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Preface

The following Special Issue is dedicated to addressing the evolving challenges associated with

modern electrical power systems, which are undergoing a profound transformation driven by the

large-scale integration of renewable energy sources, the rapid expansion of electric mobility, and

the increasing deployment of smart grid technologies. These developments introduce new levels

of complexity, variability, and uncertainty, requiring advanced approaches for analysis, control, and

operation. Within this context, power quality has emerged as a critical concern. The extensive use of

power electronic converters and distributed energy resources has led to increased levels of harmonic

distortion, voltage deviations, and other disturbances that can negatively impact both system stability

and end-user equipment. Ensuring compliance with power quality standards while maintaining

system efficiency and flexibility has therefore become a key objective for researchers and practitioners

alike. To address these challenges, modern control and optimization techniques are increasingly

being adopted. In particular, intelligent methods based on artificial intelligence—such as neural

networks, fuzzy logic, and machine learning—offer powerful tools for managing the nonlinear and

dynamic behavior of contemporary power systems. These approaches enable adaptive, data-driven

solutions that enhance system robustness and support real-time decision-making in complex

operating environments. The contributions included in this Special Issue reflect the interdisciplinary

nature of current research in power system quality. They present recent advances in control

strategies, optimization methods, signal processing techniques, and energy management solutions,

with applications ranging from renewable energy systems and electric drives to industrial and smart

grid infrastructures. Both theoretical developments and practical implementations are considered,

including experimental validations, hardware-in-the-loop simulations, and real-time deployment

aspects, providing valuable insights into current trends and emerging directions. Looking ahead,

the ongoing integration of digital technologies and intelligent control is expected to play a central

role in the evolution of power systems toward more autonomous, resilient, and efficient operation.

Future developments will likely emphasize enhanced interoperability, cybersecurity, standardization

frameworks, and data-driven optimization, further strengthening system adaptability, scalability, and

reliability. In addition, increased collaboration between academia and industry will be essential to

accelerate the transfer of innovative solutions into real-world applications. By fostering innovation

and facilitating knowledge exchange, this Special Issue aims to contribute to the development of

sustainable energy systems capable of meeting the increasingly complex demands of modern society.

Marcel Nicola, Petre-Marin Nicolae, and Dan Selisteanu

Guest Editors

vii
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Abstract: This study concerns problems related to the assessment of reactive power in power net-
works with nonlinear fast-varying loads, such as electric arc furnaces, rolling mill drives, etc. The
operation of this type of load is characterized by the introduction of interharmonic currents (including
higher harmonics) into the power supply network and a relatively low power factor. Rapid changes
in the RMS value of the current also cause voltage fluctuations and the related phenomenon of light-
flickering. Therefore, there is a need to evaluate the power selection of compensating devices, taking
into account the random nature of load changes and the distortion of current and voltage waveforms,
in particular, interharmonic components, the impact of which has not been fully investigated so far.
To analyze the random nature of load changes, autocorrelation functions were used, which allowed
for the estimation of the expected values of the arc furnace current distortion coefficient (based on the
recorded waveforms). In order to determine the parameters of reactive power compensating devices,
and in particular capacitor banks, an autocorrelation function in the exponential-cosine-sine form
was used, which meets the conditions of differentiation. This study contains comparative results of
the reactive power of capacitor banks determined using different methods. The criterion for selecting
capacitor bank parameters was the minimization of energy losses in the power supply network.
The calculations presented in this study show that by taking into account higher harmonics and
interharmonics in the voltage and currents of fast-varying loads, the installed power of the capacitor
bank can be reduced by approximately 7%, and energy losses in the power grid can be reduced
by 3–5%.

Keywords: reactive power; higher harmonics; interharmonics; random processes; autocorrelation
function

1. Introduction

In power networks with different voltage levels, there is a continuous increase in the
use of nonlinear loads. Nonlinear loads cause distortions in the waveforms of current and
voltage curves and are at the same time reactive power consumers.

With distorted current and voltage waveforms, deformed reactive power appears,
which does not allow for the classic approach to reactive power compensation used in
networks with sinusoidal waveforms. Therefore, in power networks with nonlinear loads,
the problem of reactive power control, and especially its compensation, arises.

Many published works [1–10] have been devoted to the problem of determining
reactive power in conditions of distortion and asymmetry of supply voltage, but most often
they concern the analysis of network operation with a constant nature of the load.

Connecting nonlinear fast-varying loads (e.g., arc furnaces) to power networks may
cause further problems. It should be emphasized here that the phenomena caused by

Energies 2023, 16, 8011. https://doi.org/10.3390/en16248011 https://www.mdpi.com/journal/energies1
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nonlinear fast-varying loads are most often random. Therefore, when calculating the
reactive power of such receivers, the random nature of changes in the RMS value of the
load current should be taken into account.

Rapid changes the RMS current value cause the appearance of interharmonic compo-
nents in the frequency spectra of these currents. Fast-varying loads are therefore sources
of interharmonic currents. Of particular importance are the interharmonic components
associated with the fundamental harmonic. These components, especially subharmonics
(components with a frequency lower than the fundamental), may consequently cause
voltage fluctuations and the related phenomenon of light-flickering [11]. The method of
assessing the frequency spectrum of current waveforms containing harmonics and inter-
harmonics is given in the EN 61000-4-7 standard [12]. According to this standard, the total
distortion ratio of current waveform (incl. harmonics and interharmonics) can be derived
from the expression

TDRI =

√
I2 − I2

1

I1
=
√

THD2
I + TID2

I (1)

where I is the current RMS value aggregated in the time interval of load fluctuation, I1 is
the current fundamental RMS value aggregated in the time interval of load fluctuation,
THDI is the total harmonic distortion factor of current, and TIDI is the total interharmonic
distortion factor of current.

In [11], it was shown that the share of interharmonics in the stationary amplitude-
modulated current of a nonlinear receiver increases with the increase in the modulation
depth of the waveform.

The characteristics of selected receivers with quickly changing loads are given in [13].
Research related to the analysis of reactive power in power networks supplying

nonlinear fast-varying loads is a new issue. The latest research publications related to
time-varying loads [14–18] concern load variability during the day, taking into account the
impact of renewable energy sources. The load changes analyzed in these works do not
cause the generation of interharmonics.

Previous research on the problem of determining, calculating, and compensating the
reactive power of nonlinear receivers takes into account the influence of higher harmonic
sources. So far, there have been no methods developed for calculating and compensating
reactive power in the presence of interharmonics. Therefore, the presented work fills a gap
in this research topic.

Solving the problem of reactive power compensation in electrical networks with
interharmonic sources is the main goal of this study. Therefore, when analyzing the reactive
power consumption and compensation of these loads, the random nature of load changes
should be taken into consideration.

2. Determination of Reactive Power in Nonlinear Electrical Circuits

Harmonic analysis is often used in the calculation of nonlinear electrical circuits. Based
on the expansion of current and voltage waveforms into a Fourier series, many methods of
determining reactive power have been developed.

In [19] it is proposed to define reactive power in the form of the Reimann integral:

Q =
1

2π

T∫
0

u(t)
di(t)

dt
dt (2)

Based on expression (2), one can obtain an equation determining the reactive power
with distorted voltage and current waveforms, which generally can be presented in the
form of the following relationships:

u(t) =
∞

∑
h=1

Umh sin(hωt + αh), (3)

2
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i(t) =
∞

∑
h=1

Imh sin(hωt + βh), (4)

where h is the harmonic number, and Umh, Imh, αh, βh are the amplitudes and initial phases
of harmonic components of the order h of voltage and current, respectively, ω is the
fundamental angular frequency.

Substituting these expressions into Equation (2) we obtain, provided that Parseval’s
theorem [20] is satisfied, the following relationship:

Q = 1
2π

T∫
0

∞
∑

h=1
Umh sin(hωt + αh)

∞
∑

h=1
hImh cos(hωt + βh)dt

=
∞
∑

h=1
hUh Ih sin ϕh

, (5)

where Uh, Ih are the RMS values of the h-th harmonics of voltage and current and ϕh =
αh − βh is the phase shift angle between the waveforms of the h-th harmonics of voltage
and current.

3. Reactive Power Compensation of Nonlinear Loads

In linear circuits (with sinusoidal voltage and current waveforms), the power of the
compensation device Qk should be equal to the reactive power of the load Qo with the
opposite sign:

Qk = −Qo = −UIsinϕ, (6)

where U is the RMS value of voltage, I is the RMS value of load current, ϕ is the phase shift
angle between voltage and current waveforms.

Under conditions of distortion of voltage and current waveforms, i.e., when the
network operates with a nonlinear load, determining the reactive power of compensation
devices in accordance with Equation (6) is incorrect (inaccurate) [21–25]. To analyze
electromagnetic processes related to the exchange of energy between the source and the
load in nonlinear systems, the concept of instantaneous reactive power should be used,
just as instantaneous voltage and current waveforms (or their frequency spectra) are used,
instead of their RMS values [19,26].

When supplying nonlinear loads (e.g., power electronic converters), in addition to
the reactive power resulting from the presence of reactance elements (capacitance and
inductance), there may be distortion power, i.e., a reactive power component associated
with the phase shift of the current in relation to the voltage forced by the converter control
systems, or associated with the distortion of current and voltage waveforms [20].

However, when solving compensation problems, there is no need to separate the
reactive power into these two components. This is due to the fact that the effects of reactive
power are the same, despite the significantly different physical nature of the origin of
the two components. The reactive power of the distortion can be compensated by LC
elements (passive filters for higher harmonics) and the reactive power resulting from the
reactance of the loads by means of power electronics (APF active filters, STATCOM static
compensators). In addition, classic solutions such as capacitor banks or synchronous
compensators can be used for reactive power compensation. The considerations included
in this study apply to any type of compensator, with particular emphasis on the practical
application of capacitor banks.

The problem of selecting the parameters of compensation devices, from the point of
view of minimizing energy losses in the power supply network, can basically be reduced
to determining the minimum RMS value of the network current, which is determined by
the sum of the instantaneous currents of the load io(t) and the compensation device ik(t).
Therefore, the following condition should be met:

3
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T∫
0

(io(t) + ik(t))
2dt → min. (7)

The minimum square of the effective value of the current in the supply network can
be determined by equating the partial derivatives with respect to the parameters of the
compensation devices (expression (7)) to zero. If a capacitor bank is used as a compensation
device, then its capacitance C can be determined from the following equation:

d
dC

⎡
⎣ 1

T

T∫
0

(
io(t) + C

du(t)
dt

)2

dt

⎤
⎦ = 0, (8)

the solution of which has the form:

C = −
1
T

T∫
0

u′(t)i(t)dt

1
T

T∫
0
(u′(t))2dt

, (9)

where

u′(t) = du(t)
dt

. (10)

Then the power of the capacitor bank, determined at its rated voltage UN, is

Qk = U2
NωC = −

U2
Nω 1

T

T∫
0

u′(t)i(t)dt

1
T

T∫
0
(u′(t))2dt

. (11)

If the voltage u(t) and the load current io(t) are determined by expressions (3) and (4),
then the relationship (11) takes the form

Qk = U2
N

∞
∑

h=1
hUh Ih sin ϕh

∞
∑

h=1
h2U2

h

. (12)

4. Reactive Power Compensation in Networks with Fast-Varying Nonlinear Loads

The analysis of reactive power compensation in a network with interharmonics was
carried out for the equivalent network model shown in Figure 1. In this system, a nonlinear
fast-changing load is a source of higher harmonics and interharmonic currents.

Figure 1. Reactive power compensation in a network with a nonlinear fast-varying load.

4
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An example of a load that generates both harmonics and interharmonics is a nonlinear
fast-variable load with an amplitude-modulated current waveform, in which the amplitude
and initial phase change randomly [27–33].

io(t) = (ξ(t) + 1)
∞

∑
h=1

Imh sin(hωt + ϕh) = (ξ(t) + 1)i(t), (13)

where ξ(t) is the centered stationary random process with zero expected value and a given
correlation function, Imh are the constant amplitudes of the harmonic current components,
ϕh are the mutually independent random variables of the initial phase of the harmonic

components, evenly distributed in the interval (−π, π), i(t) =
∞
∑

h=1
Imh sin(hωt + ϕh) load

current containing fundamental and higher harmonics.
The autocorrelation function of the random nonlinear load current process has the

following form:

Kio (τ) =
(
Kξ(τ) + 1

) ∞

∑
h=1

Dh cos(hωτ), (14)

where Kξ(τ) is the given autocorrelation function of the modulating random process ξ(t);
Dh is the variance of the h-th harmonic is equal to Dh = I2

mh/2.
The modulating random process can in most cases be characterized by one of three

types of autocorrelation functions:

• exponential
Kξ(τ) = Dξe−α|τ|, (15)

• exponential-cosine
Kξ(τ) = Dξ e−α|τ| cos ω0τ, (16)

• exponential-cosine-sine

Kξ(τ) = Dξe−α|τ|
(

cos ω0τ +
α

ω0
sin ω0|τ|

)
, (17)

where Dξ is the variance of current oscillations; α is the damping factor of the autocorrela-
tion function; ω0 is the angular frequency of the autocorrelation function.

The choice of a specific type of autocorrelation function depends on the problem being
solved. Thus, when solving several problems related to the phenomenon of heating of
wires and current-carrying parts of electrical devices when a non-sinusoidal current flows,
the autocorrelation function in most cases can be represented using any of the three types
(15)–(17). In such a case, a probabilistic assessment of the heating processes of current-
carrying parts can be performed on the basis of the spectral current density, determined as
the Fourier transform of the autocorrelation function. When modeling random processes to
study heating phenomena, it is possible to replace one type of autocorrelation function with
another, because the determining factor in this case is the energy of the random process,
which is related to the area under the autocorrelation function curve. For example, when re-
placing an exponential-cosine autocorrelation function of the form (16) with an exponential
one of the form (15), its damping coefficient will be determined by the expression found in
the equality of the areas under the curves of autocorrelation functions (15) and (16) [26].

αe = α +
ω2

0
α

, (18)

where α and ω0 are the parameters of the original exponential-cosine autocorrelation
function.

When solving problems directly related to the assessment of electromagnetic compati-
bility parameters during the operation of fast-changing, nonlinear loads, it is also possible

5
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to use any of the three autocorrelation functions (15)–(17) to simulate the random process
of changing the load current.

As an example, Figure 2a shows one of the implementations of the current curve of
phase A of the arc furnace for melting EAF-100 steel, which is an amplitude-modulated
oscillation in accordance with the expression (13). The modulating random process ξ(t) is
given by an exponential autocorrelation function (15), where the variance of the current os-
cillations is Dξ = 9331.2 A2. Figure 2b shows the corresponding frequency spectrum of the
phase A network current curve of the EAF-100 furnace, obtained using a fast Fourier trans-
form directly from the simulated current curve. Figure 3a shows one of the implementations
of the current curve of phase A of the EAF-100 furnace, which is an amplitude-modulated
oscillation, where the random modulation process ξ(t) is determined by an exponential-
cosine autocorrelation function of the form (16) with the parameters: Dξ = 9331.2 A2,
α = 1.47 s−1, and ω0 = 2.69 s−1. Figure 3b shows the corresponding amplitude spectrum.
Figure 4a shows the implementation of the phase A current curve of the EAF-100 furnace,
which is an amplitude-modulated oscillation, where the random modulation process ξ(t)
is determined by the exponential-cosine-sine autocorrelation function of the form (17),
with the same parameters as in the case of the exponential-cosine autocorrelation function.
Figure 4b shows the corresponding amplitude spectrum.

Figure 2. Modeled phase A current curve of the EAF-100 furnace (a) and the corresponding amplitude
spectrum (b) in the case of the exponential autocorrelation function of the modulating random
process.

Figure 3. Modeled phase A current curve of the EAF-100 furnace (a) and the corresponding ampli-
tude spectrum (b) in the case of the exponential-cosine autocorrelation function of the modulating
random process.

6
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Figure 4. Modeled phase A current curve of the EAF-100 furnace (a) and the corresponding amplitude
spectrum (b) in the case of the exponential-cosine-sine autocorrelation function of the modulating
random process.

As a result of numerous studies, it was found that for the given parameters of the
random process, the expected value of the current curve distortion coefficient E[KI ] is

• E[KI ] = 15.7%, when using the exponential autocorrelation function;
• E[KI ] = 17.3%, when using the exponential-cosine autocorrelation function;
• E[KI ] = 15.6%, when using the exponential-cosine-sine autocorrelation function.

Therefore, the error in estimating the current curve distortion factor when using differ-
ent types of autocorrelation functions to simulate the same random process of changing the
arc furnace load current did not exceed 10%. This result allows us to conclude that when
conducting various tests simulating the random process of changing the load current of an
arc furnace, it is possible to use any type of autocorrelation function (15)–(17), depending
on the scope of the problems being solved.

When examining the problem of electromagnetic compatibility during the operation
of arc furnaces for steel melting by modeling random processes of changes in load currents,
one type of autocorrelation function was replaced by another based on the equality of areas
under the autocorrelation function curves.

In general, such an approach is in principle unacceptable. This is due to the fact that
the factor determining the value of the distortion coefficient of the current waveform is not
the energy of the random process of changing load current, but its speed of change, which
is characterized by the parameters of the autocorrelation function. The test results have
shown that as the damping coefficient α of the angular frequency of the autocorrelation
function ω0 increases, the distortion coefficient of the current curve also increases. In such
a case, replacing the exponential-cosine autocorrelation function in the form (15) with an
exponential function in the form (14) and determining the equivalent damping coefficient
αe using the expression (18) may lead to an overestimation of the value of the distortion
coefficient of the current curve.

5. Calculation of Compensating Device Parameters for the Random Nature of
Electrical Loads

Let us consider the electrical system shown in Figure 1 for the case without reactive
power compensation. The RMS value of the voltage at the point of connection of the
variable load is defined as the difference between the network voltage and the voltage drop
across the network impedance:

Uo = Us − IsXssinϕ, (19)

where ϕ is the load phase shift angle, and Is is the RMS value of the network current, which
in the absence of compensation is equal to the load current determined similarly to the
instantaneous waveform (13):

7
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Is = Io = (ξ(t) + 1)I, (20)

Then, the RMS value of the voltage on the load is

Uo = Us − (ξ(t) + 1)IXs sin ϕ = Us − IXs sin ϕ − ξ(t)IXs sin ϕ. (21)

In expression (21), the difference between the first two components is the effective
value of the voltage at the point of load connection, without taking into account the
random process modulation of the current waveform, while the network reactance can be
determined as

Xs =
U2

S′′
k

, (22)

where S′′
k is the short-circuit power of the network.

Then, taking into account relation (6), we obtain

Uo = U − ξ(t)I
U2

S′′
k

sin ϕ =

(
1 − ξ(t)

Qo

S′′
k

)
U, (23)

where Qo is the reactive power of the load.
Moving to instantaneous voltage values, an expression can be written for the voltage at

the load connection point, taking into account the modulation ξ(t) of the load current curve:

uo(t) =

(
1 − ξ(t)

Qo

S′′
k

)
u(t) = (1 − aξ(t))u(t), (24)

where a = Qo/S′′
k .

Let us consider the issue of reactive power compensation for the case when a com-
pensating device in the form of a capacitor bank is connected in parallel with a nonlinear
fast-changing load (Figure 1).

As in the case of reactive power compensation in a network with higher harmonics, it
is necessary to meet condition (7), in which the network current is equal to

is(t) = io(t) + ik(t), (25)

where ik(t) is the current flowing through a capacitor bank with capacity C,

ik(t) = C
du(t)

dt
= C

d(1 − aξ(t))u(t)
dt

= C
[
(1 − aξ(t))u′(t)− aξ ′(t)u(t)

]
, (26)

wherein

ξ ′(t) = dξ(t)
dt

. (27)

Taking into account expressions (13), (25) and (26) we obtain

is(t) = (ξ(t) + 1)i(t) + C
[
(1 − aξ(t))u′(t)− aξ ′(t)u(t)

]
(28)

The square of the RMS value of the current in the supply network is

I2
s =

1
T

T∫
0

[ξ(t) + 1]2[i(t)]2dt +
1
T

T∫
0

2C [ξ(t) + 1] i(t)
{
[1 − aξ(t)] u′(t)− aξ ′(t)u(t)

}
dt +

1
T

T∫
0

C2{[1 − aξ(t)] u′(t)− aξ ′(t)u(t)
}2dt (29)

and the derivative of the square of the current with respect to the capacitance C takes the
following form:

dI2
s

dC
=

2
T

T∫
0

[ξ(t) + 1] i(t)
{
[1 − aξ(t)] u′(t)− aξ ′(t)u(t)

}
dt +

2C
T

T∫
0

{
[1 − aξ(t)] u′(t)− aξ ′(t)u(t)

}2dt . (30)
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By equating the derivative dI2
s

dC to zero, we can determine the capacity C and then the
power of the capacitor bank:

Qk = U2
NωC = U2

Nω

T∫
0
(ξ(t) + 1)(i(t))[(1 − aξ(t))u′(t)− aξ ′(t)u(t)]dt

T∫
0
[(1 − aξ(t))u′(t)− aξ ′(t)u(t)]2dt

, (31)

where UN is the rated voltage of the capacitor bank.
The expected value of the capacitor bank power can be determined using the random

process linearization method:

EQk = U2
Nω

T∫
0

E[(ξ(t) + 1)(u′(t)− aξ(t)u′(t)− aξ ′(t)u(t))]i(t)dt

T∫
0

E[(u′(t)− aξ(t)u′(t)− aξ ′(t)u(t))]2dt
. (32)

Taking into consideration that the expected values of the random processes ξ(t) and
ξ ′(t) are equal to zero (E[ξ(t)] = 0 and E[ξ ′(t)] = 0) and that the coefficient of their mutual
autocorrelation K

ξξ
′ = 0, we get

EQk =

U2
Nω
(
1 − aDξ

) T∫
0

i(t)u′(t)dt

(
1 + a2Dξ

) T∫
0

u′(t)2dt +
a2Dξ′

ω2

T∫
0

u(t)2dt
, (33)

where Dξ is the variance of the centered stationary random process ξ(t), and Dξ ′ is the
variance of the derivative of this process.

Substituting into this expression the expansion of current and voltage into the Fourier
series (3) and (4), we obtain:

EQk =

U2
N
(
1 − aDξ

) ∞
∑

h=1
hUh Ih sin ϕh

(
1 + a2Dξ

) ∞
∑

h=1
h2U2

h +
a2Dξ′

ω2

∞
∑

h=1
U2

h

. (34)

The requirement for the differentiation of the random process ξ(t) is the continuity of
the derivative of its autocorrelation function around the point τ = 0. This requirement is
met by the exponential-cosine-sine autocorrelation function in the following form:

Kξ(τ) = Dξe−α|τ|
(

cos ω0τ +
α

ω0
sin ω0|τ|

)
, (35)

and hence the variance of the derivative of the process ξ(t):

Dξ ′ = −d2Kξ(τ)

dτ2

∣∣∣∣∣
τ=0

= Dξ

(
α2 + ω2

0

)
e−α|τ|

(
cos ω0τ +

α

ω0
sin ω0|τ|

)∣∣∣∣
τ=0

= Dξ

(
α2 + ω2

0

)
(36)

Substituting expression (36) into Equation (34), we obtain

EQk =

U2
N
(
1 − aDξ

) ∞
∑

h=1
hUh Ih sin ϕh

(
1 + a2Dξ

) ∞
∑

h=1
h2U2

h +
a2Dξ (α2+ω2

0)

ω2

∞
∑

h=1
U2

h

. (37)
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6. Calculation Results

Let us consider an example of calculating the power of the capacitor bank needed to
compensate for reactive power during the operation of a steel arc furnace EAF-100 with the
following parameters: rated power of the transformer SNT = 45 MV·A, rated voltage of the
primary winding of the transformer UN = 35 kV, rated current of the furnace IN = 400 A.
Let us consider three cases.

6.1. Calculation of Capacitor Bank Power Based on the Fundamental Harmonic of Current and Voltage

In this case, we use the furnace ratings as the RMS values of the fundamental harmon-
ics of current and voltage. The value of the phase angle was determined experimentally
and was ϕ1 = 26◦. Then, the capacity of the capacitor bank can be defined as

Qk = U1 I1 sin ϕ1 = 35 · 0.4 · sin 26◦ = 6.137 Mvar. (38)

6.2. Calculation of the Power of Capacitor Banks Taking into Account Higher Harmonics

Table 1 contains the relative values of higher harmonics of current and voltage and
the corresponding phase angles obtained experimentally on the basis of the measurements
made during the operation of the EAF-100 arc furnace in question at one of the metallurgical
enterprises (Mariupol, Ukraine). The measurements were performed using the Power
Quality analyzer Fluke 435.

Table 1. Parameters of higher harmonics of current and voltage measured during the operation of
the arc furnace EAF-100.

Parameter
Harmonic Number of Order h

2 3 4 5 6 7 8 9

Ih/I1, % 5.1 7.2 2.3 5.5 0 2.1 0 1.0
Uh/U1, % 2.5 3.6 1.2 3.0 0 1.0 0 0.5

ϕh, ◦ 87 −89 52 −55 0 98 0 −90

To calculate the power of the compensating device, taking into account higher har-
monics, the source of which is the EAF-100 arc furnace, we use the expression (12). As a
result of the calculations, we get

Qk = 5.734 Mvar. (39)

6.3. Calculation of the Power of Capacitor Banks Taking into Account Higher Harmonics and
Interharmonics

In this case, it is necessary to estimate the expected value of the capacitor bank
capacity according to Equation (35). Let us assume that in order to take into account
interharmonics, the EAF-100 current curve is modulated by a random process with an
exponential-cosine autocorrelation function with the following parameters: oscillation cur-
rent variance Dξ = 9331.2 A2, damping factor of the autocorrelation function α = 1.47 s−1,
angular frequency ω0 s−1. The parameters of the autocorrelation function of the modulat-
ing random process were obtained experimentally using measurement data for the melting
phase of the EAF-100 arc furnace.

