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Abstract: The article provides an analysis of the existing methods of identifying the consumer’s
contribution to voltage distortion at a point of common coupling. The considered methods do not
allow correctly and fairly determining the source of harmonic distortions, or they have limited
application and difficulties in implementation. The paper proposes new methods for determining the
source of high harmonics. The developed methods and techniques are based on the analysis of the
grid operation modes with two connected consumers using compensating devices, such as reactive
power compensation devices and passive harmonic filters. It is shown that the most promising
method is the application of harmonic filters, which allows determining the share of the consumer’s
contribution to the voltage distortion. The present research is carried out using a computer simulation
of the existing electrical grid, to which consumers with nonlinear electric load are connected. These
methods can be implemented to assess the power quality and the shareholding of different consumers
connected at the point of common coupling. Furthermore, such methods appear to be feasible, as
almost every enterprise currently has such facilities in operation.

Keywords: high harmonics; distortion source; nonlinear load; linear load; capacitor banks; passive
harmonic filter; power system; internal load; external load

1. Introduction

Currently, the power quality problem is widespread, since modern equipment based on the
operation of semiconductor converter technology is being implemented in many enterprises [1,2].
The power quality has a significant impact on the operating conditions of the electrical grid and
technological equipment [3,4]. When such indicators go beyond acceptable limits, the quality of output
is reduced, power loss increases, the lifetime of equipment is reduced, and its performance decreases,
which requires the use of more powerful equipment [5,6]. It is known that disturbances of the power
quality indicators can occur both due to the fault of consumer and due to the work of third-party energy
objects connected to the same point of common coupling (PCC) of the electrical grid. In this case, it is
difficult to determine the exact location of the distortion source and its contribution to standardized
indicators, for example, to the voltage total harmonic distortion factor (THDU) [7,8].

A striking example of this situation is the measurement of power quality at a small food production
enterprise in the Leningrad region (Russia) for two days, as presented in Figure 1. The operation of
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reactive power compensation devices at this enterprise was not adequate for normal modes of operation,
which led to the overload of capacitors with currents of high harmonics and their subsequent failure.
In addition, the operation of technology lines of packaging the manufactured products periodically
stopped due to errors detected by devices controlling the power consumption parameters at the
electrical feeder.
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load (0–24 h) and in its absence (24–48 h).

Figure 1 shows increased THDU values for a time period from 0 to 24 h that go beyond the
acceptable limits as compared to data for a time period from 24 to 48 h, while the power consumption
modes of load corresponded to the same technological process during measurements taken for two
days. It follows that voltage distortions are not caused by the operation of this consumer. This statement
was confirmed during the analysis of other facilities connected to the distribution grid of the area. A
powerful nonlinear electrical load of railway traction substations was connected to the PCC. This is the
case not only for the enterprise in question, but also for other power supply systems with connected
electrified railways [9–11].

There are many ways to identify and locate the source of high harmonics [12–14]. Some of them are
based on a calculation of the components of apparent power, such as distortion power [12], nonactive
power [3], and nonfundamental apparent power according to the IEEE 1459-2010 standard [5]. These
methods can be easily implemented in electronic power meters, but they have limited application
and insufficient theoretical validity. This method is suitable for electric networks to which a load
that consumes only active power is connected. However, in electrical networks to which industrial
consumers are connected, this method gives a significant error, especially when connecting reactive
power compensation devices.

The load disconnection method allows one to determine the contribution of consumers to the
voltage distortion [15]. The consumer should be disconnected from the grid to determine its contribution
to the power quality indicators. However, it is impossible to disconnect the consumer in most cases,
since enterprises have a continuous technological cycle, and stopping it can lead to large losses.
However, sometimes, it can be applicable, as in the case shown in Figure 1. In this case, railway traction
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substations are switched once a month from one feeder to another, which made it possible to record
voltage distortions in the presence and absence of a nonlinear load.

The most well-established and frequently methods mentioned in the literature are the methods
based on analysis of the Norton or Thevenin equivalent circuits [16–18] and the active power flow of
harmonics [8,19].

