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Abstract. In this article, it is noted that electrical machines, transformers, and distribution networks are experiencing
increasing losses. The presence of higher-order harmonic components leads to additional heating of transformer windings
and a significant rise in power losses. As a consequence, the insulation undergoes accelerated ageing, resulting in a
shortened service life of electrical equipment and a growing number of failures in cable networks. The installation of
compensation devices may create a risk of parallel resonance between the network inductance and compensation
capacitors or filter-compensation units. Resonant operating conditions cause a substantial increase in currents flowing
through the capacitors, which can lead to malfunction or complete failure of downstream equipment. The situation also
contributes to increased capital expenditures and operational costs, because equipment must be replaced prematurely, and
additional organizational and technical measures are required to improve the quality of electrical energy. High-frequency
electromagnetic microprocessor noise produces a specific negative influence on relay protection and automation systems.
Excessive harmonic distortion can disrupt their correct operation and may lead to false tripping or malfunction of relay
protection and automation elements.

INTRODUCTION

One of the most critical parameters determining the quality of electrical energy in distribution networks is the
distortion of the sinusoidal waveform of currents and voltages. Alternating-current circuits-including currents,
voltages, and the switching laws of controlled elements-represent periodic functions of time. These quantities can be
mathematically expressed and analyzed through flourier series [1].
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In power supply systems, one of the most important parameters that determine the quality of electrical energy is
the distortion of the sinusoidal waveform of currents and voltages. Alternating-current circuits (currents, voltages,
and the governing laws of switching elements) are periodic functions of time and can be expressed by a flourier
series [2-5]. In 10-0.4 kV distribution networks, harmonic distortions are generally insignificant and do not cause
any serious impact on the operation of the system. However, they may interfere with the functioning of low-power
electrical devices. Under symmetrical loading conditions, the phase currents at the fundamental frequency form a
positive-sequence system. For this reason, the fundamental-frequency current in the neutral conductor becomes
equal to zero. Typically, the low-voltage winding-being directly connected to the load-is configured in a star
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connection, whereas the high-voltage winding is connected in a delta configuration. This winding arrangement is
widely used in distribution networks. If both transformer windings are connected in a star configuration with the
neutral grounded, the triple harmonic components gain a path to propagate toward the high-voltage side.
Consequently, these harmonics may be present in both windings of the transformer.

TABLE 1. Harmonic components of phase A current and voltage

n Current Voltage
Minimum Average Maximum Minimum | Average | Maximum

3 5.51 10.61 15.79 0.10 0.26 0.83
5 2.65 6.21 10.53 0.71 1.59 2.43
7 0.20 3.68 8.20 0.14 0.82 1.42
9 0.13 1.16 3.92 0 0.24 0.70
11 2.89 6.68 12.96 0.38 0.98 1.74
13 0.12 2.02 7.87 0 0.37 1.03
15 0 0.50 2.70 0 0.14 0.40

In some cases, the distortion factor of the current waveform at cable inlets exceeds 30%. In indoor distribution
networks, the distortion levels of both current and voltage are considerably higher. The total harmonic distortion
(THD) of the current may exceed 100% [6-8].
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FIGURE 1. Power factor versus reactive power compensation level
EXPERIMENTAL RESEARCH

The conducted analysis indicates that the widespread integration of energy-efficient devices with nonlinear
characteristics inevitably leads to an increase in harmonic distortions in current and voltage waveforms. Therefore,
energy-saving strategies and measures aimed at improving overall energy efficiency must also incorporate actions
that ensure the required power quality and enhance the reliability of electric power supply systems. One of the most
effective means for influencing the parameters that determine power quality is the application of specialized
compensating equipment-namely, devices designed to filter voltage harmonics. In addition to mitigating harmonic
components of current and voltage, such equipment also performs essential auxiliary functions, including reactive
power compensation and voltage regulation at bus bars. As a result, they contribute to the stable and reliable
operation of electrical networks [9-11].

Active harmonic filters serve as an alternative to passive compensation devices. These systems represent
switching-based power-electronic equipment whose operational characteristics are formed through a dedicated
control algorithm. Due to their dynamically adjustable behavior, active filters are capable of identifying, generating,
and injecting compensating currents in real time, thereby ensuring accurate cancellation of harmonic components
within the network.
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FIGURE 2. Active power losses versus reactive power compensation
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FIGURE 4. Reactive power flow along the distribution feeder

355r0gaevy CAIPSS2025.docx MainDocument AIPP Review COpy On/y 4



Auto-generated PDF by ReView V International Scientific and Technical Conference Actual Issues of Power Supply Systems