Then, as a result of calculations according to relation (31), we obtain

EQk = 5.71 Mvar. (40)

For most practical cases 0 < a < 0.2; 0 < Dξ < (0.5)2 = 0.25; α << ω, ω0 << ω, so
expression (38) can be simplified to
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EQk =
(
1 − aDξ

)
U2

N

∞
∑

h=1
hUh Ih sin ϕh

∞
∑

h=1
h2U2

h

. (41)

The comparison of Equations (12), (38) and (41) shows directly that in order to mini-
mize energy losses in the power supply network, the load variability should be taken into
account in the process of selecting the power of reactive power compensation devices. In
the case considered in this study, when the compensator is a capacitor bank, its power will
be lower when taking into account the rapidly changing nature of the load.

7. Conclusions

The research conducted shows that in power networks supplying rapidly changing
nonlinear loads causing an occurrence of interharmonics in current and voltage waveforms,
a power correction of reactive power compensating devices is required.

When examining non-sinusoidal conditions in electrical networks with rapidly chang-
ing nonlinear loads, the non-sinusoidal current curve can be represented as an amplitude
modulated waveform with randomly varying amplitude and initial phase.

The use of a centered stationary random process with a given autocorrelation func-
tion as a modulating signal allows us to obtain analytical expressions for calculating the
probabilistic current characteristics of fast-varying loads and parameters of reactive power
compensating devices.

When solving problems related to both the phenomenon of the heating of wires and
parts of electrical devices carrying current during the flow of non-sinusoidal current, as
well as the assessment of electromagnetic compatibility parameters during the operation of
rapidly changing nonlinear loads, the autocorrelation function of a modulating random
process can be represented by any of the three types according to expressions (15)–(17).

In the study of processes related to the heating of wires and current-carrying parts
of electrical devices and energy losses, it is possible to replace one type of autocorrela-
tion function modulating a random process with another; however, when examining the
problem of electromagnetic compatibility, such an exchange turns out to be unacceptable.
When solving problems related to reactive power compensation in electrical networks
with rapidly changing nonlinear loads, the autocorrelation function of the modulating
random process must have a continuous derivative around the point τ = 0 to ensure the
condition of differentiability of the random process. This requirement corresponds to the
autocorrelation function in expression (17).

If a capacitor bank is used as a compensation device, its power, determined by the con-
dition of minimal energy losses in the power supply network, should be lower than without,
taking into consideration the rapidly changing nature of the load and interharmonics.

In the calculation example presented herein, taking into account higher harmonics and
interharmonics in the voltage and current waveforms of unsettled receivers, the power of
the capacitor bank was reduced by approximately 7%, which allows for reduced investment
costs. An additional effect is the reduction of energy losses in the power supply network,
estimated at 3–5%.

This study is the first step in solving the problem of reactive power compensation in
electrical networks containing interharmonics. The analysis concerns the use of capacitor
banks as compensating devices for reactive power in rapidly changing loads, such as arc
furnaces and welding equipment.

The authors plan further research in two directions: The first direction is the use
of passive filter-compensating devices, active filters, and STATCOM compensators to
compensate the reactive power of fast-varying loads and to improve power quality.

The second direction results from the fact that the sources of interharmonics are also
various types of power electronic converters, especially frequency converters used in speed-
controlled drive systems. The completely different nature of interharmonic generation in

11



Energies 2023, 16, 8011

such loads requires a different approach to the methods for calculating and compensating
reactive power.
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Śląskiej: Gliwice, Poland, 1991; Volume 123, pp. 1–118. Available online: https://delibra.bg.polsl.pl/dlibra/publication/43377/
edition/39423/content (accessed on 1 January 2010).

12



Energies 2023, 16, 8011

21. Mujumdar, B.; Joshi, J.S. Optimal reactive power compensation under non sinusoidal conditions using current minimization
method. In Proceedings of the International Conference on Power and Energy Systems, Chennai, India, 22–24 December 2011;
pp. 1–6. [CrossRef]

22. Jeon, S.J. Passive-component-based reactive power compensation in a non-sinusoidal multi-line system. Electr. Eng. 2020, 102,
1567–1577. [CrossRef]

23. Seong-Jeub, J. Considerations on a reactive power concept in a multiline system. IEEE Trans. Power Deliv. 2006, 21, 551–559.
[CrossRef]
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Abstract: Medium-voltage (MV) distribution networks that are spread through larger territory and
threatened by extreme weather conditions are sometimes formed by very long underground cable
lines. In such circumstances, a significant amount of capacitive reactive power flow can be generated.
If, concurrently, there is low power demand in the network, it can result in significant reverse reactive
power flows and voltage rise issues. This paper proposes a general approach for analyzing and
mitigating voltage rise issues and demonstrates it using an example of a real distribution network
that operates under the described conditions. Previous studies that dealt with this problem did
not include the allocation of multiple shunt reactors in a larger distribution network, modeling a
high number of lines that create reverse reactive power flows, and modeling the main distribution
transformers, which are the locations where voltage rise predominantly occurs. In this paper, we
demonstrate that precise allocation and placement of multiple shunt reactors in a fully modeled,
larger distribution system, including transformer models, can reduce reverse reactive power flows,
thereby improving voltage in the distribution system. If hourly control of the power factor from the
distributed generation unit is also implemented, the voltage can be further improved.

Keywords: voltage rise; long cable lines; shunt reactors; distributed generation power factor control;
voltage profile improvement

1. Introduction

Medium-voltage overhead distribution networks that are spread through a large
territory are vulnerable to severe weather conditions. A study [1] showed that in some
places, weather-related outage events account for 78.09% of the total, with lightning,
contributing 63.26%, and wind, contributing 12.27%, as the two main weather factors.
Additionally, wildfires account for 2.14%, icing for 0.16%, and geological events for 0.11%.

In conditions where overhead line damage is frequent, medium-voltage networks are
sometimes formed by long underground cable lines, ensuring enhanced reliability in the
supply of electrical energy [2]. Electric power distribution networks were primarily devel-
oped for power flows directed towards consumers [3]. Due to the inductive characteristics
of consumption, reactive power flows are commonly directed towards consumers, with
variations in the inductive component roughly corresponding to fluctuations in electrical
demand, especially when the medium-voltage network is predominantly implemented
using overhead lines.

Underground medium-voltage cable lines generate reverse reactive power flows [4]
toward the distribution network feeding point, where the quantity of reactive power flows
increases with the length of the lines. In distribution networks with very low power
demand and very long cable lines, significant reverse reactive power flows may occur,
leading to voltage rises in the distribution network.

Standard indicators of voltage quality are defined by the EN 50160 standard [5]. The
permissible voltage deviation is typically specified as ±10% of the nominal voltage. Voltage
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fluctuation limits are set to ensure that short-term flicker does not exceed 1.0 and long-term
flicker remains below 0.8, as outlined in the same standard. Additionally, the standard
specifies that voltage asymmetry between phases (voltage unbalance) should be ≤2%,
ensuring balanced distribution across three-phase systems. Limits for non-sinusoidal
voltages dictate that total harmonic distortion (THD) should not exceed 8%, maintaining
the integrity of voltage waveforms and minimizing interference with electrical equipment.

The problems with voltage rise can result in the need for power curtailment of DG
units [6]. The voltage rise issue is typically investigated in the context of the connection
of distributed generation sources [7]. Papers related to voltage rises typically address the
reduction in voltage rises resulting from reverse power flows caused by the connection
of distributed generation units. In Ref. [8], the author proposed a phase shifting strat-
egy to mitigate local voltage rises and reverse power flows caused by high photovoltaic
penetration. In Ref. [9], the power curtailment of distributed generation is proposed to
mitigate voltage rise. In Ref. [10], the authors considered the voltage rise issue during the
distributed generation allocation process. In Ref. [11], the authors proposed the dynamic
operation of a voltage regulator for voltage regulation in a distribution system with a
significant integration of distributed generation. In Ref. [12], the authors proposed the
usage of distributed energy storage for mitigation of the voltage rise impact caused by
rooftop solar PV systems. In Ref. [13], the authors proposed a decentralized control strat-
egy using droop-based control to adjust electric vehicle (EV) charging rates in real time
based on nodal voltages, voltage unbalance, and state of charge (SOC) to mitigate voltage
rise from rooftop solar PV systems. The paper [14] introduces a novel reactive power
control technique tailored for low-voltage distribution networks with high photovoltaic
(PV) system penetration, addressing voltage rise challenges by dynamically adjusting
reactive power based on both PV active power injection and real-time network voltage
conditions. It demonstrates superior voltage regulation and reduced losses compared to
conventional fixed power factor and voltage-based methods, highlighting its adaptability
to varying scenarios despite a potentially slightly slower response time. The paper [15]
addresses voltage regulation challenges arising from increased distributed PV installations
in distribution systems. It introduces a PID closed-loop-based volt-var (VV) function and a
mode-switching function for PV smart inverters to enhance voltage regulation effectiveness.
The paper [16] introduces a control strategy for grid-connected inverters interfacing with
battery storage systems (BSS) to enhance PV penetration in low-voltage (LV) grids. The
strategy optimizes inverter set points for active and reactive power based on grid voltage,
considering battery specifications and state of charge (SoC). The paper [17] explores lever-
aging electric minibus taxi (EmBT) charging alongside residential solar photovoltaic (PV)
generation to mitigate voltage rises in low-voltage (LV) networks with high penetration of
distributed energy resources (DERs).

In contrast to the literature addressing voltage rises due to distributed generation
units, the literature that investigates voltage rises caused by large capacitive currents in
underground cables and variations in power demand is much less common. In Ref. [18], a
reactive power control method using a variable shunt reactor and the reactive power control
of a wind power plant was proposed to compensate for the capacitive reactive power of
the cable. In Ref. [19], the authors addressed voltage issues resulting from substantial
load variations by proposing the installation of shunt capacitor banks for voltage drop
issues and shunt reactors (ShRs) for voltage rise issues. In Ref. [20], the authors deployed
switchable shunt reactors in combination with DGs that have the capability of absorbing
reactive power for voltage rise mitigation in a low-voltage distribution network with high
penetration of photovoltaic DGs. The authors concluded that DGs have limited capacity to
serve as a source of reactive power and are unable to provide sufficient reactive power for
full voltage rise mitigation. In Ref. [21], the authors demonstrated that the shunt reactor
can mitigate the power frequency voltage rise caused by the capacitance effect of long lines
under no-load or light-load conditions in high-voltage systems. The paper [22] explores the
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voltage rise mitigation caused by minimal loading and excessive reactive power generated
by line capacitance in magnetically controlled shunt reactors.

This paper focuses on analyzing voltage rise issues that are not primarily caused by
DGs, but rather by very low power demand and a significant number of long underground
cable lines that create a high amount of capacitive reactive power. The analysis was
conducted on a real distribution network spread over two voltage levels. The network
is located in Primorsko-Goranska County, Croatia. This distribution network is specific
due to the very low power demand resulting from a significant population decrease, as
well as a large number of long underground cable lines installed to withstand extreme
weather conditions caused by the ice storm in 2014. A method for reducing voltage rise was
introduced, involving the allocation of multiple fixed shunt reactors within the distribution
network and the implementation of hourly power factor control for the existing distributed
generation. The distribution system model contains two voltage levels of the distribution
network with two distribution transformers that are connected between the 35 kV and
20 kV distribution networks. Modeling the distribution transformers and including them
in the analysis of voltage rise issues is significant, as the majority of voltage rises occur
in them. The analysis includes not only the 20 kV network and 35/20 kV transformers
but also the feeder lines of the 35 kV network, which are expected to contribute to voltage
rise issues due to their length and characteristics. The main 110/35 kV transformer is not
included in the analysis since it has an on-load tap changer so the voltage is fixed to a set
value of 1.05 p.u.

The main innovations introduced in this paper are summarized in four points:

(1) This paper proposes a novel general approach for analyzing and mitigating voltage
rise issues where the entire system is accurately modeled and various elements that
contribute to voltage rises are unified into a single method for the mitigation of voltage
rises on multiple voltage levels of a distribution network.

(2) One of the novel aspects of our approach lies in the inclusion of main distribution
transformers in the analysis of the voltage rise issue. The voltage rise issue is analyzed
with the modeling of distribution transformers. Earlier research addressing this issue
overlooked the incorporation of main distribution transformers, which are pivotal
sites where voltage rise predominantly occurs.

(3) Previous studies on this topic typically incorporated just one shunt reactor and a
limited number of distribution lines. In contrast, our paper introduces a method
for addressing voltage rise by strategically allocating multiple shunt reactors and
implementing hourly power factor control for a distributed generation unit within
extensive distribution networks featuring a high volume of lines generating reactive
power flows. The allocated multiple shunt reactors simultaneously influence the
reduction of voltage rise both in the lines and in the transformers.

(4) The proposed method also unifies and accurately models the components of dis-
tribution lines responsible for creating reverse flows of capacitive reactive power,
particularly the parallel branches that inject capacitive reactive power. The volt-
age rise issue is analyzed with the modeling of lines on two voltage levels of the
distribution network.

Despite the relatively small size of the higher-level network, we demonstrated the
feasibility of mitigating voltage rises in distribution lines of both voltage levels of the
distribution network, as well as in the transformers that serve as connections between these
voltage levels, by using shunt reactors and hourly power factor control of DGs.

2. Materials and Methods

The main objective of optimization is to mitigate voltage rise issues caused by low
power demand and significant reverse power flows generated by underground cables in
the distribution system. This is achieved by the allocation of up to eight fixed shunt reactors
and the hourly power factor control of the existing distributed generation.
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2.1. Objective Function for Voltage Rise Mitigation

The mitigation of voltage rises will be achieved by defining the objective function
for voltage profile improvement across all distribution network nodes and time intervals,
which can be mathematically expressed as follows:

Min f = ∑Nt
t=1 ∑Nn

i=1

(
Un − Ui

t)2 (1)

In Equation (1), Nn and Nt represent the total number of nodes and time intervals,
while Ui

t represents the ith node voltage at interval t. Un represents the desired system
voltage in the distribution network. The nominal voltage is as follows:

Un = 21000 < 0◦ V (2)

2.2. Constraints
2.2.1. Positions of Shunt Reactors

The algorithm is permitted to suggest up to eight new shunt reactors, which can be
connected to nodes on the secondary side of the 35/20 kV transformers; the nodes satisfy
the following constraints, respectively:

(3 ≤ ShRs_position ≤ 42) ∨ (44 ≤ ShRs_position ≤ 71) (3)

2.2.2. Installed Power of Shunt Reactors

The algorithm is permitted to suggest the following installed reactive power of one
ShR unit:

QShR = n·100 [ kVAr] (4)

In Equation (4), n represents the factor that must satisfy the constraint (5):

nmin ≤ n ≤ nmax (5)

In this paper, nmin was set to a value of 0, and nmax was set to a value of 11.

2.2.3. Permitted Power Factor of Existing DG

Various types of DG generators have different operational constraints for the capability
of reactive power generation and absorption [23]. Since the DG in the presented network
is hydropower, the synchronous generator is considered. Therefore, the permitted power
factor of the existing DG used in this paper ranges from 0.85 lagging to 1.0 p.u. and from
0.95 leading to 1.0 p.u. in steps of 0.005.

2.2.4. Current Magnitudes

The magnitude of the current that flows through all lines and transformers must
satisfy the following constraint:

Ii
t ≤ In (6)

In Equation (6), Ii
t stands for the current of the ith branch in the time interval t, and In

is the nominal current of each branch.

2.3. Power Demand Modeling and Distribution System Model Used for Voltage Rise Issue
Analysis

The analysis was conducted using a model based on a segment of the actual dis-
tribution network supplied from the transformer station 110/35 kV Delnice. From this
substation, two other substations are taken for analysis. The substations are supplied
through two separate feeders.

The distribution system model is shown in Figure 1. The substation TS 35/20 kV
Kupjak is supplied through an underground cable, while the substation TS 35/20 kV
Gerovo is supplied through a 35 kV overhead line. The transformer station 110/35 kV
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Delnice has a transformer installed with an on-load tap changer, which sets the secondary
side voltage at 36.75 kV, corresponding to 1.05 p.u. Therefore, the voltage in the 20 kV
distribution networks is also initially set to 21 kV, corresponding to 1.05 p.u. The voltage is
set to 1.05 p.u. because a lower set voltage could result in excessively low voltages in some
other parts of the distribution networks that are also supplied from TS 110/35 kV Delnice.
Therefore, the voltage sought to be achieved by objective function (1) during the mitigation
of excessive voltage rises is 1.05 p.u.

Figure 1. Distribution system model used for analysis.

In addition to the two transformers, the model of the network includes 69 distribution
lines with a total length of 252 km, the majority of which are underground cable lines.

Power demand is modeled in nodes 4–42 and 45–71, based on maximum active and
reactive power in each node and real measured data for overall daily power demand in the
presented network. The maximum power in each node is shown in Table 1.

Table 1. Maximum active and reactive power in nodes that create power demand.

Node

Maximum
Active
Power
(kW)

Maximum
Reactive

Power
(kVAr)

Node

Max.
Active
Power
(kW)

Max.
Reactive

Power
(kVAr)

Node

Max.
Active
power
(kW)

Max.
Reactive

Power
(kVAr)

4 160 52.59 24 350 115.04 46 450 147.91
5 370 121.61 25 250 82.17 47 1090 358.27
6 630 207.07 26 150 49.30 48 1030 338.54
7 1250 410.86 27 210 69.02 49 850 279.38
8 650 213.64 28 630 207.07 50 150 49.30
9 350 115.04 29 850 279.38 51 150 49.30
10 460 151.19 30 650 213.64 52 150 49.30
11 350 115.04 31 150 49.30 53 50 16.43
12 630 207.07 32 150 49.30 54 300 98.61
13 630 207.07 33 250 82.17 55 100 32.87
14 1250 410.86 34 350 115.04 56 400 131.47
15 650 213.64 35 610 200.50 57 50 16.43
16 200 65.74 36 760 249.80 58 200 65.74
17 150 49.30 37 500 164.34 59 410 134.76
18 1030 338.54 38 300 98.61 60 810 266.23
19 150 49.30 39 300 98.61 61 790 259.66
20 200 65.74 40 100 32.87 62 320 105.18
21 450 147.91 41 150 49.30 63 510 167.63
22 460 151.19 42 150 49.30
23 500 164.34 45 880 289.24

The normalized power demand curves are shown in Figure 2. To obtain these curves,
the active power demand was measured in TS Gerovo and TS Kupjak in the period from
22 January 2023 to 21 July 2023. This six-month period is well suited for analysis as it
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includes both high and low consumption periods, making it a sufficiently robust dataset
for representing the method. The data was obtained from the SCADA system, which
provides the average active power consumption for each hour for all days within the
specified period.
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Figure 2. Normalized power demand curves.

In this paper, the average curve shown in Figure 2 was used. The working day and
weekend day curves are similar. Using an average curve is sufficient to present the method
effectively. However, due to fluctuations in power consumption throughout the week, it is
expected that voltage levels during weekends might be slightly higher than anticipated.
Consequently, if the algorithm were to base its operation on the weekend day curve, it
would likely decide on a slightly higher delivery of reactive power, either through increased
deployment of ShRs or increased reactive power that the DG absorbs.

For even more accurate results, further segmentation could be considered by differen-
tiating between weekdays and weekends. This would enable a more precise representation
of power demand fluctuations throughout the week.

For each hour, the average power demand for the whole distribution system was
calculated using the following equation:

PDt =
Pmeasured_total

t

∑Ni
i=1 Pi_max

(7)

In Equation (7), Pmeasured_total
t represents the total measured power demand of the

whole distribution system during time interval t (including measurements from both
substations). Pi_max represents the maximum allowed power demand in node i, while Ni
represents the number of nodes.

In this paper, the demand changes in every node on an hourly basis, according to the
curve. The active and reactive power demand at each node for time interval t is calculated
as follows:

Pi
t = PDt·Pi_max (8)

Qi
t = tan ϕ·Pi

t (9)

In Equation (9), tanϕ is determined based on the chosen value for cosϕ, which, in
this paper, was 0.95. Therefore, the maximum reactive power in Table 1 represents the
maximum reactive power of that value of cosϕ.

2.4. Distribution Line Modeling, Data, and Voltage Rise Calculation

In this paper, the “backward/forward sweep” algorithm described in [24] was used for
modeling distribution lines and load flow calculations. Matlab, Version R2015A, a widely
used software platform known for its capabilities in numerical analysis, data processing,
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and visualization, was employed for implementing both the load flow calculation and the
optimization algorithm and for processing the experimental results.

The distribution line model is shown in Figure 3. The longitudinal branch contains
the distribution line series resistance RDLi and the series inductive reactance XDLi. Since
the distribution system model contains distribution lines of two voltage levels, all series
line impedances were reduced to the 21 kV voltage level. Real and reactive power Pi, Qi,
Pi−1, and Qi−1 are calculated using the load flow algorithm from PPi, QPi, PP,i−1, and QP,i−1,
which represent the active and reactive power demand in starting node i−1 and end node
i.

Figure 3. Distribution line model.

The model also contains parallel branches, which are introduced to model the capac-
itive currents that underground distribution lines create. For each line, one part of that
reactive power is added to the distribution line starting node and the other half to the
distribution line end node. The reactive power is calculated using Equation (10).

QCi
2

= Ui
2·ω·Ci

2
·(cosϕi + jsinϕi)

2 (10)

In Equation (10), Ci represents the capacitance of the ith distribution line, Ui represents
system voltage, and ϕi represents the phase angle of the voltage.

The current that flows through the distribution transformer and creates voltage rises
or drops is calculated using Equation (11).

IDLi =
Pi·cosϕi + (Qi + QCi/2)·sinϕi√

3 Ui
+ j

Pi·sinϕi − (Qi + QCi/2)·cosϕi√
3 Ui

(11)

In Equation (10), QCi represent the reactive power of the parallel branch of ith distri-
bution line.

The voltage rise on the distribution line is calculated using Equation (12):

Vi − Vi−1 = −(RDLi + jXDLi)·IDLi (12)

In Equation (12), Vi−1 represent the voltage in the node at the beginning of the ith
distribution line and Vi the voltage at the end of the distribution line. RDLi and and
XDLi represent the serial resistance and reactance of the ith distribution line, respectively.
Distribution line lengths are shown in Table 2, and other data are shown in Table 3.
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Table 2. Distribution lines’ length.

Line No.
Length

(km)
Line No.

Length
(km)

Line No.
Length

(km)
Line No.

Length
(km)

2 7.92 20 2.37 37 6.18 55 1.03
4 1.35 21 2.34 38 1.89 56 3.86
5 2.4 22 6.45 39 4.09 57 4.13
6 1.33 23 4.83 40 10.42 58 1.51
7 0.59 24 0.29 41 3.38 59 5.53
8 1.18 25 8.63 42 11.42 60 1.17
9 1.34 26 3.68 43 28.28 61 0.22

10 2.96 27 2.2 45 5.82 62 0.81
11 5.6 28 1.35 46 1.9 63 1.38
12 2.55 29 6.62 47 6.91 64 3.84
13 1.15 30 1.55 48 6.15 65 5.54
14 1.75 31 1.51 49 2.13 66 0.7
15 4.4 32 3.12 50 5.15 67 1.82
16 0.56 33 4.84 51 7.28 68 0.25
17 1.59 34 2.74 52 1.99 69 3.817
18 1.56 35 4.68 53 2.29 70 2.75
19 2.27 36 4.78 54 2.95 71 3.53

Table 3. Distribution lines’ data.

Line No. Type R (Ω/km) X (Ω/km) B (μS/km)

2 35 kVcable 0.176 0.12 63
43 35 kV overhead 0.253 0.35 3.3

4, 5, 7–19, 22–30 20 kV cable 0.164 0.122 85.5
32, 33, 35–42, 20 kV cable 0.164 0.122 85.5

45–54, 56, 57, 59, 20 kV cable 0.164 0.122 85.5
61, 62, 65–71 20 kV cable 0.164 0.122 85.5
6, 21, 58, 60 20 kV overhead 0.43 0.345 3

20, 31, 34, 55, 63, 64 20 kV overhead 0.86 0.365 3

2.5. Distribution Transformers’ Modeling, Data, Voltage Rise Calculation, and Importance in
Analysis

Two distribution transformers are integrated into the model because most voltage
rises are expected to occur at the transformers. The transformer model is shown in Figure 4,
and transformer data are shown in Table 4.

Figure 4. A distribution transformer model.
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Table 4. Distribution transformer data.

Transformer
No.

From
Node

To Node
Installed

Power
(MVA)

PTRm (W) i0 (%) uk (%)

1 2 3 8 47,000 0.8 7
2 43 44 4 24,800 0.8 6

The series resistance RTRi and the series inductive reactance of the distribution trans-
former XTRi have the largest impact on voltage rises and voltage drops that occur. The
series resistance and reactance could be calculated as follows:

RTRi = PCu·Un
2

Sn
2 (13)

ZTRi =
uk

100
·Un

2

Sn
2 (14)

XTRi =

√
Zt

2 − Rt
2 (15)

The aforementioned impedance values of the transformers were calculated for the
nominal voltage value of 21 kV because this voltage is the voltage on the secondary side
of the two transformers in the actual network. Additionally, all the line impedances were
recalculated for the same voltage. In Equations (13)–(15), Sn represents the transformer
installed power, PCu denotes transformer copper loss, and uk is the transformer short-circuit
voltage.

The current that flows through the distribution transformer and creates voltage rises
or drops is calculated using Equation (16):

ITRi =
(Pi + PTRm,i)·cosϕi + (Qi + QTRm,i)·sinϕi√

3 Ui
+ j

(Pi + PTRm,i)·sinϕi − (Qi + QTRm,i)·cosϕi√
3 Ui

(16)

PTRm,i and QTRm,i represent active and reactive power in the parallel branch of the
transformer, where PTRm,i is obtained from the transformer open-circuit test and QTRm,i is
calculated as follows:

QTRm,i =
Un

2

Xmi
2 (17)

Xm,i =
Un√

3 · i0%
100 · In

(18)

In Equation (18), i0% stands for the transformer open-circuit current, and In denotes
the transformer nominal current.