The first approach is based on estimating the equivalent conductivities of each consumer.
The conductivity is calculated based on the increments of currents and voltages depending on the
assumption that there is a change in the consumption of internal or external electrical load. However,
if the load is unchanged or the parameters of the energy system and load change simultaneously,
the determination of conductivity is not possible, which increases the error of the method. Work on
improving and developing new methods for determining the equivalent conductivity of the consumer
to reduce the shortcomings of this method is currently ongoing, and thus is a popular direction of
research in this area [20,21].

The second approach involves determining the direction of the active power flow at harmonics.
It is based on the measurement of the values of active power at harmonics [8,19]. The method has
a practical application, but does not always yield correct results. The method includes determining
the voltage and current phases, which causes certain difficulties when the content of high harmonics
in voltage or current is comparatively small. In addition, the phase shift angle between voltage and
current is detected by measuring the phase angle of voltage, which, at the PCC, is caused by the
functioning of all consumers connected to that point. That is, this parameter is not only influenced
by the consumer in question. The distorting consumer has an impact only on the phase of their own
harmonic current, regardless of other parties connected to the PCC. It was shown in Reference [21] that,
when measuring the phase shift angle between harmonic voltage and current at the connection point,
which feeds the rectifier installations for electrolyzers (nonlinear electrical load), a change in the angle
in broad limits is revealed. The measured active power at the harmonic frequency is sign-changing,
which contradicts the principles of the method in question.

It should be noted that, in Russian power quality standards, there is only a limitation with respect
to high harmonics in voltage. However, disturbances of the standard requirements are massive and
systematic in many power systems [8]. One of the reasons is the lack of regulations in the area of
limiting harmonic currents from consumers and evaluating their influence on voltage distortions.
Many countries apply the IEEE 519-2014 standard which limits the currents of high harmonics at the
consumer feeder. Obviously, this leads to a limitation in the voltage levels of distortion. However,
in the case of supplying the consumer with a linear load by a distorted voltage, they can be fined or
disconnected from the power system, although it is not a source of distortion.

Thus, at present, there is no established and unambiguous method of identifying the source of
high harmonics in electrical grids which makes it possible to fairly assess the consumer’s contribution
to the power quality indicators at the PCC. This underlines the relevance of research in this area.
It should be noted that a reliable definition of the consumer’s contribution in the power quality
indicators at the PCC is important not only in terms of penalizing distorting consumers, but also in
terms of compensating for the influence of harmonics on electrical equipment. There are various ways
of reducing the level of harmonic distortions [22–26]. It is most economically feasible to reduce the
influence of high harmonics by placing additional installed reactors and passive harmonic filters in the
network of the enterprise [24,26]. However, in order to implement these methods, it is necessary to
accurately assess the situation, as well as to know the localization of the distortion load, which can
be both the supply grid side and the consumer side. At the same time, additionally placed reactors
and passive filters designed to reduce the level of harmonics may also act as indicators that allow
identifying the contribution of consumers to the voltage distortion. Moreover, the compensating
devices based on capacitor banks, intended for reactive power compensation, are known to be the
most vulnerable and sensitive receiving terminals concerning high harmonics, and they can be useful
for harmonic source detection.
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Therefore, the aim of this work is to develop a method of distortion load identification based on
the application of compensating devices and their assessment in comparison with existing methods
based on the same principle in the proposed benchmark. To achieve this goal, a theoretical description
of the proposed methods is presented in Section 2. Section 3 presents an imitation model of an electrical
network that allows simulating the operation modes when there are distortions and several consumers.
Section 4 presents the simulation results and their interpretation. Section 5 contains the conclusions
and the direction of further research.

2. Methods

As mentioned above, capacitors are some of the most vulnerable and sensitive elements to
the influence of high harmonics, and they can be used as an indicator to identify the source of
distortions. Therefore, the main aim of this paper was to determine how the compensating devices
based on capacitors can help to identify the dominant and share consumer’s contribution to the voltage
distortion at the PCC. The article discusses methods developed by the authors based on the use of
compensating devices. The theoretical and mathematical analysis of the first two methods is presented
in References [27–29].