RESEARCH RESULTS

A comparative analysis of the main types of filtering and compensation devices has been carried out. The
results show that the most promising solution for controlling power quality in distribution networks is the use of
voltage-source hybrid filters, as they combine the advantages of both active and passive filtering technologies. At
the same time, the rated power of the active component in a hybrid structure is significantly lower than the power
required for a standalone active filter, which ensures higher efficiency, reduced cost, and improved operational
stability of the compensation system [12-15].
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The existing design methodologies for passive filters are mainly based on calculating the parameters of
series-resonant branches tuned to specific harmonic frequencies. In such approaches, each resonant branch
corresponds to an individual harmonic component of the filter, enabling selective attenuation or suppression of the
targeted harmonic orders. These methods allow effective control of frequency characteristics only at the resonance
frequencies of the parallel network configuration. However, a multi-branch filter represents a complex resonant
structure in which the mutual interaction between individual filter sections and the external network impedance must
be taken into account. Each branch of the filter forms a parallel resonant circuit with the inductive properties of the
supply network. Under real operating conditions, the harmonic spectra of non-sinusoidal currents produced by
power-electronic converters often deviate from canonical forms and may contain non-standard or non-integer
harmonic components [16-18].
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The input impedance of wide-band filters at the fundamental harmonic frequency must be shaped such that
the filter can generate the required amount of reactive power. At the same time, the input impedance must remain
minimal when connected to a weak distribution line. To simultaneously satisfy both conditions, the frequency
characteristics of the input impedance and input admittance should approximate a rectangular-type profile. Existing
passive filter design methodologies are primarily based on calculating the parameters of series-resonant branches
tuned to specific harmonic frequencies. In these methods, each resonant branch corresponds to a particular harmonic
order, thereby enabling the attenuation or elimination of the targeted harmonic components. Such approaches,
however, allow control only over the frequency characteristics at the resonance frequencies of parallel networks. In
practice, a filter consisting of multiple resonant branches represents a coupled resonant system in which the mutual
interaction between the impedances of the filter branches and the external power network must be taken into
account. Each individual branch of the filter forms a parallel resonant circuit with the system inductance. Under real
operating conditions, the current spectra produced by power electronic converters may contain no canonical or
nonstandard harmonic components, deviating from idealized sinusoidal waveforms [19-23].
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FIGURE 9. Dynamic voltage response under different reactive power controls

The installation of a filter-compensation device must lead to a reduction in the magnitude of higher-order
harmonics present in the network current spectrum and ensure a shift reduction in the phase relationship between
voltage and current at the fundamental frequency. A passive filter must be designed for the 3rd, 5th, and 11th
harmonic components for installation in a 0.38 kV distribution network. The load is an outdoor lighting system
equipped with compensated DRL-type lamps, with a total apparent power of 40 kVA. Power supply to the load is
provided through a 2 km overhead distribution line. The line is implemented using four-core self-supporting
insulated conductors with a cross-sectional area of 35 mm?. The calculation is carried out in two consecutive stages.
In the first stage, the filter’s equivalent (operator) impedance parameters are determined using optimization-based
methods [24-53]. These parameters must ensure the required amount of reactive power at the fundamental frequency
while simultaneously minimizing harmonic distortion of the current injected into the upstream network. Applying
the optimization procedure made it possible to reduce the harmonic distortion factor in the network from 9.6% to
8.1%. To suppress higher-order harmonic components more effectively, the third stage-originally tuned to the 11th
harmonic-may be replaced with a wide-band filter section having the same reactive power rating as the narrow-band
unit. This solution provides enhanced attenuation across a broader frequency interval and improves the mitigation of
non-characteristic high-frequency harmonics, thereby contributing to the overall improvement of power quality in
the 0.38 kV distribution network.
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TABLE 2. The harmonic—spectral components of the supply current

Configuration option I, A I35, A Is, A I, A I, A Ki, %
Compensation before filter 57.92 13.88 7.03 5.34 4.16 29.30
installation

Post-filter compensation mode 59.02 3.76 1.22 4.01 1.81 9.63

Capacitance-optimized filter 59.02 2.07 1.26 4.06 1.57 8.09

Broad-band harmonic filter 59.02 2.07 1.26 5.39 2.37 10.08

For designing the filter-compensation unit, the software tools discussed in Section 4.1 were used. The developed
device simultaneously performs reactive power compensation at the fundamental harmonic frequency and filtering
of higher-order harmonics. Depending on the operating mode of the drilling equipment, the magnitude of the
consumed power varies significantly, which leads to voltage fluctuations. Frequent voltage rises may cause damage
to capacitor banks. For rapidly varying loads typical of drilling units, dynamic compensation of reactive power may
be required to stabilize the supply voltage. Since the passive harmonic filter is a static device, it is advisable to
incorporate a shunt reactor into the filter-compensation unit to control the amount of generated reactive power.
Because the filter exhibits capacitive reactance at the fundamental frequency, the excess reactive power produced by
the filter is compensated by the reactor’s reactive power.

CONCLUSIONS

A set of power-quality problems inherent in distribution networks with various consumer categories has been
examined. One of the dominant factors contributing to the degradation of power-supply quality is the widespread
use of energy-saving devices that exhibit nonlinear electrical characteristics. To ensure compliance with power-
quality requirements, it becomes essential to employ adaptive multifunctional compensation devices capable of
regulating reactive power, reducing current and voltage harmonic distortion, and maintaining other quality indices
within normative limits. A computational methodology for passive filter-compensation systems has been developed.
The approach is based on minimizing a target function defined in the space of operator input impedance parameters
of the filter. The design variables consist of the operator impedance poles and their corresponding normalization
coefficients. By applying synthesis-based tuning techniques, the filter—compensation unit can be regarded as a
complex resonant system in which the mutual electromagnetic interaction between the internal filter branches and
the external network is explicitly taken into account. The proposed method makes it possible to design minimum-
order passive filter-compensation devices that simultaneously provide reactive-power compensation, attenuation of
no canonical odd harmonics, and suppression of abnormal spectral components. Furthermore, a calculation method
for hybrid filter—compensation systems has been proposed. This method performs optimization of device
characteristics in a combined parameter space that includes both passive-filter elements and active-filter control
parameters. The resulting hybrid system provides effective reactive-power compensation and ensures the
suppression of harmonic currents and voltages generated by nonlinear loads as well as those introduced from the
upstream network. The developed methodologies for passive and hybrid filter—compensation system design have
been implemented in specialized interactive software for optimal synthesis. Using this software, filter—compensation
devices have been designed for consumers with a high level of nonlinear load, ensuring improved power quality and
compliance with electrical-energy standards.
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