The voltage rise in the power transformer is calculated using Equation (19):

Vi − Vi−1 = −(RTRi + jXTRi)·ITRi (19)

Based on Equations (13) and (15) and the distribution transformer data shown in
Table 4, the serial impedance of the distribution transformer TS 35/20 kV Kupjak can
be calculated to be 0.324 + j3.845 [Ω] and the impedance of the distribution transformer
TS 35/20 kV Gerovo to be 0.684 + j6.58 [Ω]. If we compare these impedances with the
impedances of the distribution lines given in Table 3, we can conclude that the transformer
reactances are larger. We can also conclude that the reverse power flow through distribu-
tion transformers is larger because it contains the sum of the reverse power flows from
all distribution lines after the transformer. Therefore, from Equation (19), used for the
calculation of the voltage rise in the transformer, we can conclude that the voltage rise in
the transformer will have a significant impact on the overall voltage rise in the distribution
system at all nodes located after the distribution transformer.
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From Equation (19), we can see that voltage rises could be decreased by decreasing
the reverse reactive part of the current ITRi by using shunt reactors and the power factor
control of DGs.

2.6. Distributed Generation Unit Data

In this paper, one existing DG with a constant power output is considered with a
connection at node 47. The installed power of this DG is 2500 kW.

2.7. Concise Theory and Specific Advantages of Genetic Algorithms

The genetic algorithm (GA) was chosen for the optimization. GA is a computational
method inspired by natural selection and genetics, initially proposed by John Holland in
the 1960s and further developed by researchers such as David Goldberg. GA simulates the
process of natural evolution to efficiently solve optimization and search problems.

At the core of GA is a population of potential solutions, represented as chromosomes
encoding candidate solutions. The algorithm iteratively evolves this population over
generations, guided by principles akin to biological evolution.

The iterative process of the genetic algorithm begins with an initial population
of chromosomes:

P(0) =
{

x1
(0), x2

(0), . . . , xN
(0)
}

(20)

Each chromosome represents a potential solution to the problem at hand. These
chromosomes undergo evaluation, where their fitness is assessed based on an objective
function defined by the problem domain. This fitness evaluation determines how well each
chromosome solves the problem and guides the selection process. During selection, chro-
mosomes with higher fitness are more likely to be chosen as parents for the next generation.
Various selection methods, such as roulette wheel selection or tournament selection, are
employed to determine which chromosomes proceed to the next stage. Selected parent
chromosomes undergo crossover, where genetic material (genes) is exchanged to create
offspring. Crossover points are randomly selected to maintain genetic diversity within the
population. Additionally, GA introduces occasional mutations, where random changes are
applied to offspring chromosomes. This mutation process promotes the exploration of new
solutions and prevents premature convergence to suboptimal solutions. After generating
offspring through crossover and mutation, the algorithm replaces less fit individuals in
the current population with these new offspring. Elitism strategies may be employed to
ensure that the best-performing individuals survive across generations, maintaining the
population’s overall fitness. The iterative process continues until a termination criterion is
met, such as reaching a maximum number of generations or achieving convergence where
further improvement is unlikely.

GA was chosen because each solution of optimization in this research has 40 opti-
mization variables, and GA is particularly effective in tackling intricate combinatorial
problems with a large number of optimization variables [25]. Therefore, one of the main
advantages is that genetic algorithms excel at exploring solution spaces and finding global
optimal solutions, which is crucial in complex optimization problems where the search
space is large or uneven. Another benefit is that by combining global exploration through
selection and crossover with local exploration through mutation, genetic algorithms strike
a balance between intensive and extensive search, often yielding superior results compared
to metaheuristics focused solely on one aspect of search. Genetic algorithms can be easily
adapted to meet specific optimization problem requirements, such as different types of
constraints or multi-objective optimization, ensuring their wide applicability.

2.8. Implementation of an Optimization Algorithm for Allocation of Shunt Reactors and Hourly
DG Power Factor Recommendation

The optimization variables for one solution of the optimization algorithm are shown
in Table 5. The process of optimization is shown in Figure 5, and the optimization process
is similar to the GA optimization process described in [26].
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Table 5. Genetic algorithm optimization variables.

Proposed DG Power Factor
for All Hours

Position of 8 Shunt
Reactors

Sizes of 8 Shunt Reactors

Gene 1–Gene 24 Gene 25–Gene 32 Gene 33–Gene 40

Figure 5. Genetic algorithm flowchart.

The algorithm starts with inputting data about distribution network topology, network
element impedances and susceptances, maximum power at each node, power demand,
constraints, and genetic algorithm parameters such as population size, number of genera-
tions, and operator factors. The value of the chosen crossover factor is 0.9, and the chosen
mutation factor is 0.1.

The first step is the creation of an initial population of chromosomes with data about
proposed positions and sizes for shunt reactors and optimal power factors of DGs, if
applicable. All proposed solutions for all chromosomes must adhere to the constraints
described in Sections 2.2.1–2.2.4 of this paper. After that, the first generation of the algorithm
is initiated. For the proposed solution for the ShRs and power factors of DGs, the new data
about active and reactive power in each node is calculated. Then, load flow calculations
are made using a backward–forward sweep algorithm for the whole distribution network
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at all time intervals. After that, voltage rises are calculated for all distribution lines and
transformers using Equations (12) and (19). Then, all chromosomes are evaluated using the
calculation of the objective function given in Equation (1), which calculates the overall sum
of voltage rises in the whole distribution network in all time intervals. After that, genetic
algorithms apply crossover and mutation operators if the probability of each operator is
met. All proposed solutions for all chromosomes after applying crossover and mutation
factors must adhere to the constraints described in Sections 2.2.1–2.2.4 of this paper.

The process repeats until the last generation of the algorithm is executed. After that, the
algorithm finds the best solution by calculating the objective function given in Equation (1).

2.9. Comparision with Other Established Methods for Voltage Rise Mitigation

This study proposes a novel approach for addressing voltage rise issues in distribution
networks through a comprehensive methodology that integrates various contributing
factors into a unified solution. By accurately modeling the entire system, including medium-
voltage lines, distribution transformers, and the effects of low power demand and long
underground cable lines, the method aims to mitigate voltage rises effectively across
multiple voltage levels. Existing methods typically focus on mitigating voltage rises at
single voltage levels, whereas our approach uniquely addresses these challenges across
multiple voltage levels of the distribution network.

Unlike traditional approaches that may focus on singular aspects such as shunt reactors
or power factor control alone [19], this method combines the allocation of fixed shunt
reactors with hourly power factor control of distributed generators (DGs). This integrated
approach ensures a more balanced reduction in voltage rises by effectively managing
reactive power flows at critical nodes. The study emphasizes the role of distribution
transformers in voltage rise occurrences, showing that significant voltage rises often occur
at these points due to reverse reactive power flows. This insight underscores the importance
of modeling transformers to effectively tackle voltage rise challenges, a perspective that
distinguishes this study from the existing literature.

2.10. Cost Analysis of Shunt Reactor Deployment

The existing studies on the installation of shunt reactors [18–20] have excluded a
comprehensive cost–benefit analysis. Shunt reactors are typically installed in power grids,
facing issues with excessive reverse flows of reactive power. Installing compensating shunt
reactors is a necessary solution to mitigate these reverse flows. An alternative would be to
deactivate the cables, generating these reverse flows and connecting existing consumers via
new overhead lines. However, such an approach is often not economically viable compared
to the installation of shunt reactors.

According to [27], an MV aluminum conductor with a cross-sectional area of 185
mm², which is the most prevalent in the network in our study, generates a capacitive
reactive power of 34.2 kVAr/km. This means that to reduce the capacitive reactive power
by 1 MVAr, approximately 29.24 km of the mentioned cable would need to be removed
and replaced with overhead lines. According to [28], the construction cost of overhead
lines would amount to at least USD 62,150 per kilometer. Therefore, the construction of
a 29.24 km overhead line needed to remove a 29.24 km cable line could cost around USD
1.8 million.

According to [29], the cost of installing shunt reactors is USD 54,000/MVAr. Therefore,
installing 1 MVAr of shunt reactors at an approximate cost of USD 54,000 would present a
much more cost-effective solution compared to alternatives, such as replacing a 29.24 km
cable with overhead lines, which could cost around USD 1.8 million.

3. Results

3.1. Cases Studied

The simulations were made to demonstrate the effectiveness of the proposed method
for mitigating voltage rises by allocating shunt reactions and using the hourly recom-
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mended power factors of the DG unit. The simulation was made for a single objective
function for voltage profile improvement based on the fitness function given in Equation
(1).

To compare the results, three simulation cases were considered. Before applying the
method, load flow calculations were made for the initial network state without connected
shunt reactors and with the existing DG unit working at unity power factor. Then, in
Case 1, the algorithm recommended the hourly power factor of the existing DG without
connecting new shunt reactors. In Case 2, the algorithm allocated and sized up to eight
shunt reactors without hourly power factor control of the existing DG. Finally, in Case 4,
the algorithm used both new shunt reactors and hourly power factor control of the DG.

3.2. Results and Comments

The results for the locations and sizes of new shunt reactors for various cases are
shown in Table 6. The results for recommended DG power factors for previously installed
DG units are shown in Table 7.

Table 6. Allocation of shunt reactors.

Case 1 Case 2 Case 3

New ShR
Size

(kVAr)
Location

Size
(kVAr)

Location
Size

(kVAr)
Location

1 - - 1000 49 700 48
2 - - 900 40 600 30
3 - - 800 3 600 42
4 - - 100 37 800 49
5 - - 200 25 700 4
6 - - 300 57 700 48
7 - - 800 49 1000 47
8 - - 1100 24 1100 18

Overall - - 5200 - 6200 -

Table 7. Recommended DG power factors.

Hour
Power Factor

(Case 1)
Power Factor

(Case 2)
Power Factor (Case 3)

1–4 0.95cap 1 0.96, 0.97, 0.975, 0.975
5–8 0.95cap 1 0.97, 0.96, 0.895, 0.865

9–12 0.95cap 1 0.86, 0.85, 0.875, 0.865
13–16 0.95cap 1 0.855, 0.865, 0.895, 0.915
17–20 0.95cap 1 0.91, 0.91, 0.91, 0.905
21–24 0.95cap 1 0.915, 0.915, 0.93, 0.955

In Case 1, voltage mitigation is achieved only by controlling the power factor of one
DG installed in part of the distribution network powered by TS 35/20 kV Gerovo in nodes
45 to 71. The algorithm in all parts of the day proposed the maximum leading power factor
of 0.95. With this power factor, the existing DG behaves as a consumer of excessive reactive
power. However, since the DG produces 2.5 MW of real power, with a leading power factor
of 0.95, the DG unit can consume only around 0.84 MVAr of reactive power. Figure 6 shows
the overall reactive power in branch 44 of the power transformer in TS 35/20 kV Gerovo.
The large reverse reactive power flow is partially reduced, but is still high.

Therefore, the voltage rise is slightly mitigated, as shown in Figure 7, which shows the
voltage in the whole distribution network at 3 AM. In nodes 45 to 71, which are powered
from TS 35/20 kV Gerovo, the maximum voltage rise is reduced, but only from 1.13 p.u.
to 1.11 p.u. The voltage at the end of MV line 43 is around 1.07 p.u., which shows that
even the voltage rise issue in that MV line is not fixed. The voltage in nodes 2 to 42 is not
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affected because changing the power factor of the DG unit in node 47 does not have an
impact on that part of the distribution network.

Figure 6. Reactive power in branch 44 of the TS Gerovo transformer.
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Figure 7. Voltage profile for nodes 1–71 at 3 AM.

In Case 2, the algorithm proposed the locations and sizes of new shunt reactors, but
without power factor control of the existing DG. The algorithm recommended the allocation
of shunt reactors with a total installed power of 5.2 MVAr. Figure 7 shows that the voltage
magnitudes at all nodes are significantly reduced. The maximum voltage rise is 1.07 p.u.
and the voltage at all nodes is near the desired magnitude of 1.05 p.u. Figure 8 shows the
voltage in node 44 on the secondary side of the transformer in TS 35/20 kV Gerovo. The
voltage in this case is within the range of 1.04 p.u. to slightly above 1.06 p.u., which is much
better than in Case 1.
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Figure 8. Voltage at node 44 on the secondary side of TS 35/20 kV Gerovo at 3 AM.

In Case 3, the algorithm proposed the locations and sizes of new shunt reactors and
also the optimal power factor of the existing DG, as shown on Figure 9. The algorithm
recommended the allocation of shunt reactors with a total installed power of 6.2 MVAr.
The algorithm proposed a lagging power factor of the existing DG in the range of 0.85 to
0.975 p.u., as shown in Figure 8.
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Figure 9. Proposed DG power factor for Case 3.

The combination of new shunt reactors and DG power factor control achieved the best
results in voltage rise mitigation. Figure 7 shows that the voltage in all nodes in Case 3 is
very close to the desired 1.05 p.u. at 3 AM. Figure 8 shows that the voltage in node 44, on
the secondary side of the transformer in TS 35/20 kV Gerovo, is very close to the desired
value of 1.05 p.u at all times of the day.

To summarize, Figure 6 shows the reactive power flow in branch 44 at the TS 35/20 kV
Gerovo transformer. In Case 1, voltage rise mitigation adjusted the DG power factor,
resulting in a modest reduction in the reverse reactive power flow. Cases 2 and 3 achieved
significant reductions in reactive power flows through the deployment of SHRs, with Case
3 also optimizing DG power factor control. Figure 7 displays the voltage profile of the
whole network at 3 A.M. In Case 1, adjusting DG power factors slightly reduced the voltage
rises to around 1.11 p.u. Case 2, using SHRs, saw voltages peak at 1.07 p.u. Case 3, with
SHRs and optimized DG factors, maintained stable voltages of around 1.05 p.u. across all
nodes. Figure 8 shows the voltage at node 44 on the secondary side of TS 35/20 kV Gerovo
at 3 AM. Case 1 limits voltage to 1.1 p.u., Case 2 ranges between 1.04 to slightly above
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1.06 p.u., and Case 3 is near the desired 1.05 p.u. Figure 9 illustrates the proposed DG
power factor for Case 3, ranging from 0.85 to 0.975 p.u., as recommended by the algorithm.

3.3. The Importance of Modeling Distribution Transformers in Voltage Rise Analysis

Figure 10 shows part of the distribution network, which includes one 35 kV overhead
line between nodes 1 and 43, one 35/20 kV distribution transformer between nodes 43 and
44, and five 20 kV distribution lines from node 44 to node 49.

(a) (b)

Figure 10. Part of the distribution network (a) and the voltage profile in that part of the network (b).

Without the implementation of the presented method, it is notable (Figure 10b) that
the overall voltage rise from the start to the end node of this part of the distribution network
is approximately 0.08 p.u. The voltage rise in the 35 kV line between nodes 1 and 43 is
approximately 0.03 p.u. The voltage rise in the 35/20 kV distribution transformer between
nodes 43 and 44 is 0.04 p.u. The voltage rise in the 20 kV part of the distribution network
between nodes 44 and 49 is 0.01 p.u. It is clear that the voltage rise in the distribution
transformer represents approximately half of the overall voltage rise. It is also important to
note that the voltage rise in the distribution transformer is caused not only by reverse power
flows from the distribution network between nodes 44 and 49 but also by reverse power
flows from all other distribution lines that are modeled after that distribution transformer.
The results for Cases 1 to 3 show that with the implementation of the presented method,
the voltage rises decreased. In Case 3, the algorithm even recommended a small voltage
drop in the distribution transformer in order to keep the voltage in the remaining part of
the network close to the desired one. Therefore, modeling distribution transformers is very
important in voltage rise analysis.

4. Conclusions

This paper proposed a novel general approach for analyzing and mitigating voltage
rise issues in distribution networks where the entire system is accurately modeled and
various elements that contribute to voltage rises are unified into a single method for
the mitigation of voltage rises on multiple voltage levels of a distribution network. The
proposed method may prove beneficial in the analysis and mitigation of voltage rises
caused by low power demand and very long underground cable lines, which create a
significant amount of reverse reactive power flow. The primary objective of this paper was
to reduce voltage rises. The proposed method has been demonstrated in the analysis of
voltage rise issues within a real distribution network operating under these conditions,
with a focus on exploring potential solutions.
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The distribution system model used in this paper contains MV lines at two voltage
levels and distribution transformers that are connections between these two voltage levels.
Through simulations, it was established that by implementing hourly power factor control
of the DG unit, voltage rise issues could be mitigated. The maximum voltage rise was
reduced, but only from 1.13 p.u. to 1.11 p.u., during a critical part of the day when the
demand is lowest. Another case showed that precise allocation and sizing of fixed shunt
reactors can also decrease reactive power flows and reduce voltage rises. The maximum
voltage rise during a critical part of the day was reduced from 1.13 p.u. to 1.07 p.u.

The best results in the mitigation of voltage rises are achieved by combining the
allocation of new shunt reactors and the control of the power factor of the existing DG. In
this case, the voltage in all nodes in the part of the network with the installed DG is held
very close to the set value of 1.05 p.u. The fixed shunt reactor consumes a large amount
of reactive power, while changing the DG power factor precisely injects the remaining
reactive power of the DG unit, through which the transformer voltage is controlled during
different time intervals.

The scientific innovations of this paper are summarized as follows:

(1) In this paper, we proposed the use of a new method for an improved approach to
evaluating voltage rise, where the entire system is more accurately modeled and
various elements that contribute to voltage rise are unified into a single method for
the mitigation of voltage rises. In addition to the usual modeling of distribution lines,
the method precisely models transformers due to their significance for voltage rises.
It also models distribution lines at two voltage levels, not just at one. The method also
unifies and accurately models the components of distribution lines responsible for
creating reverse flows of capacitive reactive power, particularly the parallel branches
that inject capacitive reactive power.

(2) Unlike traditional methods that often address voltage rise issues in isolation or at
a single voltage level, our method provides an integrated approach that considers
multiple voltage levels and unifies various mitigation elements into a coherent strategy.
This holistic modeling significantly enhances the accuracy and effectiveness of voltage
rise mitigation.

(3) In the analysis of voltage rises caused by low power demand and long underground
cable lines that generate reverse reactive power flows, it is important to model dis-
tribution transformers because the transformers are the location where voltage rise
predominantly occurs. The research showed that in the selected network example,
which is based on a real distribution network, in the moments of the highest voltage
increase, half of the voltage rise occurs in the transformer.

(4) It is possible to mitigate voltage rises with the use of shunt reactors or DG power
factor control. The research results based on a real example showed that the voltage
at 3 a.m. could be decreased from 1.13 to 1.11 p.u. with DG power factor control and
from 1.13 to 1.07 p.u. with shunt reactors. However, the best results are achieved by
combining the allocation of new shunt reactors and hourly control of the power factor
of DGs. In this case, the highest voltage is decreased very close to the desired value of
1.05 p.u. The best results in mitigation of voltage rises are achieved by using a fixed
shunt reactor that consumes a large amount of reactive power and changing the DG
power factor to precisely inject the remaining reactive power of the DG unit.

Future research should include testing the obtained results using other optimization
techniques and focus on influencing voltage rise prevention during the development
planning of distribution networks. Strategies such as reducing the cross-sectional area
of cable conductors to minimize transverse capacitance and planning overhead lines can
effectively decrease reverse capacitive currents, thereby mitigating voltage rises without the
need for additional investments in ShRs or DG power factor control. Moreover, evaluating
the impact of integrating new DGs on voltage conditions and optimizing their integration
into existing networks are important areas for further investigation. Exploring network
reconfiguration possibilities also offers promising avenues for reducing voltage rises in
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distribution systems. Additionally, it is necessary to investigate how excess reverse reactive
power affects higher-level transmission networks. Given that during the analysis of this
study, the authors noted frequent instances of elevated input voltages from the transmission
network, voltage rise represents a problem that extends across multiple voltage levels and
should thus be addressed accordingly. This study provides a solution for analyzing the
voltage rise issue on multiple voltage levels of a network.
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Abstract: The presence of non-linear, time-variant loads in power networks introduces harmonics
and other power quality issues in voltage and current waveforms. With the growing prevalence
of power electronics, managing harmonic distortion has become a significant challenge in modern
power distribution systems. This study aims to assess and analyze power quality at various locations
within an academic institution (Sultan Qaboos University). The study encompasses the outputs of PV
converters, uninterruptible power supplies (UPS), chillers with variable-speed motors, 11 kV/415 V
transformers at both the College of Engineering and the Center of Information Systems, as well as two
main substations supplying power to the university (33 kV/11 kV). Data collected—such as harmonic
content in current and voltage waveforms and Total Harmonic Distortion (THD)—were meticulously
analyzed to identify the factors affecting waveform quality. Measurements were conducted using
advanced power quality instruments (Fluke 435-II), and the data were analyzed using MATLAB
software. The study reveals that most results adhered to both the Oman grid code and international
standards. The findings and methodology presented in this paper provide a critical benchmark
for guiding standards compliance as Sultan Qaboos University, and other academic institution,
undertakes the modernization of aging equipment and the expansion of new high-tech facilities.

Keywords: academic institution; harmonics distortion; non-linear loads; power electronics; power
quality

1. Introduction

End users and electric utilities companies are highly concerned about power quality
owing to the use of powerful electronic devices with microprocessor-based controls, con-
tinuous growth in the application of variable speed drives and capacitors banks, and the
equipment being more interconnected in the system so the impact of a problem becomes
more severe. These devices could include arc furnaces, computer power supplies, HV DC
systems, and renewable energy systems, etc. These nonlinear loads could draw harmonic
and neutral currents, cause system imbalances, reduce system efficiency and power factors,
interfere with nearby communication systems, and disturb other consumers. The current
distortion causes a voltage distortion due to the presence of system impedance. All loads
connected to the same point of common coupling to which the original, disturbing load is
connected will also be affected.

There are several methods that can be utilized to reduce harmonics in power systems,
such as using active and passive filters, reducing the harmonic currents produced by the
load by adding a line reactor or connecting specialized transformers, and modifying the
frequency response of the system by connecting filters, inductors, or capacitors. However,
the problem with passive filters is their large size, resonance, and fixed compensation. These
drawbacks can be overcome by using active filters, which is a well-developed technology.
Many active filter configurations exist to compensate for harmonic currents, reactive power,
neutral currents, harmonics, and unbalanced currents [1].
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If grid-connected PVs utilize inverters, the harmonic distortion at the point of common
coupling (PCC) should not affect the quality of supply to customers connected to the point.
The harmonic content of the waveform can be evaluated by Total Harmonic Distortion.
The harmonic voltage distortion limits of nominal fundamental frequency voltage and
the harmonic current distortion limits current at the PCC are given by IEEE Standard 519-
2022 [2]. Furthermore, there are IEC standards, such as the IEC 61727 about PV systems [3]
and IEC 61000-3-2,12 [4,5], which apply to low-voltage systems and define maximum limits
for individual harmonic currents and THD limits, depending on the short-circuit ratio of
the grid and the nominal power of the generating unit.

Several researchers investigated harmonics distortion due to the integration of the
PV-inverter in electrical systems. An investigation on the power quality characteristics
of residential PV inverters installed on small-sized rooftop PV stations was presented
in [6]. Reference [7] investigated the power quality of single-phase grid-connected PV in
a low-voltage system. The study reveals that the THDI fell below 10% when the inverter
exceeded 50% of its rating. The 7th and 9th harmonic orders were the main contributors to
THDI across all conditions. Reference [8] discussed the presence of current and voltage har-
monics caused by the connection of PV systems and various load types on the power grid,
suggesting that system performance could be improved by compensating for harmonics
at the point of common coupling. An investigation and characterization of the harmonic
interactions and distortion level on modern residential loads were reported in [9]. The
measurement showed that the distortion in the current waveform reached as high as 45%.
A case study on the harmonic profile in an electrical distribution system was presented
in Reference [10], which included measurements of both three-phase and single-phase
harmonics. The findings indicated a significant current unbalance, reaching up to 56% of
the phase current, along with a high level of total harmonic distortion (THD) in the current,
peaking at 30.36%, and a Total Current Demand Distortion (TDD) level of up to 10%.

Reference [11] examined the use of a unified power quality conditioner to mitigate the
power quality problems existing in the grid and the harmonics penetrated by the non-linear
loads. The conditioner is supported by a photovoltaic and battery energy storage system.
An optimized unified power-quality conditioner (UPQC), which aims to integrate series
and shunt active power filters with a minimum volt–ampere (VA) loading of the UPQC, was
presented in [12]. The validity of the proposed scheme was proved through an experimental
investigation in the laboratory. In reference [13], a transformerless hybrid series active
filter, using a sliding-mode control algorithm and a notch harmonic detection technique,
was implemented to compensate for source current harmonics. The realized active power
filter enhances the power quality while cleaning the point of common coupling (PCC) from
possible voltage distortions, sags, and swells. Reference [14] assessed the level of harmonic
pollution in a healthcare facility. The investigation focused on assessing the level of THD in
this facility. In this paper, a detailed power quality assessment was conducted at Sultan
Qaboos University (SQU) focused on identifying harmonic penetration across the campus
infrastructure. Measurements were taken at the end-load level, building distribution panels,
and main substation buses to quantify distortion propagation through the system. The
data were analyzed using MATLAB software. The results highlight the impacts of diverse
and aggregate linear loading, with noticeable differentiation between more and less heavily
loaded sections of the distribution network. Recommendations are provided for ongoing
monitoring and consideration of targeted mitigation efforts to maintain power quality as
campus loads modernize and electricity demands increase. The presented methodology
and dataset provide a benchmark to guide standards compliance as SQU upgrades aging
equipment and expands new high-tech facilities.

2. Harmonic Analysis and Decomposition of Distorted Waveform

Every periodic waveform can be analyzed as a combination of a fundamental fre-
quency sinusoid and multiple sinusoids at harmonic frequencies. The presence or absence
of coefficients for these sinusoidal terms depends on the nature of the waveform. In
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some cases, there may also be a direct current (d.c.) component that complements these
purely sinusoidal terms. This concept can be mathematically described using the following
equation [7,8].

f (t) =
ao

2
+

∞

∑
n=1,2,3...