A simplified network equivalent circuit that allows explaining the principles of the first two
proposed methods is presented in Figure 2, where U1, I1 are the root-mean-square (rms) values of
voltage and current at the fundamental frequency, Uh, Ih are the rms values of voltage and current
at the harmonic frequency, h is the harmonic order (5,7), LS is the system inductance, Zs is the
system impedance (Zs ≈ jωLs), L, LFR, LLL represent the inductance of the anti-harmonic reactor,
harmonic filter, and linear load, respectively, C, CFR represent the capacitance of the capacitor banks
and harmonic filter, RFR, RLL represent the resistance of the harmonic filter and linear load, and 1, 2 are
the circuit numbers.
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The first method is based on constructing the dependence of the system impedance on the capacitor
voltage at the harmonic frequency. The principle of the dependence construction can be explained
using circuit 1 in Figure 2. The capacitor voltage at harmonic frequency is monitored and recorded.
Then, the system impedance for the consumer needs to be changed by varying the parameters of the
energy system (ZS). Such actions are repeated for two cases. In the first case, the harmonic distortions
of various values are generated totally from the grid side; in the second case, the harmonic distortions
of various values are generated totally from the consumer side. Using these steps, the dependence of
the capacitor voltage on the system impedance (ZS) can be constructed and used for harmonic source
detection purposes.
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The second method is based on constructing the dependence of the harmonic filter resistance
on the input current of the consumer at the harmonic frequency. The principle of the dependence
construction can be explained using circuit 2 in Figure 2. The input current of the consumer at harmonic
frequency is monitored and recorded. Then, the resistance of the harmonic filter for the consumer
needs to be changed by varying the parameters of the filter. Such actions are repeated for values of the
distortion source power from 0% to 100% for both the grid and the consumer, while the linear load
power remains the same. Using these steps, the input harmonic current dependence on the resistance
of the harmonic filter (RFR) for the consumer can be constructed and analyzed for identifying the
harmonic source.

The third method is based on analyzing the modes of a Norton equivalent circuit with application
of passive harmonic filter. It is possible to present any test system by its Norton equivalent circuit [30,31].
Figure 3 shows a general Norton equivalent circuit of a simple system with passive harmonic filter,
where IS1, IS2 are the sources of the distortion current at the harmonic frequency from consumers of
systems 1 and 2, ZS1, ZS2 are the equivalent impedances at the harmonic frequency of systems 1 and 2,
UPCC, IPCC are the voltage and the input current of the consumer connected to the PCC, and IF is the
harmonic filter current.
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Firstly, the scheme without a harmonic filter is considered. The actual voltage contribution of
system 1 to the voltage at the PCC should be understood as the voltage across the parallel impedances
of both systems ZS1 and ZS2, created by the source of current IS1.

US1 = IS1 × ZS1 × ZS2/(ZS1 + ZS2). (1)

The system 2 voltage contribution to the voltage at the PCC generated by the IS2 current is

US2 = IS2 × ZS1 × ZS2/(ZS1 + ZS2). (2)

Using the classical method without a harmonic filter, it is assumed that the values of the currents IS1

and IS2 are unknown and cannot be determined or measured. Then, the shares of voltage contribution
are determined through the values of currents and voltages at the PCC.

US1 = (UPCC + IPCC × ZS1) × ZS2/(ZS1 + ZS2), (3)

US2 = (UPCC − IPCC × ZS2) × ZS2/(ZS1 + ZS2). (4)
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The values of UPCC and IPCC can be measured at the PCC. It remains to determine the equivalent
impedance values, which are found experimentally by measuring UPCC and IPCC for two series modes.

Z = ∆UPCCi/∆IPCCi. (5)

As mentioned above, the main difficulty leading to significant errors in determining the consumer’s
contribution to the voltage distortions is calculating the equivalent impedance using Equation (5).

Now, the scheme with connected harmonic filter is considered. This filter includes the
series-connected reactor and capacitor. Harmonic currents IS1 and IS2 are shunted by this circuit
designed to have low impedance at a required frequency compared with the rest of the network.

IF = IS1 + IS2 = IPCC + IS2. (6)

It turns out that measuring the currents IF and IPCC allows one to evaluate the share of the
consumer’s contribution to the voltage distortions through the calculation of IS1 and IS2. For an
idealized scheme shown in Figure 3, just one filter is sufficient to evaluate the contribution of two
consumers at the harmonic frequency.

