
of further research is to create conditions that allow K(h)

D 0/HF > 50% to be obtained in order
to confirm this thesis experimentally.

In the case when the utility is not a dominant source of distortions, it is possible
to move to the next step of the algorithm and share the responsibilities for harmonic
generation between consumers or parts of the consumer’s energy system. Analyzing the
rest of the experiments, the following conclusions can be drawn:

• Regardless of the external conditions, the contribution of the linear load like M is
negative and has a small amplitude compared to other consumers;

• Nonlinear loads have positive contributions that may exceed 100% and directly de-
pend on the harmonic currents generated by these loads compared with the PSS
harmonic current in vector form;

• Harmonic filters for a resonant frequency have negative contributions, the amplitudes of
which are rather higher than linear loads’ amplitudes. This clearly indicates that currents
that flow through the filter compensates for nonlinear loads’ harmonic emissions;

• Harmonic filters for non-resonant frequencies as well as power factor correctors with
a detuned frequency show the properties of linear loads and their contributions are
negative and have a low amplitude; however, power factor correctors without a
detuned frequency should be considered separately.

5. Conclusions

The following results were found from this study:

• Two indices were introduced to evaluate the grid side distortions and share the
responsibilities for harmonic current emission between consumers;

• Based on the proposed indices, the method’s algorithm was completed, which allows
identification of harmonic sources and evaluation of their influence on the current
distortion at the PCC;

• The experiments’ results have shown that this method clearly identifies harmonic
emissions as a percentage correlation and cannot mistakenly classify a capacitive load
as a source of distortion.

Obviously, additional research is required on:

• Significant grid side emission (K(h)
D 0/HF > 50%);

• A wider range of linear load types;
• A wider range of nonlinear load types;
• Power factor correctors without a detuned frequency.

To sum up, it can already be concluded that the proposed indices KD and KD/F can be
used as a tool to quantify the responsibility for harmonic current generation between the
utility and consumers.
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