(an cos nωt + bn sin nωt) (1)

where
f (t) is a generic periodic waveform;
ao is the d.c. component;
an, bn are the coefficients of the series;
n is an integer number between 1 and infinity.
The coefficients of the series can be calculated as follows:

ao =
1
(T)

T∫
0

√
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0
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T = 2π is the period. Harmonic pollution on a power line can be quantified by a
measure known as Total Harmonic Distortion or THD [1]. THD is the ratio of the root mean
square values of harmonic components to the root mean square value of the fundamental
component.

The Total Harmonic Current Distortion factor (THDI) can be calculated by:

THD%|I = 100% ×
√√√√∑

h �=1

(
Ih
I1

)2
(2)

where
I1 is the fundamental root mean square current component;
Ih is the harmonics root mean square current component.
The Total Harmonic Voltage Distortion factor (THDV) can be calculated by:

THD%|V = 100% ×
√√√√∑

h �=1

(
Vh
V1

)2
(3)

where
V1 is the fundamental root mean square voltage component;
Vh is the harmonics root mean square voltage component.
Another useful index for the current can be used, which is the Total Demand Distortion

(TDD). Equation (4) describes this index. In this index, the sum of the harmonics is
compared to the demand current, not to the fundamental current, as in (THD).

TDD%| = 100% ×
√√√√∑

h �=1

(
Ih
IL

)2
(4)

where IL is the demand current during the test period, TDD(I) = Total Current Demand
Distortion.

3. System Information and Measurement Setup

The power grid of SQU has an internal 11.0 kV network ring supplied by three
substations (A, B, and C) that step down the voltage from 33 kV to 11 kV. Each building
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and load center has a step-down transformer (11/0.415 kV), as depicted in the single line
diagram (SLD) in Figure 1. The harmonics measurement and analysis were undertaken at
different locations within the SQU campus, at the load levels, such as UPS and VFDs, at the
415 V busbar of the step-down transformer (11/0.415 kV) and the main substation at the
11 kV bus. Such diversity helps map and quantify the harmonics penetration and spread at
the main PCC within the grid and also within the university networks. At the measurement
points, three voltage phases, current, THD, and harmonics content, were monitored as the
typically required measurement qualities for a power quality investigation at this site.

Figure 1. Representative SLD for the SQU 11 kV and 415 V networks.

3.1. PQ Monitoring Results and Analysis for the PV-Inverter System

Figure 2 shows the SLD for the PV system under study and the location of the mea-
surement point, the PQ meter. This is a Car Park PV project located at the SQU campus,
and the system consists of 333 solar PV panels with a rated power of 255 Wp for each
panel. The panels are grouped and connected into four on-grid inverters. The size for each
inverter is 20 kW with 4 strings of photovoltaics [15].

Figure 2. SLD of the PV-inverter system.

Figure 3 shows the profile of the current, voltage, THDI, and THDV for one week.
The THDV variation was between 0.9% and 1.7%, while the THDI had a wider range of
values, and thus, TDD analysis was required in this case. Figure 4 shows the zoom for
two days. It is observed that TDD showed a steady variation for the generation period
with a maximum value of 3.315%. THDI decreased when the PV system generated power
but exhibited significant spikes during the transition periods at sunrise and sunset when
energy production from the PV started and stopped. Figure 5 shows the variation in THDI
with the output current. Analysis revealed that THDI dropped to 10% when the generated
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power reached 17% and further decreased to 5% at 37% of the generated power. Figure 6
illustrates the variation in THDI at different times of the day, indicating a higher THDI at
the beginning and at the end of power generation from the PV inverter (i.e., at sunrise and
sunset). The THDI was higher in the afternoon compared to that in the morning and toward
sunset compared to sunrise, which is likely due to the grid status and background voltage
harmonics. Figure 7 shows the variation in voltage THD at the grid connection point for
the same day. It is clearly observed that the voltage THD was higher in the afternoon and
at sunset compared to sunrise. As is clearly observed, the THD-I value in the afternoon
was higher than that in the morning for the same percentage of generated current. This
increase was mainly due to an increase in the grid distribution. Since the inverter controller
used grid voltage for its synchronization and feedback control, voltage harmonics impaired
control performance, leading to increased current harmonics.

Figure 3. Current, voltage, THDI, and THV of the PV-inverter.

Figure 4. Variation in THDI and TDD over a two-day period varies in current and active power.
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Figure 5. Variation in THDI versus the output current.

Figure 6. Variation in the THD-I during the day with respect to the percentage of generated current
from the PV system.
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Figure 7. Variation in the THD-V at the PCC point at a percentage of generated current from
PV system.

3.2. Monitoring Results and Analysis CIS and UPS

Figure 8 shows an SLD for the electrical system in the Computer Information Center
(CIS) at the university. This system consists of an uninterruptible power supply (UPS),
lighting loads, air conditioning units (ACs), and other single-phase loads. The system is
supported by a standby diesel generator (for emergencies). This site is supplied by an
internal 11 kV distribution system within the university through a distribution transformer
(11/0.415 kV). The measurements were conducted at two measurement points (PCC#1 and
PCC#2), as depicted in Figure 8.

Figure 8. Single line diagrams for the CIS system under study.
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3.2.1. Voltage Profile and Quality at the CIS Bus (PCC#1)

Plots in Figure 9 show the variation in three voltage phases. (The plots show three
values: minimum, average, and max.). The voltage varied between 243.5 and 228.71 V,
which is within the distribution code of Oman, ±6% of the normal value (240 V) [16].
Figure 10 shows the THD and harmonics voltage contents. The maximum records THDV
for the three phases, A, B, and C, are 1.69%, 2.1%, and 1.49%, respectively, with an average
value for all phases of 0.88%, which is within the acceptable value based on IEEE519 [15].
The dominant harmonics in all the phases were the 5th and 7th. The THD voltage showed
varying values among the phases, which can be attributed to the unbalanced loading
between them.

Figure 9. Voltage profile at the CIS main bus.

Figure 10. THD and Harmonics Spectrum for the phase voltages (Red triangle: maximum value,
green triangle: minimum value, blue/green bar: average value).
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3.2.2. Current Profile and Quality of the UPS System (PCC#2)

Plots in Figure 11 represent the root mean square average current patterns for the UPS
for almost three days. As observed, the current had the same span variation (with min 24
A to max 30 A). This is a typical profile for such a system. The three current phases had
some level of unbalance, especially for phase B, but were still within the acceptable limit.

Figure 11. The three phases’ root mean square average current patterns at PCC#2 (at the UPS
connection point).

Figure 12 shows the variation in TDD. It is clearly understood that the UPS system
exhibited merely a constant harmonics pattern for its complete daily cycles. Figure 13 shows
the average TDD, THD, and Harmonics Spectrum for phase currents. The current was
highly distorted, and it had odd as well as even harmonics. The dominant harmonics were
different between the phases: for phases A and C, it was the 7th, while for phase B, both the
3rd and 7th were dominant. The TDD reached 11.95%, 14.83%, and 13.03% for phases A, B,
and C, respectively. Phase B showed higher harmonics current distortion, which explains
the increase in voltage distortion, as observed in Figure 13. Figure 14 shows the active,
reactive, and power factors consumed by the UPS. The active power varied between 17 and
21 kW, with an average power factor of 0.98. The UPS-injected reverse reactive power varied
between −1.8 and −2.8 kvar. This negative var was due to the filter capacitance existing
on the front side of the UPS. The maximum registered current was 29 A (as observed in
Figure 8). The short circuit level at PCC#1 can be calculated by Isc(pu) = Vpu/Zpu. Zpu is
the transformer impedance of 4.5%. Hence, Isc = 1.0/0.045 = 22.22 p.u. (i.e., 2318.7 A). The
ratio of Isc/IL was ratio = 2318.7/29 = 80, as per the IEEE519. The TDD limit was 12%,
revealing that the TDD was over the limit at PCC#2.

Figure 12. Variation in TDD against load current.
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Figure 13. TDD, THD, and Harmonics Spectrum for the phase currents (Red triangle: maximum
value, green triangle: minimum value, blue/red/green bar: average value).

Figure 14. Active, reactive, and power factor for the UPS.
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3.2.3. Current Profile and Quality for the Main Incomer (PCC#1)

Figure 15 represents the root mean square current patterns during the ten-day test
period. The plots show the variation in three values of the phase currents: minimum,
average, and maximum, and Figure 16 shows the associated THDI profile. Figure 17 shows
TDD, THD, and Harmonics Spectrum for phase currents. At this point, the current was
slightly distorted. The level of harmonics at the PCC point was reduced due to harmonics
cancelation and increased with linear load compared with no linear load. The TDD reached
an average of 2.3% for phases A, B, and C, respectively. The dominant harmonics were the
3rd, 5th, and 7th. According to IEEE519, the TDD level at PCC#1 was within the standard.
It is worth mentioning that the distortion created at PCC#1 by the UPS system did not
significantly impact the overall TDD at PCC#1. This is attributed to the size of the UPS
compared to the overall system size.

Figure 15. The three phases’ current profiles during the test period.

Figure 16. The three phases’ THD current profiles during the test period.
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Figure 17. TDD, THD, and Harmonics Spectrum for the phase currents. (Red triangle: maximum
value, green triangle: minimum value, blue/green/red bar: average value).

Figure 18 shows the patterns for the selected phase (phase A, other phases showed
similar profile), its current, THDI, TDD, and the dominant harmonics. The current indicated
two loading levels: a day loading level where the current reached an average of 530 amp
and a night loading level with an average value of 250 amp. The harmonic levels increased
at night and decreased during the day, as observed in Figure 19. The THD ranged between
2 and 4%, and the dominant harmonic was the fifth. Such a profile can be attributed to the
increase in linear loads during the day (mainly AC motors). However, for both operational
scenarios, the TDD did not exceed 2.2%.

Figure 18. Phase current, TDD, THD, and Harmonics Spectrum for phase A.
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Figure 19. Variation in THD against load current.

3.3. Current Profile and Quality for a Motor Drive (Variable Speed Drive, VDF)

Most of the cooling systems on campus are based on a chiller system, where chilled
water is circulated among the buildings using motor pumps. These motor pumps were
recently upgraded with variable-speed drives (VFDs) to enhance control and efficiency.
This subsection shows the measurement and analysis for two types of VFD.

3.3.1. Current Profile and Quality for VFD-I

Figure 20 shows the average three phases’ currents, THDIs, and TDDs for the VFD
used in the HVAC system (for circulating the cooled water). The measurements were taken
for almost 24 h. The currents varied between 7.5 A and 9.0 A. Figure 21 shows a screenshot
of the current waveforms, which represent 6-pulses. The current of the phase C was highly
distorted. The average value of THDI was 130%, and the average value of TDD was 63%.
The dominant harmonics currents were 5th, 7th, 11th, and 13th, as depicted in Figure 22.

Figure 20. Patterns for the three phases’ current, TDD, THD for VFD-1.
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Figure 21. TDD, THD, and Harmonics Spectrum for the phase currents of VFD-I. (Red triangle:
maximum value, green triangle: minimum value, blue/green/red bar: average value).

Figure 22. Patterns for the three phases’ current, TDD, THD for VFD-II.

3.3.2. Current Profile and Quality for VFD-II

Figure 22 shows the average three phases’ current, THDI, and TDD for the VFD used
in the HVAC system (for circulating the cooled water). The currents changed around a
value of 43.0 A. Figure 23 shows a screenshot of the current waveforms, which represent
6 pulses operation. The current in phase C was highly distorted. The average value of

46



Energies 2024, 17, 3998

THDI was 110%, and the average value of TDD was 72%. The dominant harmonics currents
were the 5th, 7th, 11th, and 13th, as shown in Figure 24.

Figure 23. Screenshot of the three phases’ waveforms for VFD-II.

Figure 24. TDD, THD, and Harmonics Spectrum for phase currents of VFD-2. (Red triangle: maxi-
mum value, green triangle: minimum value, blue/green/red bar: average value).

3.4. Current Profile and Quality at Engineering Building

A sample from the colleges on the SQU campus was monitored, which was the College
of Engineering. Figure 25 shows a single line diagram of the electrical system used in
the engineering building. This system consists of an HVAC based on variable frequency
drives (VFDs), light loads, and other loads. Figure 26 shows the current, THDI, and TDD
measured at the 0.415 kV bus on the LV side of the building transformer. The current
showed two levels: a day level that reached 430 A, and a night level dropped to 155 A.
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Figure 25. Single line diagrams for the engineering building system.

Figure 26. The three phases’ current, TDD, THD.

3.5. Current Profile and Quality at Main Substation C

Figure 27 shows a representative SLD for substation C 33/11 kV. The measurements
were taken on the 11 kV side of the transformer, as pointed out in the figure. The mea-
surement was limited to current due to the accessibility limitation to the voltage circuit
and we observed that there were no issues with voltage harmonics, as the downstream
measurement showed that the voltage distortion was below the limit.
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Figure 27. Representative SLD for Substation C.

Figure 28 shows the measured phase currents and the THDI at the measured point,
indicated in Figure 27, which was the 11 kV incomer side of the main substation C that feeds
the university outgoing feeders. From Figure 28, the variation and relationship between
the load current level and the THD-I was not consistent over different periods. As depicted
in point 1 of Figure 28, the relationship was directly proportional during certain periods.
However, in other periods, it was inversely proportional, as shown in point 2. This kind of
pattern created two group levels of the THD-I chat, which are shown in Figure 29, which
shows THD with respect to the current that flowed in the phases.

Figure 28. The three phases’ currents and their THDs patterns at Substation C.

It is interesting to note that, for the same load current, there were multiple values
for the THD-I, as highlighted by the rectangular area in Figure 29. The THD-I varied
from 7% to 14%, depending on the load’s operational mode. When linear loads were
switched on, the THD was lower, whereas the addition of nonlinear loads increased the
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THD. For the transition to a higher current, as seen in Zone 2 of Figure 29, the THD-I point
in Figure 29 shifted from Zone A to Zone B. For the same Zones A and B, the THD-I showed
a downward trend. This can be explained by the transition to a higher current.

Figure 29. Variation in Total Harmonic Distortion (THD) for the different phases with respect to the
current that flowed in the phases at Substation C.

The variation in THD exhibited a unique profile that was highly dependent on the
timing of operations. During certain periods, as the current increased, the THD decreased
(Period A in the graph), indicating that the added loads were linear. Conversely, in other
periods, as the current increased, the THD increased, indicating that the added loads
were nonlinear. This behavior was consistent for both low- and high-current operations.
However, when transitioning from low- to high-current groups, there was a noticeable
increase in THD.

Figure 30 illustrates the TDD, THD, and Harmonics Spectrum for the phase currents
of Substation C. The Total Demand Distortion for different phases was similar, whereas the
THD for phase A was slightly lower compared with the other phases. The average THD
was 10.45%, while the average TDD was 8.35%. The dominant harmonics currents were
5th, 7th, 11th, and 13th, as depicted in the figure.

Figure 30. TDD, THD, and Harmonics Spectrum for the phase currents of Sub C. (Red triangle:
maximum value, green triangle: minimum value, red/blue/green bar: average value).
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3.6. Current Profile and Quality at the Main Substation A

SQU has built a new substation, substation A, to meet the new demand associated
with an increase in the system capacity and new buildings for the hospital. The new
building has been equipped with modern electrical devices, and the majority are power
electronics-based devices (LEDs, LCDs, medical equipment, etc.). However, the cooling
load was still the majority load, which represented around 70% of these buildings. The
measurements were repeated at the main substation A, and an almost similar trend in
results was obtained to that of substation C. The load current consumed from this substation
was more (almost 300 A) compared with substation C (around 100 A). Figure 31 shows the
measured phase currents, and the THD-I measured at the 11 kV bus of the main substation
station. Compared with substation C, the levels of THD and TDD were lower at this
location. The reduction in THD and TDD was around 60%, and phase A had the lowest
distortion for both substations. The loads on the two phases were slightly lower compared
with the load on the third phase, as shown in Figure 31. These two phases will have slightly
more THDI compared with the third phase. The variation in THD-I across different phases
relative to the load current is depicted in Figure 32. Generally, at this site, as the load
increased, THD-I decreased. This is because the additional load consisted mostly of linear
loads, resulting in a lower THD. There was more variation in phases B and C compared
with that of phase A since the load on phase A was compared more with the other phases.

Figure 31. The three phases’ currents and the THD for the different phase currents at Substation A.

Figure 32. Variation in Total Harmonic Distortion (THD) for the different phases versus the phases
current at Substation A.
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Figure 33 illustrates the TDD, THD, and Harmonics Spectrum for the phase currents
of Substation A. The Total Demand Distortion for different phases was identical, whereas
the THD for phase A was slightly lower compared with the other phases.

Figure 33. TDD, THD, and Harmonics Spectrum for the phase currents of Substation A. (Red triangle:
maximum value, green triangle: minimum value, blue/green/red bar: average value).

The Total Demand Distortion (TDD) for the different phases was identical, whereas
the THD for phase A was slightly lower compared with the other phases. The average
THD was 3.96%, while the average TDD was 2.6%. The dominant harmonics currents were
the 5th, 7th, 11th, and 13th, as shown in Figure 33.

4. Summary and Conclusions

This paper presented a comprehensive power quality assessment of and investiga-
tion into the electrical distribution system at Sultan Qaboos University (SQU). Harmonics
measurements and analysis were conducted at various locations across the SQU campus,
including at the load level (UPS, PV inverters, VFDs), at the 415 V busbar of the distri-
bution transformers level, and at the MV level, 11 kV bus of the main substations. This
diverse measurement approach helped to map and quantify the penetration and spread
of harmonics at the main point of common coupling (PCC) with the grid and within the
university networks. The key findings are

• The voltage harmonics THDV at all load-side connected points (415 V) exhibited low
voltage distortion with a THDV of between 0.9 and 1.7%, within the distribution code
and standards;

• Table 1 summarizes current harmonics THDI and TDD measurement results per-
formed at different locations on the SQU campus, including the 11 kV bus at two
substations;
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• The PV inverter system exhibited noticeable current distortion. THDI had higher
variations during sunrise/sunset transitions but TDD remained within acceptable
limits per the standards;

• The UPS system showed highly distorted current waveforms with dominant odd and
even harmonics. TDD reached 11.95–14.83% and THDI over 100% for some phases.
However, at the UPS input (PCC#1), the harmonics attenuated significantly due to
cancellations and linear load mixing, reducing TDD to 2.3%;

• The TDD values at the UPS connection point exceeded the IEEE519 limit. Thus,
it is crucial to prioritize the design and implementation of passive filter solutions.
Specifically, enhancing the design and configuration of passive filters can effectively
mitigate harmonic distortions. This approach involves selecting appropriate filter
types and capacities tailored to the specific harmonic frequencies present in the system.
Regular monitoring and assessment of filter performance should also be conducted
to ensure sustained compliance with regulatory standards and optimal operational
efficiency;

• The VFDs demonstrated extreme current distortion, with THDI over 100% and TDD
over 60%, with dominant 5th, 7th, 11th, and 13th harmonics. This is expected for
6-pulse VFDs. A passive filter with proper values is recommended. It is expected that
with a passive filter, the THD will reduce to 10%;

• At both the building and substation levels, current harmonics were noticeable but re-
mained within IEEE 519 limits when accounting for the short circuit current. The Total
Harmonic Current Distortion (THDI) ranged from 2 to 10%, and the Total Demand
Distortion (TDD) ranged from 2 to 8%, depending on the loading;

• SQU plans to move toward a green smart system with integrated large-scale PV,
upgraded and automated cooling systems, and the replacement of lights with LEDs
within the networks. Therefore, the following recommendations are proposed:

• Conduct regular power quality audits (health checks) and maintenance of equip-
ment to prevent the escalation of harmonic issues;

• Suppress the harmonics level associated with future expansion and upgrade of
the PV system and VFDs by adding filters to the VFD systems and adopting
advanced control techniques, such as active front-end converters;

• Utilizing the isolation transformers with specific winding configurations (e.g., K-factor
transformers) designed to handle non-linear loads;

• The results highlighted the impacts of diverse and aggregate linear loading, with
noticeable differentiation between more and less heavily loaded sections of the dis-
tribution network. Recommendations are provided for ongoing monitoring and
consideration of targeted mitigation efforts to maintain power quality as campus
loads modernize and electricity demand increases. The presented methodology and
dataset provide a benchmark to guide standards compliance as SQU upgrades aging
equipment and expands new high-tech facilities.

Table 1. Measurement results.

Type of System THD-I TDD

PV Inverter system 2.94–327.67% 3.315%

UPS Exceed 100% 11.95–14.83%

VFD-1-HVAC 130% 63%

VFD-2-HVAC 110% 72%

Engineering Building 3–10% 3–7%

Main Substation C 9.9% 7.4%

Main Substation A 3.9% 2.6%
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Abstract: Optical current sensors have been developed and improved over the past few decades,
and they have been increasingly employed in power systems, including smart and high-voltage
grids. This is due to their many advantages over conventional electromagnetic current sensors,
such as reduced size and weight, greater operational safety, and electromagnetic immunity. Like
any measuring instrument or system, their quality and reliability are associated with measurement
uncertainty, which quantifies their precision. This measurement uncertainty depends on a series
of influencing quantities, such as the wavelength of light used in the sensor, the birefringence of
the optical material used in the construction of the sensor, and environmental conditions, such as
temperature and vibration. This article presents a review of the main influences that affect the
quality and performance of optical current sensors and how these influences can be used to estimate
measurement uncertainty. The main objective is to serve as a guide or reference for the identification
and evaluation of uncertainty sources in optical current sensors used in power systems.

Keywords: optical current sensor; measurement uncertainty; Faraday effect; power systems

1. Introduction

Electromagnetic induction current transformers (CTs) are measuring devices of signifi-
cant importance in power systems, being used for the most diverse purposes through the
measurement of high-voltage electrical currents. Optical current sensors (OCSs) have many
advantages over conventional CTs, such as reduced weight and dimensions, facilitating
installation, maintenance, and use in remote or difficult-to-access areas; operational safety,
as they are constructed using dielectric materials, and potentially catastrophic events will
not cause explosions, as is the case for conventional oil-filled transformers, and there will
be no critical situations when opening the secondary sides of the current transformers;
linearity throughout their dynamic range; relative lower prices; wide bandwidth; absence
of magnetic saturation effects; electromagnetic immunity (as they are non-electric sensors);
AC and DC measurements; and low power consumption [1–4]. Table 1 summarizes the
main differences between CTs and OCSs.

However, despite the extensive list of advantages of optical current sensors over
conventional sensors, CTs are still known to be reliable in terms of accuracy and stability.
This is not the case for OCSs, for which evaluations of these properties have not yet yielded
conclusive or definitive results. In general, OCSs still need to be better characterized
metrologically in terms of error and uncertainty so they can obtain a level of reliability
similar to or better than CTs. This is one of the reasons why their use has not yet been
disseminated, and it is the current challenge for the development of OCSs [5–8]. OCSs
have several components, and each of these has behaviors and performance that affect
their reliability. If the effects of these components on the response of the OCSs are not
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known and adequately modeled, the measurements performed will include large errors
and uncertainty, significantly compromising the reliability of the sensor. Depending on
the characteristics of the sensor and the measurement to be performed, these error or
uncertainty sources can become significant or insignificant. Temperature fluctuations
alone can cause variations in the response of some OCSs of up to a few percent, as will
be shown throughout this article. If these variations have not been properly modeled,
the measurement uncertainty of the respective OCS will be quite high, making its use
unacceptable, depending on the application.

Table 1. Main differences between CTs and OCSs.

Characteristic CTs OCSs

AC and DC measurements Only AC AC and DC
Magnetic saturation Yes No

Dimensions and weight Higher Lower
Bandwidth Wider Narrower
Linearity Lower Higher

Operational safety Lower Higher
Electromagnetic immunity No Yes

Installation and maintenance Harder Easier
Power consumption Higher Lower

Accuracy Higher Lower

There is little literature available on discussions about the modeling and quantification
of each of the OCS error or uncertainty sources and their combination to obtain sensor
measurement uncertainty. Some authors deal with the metrological aspects of optical
current sensors but focus only on error and accuracy [9,10]. There are still few approaches
regarding measurement uncertainty or precision. The main objective of this paper is to
serve as a reference or guide for identifying the uncertainty contributions that affect the
performance of optical current sensors based on the Faraday effect. Another objective is to
propose methods to estimate uncertainty in such a way that they are minimized. It is not the
objective of this paper to estimate the identified uncertainty contributions, nor to estimate
the measurement uncertainty of OCSs. Contributions from authors who determined the
influence of quantities on the performance of optical current sensors were researched and
are presented in this article, and it was also evaluated how the results obtained can be
used to estimate the uncertainty contribution arising from these influencing quantities.
Subsequently, the natures of some uncertainty contributions were analyzed to suggest an
appropriate way to carry out their estimation. The main configurations used in optical
current sensors were evaluated, and the contribution of each sensor functional module—
light source, optical material, detection scheme, and indication of measured values—and its
components to measurement uncertainty was evaluated. This paper is divided as follows:
Section 2 presents the operating principle and the main characteristics of optical current
sensors that are relevant for estimating their measurement uncertainty; Section 3 presents a
review and analyzes the main factors that cause variations in the responses of OCSs, affect
their performance, and can be considered sources of uncertainty; Section 4 summarizes the
main sources of uncertainty and presents some suggestions for their estimation. Finally,
Section 5 presents some conclusions and future perspectives.