Taking into account the impedance of the lines and the power system of both consumers, it can
be seen that the entire current IS2 will flow through the filter, and only part of the current IS1 at the
harmonic frequency will flow through the filter (usually a small share of it). In this case, Equation (6)
allows determining the distortion current at the harmonic frequency from the consumers of system
2 and only part of the distortion current from the consumers of system 1. However, installing an
additional filter for the consumers of system 1 will allow determining, in a similar way, the current
IS1. Thus, the installation of harmonic filters for each consumer can help to solve the problem of
determining their contribution to the voltage distortion at the PCC.

Thus, all the proposed methods are based on the application of compensating devices. In this
regard, it is worth noting that the use of such devices may be associated with a number of negative
consequences of their functioning, which should be paid attention to when choosing the device
parameters. One of the main disadvantages is the possibility of parallel resonance in the circuit
formed by the filter and inductance of the grid at frequencies close to the frequencies of high
harmonics. Therefore, the passive filter should contain a resonant branch, which provides suppression
of lower-order harmonics. This will exclude the possibility of its amplification due to parallel resonance.

A passive filter formed by several circuits is a complex resonant system in which it is necessary to
take into account the mutual influence of the filter branches and the supply grid impedances. The filter
parameters may change due to aging or exposure to elements at ambient temperature. Therefore,
it is necessary to constantly monitor the parameters of passive harmonic filters in order to prevent
their deviation from the initial parameters. Otherwise, it is necessary to replace the deteriorated
elements in a timely manner. The requirements for the correct filter setting should be high, as in the
case of monitoring the parameters of measuring devices, since it is planned to identify the share of
the consumer’s contribution to voltage distortion based on measuring the distorting current of the
nonlinear load flowing through the resonant filter circuit.

Connecting narrow-band passive filters configured to suppress the third and fifth harmonics
can cause amplification of the voltage and current components at higher frequencies, for example, in
the range from 1000 to 1500 Hz. Therefore, when calculating the parameters of passive filters, it is
important to control the magnitude–frequency characteristic of the “filter–supply grid” system in the
entire frequency range.

3. Benchmark System

In this paper, mathematical and simulation modeling of electrical systems was applied in the
presence of several consumers with nonlinear electrical load connected to the PCC. Calculations of
electrical circuits in the presence of harmonics were carried out using the method of replacing distortion
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load by the current sources. The research was conducted using the Simulink SimPowerSystems MatLab
software, which allows simulating different modes of an electrical grid in the presence of harmonics.
The structural scheme of the developed model is presented in Figure 4.Energies 2019, 12, x FOR PEER REVIEW 7 of 13 
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In Figure 4, ES is the energy system, PL is the power line of the consumer, T is the transformer,
LL is the linear load, NL is the nonlinear load, HF is the passive harmonic filter, CB represents the
capacitor banks with an anti-harmonic reactor, DS is the distribution substation, and 1, 2, 3 are circuits
that include the equipment necessary to identify the distortion sources. The parameters of the energy
system, load, and electric power grid are listed in Table 1, where Us is the system voltage, Xs is the
system resistance, UHV is the high voltage, and ULV is the low voltage. Nonlinear electric load is
presented in the form of uncontrolled rectifiers with various parameters of the direct current (DC) link.

Two consumers with a nominal power of transformers 2500 kVA and 6300 kVA were connected to
the grid. The short-circuit current at the point of common coupling was equal to 6.5 kA, while the
voltage of the grid was equal to 6 kV. In the simulation, cases were considered when the power of the
nonlinear load varied from 0% to 100% for each consumer, while the power of the linear load remained
unchanged; the parameters of the anti-harmonic reactor were chosen based on the 189 Hz setting, and
passive harmonic filter settings were selected based on a resonance setting at 250 Hz.
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Table 1. Energy system, load, and electrical grid options.