2. Optical Current Sensors

Currently, optical current sensors (often referred to as optical current transducers,
OCTs, or optical current transformers) are used for the most diverse purposes in electrical
power systems, such as control, protection, revenue metering, power quality monitoring,
measurement of the arbitrary form of primary currents, calibration, and measurement of
current transients and impulses [11–15]. Rose et al. [16] presented the use and performance
of an optical current sensor with an in-line Sagnac interferometer using a spun polarization-
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maintaining fiber as the sensing element in measurement and protection applications in
high-voltage alternating current systems and in control, measurement, and protection
applications in power systems in high-voltage direct current (HVDC) systems. In the area
of protection of power systems, Azad et al. [17] present a data-based primary fault detection
and identification algorithm for HVDC grids where current measurements are performed
by OCSs. The algorithm benefits from the wide bandwidth of OCSs. Lei et al. [18] pro-
posed a method for the measurement of transformer inrush currents using an OCS, taking
advantage of its immunity to the effects of magnetic saturation. Ivanov et al. [19] pro-
vided a comparison between CT and OCS measurements of a 250 MVA auto-transformer
re-energizing inrush current obtained during a field test at a 500 kV substation. Li et al. [20]
proposed a transfer standard for the calibration of high-voltage DC currents using an OCS
that employed spun optical fibers as the sensing element, which achieved an accuracy of
0.1%. Zhao, Shi, and Sun [21] developed and evaluated an OCS for use in power grids up to
1100 kV DC. Zhou et al. [22] proposed a new operating mechanism for a DC optical current
transformer with the aim of overcoming situations of improper operation of a power grid
protection system.

Applications of OCSs in high-voltage substations usually require accuracies down
to 0.2%, often over a temperature range of tens of degrees Celsius. However, research
has shown that ensuring this accuracy is challenging. Several influencing factors, such as
mechanical disturbances, temperature variation effects on the optical elements, vibration,
residual linear birefringence inside sensing coils, and others, deteriorate the performance
of OCSs [23,24].

Regarding smart grids, they have been disseminated in recent years, and their mon-
itoring is increasingly crucial for their reliable and safe operation, which is carried out
through sensors that measure the generation and consumption of energy, characterize
operating states, and detect the current topology of the network. In electrical systems, the
most important electrical parameters to be measured are voltage and current. Considering
that optical current sensors have the advantages of reduced weight and dimensions, facili-
tating their installation and maintenance, and even allowing the measurement of electrical
currents without contact with the primary circuit while still having low prices, they become
promising alternatives for use in smart grids [1,25].

The optical sensors discussed in this paper have their operating principle based on
the Faraday Effect. The Faraday effect describes the relation between light and a magnetic
field. Also called the magnetic–optical effect, and first observed by the English physicist
Michael Faraday in 1845, this phenomenon consists of the rotation of the polarization
direction of a linearly polarized (LP) light wave when subjected to the action of a magnetic
field throughout its propagation in a transparent medium. As can be seen in Figure 1, a
beam of light with a certain wavelength, when passing through an optical medium under
the influence of a magnetic field, undergoes a change in the direction of its electric field.
This change in the direction of the electric field is called Faraday rotation. Through this
phenomenon, it is possible to measure an electrical current as a function of the magnetic
field produced by it, using sensors built using optical materials suitable for this purpose.
The magnetic field B produced by an electrical current I in the air is given by Equation (1),
where μ0 is the magnetic permeability of air (vacuum). The Faraday rotation angle θF of
the electric field E resulting from propagation along a path L under the action of a magnetic
field B is given by Equation (2), where V is the Verdet constant of the optical material and
depends on the temperature T and on the wavelength of the light λ.

B = μ0·I/2π·d (1)

θF =
∫

L
V(λ, T)·B·dL (2)
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Figure 1. Faraday effect in linearly polarized light.

The measurement of the Faraday rotation angle can be performed using two methods:
polarimetric and interferometric detection. In the polarimetric method, the intensity change
due to polarization rotation from the induced magnetic field generated by a current is
detected. An LP light wave is injected into the optical sensor that will measure the electrical
current. The light wave is then analyzed at the output of the sensor using a second polarizer
and a photodetector. The analyzer and photodetector combination converts and modulates
polarized light into an electrical signal, which in turn corresponds to the electrical current to
be measured [26,27]. The bandwidth of the polarimetric detection scheme is only affected
by the response speed of the detector, and its upper measurement frequency can be up
to 100 MHz, so it can be used for transient current measurements. Polarimetric devices
are severely susceptible to the effect of linear and circular birefringence, which can cause
distortion of the polarization rotation as well as reducing sensor accuracy and sensitivity.
This results in false current readings from these perturbations [28].

In the interferometric method, the linear polarization of light is divided into two
orthogonal circularly polarized light waves: one with circular polarization on the left and
one on the right. When light waves pass through the sensor, the magnetic field that is
created by the current being measured slows down one component and speeds up the
other due to the Faraday effect. The change between the two circularly polarized light
waves can be used as a detection signal [14,29].

OCSs can have two types of structure regarding the enclosure of the conductor of the
electrical current to be measured by the sensing element. Closed-core sensors completely
surround the current conductor and, for this reason, they are less susceptible to certain
types of influences, such as vibration and stray magnetic fields. Open-core sensors do not
completely surround the conductor and are, therefore, more susceptible to vibration and
stray magnetic fields but are easy to install and use [30]. Figure 2 shows both types of OCS
structures.

Figure 2. Types of OCS structure in relation to the position of the conductor of the electrical current I
to be measured: (a) closed-core; (b) open-core.

According to their sensing element, OCSs can be classified into two main groups:
bulk sensors and fiber sensors. The first group uses a magneto-optical glass structure as a
sensor element with a high Verdet constant. Shui et al. [31] used this advantage to build a
sensor, the optical material of which had a Verdet constant of approximately 109 rad/(T·m),
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capable of measuring low currents up to 2.5 A. Bulk sensors have some advantages over
fiber sensors. In addition to having a higher Verdet constant, they are smaller and more
mechanically rigid in such a way that mechanical gradients, thermal variations, vibrations,
and external noise do not significantly alter performance. Bulk sensors are further protected
against the influences of temperature variation because they are usually not in contact
with the conductor of the electrical current to be measured or are constructed with the
encapsulation of a dielectric material. Furthermore, due to their low photoelastic coefficient,
their linear birefringence is very small, which allows sensors with high sensitivity to be
obtained [32–34]. A disadvantage of bulk sensors occurs when they have an open-core
structure. In this situation, they become susceptible to the influence of external magnetic
fields. This occurs, for example, in power systems or transmission lines with more than
one phase, where the current conductors are generally parallel to each other. The current
measurement in one phase can be influenced by the magnetic field generated by the current
in the other phases.

In fiber optic current sensors, the sensing element is the fiber itself. The main advan-
tage of these sensors is the possibility of involving the entire conductor of the electrical
current to be measured. The sensitivity of these sensors can be adjusted by increasing
or decreasing the number of fiber turns around their conductors. This way, the sensors
can use several meters of fiber, which will make them more sensitive to environmental
variables, such as temperature and vibration, when compared with bulk sensors. However,
as fiber optic sensors form a closed path along an electrical current conductor, they become
insensitive to external magnetic fields [32].

Figure 3 shows an OCS block diagram. This is useful to identify and classify uncer-
tainty sources. In an OCS, a light wave originating from an optical source with a certain
operating wavelength is linearly polarized by a polarizer, becoming LP light. It is transmit-
ted through a magneto-optical material, which is subjected to the magnetic field produced
by the electrical current to be measured (the sensor itself). After this propagation, the
modified light is received by the detection devices (photodetectors), which in turn measure
the rotation angle of the polarization plane caused by the magnetic field, transforming
it into an electrical signal. This signal is then transformed into a digital signal through
an analog–digital (A/D) board or card. These digital signals are processed by software,
which presents the measured electrical current to the user through a panel, communication
interface, or other means.

Figure 3. OCS basic block diagram.

3. Uncertainty Sources

This section presents and discusses the most important contributions to OCS measure-
ment uncertainty. Some of the most important uncertainty contributions are those due to
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the influence of temperature, vibration, birefringence, and aging and stability of optical
and signal processing devices in the sensors [16,34,35]. These sources of uncertainty can
also be grouped into two classes: those related to the inherent characteristics of the sensors
and their components, such as birefringence and short- and long-term stability, and those
arising from the environmental conditions and use of the sensors, such as temperature,
vibration, and parasitic magnetic fields. Other environmental conditions do not directly
contribute to measurement uncertainty, such as relative humidity and solar radiation. In
the case of humidity, if it is very high, it can be a limiting factor for the use of optoelectronic
devices, such as A/D boards and photodetectors, since these generally have a maximum
limit for ambient humidity declared by their manufacturers.

3.1. Temperature

Temperature variation significantly influences the behavior of OCSs, thus contributing
to measurement uncertainty. The main mechanisms of how this influence occurs are the
following: (a) the Verdet constant of an optical material is a function of temperature, so
temperature variations will cause variations in the Verdet constant; (b) the wavelength
of the light generated by the light source is a function of temperature, so variations in
temperature will cause variations in the generated wavelength, since the Verdet constant of
the optical material depends on the wavelength and the rotation angle and, consequently,
the response of an OCS will vary (the wavelength of the light generated by the light
source also changes with fluctuations in the driving current); (c) temperature variations
change the behavior and response of optoelectronic components used in an OCS, such as
photodiodes and data acquisition units; (d) temperature induces linear birefringence in
the optical material; and (e) temperature variation causes changes in the dimensions of
sensor components, which can cause changes in their behavior. When modeling uncertainty
contributions arising from temperature, two main situations can be established: one in
which temperature fluctuations during measurement modify the performance of the sensor
and its components, and another where the sensor is used at a temperature different from
that at which it and its components have been calibrated.

To minimize the effect of temperature on measurement uncertainty, the most imme-
diate solution would be to use OCSs in situations where there is reduced temperature
variation. However, this solution is not always practical, especially in outdoor applications.
Another solution is to implement temperature compensation schemes. Many temperature
compensation schemes have been proposed and can be found in the literature [36–41].
Despite this, the residual temperature effects need to be quantified and have an influence
on the uncertainty of the measurement evaluated. The temperature-compensated fiber
OCS developed by Zhao, Shi, and Sun [21] reached a response variation of about ±0.4%
in a temperature range from −40 ◦C to 70 ◦C. In a narrower temperature range from
10 ◦C to 40 ◦C, this variation was approximately 0.15%. Li et al. [42] evaluated the impact
of temperature variations of up to 40 ◦C on the measurement of the Faraday rotation angle
on a bulk sensor, finding values of up to 9% for this variation. Jia et al. [43] proposed a
temperature compensation method in a bulk optical current sensor through the insertion of
a static bias composed of permanent magnets, where the error due to temperature variation
reduced from ±8% to ±1% in a range from −20 ◦C to 80 ◦C.

Hoffman [44] presented variations in the Verdet constants of different optical glasses
according to wavelength in the visible spectral range. For Schott flint glasses of the SF class,
the Verdet constant varies with the inverse square of the wavelength. Figure 4 shows the
Verdet constant wavelength dependence of SF-57 flint glass. It was observed that glasses
with a higher concentration of PbO presented higher Verdet constants. Chen et al. [45]
measured the average wavelength variation of a superluminescent diode (SLD) in a tem-
perature range of 15 ◦C to 45 ◦C. When the temperature varied, the variation in the average
wavelength had a linear trend. A variation in wavelength of about ±0.6 nm/K was mea-
sured in the wavelength region of 1310 nm. Wang et al. [46] measured a ±5 nm variation at
the 1310 nm center wavelength of a light source due to temperature fluctuation from 10 ◦C
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to 30 ◦C and a ±12.5 nm variation due to driving current variation from 15 mA to 80 mA.
This wavelength variation caused a variation in the Verdet constant of an SF6 glass bulk
OCS of ±1.35%. Knowing the values of the variation in the wavelength of the light source
as a function of temperature and the variation of the Verdet constant of the sensor’s optical
material as a function of the wavelength, it is possible to correct the sensor’s response to the
wavelength at the temperature at which it is being used. The uncertainty of these values
and the uncertainty in measuring the sensor’s operating temperature must be estimated
and considered when estimating the measurement uncertainty. Müller et al. [47] demon-
strated a method for self-compensation of the change in the response of an interferometric
fiber optic current sensor caused by deviations in the wavelength of the light emitted by
the light source caused by temperature variations. This variation in sensor response with
respect to wavelength variation is reduced from more than 1% to <0.2% in wavelength
ranges of at least 10 nm around 1305 nm.

Figure 4. SF-57 glass Verdet constant wavelength dependence.

Williams et al. [48] measured the temperature dependence of the Verdet constants of
SiO2, SF-57, and BK-7. The measured relative Verdet constant variation per K was about
(1.35 ± 0.08) × 10−4 for SF-57, about (0.69 ± 0.03) × 10−4 for SiO2, and (0.71 ± 0.06) × 10−4

for BK-7. When the optical material has a high Verdet constant and its linear thermal
expansion coefficient is much lower than its coefficient of relative variation of the Verdet
constant as a function of temperature, its linear temperature-induced variation becomes
non-significant. For example, for the SF-57 glass, the linear thermal expansion coefficient is
8.3 × 10−6 per K in the range of −30 ◦C to 70 ◦C, about 16 times lower than the relative
change of the Verdet constant due to temperature [49]. These values of variation in the
Verdet constant as a function of temperature can be used to correct the Verdet constant
for the temperature at which the sensor is being used, and their uncertainties must be
considered when estimating the measurement uncertainty, as well as the uncertainty when
measuring the ambient temperature at which the sensor is used.

Temkina et al. [24,50] proposed a method for compensating the response variation of a
fiber optic current sensor with an interferometric detection scheme due to the dependence
on temperature of the fiber quarter-wave plate. The maximum deviation using the proposed
method was ±0.2% in a temperature range of 10 ◦C to 50 ◦C. It was also presented that the
errors due to dependence of the temperature of the circulator and electro-optical modulator
were non-significant, but the errors of the fiber delay line and the spun fiber used as a
sensing element due to temperature variation were significant.

3.2. Vibration and Impact

For OCSs with an open core, the conductor of the electrical current to be measured
is not surrounded by the optical material of the sensor, meaning that the line integral of
the magnetic field along the optical path is not equal to the total current. However, a
linear relationship between sensor measurement and electrical current can be determined
based on the geometry and distribution of the field. Vibration causes variations in the
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relative position between the sensor and the conductor. As the magnetic field B is given
by Equation (1), variations in the distance between the sensor and the conductor will in
turn cause variations in the distribution of the magnetic field across the sensor, introducing
changes in the sensor response. Comparing (1) and (2), it is observed that the sensor’s
response varies with the inverse square of the distance between it and the conductor, so
the greater the distance, the lesser the influence of its variation on the sensor’s response.
Samimi et al. [51] showed that vibration causes large errors in open-core OCSs. These errors
become smaller with an increase in the distance between the sensor and conductor, the
conductor radius, or the sensor length. Deviations in OCS accuracy were about ±0.5% for
a vertical displacement of ±0.5 mm when the sensor head and the conductor were 7.5 cm
apart.

Short et al. [27] showed that OCSs with a polarimetric detection method cannot
differentiate an acoustic vibration disturbance detected in the sensing element from the
electrical current to be measured. They also showed that the OCSs with an in-line Sagnac
interferometer are immune to acoustic vibrations in the sensing element; however, they are
more sensitive to vibrations that occur farther away from the sensing element.

He et al. [52] presented an analysis of errors caused by linear stress on in-line Sagnac
fiber OCSs under impact. A bias error, which is mainly caused by the stress acting on the
delay coil leading to a non-reciprocity birefringence, was found.

Another contribution of uncertainty related to vibration refers to the introduction of
linear birefringence, which will be addressed later in this article.

3.3. Stability

The detector module of an OCS uses optoelectronic devices, such as photodiodes,
photodetectors, and A/D boards. These devices, together with the light source and other
components or the sensor as polarizers, couplers, etc., contribute to the measurement
uncertainty of an OCS due to their metrological characteristics and their short-term and
long-term stability. The metrological data of these devices comes from their technical sheets
or manuals. The long-term stability refers to the drift since the last calibration.

Aging of the light source device will change the central wavelength of the emitted light,
and as the Verdet constant depends on the wavelength, the sensor response will change.
Wang and Guan [34] analyzed some OCSs used in 110 kV voltage substations. The results
showed that OCS long-term stability was strongly affected by aging and the performance
reduction of the main optical devices of the sensors. Lenner et al. [3] investigated the long-
term stability of an interferometric fiber OCS from both component and system perspectives.
Some components, such as the SLD used as the light source, the phase modulator, and other
passive components, were subject to accelerated aging by extended temperature cycling.
Investigation results showed that the long-term drift of the center wavelength of the SLDs
from two manufacturers varied from ±0.19 nm to ±0.38 nm.

One way to minimize uncertainty due to drift of the sensor or its components is to
perform calibration immediately before and immediately after use. However, this option
may be unfeasible for practical or economic reasons.

3.4. Linear Birefringence

Linear birefringence is the difference between the refraction index of two LP lights.
A birefringent optical material has different indices of refraction for different directions
of light propagation. In this way, light propagates at different speeds, according to its
polarization, and a phase difference occurs between them, causing the polarization of light
to change from linear to elliptical. In OCSs based on the Faraday effect, birefringence causes
a shift in the polarization angle that adds to the rotation angle caused by the Faraday effect,
disturbing the behavior of the sensors and decreasing their sensitivity to Faraday rotation
and accuracy. Thus, to improve Faraday effect measurement quality in OCSs, the linear
birefringence must be reduced [53–56].
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The optical fiber birefringence can come from several sources. One of the possibilities
is that it is intrinsic to the fiber and generated due to imperfections in the manufacturing
process. As multimode fibers disrupt the polarization state of light, single-mode optical
fibers are the only option for the sensor head. Unfortunately, single-mode fibers suffer
from this inherent birefringence. In general, each type of optical fiber has an intrinsic
birefringence characteristic, so several types of optical fibers can be evaluated, and the
choice of appropriate fibers can reduce it [9]. Another source of birefringence arises when
the fiber is bent to wrap it around the conductor. Curving the fiber breaks the symmetry
of its structure because the outer part of the fiber supports stress tension and, on the
contrary, the inner part supports compressive stress. The linear birefringence effect is
more significant when the fiber is wrapped in many turns around the conductor for higher
sensitivity, but it becomes less significant if the coil has a sufficiently large diameter [57]. If
the state of polarization (SOP) of the propagating light remains perfectly linear or circular,
the sensor response is not affected. But, if the linear birefringence effect causes the SOP to
change from linear to elliptical, the behavior of the light polarization angle in the sensing
fiber will be affected not only by the Faraday effect but also by the SOP. Thus, sensor
performance is degraded, as its response is affected by the polarization evolution due
to the linear birefringence [58]. Li, Wang, and Liu [59] demonstrated the effect of linear
birefringence on the response of a fiber optic current sensor that used a spun LoBi fiber
as the sensing element. For the purpose of evaluating the measurement uncertainty of
optical current sensors, the birefringence extrinsic to a sensor’s optical material, such as that
caused by the fiber bending process or by external influence quantities such as temperature
and vibration, is more important, since the effects of intrinsic birefringence will be present
at the time of sensor calibration and will not vary over time. Cheng et al. [60] analyzed
the effect of linear birefringence by varying the radius of the sensor’s fiber optic coil. The
variation found was ±0.45% for radii between 5 cm and 30 cm and decreased to <±0.2% for
radii between >30 cm and 50 cm. Madaschi [58] experimentally evaluated the effect of coil
radius and number of turns on the response of a standard silica fiber optic sensor. When the
coil diameter varied from 6 cm to 14 cm, the effective Verdet constant of the sensor varied
from approximately 0.18 rad/(T·m) to approximately 0.7 rad/(T·m) for a wavelength of
1310 nm. In this situation, the length of the sensor was the same, which meant that for
each diameter evaluated, the number of turns was different. When evaluating the number
of turns, when it increased from 5 to 16, keeping the coil diameter at 13 cm, the effective
Verdet constant reduced from 0.64 rad/(T·m) to 0.53 rad/(T·m). To reduce measurement
uncertainty, it is recommended to calibrate the fiber optical current sensor with the number
of turns and coil diameter equal to or close to the configuration in which it will be used.

Temperature and vibration effects also induce birefringence in fiber optic sensors.
When temperature fluctuates, the different coefficients of thermal expansion between the
fiber core and cladding lead to axial deformation, thus inducing linear birefringence [61].
Zhang et al. [62] presented the results of experiments on the influence of temperature and
vibration on sensor performance using three different reflection schemes and three distinct
types of fiber. The 90◦ Faraday rotating mirror showed the best results, regardless of the
sensor fiber type. Sima et al. [63] proposed a new sensing scheme to improve the robustness
of fiber optic current sensors using a polarization detection scheme against the effects of
birefringence caused by vibration and temperature by placing a fiber polarization rotator
(FPR) at the end of the sensing fiber. In the temperature influence tests, the error variance
ratio was less than ±2% in the temperature range from −20 ◦C to 80 ◦C, while the maximum
type A uncertainty was 0.12%. In the vibration tests, the maximum ratio error variation
was less than ±0.4%, with the type A uncertainty of 0.029%. Li et al. [10] analyzed the effect
of the temperature variation, and consequently of the linear birefringence induced by the
curvature of the fiber variation, on the error of an optical current sensor for various values of
the radius of the optical fiber coil and for various numbers of turns. In a temperature range
from −40 ◦C to 80 ◦C, the error variation was approximately 0.25% for a radius of 20 cm and
0.7% for a radius of 10 cm. In the same temperature range, when the number of fiber turns
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was 25, the error varied by approximately 0.3%, while for 35 turns, the variation was greater
than 1% Tantaswadi et al. [64] analyzed the effects of induced linear birefringence due to
vibration on the performance of a reciprocal fiber optic current sensor with polarimetric
detection. The deviation due to this effect was within ±0.1%. Huang et al. [65] measured
the influence of vibrations in the low-frequency range from 10 Hz to 20 Hz on the response
of a fiber optic sensor. The response varied by up to 250%.

In bulk OCSs, temperature variation can cause mechanical stress due to the difference
between the thermal expansion coefficients of the optical material and the encapsulation
material, leading to the appearance of induced or extrinsic birefringence.

3.5. Other Contributions

Sensors may present variations in their response depending on the electrical current
being measured, which is called linearity, and these variations must be estimated as a
source of uncertainty for the measurement uncertainty. Shao et al. [66] developed and
tested a fiber optic current sensor from 50 kA to 1000 kA, and the measured linearity varied
by ±0.03%. Shui et al. [32] developed and tested a bulk OCS at low currents, and its
linearity was about ±0.28% from 0.2 A to 2.4 A.

For bulk sensors, the position of the sensing element in relation to the current con-
ductor also influences its response. Mihailovic et al. [67] conducted experiments with a
bulk sensor, varying its position in relation to the current conductor, and found a variation
of approximately 2.5% in the sensor’s response. To reduce measurement uncertainty, it is
recommended that the sensor be used at a distance from the current conductor equal to the
distance at which it was calibrated. This concern becomes less important in bulk sensors
that have an encapsulation to facilitate their installation next to the conductor, as this will
ensure that the position is always the same.

Sensors that do not completely surround the current conductor are influenced by the
magnetic field generated by currents from nearby conductors. Shenwang et al. [68] analyzed
the influence of neighboring magnetic fields on optical current sensors, varying the distance
and length of the sensor. Perciante and Ferrari [69] proposed a modified architecture of
a three-phase system, where the sensor’s optical path was parallel to adjacent current
conductors and perpendicular to the current conductor to be measured, minimizing the
effect of stray magnetic fields. Unfortunately, this solution does not seem to be very
practical for existing systems. Xiaojun et al. [70] proposed an architecture for a bulk sensor
in order to minimize the effect of stray magnetic fields in a three-phase power system,
such that the sensor reaches an accuracy class of 0.2%. Samimi et al. [51] demonstrated
that the magnetic fields of neighboring conductors in a three-phase network can cause
variations in the response of a bulk sensor of up to 10%. This variation reduces if the
distance between the phases is large enough and if the sensors are close to the conductor
of the electrical current being measured. If the phase distance is 2 m or more, the sensor
can achieve an accuracy class of 0.2%. In outdoor high-voltage substations, the distance
between phases is usually greater than 2 m. For example, in the Tucuruí Substation in Brazil,
shown in Figure 5, in the 500 kV section, the distance between phases is approximately 9 m.
Considering the phase arrangement, the central phase will be more affected by external
magnetic fields than the other phases.

The resolution of an instrument or measuring system is the smallest variation that
can be observed in its indication and is associated with its capacity in terms of accuracy
and precision. An uncertainty is associated with the finite resolution of the instrument or
system. Depending on certain conditions of a given measurement process, the contribution
of uncertainty associated with resolution is significant in relation to the other contributions.
Similar situations can occur in the analog-to-digital conversion process, where electronic
resolution impacts the repeated sampling of a signal, leading to digital samples that can
differ by just one or two bits. Usually, for a digital indication instrument, its resolution is
divided by two to calculate the resolution uncertainty [71,72]. This is the case for sensors
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that present their measurements in the format of digital indications, such as on a computer
or display.

 

Figure 5. The 9 m distance between phases at the 500 kV Tucuruí Substation.

Measurement repeatability is the precision of a measurement taken under repeatable
conditions. The repeatable conditions include the same operating conditions, same location,
same operator, same measuring systems, and replicated measurements for the measurement
of the same measurand (the quantity intended to be measured) [73,74]. In the case of OCSs,
performing measurements under these repeatable conditions can be useful to estimate the
uncertainty contributions due to the influence of temperature fluctuations and due to the
short-term stability of sensor components.

4. Uncertainty Analysis

Reference [75] sets out general rules for evaluating and expressing the measurement
uncertainty that are intended to be applicable to a wide range of measurements. Within
the scope of this work, it is worth highlighting some rules and good practices that will be
used in evaluating the uncertainty contributions of optical current sensors. When dealing
with systematic effects, it is assumed that the result of a measurement has been corrected
for all effects that are recognized as significant, but it is also assumed that corrections
are considered imperfect due to the lack of knowledge about them, so there is always
uncertainty associated with the correction of a systematic effect. Sometimes it may be
impractical to correct for a systematic effect, so it is necessary to model this effect as a
source of uncertainty. However, the best option to improve measurement uncertainty is to
perform the correction and estimate an uncertainty contribution due to this correction [76].