Elements of the Scheme Parameters and Values

Energy system Us = 6 kV, Xs = 0.435 Ω
Power line 1 l1 = 3 km, R01 = 0.253 Ω/km, X01 = 0.09 Ω/km
Power line 2 l2 = 1.5 km, R02 = 0.125 Ω/km, X02 = 0.077 Ω/km

Transformer 1 S1 = 2.5 MVA, UHV1 = 6 kV, ULV1 = 0.4 kV, ∆PSC1 = 18.2 kW, USC1 = 6%
Transformer 2 S2 = 6.3 MVA, UHV2 = 6 kV, ULV2 = 0.4 kV, ∆PSC2 = 36 kW, USC2 = 8%

Linear load PLL1 = 1 MW, QLL1 = 0.3 Mvar, PLL2 = 2.7 MW, QLL2 = 0.8 Mvar
Nonlinear load PNL1 = 1.3 MW, QNL1 = 0.98 Mvar, PNL2 = 2.7 MW, QNL2 = 2 Mvar

4. Results and Discussion

The first dependence was built based on a simulation in SimPowerSystems using circuit 1 in
Figure 4, and a model was developed in which two industrial consumers were connected to the grid
(Figure 4). The linear loads, nonlinear loads, and capacitor banks with a series reactor were connected
to the grid. The harmonic filters were not connected to the grid. The initial parameters of the energy
system, grid, and loads are presented in Table 1. Two cases were considered.

The load of the first consumer was strictly linear (SNL1 = 0, S1 = SLL1), while the load of the
second consumer was strictly nonlinear (S2 = SNL2, SLL2 = 0); parameters of the capacitor banks with
an anti-harmonic reactor were as follows: Xl = 17.5 Ω, Xc = 250 Ω.

The parameters of the first consumer load are presented in Table 1 (SNL1, SLL1), while the load of
the second consumer was strictly linear (SNL2 = 0, S2 = SLL2); parameters of the capacitor banks with
an anti-harmonic reactor were as follows: Xl = 17.5 Ω, Xc = 250 Ω.

According to the first method, the capacitor voltage dependence in relative units (relative to the
maximum voltage value at the fifth and seventh harmonics) on the system impedance (XS) for the first
consumer was constructed (Figure 5). The first case corresponds to the presence of a distortion load
from the grid side (external), and the second case corresponds to the presence of a distortion load from
the consumer side (internal). The system impedance in this case varied from 0.1 to 1.4 Ω.
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From the graphs, it follows that, in the presence of harmonics generated from the grid side, the
dependence of capacitor voltage on the system impedance has a decreasing and concave characteristic;
conversely, in the presence of distortions originating from the consumer side, it has an increasing and
convex characteristic. This dependency pattern is only appropriate for cases with highly different values
of nonlinear loads for consumers (from 85–100% to 0–15%). The construction of these dependencies at
other ratios does not allow identifying the dominant source of harmonic generation. Thus, the method
based on the construction of such dependences allows determining only the dominant influence of
distorting consumers connected to the PCC.

The second dependence was constructed using circuit 2 in Figure 4 and the same simulation model
(Figure 4). However, in this case, two industrial consumers of the same apparent power (S1) were
connected to the PCC in order to identify the possibility of determining the consumer’s contribution to
power quality indicators. The linear loads, nonlinear loads, and harmonic filters were connected to the
grid. The capacitor banks with a series reactor were disconnected from the grid. The initial parameters
of the energy system, grid, and loads are presented in Table 1 (SNL1, SLL1). According to the second
method, the input harmonic current (IS5) dependence on the resistance of the harmonic filter (RFR)
for the first consumer was constructed (Figure 6). The values of consumer voltage at the harmonic
frequency (U5) are also shown in Figure 6. The parameters of the harmonic filters were taken Xl = 10 Ω
and Xc = 250 Ω, while the quality factor ranged from 15 to 100 [32]. The resistance of the harmonic
filter in this case varied from 0.1 to 1.4 Ω.
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From the graphs, it follows that the dependence of the harmonic voltage on the resistance of the
harmonic filter has an increasing characteristic regardless of the nonlinear load ratio. Thus, this method
does not allow one to assess the contribution of the consumers to the voltage distortion. From Figure 6,
it also follows that, in the presence of harmonics generated from the grid side, the dependence of
the input harmonic current for the first consumer at 250 Hz on the resistance of harmonic filter has a
descending characteristic; conversely, in the presence of distortions originating from the consumer
side, it has an increasing characteristic. It should be noted that, in the case of equal power values of
nonlinear loads for both consumers (50–50%), the slope of the plotted line is almost zero. This can be
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useful in determining the dominant influence and nonlinear load ratio of consumers connected to the
PCC. This conclusion requires confirmation and further analysis.