Still, according to reference [55] in relation to the evaluation method, whether by
statistical analysis of a set of measurements or by other methods, uncertainty contributions
can be classified into two types: type A, which is estimated by statistical methods, or type B,
which is evaluated by other methods. A type A uncertainty is estimated from the statistical
evaluation of a set of observations. Some forms of analysis may be calculating the standard
deviation or variance of a series of independent measurements or using a linear regression
method to fit a curve. A type B uncertainty can be estimated by means other than statistical
evaluation and can be based on scientific evaluations of all available data, such as data
from calibration certificates, uncertainties attributed to reference data from publications,
effects of environmental conditions on measurement, data from previous measurements,
and data published in datasheets or manuals [77]. In some cases, uncertainty contributions
that could be assessed as type B are included in a type A assessment when a reasonable
number of observations are able to be performed in the measurement process.
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When classifying the uncertainty contributions of optical current sensors, uncertainties
arising from short-term effects that are difficult to correct are best quantified through a
series of observations and are, therefore, defined as type A. This is the case, for example,
for uncertainty contributions due to the effects of temperature fluctuation on a light source
and other components, as well as the short-term stability of these same components. The
combined effect of these uncertainties will be observed if the measurement procedure pro-
vides a reasonable number of readings that cover all conditions related to these uncertainty
contributions.

On the other hand, effects that allow corrections to be applied to the mathematical
model, such as the effect of performing measurements at a temperature different from that
at which the sensor components were calibrated, give rise to uncertainty contributions
that can be classified as type B. In the case of temperature difference, after applying the
correction, the uncertainty due to this correction must be estimated. Other uncertainty
contributions that can be classified as type B are those whose assessment using a statistical
method is difficult, impractical, or economically unfeasible. This is the case for uncertainties
due to the long-term stability of the sensor components and the resolution of the A/D
board.

Figure 6 and Table 2 show a summary of the identified relevant uncertainty contribu-
tions to the measurement uncertainty of OCSs. Table 2 also presents a suggestion for their
classification as type A or type B evaluation. These uncertainties are discussed below.

Figure 6. Main OCS uncertainty sources.

The uncertainty associated with the calibration of the OCS can be estimated from its
last calibration report. Calibration may have been performed on the entire sensor or on
each of its parts, according to Figure 3. The OCS calibration can be performed at various
current levels according to the measurement range of interest to enable the assessment of
the sensor’s linearity and its uncertainty.

The variations in the Verdet constant of the optical material, the light source, the
photodetector, and the A/D card caused by use of the OCS at a temperature different from
that at which it was calibrated can be estimated by measuring the OCS temperature and
the characteristics of each of the OCS components, which can be found in reference data
and in the technical documentation provided by their manufacturers. These variations may
give rise to correction factors that must be applied to the sensor response; the uncertainties
of these corrections can be estimated through the uncertainties declared in the technical
documentation and the uncertainty of the sensor temperature measurement.
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Table 2. Summary and classification of OCS uncertainty sources.

Uncertainty Source Type

Calibration of the OCS 1 B
OCS linearity B
Verdet constant variation due to temperature fluctuations A
Correction of Verdet constant drift due to use of the sensor at a
temperature far from that at which it was calibrated B

Correction due to birefringence B
Correction due to vibration A
Light-source wavelength short-term stability A
Correction due to light-source wavelength long-term stability B
Light-source wavelength variation due to temperature fluctuations A
Light-source wavelength variation due to driving current fluctuations A
Correction of the light source wavelength drift due to use of the
sensor at a temperature far from that at which it was calibrated B

Correction of the light-source wavelength drift due to use of the
sensor at a driving current far from that at which it was calibrated B

Position of the sensor in relation to the current conductor B
Stray magnetic field influence A
Correction due to the drift since the last photodetector calibration B
Photodetector short-term stability A
Photodetector performance variation due to temperature fluctuations A
Correction of photodetector performance drift due to use of the
sensor at a temperature far from that at which it was calibrated B

Correction of the drift since the last A/D card calibration B
A/D card short-term stability A
A/D card performance variation due to temperature fluctuations B
Correction of the A/D card performance drift due to use of the sensor
at a temperature far from that at which it was calibrated B

Finite resolution of the measured current indication B
Repeatability of current measurements A

1 Calibration can be of the entire sensor or of each of its components.

Variation in the wavelength of a light source due to its use in a driving current
different from that used in its calibration may give rise to a correction factor, which can be
obtained through the technical documentation of the light source or through experiments
to determine the variation in the wavelength of the source as a function of the driving
current. This correction will be associated with an uncertainty that can be estimated from
the uncertainty of the measurement of the driving current and the characteristics of the
light source.

Uncertainties related to the long-term stability or drift since the last calibration of
the light source, photodetector, and A/D card can be estimated from the technical docu-
mentation provided by their manufacturers. When this information is not available in the
technical documentation, this stability or drift can be assessed experimentally, provided
that resources are available. If these uncertainties are significant, they can be reduced by
calibrating the sensor or its components immediately before and after use. However, this
alternative may be inadequate for practical or economic reasons.

To reduce uncertainty due to variations caused by the birefringence effect, it is im-
portant to control the factors causing this birefringence. For example, for a fiber OCS, the
same radius and number of turns should be used whenever possible. Even with these
precautions, a residual uncertainty will be present (such as due to variations in the length
of the coil radius) and must be estimated. The influence of temperature on the variation in
birefringence is more difficult to assess and must be estimated for each sensor, since it will
depend strongly on its peculiar characteristics.

In estimating the uncertainty due to variation of the position of an open-core OCS
relative to the conductor or busbar where the current to be measured propagates as a result
of vibration, the value of the radial vibration of the conductor or busbar in displacement
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units (meter or its submultiples, peak-to-peak) can be used, if this is available. Vibration is
expected to be much less significant in busbars than in conductors, as the latter are more
susceptible to natural phenomena that cause vibration, such as wind.

Uncertainties arising from temperature fluctuations during measurement of the Verdet
constant of the optical material, wavelength of the light source, and performance of the
photodetector and A/D card, and also uncertainties arising from the short-term stability
of the light source (inherent and due to the driving current), the photodetector, and the
A/D card, can be statistically estimated together by performing an adequate number of
measurements or observations during the measurement. The joint uncertainty assessed
through this series of observations will be associated with the repeatability of the OCS.

To estimate the uncertainty due to the position of the OCS in relation to the conductor
of the electrical current to be measured, the sensor can be calibrated by setting one or more
distances according to the conditions of use of the OCS in the field. The uncertainty will be
quantified through the variation of the sensor response obtained for the various distances
used in the calibration and also through the uncertainty in the measurement of the distance
between the sensor and the conductor.

The uncertainty due to stray magnetic fields caused by adjacent phases in three-phase
networks can be evaluated analytically through knowledge of the characteristics of the
electrical network where the sensor will be used. Using the distance between the phases
and considering that the three-phase network is reasonably balanced, which is the most
common situation encountered, uncertainty can be estimated using Equation (2). This
estimate can also be made from results found in the literature referring to similar situations,
since it will depend mainly on only two characteristics—distance between phases and
whether the system is reasonably balanced.

Another point to consider is the fact that some sources of uncertainty can become
significant according to certain characteristics of optical current sensors, such as the type of
sensing element (fiber or bulk), the enclosure of the current conductor (total or partial), or
the detection scheme (polarimetric or interferometric). For example, uncertainty due to
vibration will be more significant for sensors that partially enclose the current conductor
than for those that enclose it completely, and uncertainty due to birefringence will be
more significant in fiber sensors than in bulk sensors. The magnitude of the measurement
uncertainty of an optical current sensor, and by how much each uncertainty contribution is
more or less significant, will depend on knowledge of the effects that affect its performance,
whether they are corrected for, and the form of that correction. As mentioned previously, an
uncorrected systematic effect will give rise to a contribution of uncertainty, thus degrading
the quality of the sensor. For example, if the effect of extrinsic birefringence of a fiber optic
current sensor is not known, its performance will be compromised and there will be an
increase in measurement uncertainty.

In the bulk sensor tested by Costa et al. [78], shown in Figure 7, the low thermal
coefficient vinyl encapsulation completely encloses the current conductor, but the sensor
itself is just a block of SF-57 glass with a polarimetric detection scheme. Its design ensures
that the variation in the position of the sensor in relation to the conductor is no more
than the diameter of its opening, d = 4.7 cm. Thus, the uncertainty due to vibration can
be determined by measuring its response at distances from zero to d. For this sensor,
all uncertainties listed in Table 2 apply, with the exception of the uncertainty due to
birefringence. On the other hand, for a fiber optic sensor that wraps the electrical current
conductor in several turns, the sources of uncertainty due to correction due to vibration,
the position of the sensor relative to the conductor, and stray magnetic field influence
will be less significant than the others. Some sources of uncertainty will be common and
will always be significant in any optical current sensor scheme, such as corrections due to
temperature variations in the Verdet constant of the optical material and in the wavelength
of the light source and aging of the components.
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Figure 7. Experimental bulk OCS constructed with SF-57 glass—numbers 1–3 indicate optical
connections [78].

5. Conclusions

This article presented a review of the main uncertainty contributions that affect the
accuracy of optical current sensors based on the Faraday effect, including the classification
of their estimation as type A or type B. It was observed that contributions of uncertainty
arising from influencing quantities such as temperature variation, material birefringence,
and aging of components can be quite significant for sensor measurement uncertainty,
even when schemes are used to compensate or correct the effects of some of these factors,
as it is considered that these compensations or corrections are imperfect and that there
is always a contribution from associated uncertainty. Some of these corrections, if not
conducted, will take a sensor’s measurement uncertainty to values that are unsuitable for
its use. Some uncertainty contributions are significant in any sensor configuration, while
other contributions are more significant in a certain configuration and not significant in
other configurations. These configurations include the type of sensing element, whether
the sensor surrounds the current conductor completely, and the detection scheme.

The evolution of this paper involved the quantification of the identified uncertainties,
so the guide proposed in this paper can be complemented with examples where the
measurement uncertainty of one or more types of optical current sensors can be obtained.
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Abstract: It is essential to protect control, regulation and data storage units used in automated
robotic manufacturing from the consequences of harmful electrical grid harmonics. In this paper, the
effectiveness of active/passive harmonic filters built into LED lamps, test benches, and industrial
robots was investigated (in the latter two cases, light and heavy load states were applied). Based
on network analysis, it was found that the built-in passive harmonic filters of the luminaries were
ineffective because the THD of the current was approximately two or three times the permissible
value according to the IEEE 519-2022 standard. It was proved that the built-in active harmonic filter
of the test bench at a heavy load worked properly, but at a light load it was not effective, while the
magnitude of harmonic distortion of the industrial robot exceeded the allowed level (three times
the limit at a light load, seven times the limit at a heavy load). Further measurements were also
performed at three locations: an engineering room, a gearbox house machine tool, and an office room
(where there were no built-in filters). The results proved that in each case, there was a significant
exceedance of the limit value. Therefore, protection against harmonics needs to be installed, and then
the measurements must be repeated.

Keywords: electrical transients; harmonic distortion; electrical power disturbances; voltage sags;
total harmonic distortion (THD); built-in active/passive harmonic filter

1. Introduction

Today, there are almost no mechanical movement or electrical energy conversion
devices that do not rely on electronic power control. Since the electricity network is
constantly changing, the main directions of research are forecasting and prognosis. Due
to the drastic increase in the number of non-linear loads, it is possible to estimate the
magnitude of harmonic distortions and the level of losses in residential, industrial, and
office environments; one method for this is the Norton equivalent modelling technique [1].
Semiconductor production requires very high-quality electricity, and thus some energy
providers create special strategies to improve the quality, which contribute to ensuring that
its quality does not deteriorate either now or in the future [2]. In the processing industry,
e.g., paper production, specific research has been carried out on the possible consequences
of poor energy quality, what losses can be caused by inadequate electricity quality, and
the effects of high harmonic injection equipment on the operation of other equipment [3].
The effect of harmonics was also investigated in a large steel factory and a forecasting
program was developed to estimate the expected harmonic loads, which can also be used
in the installation of new factories [4]. Since the load of IT equipment cannot be precisely
determined in advance, research is being conducted to predict the harmonic injection
of a large number of single-phase computer equipment in the case of offices and office
buildings [5]. Currently, the impact of renewable energy sources on energy quality is also a
major problem, since the basic component of these devices is a DC/AC inverters containing
non-linear elements; therefore, due to their mass distribution, they must be treated as a high
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or even priority hazard [6]. The EMS (Energy Management System ISO 50001) standard [7]
also requires the use of power-controlled drives above certain power limits, but different
types of induction heating devices can also be classified as electrical energy conversion
equipment. These non-linear devices have electrical transducer feedback. The possible
theoretical errors caused by distorted waveforms are well known; the sine waves of current
and voltage under normal conditions are pure sine waves, but they are distorted in systems
containing harmonics [8].

Researchers often deal with the comprehensive modelling of the components of an
energy supply system, as well as the simulation of wind and solar power plants and the
in-depth description of the effects of harmonics. One of the possible methods for reducing
harmonics is the design of passive filters [9]. In the electricity system, photovoltaic (PV)
energy belonging to renewable energy sources is connected to the electricity distribution
network via an inverter which can generate harmonics near the switching frequency.
Therefore, losses due to harmonics must also be considered in this case. The harmonic
impedance can be modelled, and the harmonic losses can also be calculated in advance [10].
Problems caused by the distortion of waveforms generally include the distortion of power
supply voltage waveforms, resonance risks in systems at high frequencies, the failure of
sensitive electronic devices, PLC and CNC devices, malfunctions in protection and control
systems, and overheating in electric motors and transformers [11]. Studying the effect
of current harmonics on distribution transformers is crucial for the network planning
and maintenance activities of energy providers. Therefore, the effects of harmonics on
eddy current and other stray losses, the temperature of the hottest point, and the lifetime
of distribution transformers are investigated [12]. The frequency and magnitude of the
problem depends on factors such as the type of installation, the operating voltage level of the
installation, the type/intensity of the load and the short-circuit power of the network [13].

Practical experience shows that in electricity supply, it is difficult to recognize whether
the size of the harmonics in the grid is already harmful. Unfortunately, even nowadays,
suppliers carry out direct network analysis only for large consumers and there is an ongoing
debate about what amount is produced by the industrial installation and what is delivered
to the consumer from the supplier’s network. Companies seldom carry out audits of their
internal electrical network and these analyses are mostly only aimed at detecting and
documenting “blackouts”. Direct testing of low-power equipment [14] such as office and
production control equipment, controls, light sources, dimmers, etc., is often left out of
the audit. Today’s largest sources of harmonic disturbance are electronic power controls
and LED light sources [15,16]. Several types of LED lamps produce different amounts
of harmonic current depending on the ballast configuration. This harmonic distortion
can be reduced by combining different types of LED lamps, although this is not common
practice in industrial halls in order to maintain the homogeneity of lighting. The voltage
sag tests show that all tested lamps are sensitive to the magnitude and duration of the
voltage sag [17]. The high harmonic content of the phase currents and the current of the
neutral conductor can be detected in the case of LED lamps. LED lamps with controls can
cause excessive heat production in the wires during operation. In circuits loaded with such
current harmonics, it is necessary to apply the methodology of cable selection, primarily
because of the possible high neutral conductor current [18]. Of course, the development
of models of LED lamps and their analysis makes it possible to calculate and predict
the harmonic emission. The parameterization of these model is determined based on
experimental measurements [19].

Plug-in hybrid and pure electric vehicle chargers are sources of harmonic disturbance
as well. For predictions, the effects of EV charging load on cable current and temperature
in the presence of harmonic currents of different magnitudes and orders are modelled
for two typical modes of EV charging, peak-time and off-peak home charging [20]. In
the case of plug-in hybrid electric vehicles (PHEV), not only is their harmonic injection
investigated, but also the effect of their charging electric load on the transformer loss-of-life,
since the accurate prediction of charging load is almost impossible due to its stochastic
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nature. Therefore, a stochastic model can be used to examine the effect of real-time charging
rates on the charging load and the resulting effect on transformer derating. By using a
stochastic model, the effect of real-time charging rates on the charging load and the resultant
impact on transformer derating can be investigated [21]. When designing the load control
of intelligent distribution systems, the effect of generated current harmonics by electric
vehicle battery chargers must be considered. Research shows that charging EV batteries
in plug-in electric vehicles increases power losses more than harmonic currents. It was
proved that charging EV batteries in plug-in electric vehicles increases power losses rather
than the harmonic currents [22].

2. Harmonic Disturbance Sources

Any distorted, non-sinusoidal periodic function can be analyzed using Fourier’s theorem
and represented as the sum of terms consisting of the following components [9,23,24]:

• The DC component, if applicable;
• A sinusoidal term at the fundamental frequency;
• Sinusoidal members (harmonics) with a frequency represented by a multiple of the

fundamental frequency.

The nth-order harmonic (usually called the nth harmonic) in the signal is the sinusoidal
component with a frequency n times the fundamental frequency. A distorted periodic
current waveform expanded into a Fourier series is expressed as follows [9]:

it = I0 +
∞

∑
n=1

In sin(nωt + Φn) (1)

where I0 is the DC component, In is the maximum value (amplitude) of the nth harmonic,
ω is the angular frequency (2π times the fundamental frequency), while Φn is the initial
phase of the harmonic component at time t = 0. That is, a distorted periodic signal has a
fundamental frequency component, namely 50 Hz, plus a second harmonic component of
100 Hz, plus a third harmonic component of 150 Hz, and so on. Harmonic distortion of the
voltage waveform affects both electricity distribution networks and consumer equipment.
Harmonic distortion levels have increased rapidly in electricity networks in recent years,
mainly due to the increasing use of non-linear semiconductor devices, which are responsible
for a large portion of the harmonic distortion [25,26].

Figure 1 shows a linear consumer, while Figure 2 a non-linear consumer based on
signal shapes.

Figure 1. Linear consumer waveforms.

One can see that the current of linear consumers is proportional to the voltage applied
to them with the same waveform. In the case of non-linear consumers, the resulting current
is calculated by the RMS (root mean square) [27] formula, i.e., the square root of the sum
of the squared harmonic currents. If their current in the frequency domain is analyzed
(the spectrum of the signal is obtained by Fourier transform), one can see that, in addition
to the fundamental harmonic of the mains (50 Hz), there are also integer multiples of it
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(100, 150, 200, 250 Hz, etc.). The harmonic distortion of the mains voltage is due to the
harmonic currents of non-linear loads. These currents flow through the impedances of the
electrical network, creating harmonic voltages. This effect is called the harmonic feedback
of consumers [28].

Figure 2. Non-linear consumer waveforms.

It should be noted that not all types of loads inject harmonics into the supply system.
This depends on the type of load characteristics. While in the previous figures the line
current and its harmonic components are represented by time-domain waveforms, it is
simpler and more common to represent harmonics using the current spectrum. In Figure 3,
the fundamental harmonic of the current (50 Hz) and the third (150 Hz), fifth (250 Hz),
seventh (350 Hz) and ninth (450 Hz) harmonics of the current are plotted in the time domain
over a period T.

Figure 3. Plot of the current harmonic components of a distorted current waveform.

Summing these sinusoidal waveforms gives the true waveform of the current, as
illustrated in Figure 4.

Waveforms can be produced from a basic sine component and the sum of superim-
posed sinusoidal harmonics. The generation of the waveform of Current 1 is illustrated in
Figure 4. Current 1 consists of a 50 Hz fundamental component and harmonics of different
orders and magnitudes with respect to the fundamental harmonic. In this case, harmonics
are only denoted to the ninth odd order, but they can be denoted up to 256 orders (of
course, it is worth investigating this as far as useful information can be obtained).

The frequency domain spectra of these harmonic currents are illustrated in Figure 5
as amplitude (magnitude) values in reference to the fundamental harmonic (50 Hz). This
spectrum shows the amplitudes of the harmonic orders for each harmonic frequency. As
shown in Figure 4, the fifth and seventh harmonics have a greater amplitude. Since the plots
are based on our own real measurements, the ratios of the time- and frequency-domain
currents are the same.
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Figure 4. Distorted Current 1 waveform with fundamental and harmonic components.

Figure 5. Plot of the harmonic current magnitude components of a distorted current waveform.
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It is well known that harmonics are sinusoidal voltages or currents whose frequency
is a multiple of the fundamental frequency at which the power supply is designed to
operate (e.g., 50 Hz). An electrical supply system is inherently very passive, and the source
outputs and the voltages measured across the system would be close to sinusoidal at the
declared frequency if there was no load connected to the system. It is well known that for a
pure sinusoidal voltage wave with a frequency of 50 Hz and an amplitude of 230 V, the
spectrum would be zero at all frequencies except 50 Hz, where the value would be 230 V.
For a distorted voltage wave, the spectrum contains harmonic frequencies characteristic
of the nature of the distortion. The basic frequency is the component of the spectrum at
which the network is designed to operate. It is usually the first and largest component
of the spectrum, as can be seen in Figure 5. The term “total harmonic distortion” (THD)
describes the effective sum of the voltages of all harmonic frequencies present relative to
the fundamental.

The two most commonly used distortion indicators are the individual and the total
harmonic distortion indices, which are usually described by Equations (2) and (3). The
former shows the ratio of the component observed at a given ordinate h to the fundamental
harmonic, while the latter relates the resulting harmonic content of the signal to the
basic harmonic. The two indicators can be determined for both voltage and current as
follows [29]:

Dh =
Uh
U1

(2)

THDU =

√
∑∞

h=2 Uh

U1
(3)

where Uh is the harmonic voltage of order h, U1 is the fundamental harmonic voltage, Dh
is the individual harmonic distortion, while THDU is the total harmonic distortion. During
the measurements, the true RMS [27] value for any signal was measured. This true effective
value of the current returns the effective value that has the same effect and is capable of the
same performance as the direct current of the same voltage or current. Thus, in the case
of a non-linear consumer, according to Figure 2, the true effective value of the current is
equal to the square root of the square sum of the current of the fundamental harmonic and
harmonics described by Equation (4).

i =
√

i12 + i22 + i32 + i42 + . . . in2 (4)

3. Switching Power Supplies

Over the last 20 years, switching power supplies have increasingly replaced the
transformer rectifier power supplies in electronic equipment. These devices generate a
large amount of fifth harmonic emissions relative to their rated power consumption, which
are randomly phase-directed and thus can add up [30,31]. Consequently, in power systems,
at all voltage levels up to 400 kV, the background level of harmonic level distortion is
increasing. In three-phase distribution networks, odd harmonics are most common. It
is essential to measure harmonics of the orders 3, 5, 7, 9, 11, 13, etc., up to harmonics
of the order 25, as practical experience has shown. As the harmonic voltage distortion
increases, the risk of widespread problems due to premature ageing of the equipment and
overloading of the neutral conductors increases. Generators in the power system usually
produce a pure sine waveform at their end points. This sinusoidal waveform is considered
to be the pure form of the AC voltage, and deviation from it is called distortion. More and
more consumers are drawing a non-sinusoidal current from the electricity system. As a
result, as described above, due to sine wave distortion of the grid voltages and currents,
several zero crossings can occur within a period [9]. The consequence will be a malfunction
of the switching power supplies. As an example, consider the circuit shown in Figure 6.
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Figure 6. Example of a load that takes a non-sinusoidal load from the network.

The thyristor bridge is connected to a pure sine wave network via a transformer. The
frequency of this sine wave is called the fundamental frequency f1. When the load is
connected to the power supply, a line current flows, denoted as iline(t). Figure 7 shows an
approximation of the current waveform.

Figure 7. Line current flowing in the branch of a three-phase, two-way, six-stroke (3F, 2W, 6S) diode
rectifier power supply.

From this figure, it can be seen that the line current iline(t) is very different from the
sinusoidal current waveform, the fundamental component i(t), and therefore something
must be added to this sinusoidal component to obtain the actual current flowing. To
determine what this “something” is, look at Figure 8, which shows the waveform of the
current obtained by adding component i_h5(t) with a frequency equal to five times the
fundamental frequency to the i(t) component.

Figure 8. Comparison of the line (t) line current waveform with the i(t) + i_h5 (t) waveform.
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Currently, power electronic control-based equipment is the main source of harmonic
pollution in low-voltage networks [32]. Usually, in such equipment, the switching semicon-
ductor conducts only in a fraction of the base period, as this is how this type of equipment
can gain its main characteristics of energy saving, dynamic performance, and control flexi-
bility. It has been mentioned earlier that generators in the power supply system usually
output a pure sinusoidal waveform at their end points; this sinusoidal waveform is the
pure form of the AC voltage, and deviation from this is called distortion. Currently, there
are more and more consumers with different power electronics solutions—due to the use
of semiconductors in switching mode—causing the equipment to draw a non-continuous
current from the power system, rather than a sinusoidal current, with a significant amount
of distortion. The explanation for the formation of harmonics is as follows. While in linear
consumers there is a direct proportionality between voltage and current, in non-linear,
non-continuous consumers, it is observed that the current no longer follows the sinusoidal
voltage waveform, but so-called positive and negative current peaks occur. Since the
semiconductors used in switching mode conduct for only a fraction of the base period of
the mains period, the consumers draw pulsating input currents from the mains, and these
feedbacks caused by the pulsating currents cause the harmonics in the mains.

The aim of this study is to identify precisely the potential problems caused by harmon-
ics, especially in electronic and IT devices used in industry. Later, an exact mathematical
method must be found to identify the harmonics generated and to calculate the network
feedbacks for preventive purposes, so that the expected magnitude of harmonics can be
predicted at the design stage of electronic circuits. In addition, this information can be used
to find specific, local, cost-effective filtering methods for existing harmonics in the electrical
network, targeting to the sensitivity of the equipment concerned.

4. Possible Consequences of the Presence of Harmonics

From the distorted signal shapes shown in Figure 8, it can be seen that if multiple
zero crossings are created, the circuit controlling the thyristors, synchronized with the zero
crossing, will make faulty connections and thus, due to the increase in the fill factor, the
output voltage of the switching power supply may increase—if no overvoltage protection
is installed—and destroy the circuits it supplies. This process can be seen in Figure 9.

The presence of harmonics can also have other consequences, such as the skin ef-
fect [33]. DC current is homogeneously distributed across the cross-section of the conductor,
so the current density is the same over the entire surface of the conductor. In the case of
alternating current, at high frequencies, this is no longer true because the alternating current
always tends to flow near the outer surface of the conductor, caused by the electro-magnetic
field surrounding the conductor and varying with frequency, which creates a current in the
conductor similar to an eddy current. According to Lenz’s law, this current is not eddy-like,
but is in the opposite direction to the current generating the magnetic field. As the two
currents repel each other, the collateral magnetic field forces the conductor current to the
surface, which becomes more and more pronounced at increasing frequencies.

In the vast majority of cases, this is not considered at the mains frequency of 50 Hz,
as the effect is negligible at this frequency. However, from 250 Hz onwards, i.e., from the
fifth harmonic upwards, at higher frequencies, the skin effect is significant, as it creates
increasing collateral losses. This should be considered especially when sizing single-core
cables. Harmonics also influence plated busbars, reducing the skin effect, but because of
their sizing in relation to the resonance, harmonics must be taken into account.
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Figure 9. Block diagram and control of a network zero-crossing synchronized thyristor IC.

5. Filtering Harmonics

If the distribution network is “polluted” with harmonics, the quality parameters of the
energy service are also significantly degraded [30]. The true RMS value of the current in
the neutral conductor increases. If a fully symmetrical load is assumed in the three-phase
power system, i.e., loads of equal magnitude are connected between each phase and the
neutral, then the fundamental, positive-order, and negative-order harmonics are eliminated
in the summation, while the zero-order ones are summed algebraically. For this reason,
the current in the neutral conductor will not be zero even with a symmetrical load since
the sum of the zero-sequence currents in the three phase conductors flows in the neutral
conductor in the case of a four-wire Y connection. The effective value of the current of
the neutral conductor can be calculated as the square root of the sum of the squares of the
effective value of the zero-order currents. In the case of symmetrically connected non-linear
loads, this results in a significant additional load in the neutral conductor. This results in a
substantial excess load in the neutral conductor for symmetrically coupled non-linear loads.
In locations where most loads are non-linear, e.g., office buildings, two to three times the
phase conductor current may flow in the neutral [34]. Harmonics may cause overloading in
generators, motors, and transformers [35]. In a harmonics-contaminated network, electrical
equipment may be subject to unwanted vibration and premature ageing, as well as the
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hum and unwanted sound effects of transformers are also increased, not to mention the
overloading of phase correction capacitors, which can also lead to their premature ageing
and premature replacement, generating significant costs for users.

In a three-phase symmetrical system, if there are no current harmonics, of course no
current flows in the neutral conductor. However, in the presence of harmonics, significant
current flows in the neutral conductor, which can be several times that of the phase current.
The protections may be unduly tripped, reducing the security of the power supply and the
life of the protection circuit breakers. The reactive current also causes disturbances in the
operation of compensation systems, generating resonant voltages in the resonant circuit
formed by the inductive nature of the network and the capacitive system of the reactive
current compensation.

In reality, the resulting voltage distortion is proportional (to a limited extent) to
the impedance of the power supply, which proves that the harmonic source is a current
generator. The impedance of the supply network is usually very small, so the voltage
distortion caused by the harmonic current will be small, often so small that it is lost in the
background noise. This can be misleading because it gives the impression that there is
no harmonic problem, when in fact there are large harmonic currents. This problem can
be compared in an attempt to find circulating currents in the ground by measuring the
voltage. So, if one suspects or tries to prove that there are no harmonics, the current has to
be measured.

One of the simplest solutions for filtering out the third harmonic is the trans-
former [32,36], which is provided by default in all medium-voltage/low-voltage trans-
formers (MV/LV transformers), so that in the case of wye/delta grounded transformers,
the 3rd harmonic current is not transferred to the delta side. This is not only applicable
for the MV/LV voltage conversion, but can also be used as a decoupling transformer,
thus ensuring that the third harmonic is filtered out. However, in the case of high-power
transformers, due to the capacitance between the primary and secondary windings, which
can be very high, high power can be used to transfer harmonic voltages from the primary
side to the secondary side. Also problematic are the harmonics from the power grid coming
through the neutral and the earth conductor, of which the transformer does not filter out
any harmonics. Therefore, when choosing the cross-section of the neutral conductor, it is
essential to consider the harmonic potential content of the grid.

With active harmonic filters, the consumer current signal is made as perfect as possible
by injecting an opposite-signature harmonic current in “real time” into the harmonic-
contaminated current drawn by the consumer, thus providing a clean (50 Hz) sinusoidal
signal waveform to the mains, which does not distort the mains voltage. Today’s active
harmonic filters can track this with a response time of 300–500 μs, which is comparable to
the 50 Hz mains frequency, i.e., the 20 ms mains T period. Compensation is carried out
up to the 50th harmonic, but in practice currents above the 25th harmonic are not often
encountered. IGBT-insulated gate bipolar power transistors with a switching frequency of
10 to 15 kHz are used to generate the signal waveforms.

Another power quality improvement technique is APLC (active power line condi-
tioning) [37,38], which is an active filter type that compensates for distortion of the power
system waveform. The objective was to develop and present a procedure to calculate the
amount of APLC-injected current required to minimize voltage harmonic distortion in
the entire power system. The procedure is intended to be applied with APLC frequency
domain correction in networks where periodic harmonic distortion is experienced. The
injection currents are determined using non-linear optimization theory. The main solution
lies in the development of a simple procedure for finding the Fourier series of the optimal
APLC injection current waveform. The procedure can be applied in any of the following
situations: 1. single-phase APLC in a single-phase network; 2. single-phase APLC in a
three-phase network; or 3. three-phase APLC in a balanced three-phase network.

An active harmonic filter with a series design is shown in Figure 10.
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Figure 10. Active filter with in-line design.

This type of filter is connected to the mains through a dedicated transformer. It has
the advantage of compensating for the effects of voltage drops and directly influencing the
harmonic content of the voltage. Its major disadvantage is its high production cost due
to its complex design and, as can be seen from the wiring diagram, the fact that it is very
difficult to integrate into the existing electrical network. Therefore, instead of this type of
filter, the shunt-type filter has become more widespread in practice and is almost the only
one used today.

An example of an active harmonic filter with a shunt design is shown in Figure 11.

Figure 11. Shunt design active filter.

This type of filter injects a current of the same magnitude as the measured harmonic
current generated by the non-linear consumer, but in phase opposition, into the network,
resulting in a current flowing to the incoming network containing only fundamental
harmonics [30]. This is described by Equation (5).

Inetwork = Ifilter + Iload (5)

The filter uses PWM (pulse-width modulation) to generate the expected signal shape.
This filters is capable of filtering harmonics up to 50 orders. For this purpose, an in-
verter with an NPC (neutral point clamped) [39] topology is used, using IGBT upstream
drivers [40].
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6. The IEEE 519-2022 Standard Recommends

In order to evaluate the measured data, it is essential to know the relevant standards.
When examining the standards, a distinction must be made between the maximum permis-
sible voltage and current distortion values recommended for the power supply’s electricity
distribution network, devices and equipment connected to the so-called residential net-
work, and the internal electrical network of industrial facilities. The MSZ EN 61000-3-12
or IEC 61000-3-12 standards must be used to test a product under laboratory conditions,
while the IEEE 519-2022 standard (not yet a Hungarian standard) recommends maximum
permissible harmonic distortion values for equipment installation. In cases of current
harmonics, the creators of the IEEE 519 standard decided to limit the magnitude of current
harmonics depending on the power of the voltage source. This is logical since a network
with a high electrical power can suppress the effect of current harmonics to a much greater
extent without affecting its voltage than a network with a lower power. The purpose of cre-
ating current harmonic limits was to limit the harmonic injection of individual consumers
into the network so that they do not cause unacceptable voltage sine wave distortion [41].
The IEEE 519 standard specifies limits for order-by-order harmonic distortion and total
current demand distortion (TDD), not total harmonic distortion (THD). THD specifies the
maximum possible values only for the voltage and causes its magnitude to depend on
the voltage level of the common connection point (Point of Common Coupling—PCC). A
significant difference is that in the IEEE 519 standard, the limit values of voltage harmonics
are constant at all frequencies, while in IEC 519, the permissible magnitude of voltage
harmonics decreases with frequency. Among other things, the IEEE 519-2022 standard
imposes two requirements on harmonics—the absolute maximum voltage distortion (THD),
i.e., the previously mentioned THDU, as well as the harmonic distortion according to the
variable maximum total current demand (TDD). In the case of the former, one can see the
relevant limits in Table 1, while for the latter, they can be seen in Table 2. TDD depends on
the ratio of the short-circuit current (ISC) of the common electrical network connection point
(PCC) and the load current (IL) of the connected device. In this way, the effect of current
harmonics produced by individual equipment on the network can be distinguished. The
reason for this is that the harmonics produced by consumers with lower current consump-
tion are less able to influence the quality of electricity on the network compared to large
consumers. The TDD values allowed in the standard refer to the given common connection
point (PCC), which ensures the connection between the high-current supply point and the
connected equipment and can be used at any voltage level. In industrial conditions, the
PCC is considered an internal point of the own electrical network or electrical distribution
system. IEEE 519-2022 differs from the original intent of IEEE 519 in that the latter considers
only the point of connection between the power supplier and the consumer. In contrast,
IEEE 519-2022 already allows the internal electrical network to be divided into several
connection points (PCC). Thus, in a large-scale industrial facility, the limit values of the
standard can be applied separately to several common connection points with different
power currents protected by circuit breakers.

Table 1. Recommended possible voltage distortion limits by the IEEE 519-2022 standard.

Bus Voltage V at PCC (kV) Individual Harmonic (%) Total Harmonic Distortion (%)

V ≤ 1.0 5.0 8.0
1 < V ≤ 69 3.0 5.0

69 < V ≤ 161 1.5 2.5
161 < V 1.0 1.5 1

1 High-voltage systems can have up to 2.0% THD, where the cause is an HVDC terminal whose effects will have
attenuated at points in the network where future users may be connected.
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Table 2. Recommended possible current distortion limits for systems rated 120 V through 69 kV by
IEEE 519-2022 standard.

ISC/IL

Individual Harmonic Order (Odd Harmonics) 1,2

Maximum Harmonic Current Distortion in Percent of IL
Total Current Demand

Distortion (%)
2 ≤ h < 11 11 ≤ h < 17 17 ≤ h < 23 23 ≤ h < 35 35 ≤ h < 50

<20 3 4.0 2.0 1.5 0.6 0.3 5.0
20–50 7.0 3.5 2.5 1.0 0.5 8.0

50–100 10.0 4.5 4.0 1.5 0.7 12.0
100–1000 12.0 5.5 5.0 2.0 1.0 15.0

>1000 15.0 7.0 6.0 2.5 1.4 20.0
1 Even harmonics are limited to 25% of the odd harmonic limits above. 2 Current distortions that result in a DC
offset, e.g., half-wave converters are not allowed. 3 All power generation equipment is limited to these values of
current distortion, regardless of actual Isc/IL.

7. Network Analysis

It is essential to investigate the sine-wave distortion effect of non-linear loads on the
network under real measurement conditions [42,43]. Our analyses were carried out in 2023
and 2024 at an industrial facility. The aim of the measurements was to test the harmonic
injection of individual equipment and equipment groups at the PCC of the electrical
network. This allowed us to obtain information on the extent to which building services
and manufacturing equipment, office buildings, and halls can be considered as the potential
sources of harmonic disturbances and their impact on power quality. These measurement
results can be used in comparative analyses in our future research. For example, whether
the principle of superposition can be applied to current harmonics in grouped installations,
whether the magnitude of harmonics increases linearly with the number of identical
installations, or whether the magnitude of harmonics of the same order decreases for
certain harmonics can be assessed. For similar machines, the questions of do they add
together in orders and does the amplitude of the current harmonics increase proportionally
with the frequency can be addressed. During the analyses, the effectiveness of the passive
and active harmonic filters installed by the manufacturers both in the loaded and unloaded
states of the tested equipment were validated. For the measurements, the network analyzer
type PQA824 from the manufacturer HT Italia SRL Faenza (RA)-ITALY [44] was used.
The main features of the instrument were recording MIN/MAX/AVG, voltage anomaly
detection, harmonic analysis, patch analysis, flicker analysis, recording of high-speed
voltage transients from 5.5 μs, and recording of turn-on currents. The instrument was
parameterized according to the user’s manual, while the recorded data were read out by
using HT Italia’s Topview software version 2.2.2.3 [45]. The measurement results were
evaluated using fast Fourier transform (FFT). Measurements were performed for three
different consumers: an LED lamp, a test bench, and an industrial robot.

7.1. LED Lamp Built-In Passive Harmonic Filter Validation

Currently, LED lighting is used in almost all industrial facilities, halls, and offices, but
also in the case of workplace lighting. It can be predicted that these electricity consumers
can also have a serious impact on the quality of electricity [46]. The aim of this study is to
determine the effectiveness of the passive harmonic filters built into the luminaires. This
was investigated through network analysis, in the case of a single LED luminaire, and by
measuring the lighting of an entire hall at the feed point. First, one HIAL 2000/840/W/F
type LED lamp was examined with 230 V voltage and 140 W electrical power. These
fixtures have a built-in passive harmonic filter, according to the distributor.

The voltage and current waveforms for one period are shown in Figure 12. The
waveform of the current has been distorted to such an extent that its sinusoidal waveform
cannot even be recognized. One can also see multiple zero crossings. The total harmonic
distortion (THD) of the current was 15.20%. The harmonic distortion according to the
total current demand (total current demand distortion—TDD) was also determined. It was
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16 A/1 A = 16. According to Table 2 the permissible distortion could only ne 5%, so the
difference is more than three times the permissible level, namely 10.20%.

Figure 12. LED lamp’s distorted current and voltage waveform.

Figure 13 shows the current spectrum. According to Table 2, the maximum possible
value per harmonic order up to the 11th harmonic recommended in the standard is 4%, but
these current amplitude values are 7.82% and 7.45% for the 3rd and 7th harmonics. Since
the waveform of the current in this case also indicates that there may be harmonic emissions
at higher frequencies, the spectrum of the current in the supraharmonic range (2–150 kHz)
was also examined, which can be seen in Figure 14. From the 79th order (3.95 kHz) to
the 127th (6.35 kHz), it approaches and in many cases even significantly exceeds the 0.6%
allowed magnitude of the amplitude relative to the fundamental harmonic according to
Table 2. This is important because in practice, the harmonic pollution of the equipment
above the 15th harmonic order is no longer examined and, as one can see, it would also be
necessary to carry out this in the case of higher orders.

Figure 13. LED lamp’s harmonic current magnitude components of the distorted current waveform.
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Figure 14. LED lamp’s supraharmonics current magnitude components of the distorted current
waveform.

This measurement was performed with one and two LED lamps, and there were
no significant differences in the signal shapes and the degree of distortion. The table
provided by the TopView software version 2.2.2.3 displaying the voltage, current and THD
measurement results of the analyzer is shown in Figure 15. From the measurement results
based on the graphs, it can probably be concluded that the built-in passive harmonic filter
is either not included or is ineffective.

 

Figure 15. LED lamp’s measured voltage, current, THD, and power factor provided by TopView.

7.2. LED Lamp Built-In Passive Harmonic Filter Validation in the Case of Hall Lighting

It was found that the larger these distortions are in the case of lighting an entire
production area, the larger the harmonic injection of the hall lighting towards the electrical
distribution network is. The hall was empty, meaning that there was no production
equipment or other office equipment that could influence the measurement. Figure 16
shows the measurement results of this hall. Four hundred 140 Watt electric power lamps
were installed, with a total of 56 kW of maximum effective electric power consumption.
Based on Figure 16, it can be said that the voltage waveform is almost pure sinusoidal, and
the distortion of the current is not significant. Since the magnitude of the currents of each
phase and the THD of the currents were almost the same, it made sense to analyze only the
current of phase 2.
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Figure 16. LED hall lights’ distorted current and voltage waveform.

The value of the current’s total harmonic distortion was 14.71% for the i2 current. The
harmonic distortion according to the total current demand (TDD) is 2300 A/28.3 A = 81.27.
According to Table 2, the permissible distortion can be only 8%, so the deviation from
the limit value is 6.71%. Figure 17 shows the current spectrum. One can see that instead
of the 7% allowed value up to the 11th harmonic in Table 2, the values of the 3rd and
7th harmonics are 10.98% and 6.73%, respectively. The table provided by the TopView [24]
software displaying the voltage, current, THD, and reactive energy measurement results of
the analyzer is shown in Figure 18.

 
Figure 17. LED hall lights’ harmonic current magnitude components of the distorted current waveform.
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Figure 18. LED hall lights’ measured voltage, current, THD, and power factor provided by TopView.

Comparing the results of the individual LED lamp and the group LED hall lighting,
the difference is clearly visible. According to Figure 16, the current sine wave distortions of
the same magnitude as in the case of a single LED lamp do not appear. But, by looking
at the spectra in Figure 17, one can see that the magnitude of the amplitudes per order is
very similar to the individual luminaire measurement in Figure 13. This proves that the
harmonic distortions of the individual LED luminaires are preserved even in the case of
grouping a large number of units distributed by phase, and they do not compensate for
each other’s distortions. However, the harmonics of the individual luminaires do not add
up according to the principle of superposition. This will be an important research result for
sizing the central harmonic filter of the lighting distribution network.

7.3. Test Bench Built-In Active Harmonic Filter Validation

In the following, the measurement results performed in a modern factory are presented.
The efficiency of an active harmonic filter installed in a test bench equipped with a high-
performance frequency converter at full load and during use in the more typical low-load
or idling state was examined.

7.3.1. Test Bench at a Heavy Load

In this case as well, the magnitude of the currents of each phase and the total harmonic
distortion of the currents was almost the same (see Figure 19); therefore, only Current 3
was analyzed here. The maximum value of the current of the neutral conductor was 5.15 A,
which is negligible compared to the maximum phase currents of 108.2 A. The network
analysis was carried out with the machine in the extended state under normal production
conditions. The applied current varied between 103.3 A and 108.2 A per phase, so it can be
considered symmetrical. On the other hand, there was a high level of harmonic current
pollution, and therefore the current waveform was also highly distorted. Thus, the THD of
the current was 4.35% for Current 3. As was mentioned before, the proposed maximum
allowable value of THD as defined in IEEE 519-2022 is given by the TDD. This ratio is now
630 A/108.2 A = 5.82, and according to Table 2, the permissible distortion can only ne 5%.
In the case of Current 3, this value is 4.35%, which corresponds to the requirements of the
standard, and the built-in active harmonic filter works properly.
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Figure 19. Distorted current and voltage waveforms measured on the test bench at a heavy load.

Note that the current of the neutral conductor is 5.15 A, but it should be zero in
normal operation. The current in the neutral conductor is caused by the not perfectly
symmetrical (slightly asymmetrical) load, which was negligible in this case. But in the
case of larger neutral conductor currents when its magnitude approaches the magnitude
of the phase conductor current, this can cause overloading and overheating in the line
in the transformer, which can lead to failures [34]. Electricity distribution networks are
in most cases TN (three-phase neutral systems) [47], and in this system, the secondary
windings of the transformer are connected to a star and the star points of the windings are
grounded and the neutral conductor is connected to this point. All harmonics are found
in the phase voltages, and hence harmonics appear in the phase and line currents. The
neutral current is the sum of the phase currents. The effective value of this current will
be the square root of the square sums of the zero sequence currents. This current causes
an additional load in the neutral conductor for symmetrically connected non-linear loads,
the magnitude of which may be as high as two to three times the phase current. If this
current is not considered in network design and the current in the neutral conductor due to
harmonics—which causes potential shifts due to voltage drops in individual conductor
sections—is not taken into account, it can cause serious disturbances in the operation of
electronic equipment. Later, the possible direct consequences of harmonic disturbances
on the power sources of equipment operating on the electrical network will be discussed.
Figure 20 shows the spectrum of the phase of currents.

As before, on the horizontal axis, the line numbers represent the harmonic orders, the
integer nth multiples of the fundamental frequency (50 Hz), while on the vertical axis, the
amplitude is plotted against the fundamental harmonic. Based on the measurements, it
can be said that the magnitude of harmonic distortion does not exceed the level allowed
by the standard in the case of harmonic orders and the active filter works very well at a
heavy load.
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Figure 20. Harmonic current magnitude components of the distorted current waveforms measured
on the test bench at a heavy load.

The table provided by the TopView software displaying the voltage, current, THD,
and reactive power measurement results of the analyzer is shown in Figure 21.

 
Figure 21. Measured voltage, current, THD, and power factor of test bench at heavy load provided
by TopView.

7.3.2. Test Bench at Light Load

Figure 22 shows the voltage and current waveforms at a light load state. The voltage
sine is almost free of distortion, but the current sine cannot be recognized; accordingly,
the current THD value was 104.54%. As was mentioned before, the standard specifies the
recommended maximum value of the total harmonic distortion of the current with the
value of the total current demand harmonic distortion (TDD), which depends on the ratio
of the short-circuit current of the common electrical network connection point and the load
current of the given device. This ratio is now 630 A/10.4 A = 60.57, which is between 50
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and 100, so the permissible distortion would be only 12%. The deviation from the limit
value is 92.54%.

Figure 22. Distorted current and voltage waveforms measured on the test bench at a light load.

In the current spectrum shown in Figure 23, one can see that there is no harmonic order
whose value relative to the fundamental harmonic does not exceed the maximum possible
value of 4% up to the 11th harmonic written in the standard. Current amplitude values
vary between 10% and 88%. Based on the above, it can be stated that the built-in active
filter is not effective in a small or unloaded state and allows serious signal shape distortions
in the network. It is advisable to increase the efficiency of the filtering as soon as possible,
because it can cause serious problems in the various data recording and control units.

Figure 23. Harmonic current magnitude components of the distorted current waveforms measured
on the test bench at a light load.

The table provided by the TopView software displaying the voltage, current, THD,
and reactive power measurement results of the analyzer is shown in Figure 24.
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Figure 24. Measured voltage, current, THD, and power factor of test bench at light load provided by
TopView.

7.4. Industrial Robot Built-In Active Harmonic Filter Validation

Currently, there is almost no industrial facility where robots, robot cells, and cobots
are not used for various technologies. In their variety of applications, they are considered
as very significant consumers of electricity, especially if we take into account the automated
equipment directly connected to them, such as robot cells or machining centers. Since it
can be said that such devices are highly automated, their control and regulation electronics
can be highly sensitive to electrical network disturbances and possible voltage dips. In
this section, the magnitude of the harmonic injection of such an industrial robot and the
efficiency of the built-in active harmonic filter at light load and heavy load states of the
robot are examined.

7.4.1. Industrial Robot at Light Load

Figure 25 shows the measured voltage-current waveforms. Since the magnitude of
the currents of each phase and the total harmonic distortion of the currents were almost
the same, only Current 2 was analyzed. The voltage sine is almost free of distortion, but
the current sine cannot be recognized. The measured current varies between 1.6 A and 2 A
per phase, so it can be considered symmetrical. In Figure 25, one can see that the current
sine waveform is very distorted, and the THD of the current was 59.42% for Current 2. The
proposed maximum allowable value of THD according to IEEE 519-2022 is given by the
TDD, which depends on the ratio of the PCC termination current ISC to the load current IL
of the device, as was previously presented. This ratio is now 630 A/2 A = 315; therefore,
the permissible distortion according to Table 2 can be only 15%, so the difference is more
than three times, namely 44.42%.

Figure 26 shows the frequency spectrum of the measurement, i.e., the magnitudes of
the harmonics with respect to the fundamental harmonic. However, it can also be concluded
from the measurement that according to Table 2, instead of the recommended 12% up to
the 11th harmonic, the maximum harmonic current distortions in the case of Current 2
were 33.96%, 21.16%, and 7.63% for the 5th, 7th, and 9th harmonics, respectively. Instead of
the recommended 5.5% from the 11th to the 17th harmonic, for the 15th harmonic, it was
7.68%. In the case of higher harmonic orders, their magnitudes were already negligible;
therefore, they are not included in the analysis.
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Figure 25. Distorted current and voltage waveforms measured on an industrial robot at a light load.

Figure 26. Harmonic current magnitude components of the distorted current waveforms measured
on an industrial robot at a light load.

The measured data provided by the network analyzer (voltage, current, THD and
reactive power) can be seen in Figure 27.
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Figure 27. Measured voltage, current, THD, and power factor of industrial robot at light load
provided by TopView.

7.4.2. Industrial Robot at Heavy Load

During the analysis, measurements were also performed under heavy load. After
all, the more robot axes operate at the same time, the greater the simultaneous electric
power consumption of the drive cards that operate them. This therefore represents the
greatest opportunity to measure the greatest distortion of electric signals and the injection of
harmonics into the network. The measured voltage and current waveforms are illustrated
in Figure 28. It can be stated that the voltage sine wave is slightly distorted, while the
current sine wave is already significantly distorted, and the shape of the sine waves of
the current clearly demonstrates the non-linear current draw from the network. After all,
the direction of the current changes four times instead of once within one period. If one
looks at the significant number of zero crossings within one period, it is clear that this must
be taken into account not only for the robot, but also for the robot cell equipment when
designing their switch mode power supplies.

Figure 28. Distorted current and voltage waveforms measured on an industrial robot at a heavy load.
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Figure 29 shows the current spectrum. The harmonic distortion of the total current
measured at the common connection point (PCC) of the robot cell is THD(I), and in the
case of Current 3 it was 83.94%. In this case, the permissible maximum value of the total
harmonic distortion of the current is also given by the TDD. The short-circuit current of
the common electrical network connection point (PCC) is 800 A, and the load current of
the robot cell is 8.3 A. The required ratio is 800 A/13 A = 61.53. The maximum allowable
total current demand harmonic distortion (TDD) recommended by the IEEE 519-2022
standard is 12%. Therefore, THD = 83.94% is seven times the permissible value. Based
on the ratio number 61.53, the permissible harmonic current distortion is 10% for the
2nd–11th harmonics, and 4.5% for the 11th–17th harmonics. These limits are exceeded
multiple times for every odd harmonic order. The value for the 5th harmonic (250 Hz) is
66.06%, that for the 7th (350 Hz) is 40.74%, and that for the 11th (550 Hz) 7.61%.