As it is known, the voltage distortion at the PCC significantly depends on the system impedance.
Thus, the graphs in Figure 6 should be further studied depending on the system impedance for the
first consumer (XS). For this, it is necessary to introduce an indicator that characterizes the ratio of the
nonlinear load apparent power for two consumers (d). Therefore, if the indicator d is equal to 20%, it
means that the nonlinear load apparent power of the first consumer is four times greater than that of
the second consumer. The derivative of harmonic current at 250 Hz with respect to the filter resistance
(I’s5) shows the rate of the consumer’s influence on the voltage distortion. If it is more than zero, then
the internal nonlinear load has a greater effect; if it is less than zero, then the external nonlinear load
has a greater effect on the voltage distortion. Thus, the dependences based on these two parameters
were constructed for further analysis (Figure 7).
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The dependences show that the intersection of the charts with the x-axis shifts when the system
impedance changes. It does not allow accurately determining the nonlinear load ratio of consumers.
Moreover, the rate of current change is greater at values above zero than at values below zero. Thus,
the method based on the construction of such dependences also allows one to determine only the
dominant nature of distorting consumers connected to the PCC, but not the share of consumers in the
power quality indicators.

The third method is based on the application of a harmonic filter using circuit 3 in Figure 4 and
the same simulation model (Figure 4). In this case, two consumers of the same apparent power (S1)
with harmonic filters were connected to the PCC. The initial parameters of the energy system, grid, and
loads are presented in Table 1 (SNL1, SLL1). The parameters of the harmonic filters were taken as follows:
Xl = 10 Ω, Xc = 250 Ω, RFR = 1 Ω. The input current of the consumer at the harmonic frequency and
the filter current were monitored and recorded. Then, the difference of these currents was calculated.
Such actions were repeated for values of nonlinear load power from 0% to 100% for both the grid and
the consumer. The values of calculated data and nonlinear loads power are presented in Table 2.

The data in Table 2 show that the distortion current ratio is almost equal to the nonlinear load
power ratio. The ratio of distortion currents characterizes the ratio of voltage distortions, as follows
from Equations (1) and (2). Thus, the developed method based on the application of the harmonic
filter allows one to determine the contribution of consumers to the voltage distortion.
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Table 2. The values of calculated currents and nonlinear load power.

Distortion
Current (IS1), A

Distortion
Current (IS2), A IS1/IS2 = US1/US2

Share Contribution in
Voltage Distortion (%)

0.1 42.4 0 0:100
4.2 38.1 0.11 9.9:90.1
8.6 33.8 0.25 20.3:79.7

12.9 29.6 0.44 31.6:69.4
17.2 25.5 0.67 40.3:59.7
21.4 21.4 1 50:50

5. Conclusions

As a result of the studies, a new method for an assessment of the contribution of consumers
to the voltage distortion was developed. This method was compared with other methods based
on the application of compensating devices: capacitor banks with an anti-harmonic reactor and
passive harmonic filters. The first method allows one to determine only the dominant contribution
of consumers to the voltage distortions at the PCC. The second method can help determine the side,
relative to the PCC, on which the power of the nonlinear load is greater. The third method allows one
to determine the consumer share contribution to the voltage distortion at the PCC. This method is
based on analyzing the Norton equivalent circuit with a passive harmonic filter and determining the
distortion current of nonlinear load. This current is determined based on measuring the harmonic filter
current and the input current of the consumer at the harmonic frequency. This is the main advantage of
this method because the distortion current of nonlinear load is the initial cause of the voltage distortion.
In classical methods, it is not possible to determine this current. Such devices should be connected
either at each enterprise or at a distribution substation supplying several consumers.

Thus, compensating devices are important devices not only in terms of their performance of the
main function, but also in terms of an indication and identification of the distortion loads relative to
the PCC. The main drawback of these methods is the need for the installation of additional equipment
in the network of the enterprise; however, in many industrial plants, such equipment is already
in operation.

Further research opportunities include the determination of the influence of filter resistance and
distribution grid parameters on the accuracy of determining the consumer’s contribution to the voltage
distortion. The possibility of connecting a harmonic filter on the side of the distribution substation
can also be considered. In this case, it will be possible to calculate the contribution of all connected
consumers based on the measurement of their currents at the harmonic frequency and harmonic filter
current. For this, it is necessary to develop a software package and the structure of a measuring system
for implementation at the enterprise.
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