Figure 29. Harmonic current magnitude components of the distorted current waveforms measured
on an industrial robot at a heavy load.

The table provided by the TopView software displaying the measurement results of
the analyzer is shown in Figure 30.

 

Figure 30. Measured voltage, current, THD, and power factor of industrial robot at heavy load
provided by TopView.
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8. Network Analysis of Different Locations of the Industrial Facility

In the previous section, the efficiency of the built-in filters was investigated. Measure-
ments were also performed at three different locations within an industrial facility: the
engineering room, the gearbox house machine tool, and an office room. In these cases, there
are no built-in filters. These measurement results will contribute to the subsequent develop-
ment of what kind of protection against harmonics needs to be installed for each location.
After installing the proposed active filters, network analysis will be performed again, and
thus in the future a similar validation process will be carried out like in Section 7.

8.1. Engineering Room

Figure 31 shows a voltage–current waveform diagram in a mechanical room. Since the
magnitude of the currents of each phase and the total harmonic distortion of the currents
were almost the same, only Current 2 was analyzed in this paper. It can be seen that the
current of the neutral conductor was almost zero, while all voltage and current waveforms
are distorted. These network analysis results correspond to the literature description of
harmonic distortions. The measurement also shows how the current waveform is distorted
by harmonics in the building services room, where the electronic speed regulation of
electric motors and the use of switching power supply units to power the control electronics
are significant.

Figure 31. Distorted current and voltage waveform measured in the engineering room.

Figure 32 shows the frequency spectrum of the measurement.
The table provided by the TopView software displaying the measurement results of

the analyzer is shown in Figure 33.
The scale shows the magnitudes of the harmonics with respect to the fundamental

harmonic. One can observe that the harmonics of the neutral conductor were negligible.
Therefore, the current of the neutral conductor was not analyzed either. The recorded
current varies between 113.5 A and 116 A per phase, so it can be said to be symmetrical.
But in Figure 6, one can also see that the current sine waveform is very distorted, and the
THD of the current was 14.85% for Current 2. The proposed maximum allowable value
of THD according to IEEE 519-2022 is given by the TDD, which depends on the ratio of
the PCC termination current ISC to the load current IL of the device, as was previously
presented. This ratio is now 2000 A/112,8 A = 17.73; therefore, the permissible distortion
according to Table 2 would be only 5%, so the THD of 14.85% is almost three times the
recommended maximum value, and the limit value was exceeded by 9.85% in the case
of Current 2. However, it can also be concluded from the measurement that according to
Table 2, instead of the recommended 4% up to the 11th harmonic, the maximum harmonic
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current distortion for Current 2 was 8.53%, 6.19%, and 7.2% for the 5th, 7th, and 11th har-
monics, respectively (these values are almost twice the recommended value). Instead of
the recommended 2% from the 11th harmonic to the 17th harmonic, the distortion was
4.00% for the 13th harmonics. In the case of higher harmonic orders, their magnitudes
were already negligible; therefore, they are not included in the analysis. Of course, further
measurements should also be carried out in this case to determine the exact sources of the
main harmonic disturbances.

Figure 32. Harmonic current magnitude components of the distorted current waveform measured in
the engineering room.

 

Figure 33. Measured voltage, current, THD, and power factor of engineering room provided by
TopView.
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8.2. Gearbox House Machine Tool

Measurements were also performed in a gearbox house machine tool. The voltage and
current waveforms of a special machine tool can be seen in Figure 34.

Figure 34. Gearbox house manufacturing distorted voltage and current waveforms.

In this case as well, the magnitude of the currents of each phase and the total harmonic
distortion of the currents were almost the same; therefore, only Current 3 was analyzed
here. The maximum value of the current of the neutral conductor was 1.56 A, which is
negligible compared to the maximum phase currents of 43 A.

The network analysis was carried out with the machine in the extended state under
normal production conditions. The applied current varied between 26.7 A and 28.2 A per
phase, so it can be said to be symmetrical. On the other hand, there was a high level of
harmonic current pollution and therefore the current waveform was also highly distorted.
Thus, the THD of the current was 17.3% for the Current 3. As was mentioned before,
the proposed maximum allowable value of THD as defined in IEEE 519-2022 is given by
the TDD. This ratio is now 630 A/28.2 A = 22.34; according to Table 2, the permissible
distortion should only be 8%. The limit value was thus exceeded by 9.85% in the case
of Current 3. The other problem is that the current of the neutral conductor is 1.56 A,
whereas it should be zero under normal operation. The current in the neutral conductor
is caused by the asymmetrical load, and the current flowing in the neutral conductor can
cause overloading and overheating in the line in the transformer, which can lead to failures.
Electricity distribution networks are in most cases TN (three-phase neutral systems), where
the secondary windings of the transformer are connected to a star and the star points of the
windings are grounded and the neutral conductor is connected to this point. All harmonics
are found in the phase voltages, and hence harmonics appear in the phase and line currents.
The neutral current is the sum of the phase currents. The effective value of this current will
be the square root of the square sums of the zero-sequence currents. This current causes
an additional load in the neutral conductor for symmetrically connected non-linear loads,
the magnitude of which may be as high as two to three times the phase current. If this
current is not considered in network design and the current in the neutral conductor due to
harmonics—which causes potential shifts due to voltage drops on individual conductor
sections—is not taken into account, it can cause serious disturbances in the operation of
electronic equipment. Later, the possible direct consequences of harmonic disturbances on
the power sources of equipment operating on the electrical network will be discussed.

Figure 35 shows the spectrum of the phase of currents in Figure 34.
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Figure 35. Gearbox house manufacturing harmonic current magnitude components of the distorted
current waveform.

The table provided by the TopView software displaying the measurement results of
the analyzer is shown in Figure 36.

 

Figure 36. Measured voltage, current, THD, and power factor of gearbox house provided by TopView.

As before, on the horizontal axis, the line numbers represent the harmonic orders,
the integer nth multiples of the fundamental frequency (50 Hz), while on the vertical axis,
the amplitude is plotted against the fundamental harmonic. It can be observed that the
harmonics of the neutral conductor were also negligible in this case. Therefore, the current
of the neutral conductor was not analyzed either.

One can see that the magnitude of the 5th-, 7th- and 11th-order harmonics exceeds
the maximum possible 4% value up to the 11th harmonic recommended in the standard,
because these current amplitude values were 6.31%, 3.92%, and 5.90% respectively. From
the 11th harmonic to the 17th harmonic, instead of the recommended 2%, the magnitude
of the 13th harmonic was 11.15%, while that of the 15th harmonic was 3.71%. In the case
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of higher harmonic orders, their magnitudes were already negligible; therefore, they are
not included in the analysis. So, based on the measurements, it can be said here again
that the magnitude of harmonic distortion exceeds the level allowed by the standard and
it is necessary to filter these values and eliminate the cause of the current flowing in the
neutral conductor.

8.3. Office Room

In the following, the results of a single-phase network analysis in an office room are
presented. The waveforms of one period of voltage and current are shown in Figure 37.

Figure 37. Office distorted voltage and current waveforms.

The current waveform is distorted to such an extent that its sinusoidal waveform is
unrecognizable. One can also see the multiple zero transitions. The TDD value was also
determined in this case. The value of THD of the current was 59.47%. The total current
demand distortion (TDD) is 16 A/0.3 A = 53.33; according to Table 2, the permissible
distortion should only be 12%. The limit value was exceeded by 47.47%.

Figure 38 shows the frequency spectrum of the current in Figure 37.

Figure 38. Office distorted current waveform components of harmonic current.

The table provided by the TopView software displaying the measurement results of
the analyzer is shown in Figure 39.
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Figure 39. Measured voltage, current, THD, and power factor of office room provided by TopView.

It can be seen that the third harmonic (150 Hz) is very high, which is mainly typical
of LED lighting, so the luminaires in the office are not fitted with filters, contrary to the
contractor’s claim. According to Table 2, the maximum possible value of 4% per harmonic
order up to the 11th harmonic is recommended in the standard, but these current amplitude
values for the 3rd and 5th harmonics were 39.38% and 22.39%. The measured value is ten
times the recommended maximum value. Targeted research is also currently being carried
out to identify the devices in office consumers that could cause the current amplitudes
shown in this figure. Based on the measurement, it was proved that the built-in harmonic
filters claimed by the manufacturers of office equipment and computers are in many cases
not true or their quality is not adequate. Our future plan is to install a test filter in the
central electricity supply network of the offices and then carry out the measurements again.

9. Conclusions

Virtually all modern electrical and electronic equipment has a switching power supply,
controlling the electricity drawn and thus creating a non-linear load. The voltage and
frequency of a perfect power supply are within the permissible limits, and its voltage curve
is perfectly sinusoidal. Electrical harmonics are a by-product of modern electronics. They
are particularly prevalent where there are a large number of computing and electronic
power control devices. The technical quality of electricity, especially the value of harmonics
is receiving more and more attention currently. A modern way to reduce harmonics is
to use active harmonic filtering devices. These devices are designed to fulfill several
functions at the same time, performing a complex electrical power shaping task instead of
harmonic filtering.

The aim of the first presented measurements was to investigate equipment with in-
built active and passive filters. Measurements were performed on three different devices:
an LED lamp, a test bench, and an industrial robot. For the appropriate validation in the
latter two cases, light and heavy load states were both investigated. The measured total
harmonic current distortion (THD) values were compared to the IEEE 519-2022 standard.
In the case of a single LED lamp, the total harmonic distortion of the current was 15.20%,
while the permissible distortion should be only 5%, so the difference is more than three
times (similar results were obtained for two luminaires). In the case of the LED hall lighting,
the limit value should be only 8%, so the THD of 14.71% is almost twice the recommended
maximum value. In the case of the test bench at a light load, the THD value was 139.21%,
which is more than twelve times the permissible value of 12%. However, when the test
bench was under a heavy load, the harmonic distortion was 4.24%, 3.37%, and 4.35%

102



Energies 2024, 17, 4215

THD per phase, which can meet even the strictest requirements (5%) according to the
IEEE 512-2022 standard. The THD value of an industrial robot under a heavy load was
90%, which is more than ten times the permissible 8%. Overall, it can be concluded that
the built-in passive filters of the LED lamps were not effective, while in the case of the
test bench and the robot, the efficiency of the active harmonic filters was not adequate.
When sizing the active filters in these cases, the designers did not consider the condition
of the machines, which can be significant even in series production due to transitions
and machine failures. The solution is to install an active harmonic filter that performs
equally well in the cases of low and high current consumption. From the measurement
results it can be said that the built-in active harmonic filter of the tested industrial robot
was completely ineffective at both low and full load. The effectiveness of the filters in the
case of machine tools was also examined, and the same result was obtained. The authors
(at the concern level) are in contact with filter manufacturers, sharing the measurement
results and experience, and joint research is planned in order to increase active harmonic
filtering efficiencies.

The aim of the second presented set of measurements was to investigate the current
harmonic injection and to examine the compliance with the standard of equipment con-
nected to the internal electrical network of an industrial structure. Measurements were
performed in these cases at three different locations: an engineering room, a gearbox house
machine tool, and an office room. The current harmonic distortion per unit current and
the total harmonic current distortion were measured during network analysis. The values
were compared to the IEEE 519-2022 standard. For the machine room, the allowed distor-
tion could be only 5%, so the THD, at 14.85%, was almost three times the recommended
maximum value; for the gearbox manufacturing machine, the THD was 17.3%, which is
higher than the allowed 12%. For the office room, the THD was 59.47%, almost five times
the permitted value of 12%.

As it can be seen, the amount of permissible harmonic distortion [40] depends on
the short-circuit current PCC of the electrical connection point, but this varies between
installation locations. Therefore, in industrial facilities where networks have smaller short-
circuit currents, the same harmonic injection will have a much greater impact on the quality
of electricity. In the future, the possibilities of using current harmonics for predictive
maintenance, machine learning, and anomaly detection will be investigated.
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Glossary

THD Total harmonic distortion
EMS Energy Management System ISO 50001
PHEV Plug in hybrid vehicle
PLC Programmable logic controller
CNC Computer numerical control
LED Light-emitting diodes
DC Direct current
RMS Root mean square
TDD Total current demand distortion
PCC Point of common coupling
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FFT Fast Fourier transform
TN Three-phase neutral system
AC Alternating current
MV Medium voltage
LV Low voltage
APLC Active power line conditioning
PWM Pulse-width modulation
NPC Neutral point clamped
IGBT Insulated-gate bipolar transistor
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Abstract: This article presents information about harmonic distortion and resonance in distribution
networks. The theory behind harmonics and resonance is presented. Examples from the literature
and the results of power quality measurements, as well as the authors’ experiences connected with
significant changes in harmonic distortions, are presented. The harmonic resonance phenomenon is
explained, and the risk of resonance in a distribution system network is highlighted. Attention is paid
to the connection of a new power plant to the network; however, other risks, e.g., those connected
to network reconfiguration, are also highlighted. Further simulation case studies are presented to
show interactions between volt/VAR control and harmonic distortion. Simulations consider a few
scenarios: impact of voltage change on impedance characteristics and resulting harmonics amplitudes,
the impact of a capacitor on impedance characteristics, and the impact of network expansion on
harmonic distortion. The final part presents alternative, low-cost harmonics mitigation methods. The
concept of the utilization of phase-shifting transformers for two twin-type 1 MW plants located next
to each other is verified by on-site measurement. The concept of adapting the harmonics spectrum
of new devices to impedance characteristics is presented. Finally, an alternative concept for active
mitigation of harmonics under resonance conditions is provided. The concept is based on the reactive
power correction in order to change the harmonics phase shift. A comparison of harmonic mitigation
methods and general recommendations are provided. Further research is outlined.

Keywords: harmonics/distortion; THD; resonance; PQ quality; phase shift

1. Introduction

The development of renewable energy sources allows for reducing the utilization of
fossil fuels and limiting CO2 emissions. Unfortunately, the development of renewable
energy sources is connected to many technical issues, which arise in all fields of electrical
power engineering, e.g., protection relay coordination, voltage control complexity, power
quality issues unwanted islanding, and many more [1]. At the same time, however, there is
significant growth in technology that allows for compensating technical issues. Among
many improvements, one can mention better observability of network, better coordination
of devices, development of new monitoring technologies, and control algorithms [2]. This
paper focuses on problems connected to power quality issues, which can be divided into a
few categories [3,4]:

- Level of voltage;
- Slow and fast voltage changes, rapid voltage changes;
- Asymmetry of voltage;
- Voltage distortions.

Each category requires a detailed explanation. For the sake of simplicity, one can say
that the level of voltage is the most common issue. The voltage level is easy to observe
using even the simplest meters and has a direct impact on devices, e.g., inverters switch off
above the voltage threshold. Voltage changes have an important impact on the operation
of devices, since voltage changes result in varying currents drawn by devices and therefore
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varying outputs, e.g., light emission [5]. Voltage asymmetry is connected to higher energy
losses and faster aging, which have a particularly large impact on three-phase motors [6].

Voltage distortions are categorized into subgroups depending on the frequency range
of the distortion harmonics up to 2 kHz and supraharmonics in the range of 2 kHz to
150 kHz [7]. Harmonics are calculated using Fourier transformation in sine or cosine
form (1, 2) [8]. Harmonics are classified into groups and subgroups, as marked in yellow
in Figure 1 [9]. Harmonics groups exhibit a wide frequency spectrum, while harmonics
subgroups include only ±5 Hz (±1 bar in Figure 1). Interharmonic groups and subgroups
include frequencies between harmonics. Interharmonic groups exhibit a wider frequency
band ±5 Hz compared with interharmonic subgroups.

i(t) = Idc +
∞

∑
h=1

Ihsin(hω1t + Θk) (1)

i(t) = Idc +
∞

∑
h=1

Ihcos(hω1t + Θk − 90◦) (2)

where Θk is the harmonic phase angle.

Figure 1. Illustration of the harmonic group of order 9, Yg,9, the interharmonic group of order 11,
Yig,11, the harmonic subgroup of order 9, Ysg,9, and the centered interharmonic subgroup of order
11, Yisg,11, for the case of f1 = 50 Hz [9].

Typically, the literature presents selected power quality problems separately; however,
nowadays, in networks, one may expect more and more interactions between power
quality parameters because of the high variation of voltage, which is the result of the
integration of renewable energy sources and storages as high power loads, like charging
stations. Variations in voltage have a great impact on reactive power flow and capacitive
and reactive power (3, 4), which in turn has an impact on the impedance characteristics of
the power system and harmonics resonance frequencies. The goal of this paper is to present
the interactions between voltage, VAR, and harmonics changes, as well as potential issues
and risks connected with harmonics. The simulation results show that voltage changes shift
the harmonic resonance band and resulting harmonic flow, the modification of reactive
power obtained by capacitor tap change has an impact on the resonance band, whereas
harmonic mitigation under resonance conditions is based on reactive power change, which
has an impact on voltage level. Further, it is worth underlining that all the modifications
have an impact on the loading level.

Qc = U·I = U22π f C (3)
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QL = U·I = U2

2π f L
(4)

where QL/c is the reactor/capacitor power, L is the inductance, and C is the capacitance.
Current and voltage distortion may be connected to a great number of issues—additional

energy losses, extensive heating and thermal aging, risk of sudden failure particularly in
the context of resonances, maloperation of control or protection algorithms, malfunction of
consumer loads, specific heating of cable terminal, and others [7,10]. The high spectrum
of negative consequences of voltage distortions requires monitoring, analysis, and proper
utilization of mitigation methods. The monitoring is carried out using smart meters
and power quality meters. Smart meters, the main task of which is to calculate power
consumption and generation, typically allow for the monitoring of basic parameters, like
asymmetry or THD (5), which express general harmonic distortions [11]. Power quality
meters are much more advanced devices. PQ meters allow for observing the harmonic
spectrum up to 40 or 50, and the harmonics angle, with additional indicators like TDD (6)
and supraharmonics. TDD is total demand distortion, where harmonics are normalized to
the maximum current. TDD allows us to observe when the harmonics have the greatest
impact on the power system. As a result of the presented features, smart meters can
be considered a simple PQ indicator, whereas PQ analyzers allow for gathering data for
detailed analysis. PQ analyzers are both fixed and portable. Regulations require installing
fixed PQ meters at the point of renewable energy source coupling, which ensures that all
relevant data are available.

THD =

√
∑hmax

h=2 (Yh)
2

Yh1
(5)

where Uh is the content of the harmonic row and Uh1 is the content of the first (fundamental
50 Hz) harmonic.

TDD =

√
∑hmax

h=2 I2
h

Id
(6)

where Id is the maximum peak demand load current and Ih is the content of the har-
monic row.

Based on the situation and results of analysis, one can utilize mitigation methods,
among which one can mention probably the most popular passive and active filters, proper
arrangement of devices, and minimization of harmonic emissions by the optimization
of the hardware and control algorithms e.g., use of the variable switching frequency of
inverters [12].

The modification of the inverter control algorithm is typically beyond the possibilities
of network engineers due to the lack of access to configuration software, high complexity,
and an enormous amount of different inverter topologies [13]. Power electronic engineers
typically have limited knowledge about power systems, which consist of hundreds or
thousands of elements; therefore, the improvement of inverters is generally focused on the
general THD level, not on specific harmonics. More advanced inverters may be equipped
with adaptive mitigation algorithms; however, such algorithms are often still at the research
stage [14–16]. As a result of the presented problems, typical harmonic mitigation methods
require special considerations at the design stage or extra devices afterward, which increase
costs. The mitigation methods proposed in this paper can be introduced in a relatively
simple way without additional costs; however, the effective operation can be observed
only for resonance band mitigation. The solution may be important in case of hostile
actions where the structure of the power system may be outside the design specifications
and a dangerous resonance band could occur. The risk of resonances is also increasing
under normal operating conditions due to the increasing number of devices and their
characteristic harmonics, e.g., energy storages being charged from PV panels. A detailed
description of conventional harmonic mitigation methods including advanced STATCOM
devices can be found in [17–19].
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This paper presents requirements connected to harmonics limits and results of power
quality measurement taken in a 110 kV and MV network. Examples of sudden changes
in harmonics and resulting THD are presented. Factors affecting harmonic distortion
are explained, and general recommendations are provided. The next paragraph presents
simulation case studies. Simulations present the impact of distribution system extension on
harmonic distortions. Additionally, the impact of volt/VAR control on harmonic amplitude
is provided. The next paragraph presents proposed passive and active harmonic mitigation
methods—utilization of transformer phase shift to reduce harmonics or analysis of the
energy source’s harmonics spectrum to avoid the resonance band. Finally, the concept of
reactive power regulation in order to reduce harmonic distortion under resonance condi-
tions is provided and a comparison of different harmonic mitigation methods is performed.
The summary contains the most important findings and outlines further research.

2. Harmonics in the Distribution System Network

2.1. Basics of Harmonics Load Flow

Harmonics analysis requires knowledge about voltage harmonics (existing distor-
tions) in power networks, and knowledge about the structure of power systems and
different devices. Further, it requires knowledge of harmonics summation or cancellation
effects [20–22]. The voltage harmonics describe distortions resulting from the operation
of all devices connected to the analyzed network. The structure of the power system is
needed in order to develop a simulation or mathematical model of the analyzed network,
which allows for detailed analysis, e.g., planning of new devices or analysis of failures
causes [23].

According to common knowledge, the voltage harmonics in high voltage networks
are negligibly small, which is often true. However, in the case of high penetration of
renewables and industrial devices, e.g., rectifiers, and inverters, the voltage distortions
can be noticeable. An example of the harmonics content is shown in Figure 2. Typically,
the 5th, 7th, and 11th harmonics have the largest amplitude; it is explained that those are
characteristic harmonics emitted by conventional rectifying units [24]. Figure 2 presents
voltage distortions expressed as THD (5). The THD varies between 0 and 1% over time.

Figure 2. Exemplary voltage harmonic spectrum (expressed as percentage of fundamental component)
in 110 kV network with a high share of wind farms and industrial devices. Voltage distortion
expressed as THD (%) over time; red—phase 1, green—phase 2, and blue—phase 3.
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Analyzing the harmonics presented in Figure 2 (measurement using A class quality
meter) allows us to conclude that the amplitudes of the harmonics are below the thresholds
specified in norms and regulations. According to [25], 95% of 10 min average values of
harmonics must be below the permissible values specified in Table 1. There are different
permissible values depending on the type of connection group [26]:

• I group—entities whose devices, installations, and networks are connected directly to
networks with a rated voltage higher than 110 kV;

• II group—entities whose devices, installations, and networks are connected directly to
the network with a rated voltage of 110 kV;

• III group—entities whose devices, installations, and networks are connected directly
to networks with a rated voltage higher than 1 kV but lower than 110 kV;

• IV group—entities whose devices, installations, and networks are connected directly
to the network with a rated voltage not higher than 1 kV and a connection power
higher than 40 kW or the rated current of the pre-meter protection in the current path
higher than 63A;

• V group—entities whose devices, installations, and networks are connected directly to
the network with a rated voltage not higher than 1 kV, a connection power not higher
than 40 kW, and a rated current of the pre-meter protection not higher than 63A;

• VI group—entities whose devices, installations, and networks are connected to the
network through a temporary connection, which will be, under the terms specified in
the contract, replaced by a target connection, or entities whose devices, installations,
and networks are connected to the network for a specified period, but not longer than
a year.

Table 1. Permissible values of higher harmonics.

For I and II Connection Group

Odd Harmonics Even Harmonics

Not Being a Multiplicity of 3
Being a
Multiplicity of 3

Harmonic Order
Relative Voltage Value in Percent of the
Fundamental Component (uh)

Harmonic Order

Relative Voltage
Value in Percent of
the Fundamental
Component (uh)

Harmonic Order

Relative Voltage
Value in Percent of
the Fundamental
Component (uh)

5 2% 3 2% 2 1.5%

7 2% 9 1% 4 1%

11 1.5% 15 0.5% >4 0.5%

13 1.5% >15 0.5%

17 1%

19 1%

23 0.7%

25 0.7%

>25 0.2 + 0.5·25/h

for III to V connection group

5 6% 3 5% 2 2%

7 5% 9 1.5% 4 1%

11 3.5% 15 0.5% >4 0.5%

13 3% >15 0.5%
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Table 1. Cont.

For I and II Connection Group

Odd Harmonics Even Harmonics

Not Being a Multiplicity of 3
Being a
Multiplicity of 3

Harmonic Order
Relative Voltage Value in Percent of the
Fundamental Component (uh)

Harmonic Order

Relative Voltage
Value in Percent of
the Fundamental
Component (uh)

Harmonic Order

Relative Voltage
Value in Percent of
the Fundamental
Component (uh)

17 2%

19 1.5%

23 1.5%

25 1.5%

>25 0.5 + 25/h

The general trend is that the higher the harmonic row, the lower the acceptable level
of harmonic amplitude. For the connection groups I and II, the permissible value of
harmonics above the 25th order is roughly 0.5%. The more detailed analysis of Figure 2
allows us to notice that 47 and 49 harmonics also have significant amplitudes in relation to
acceptable values. One can observe an amplitude of ~0.15, which is approximately 33%
of the acceptable value (0.02 + 0.5·25/47). Harmonics limits may differ around the world
depending on the standards and regulations, e.g., [27].

Harmonics analysis is even more complicated, since the inverters are always delivered
with the OEM (original equipment manufacturer) filters inside the inverter [28]. It is
also possible that additional dedicated filters are installed on the AC or DC side [29,30].
Unfortunately, producers rarely provide information about the internal filters; therefore,
often in practice, one needs to accept that the results of harmonics analysis are connected
to errors. To avoid potential errors, on-site measurements are typically recommended.
Currently, every time new energy sources are installed, power quality (PQ) analysis devices
are also installed, which allows for better monitoring of the whole network [31].

Current Situation in the Distribution System

The voltage harmonic distortions can be strongly influenced by the modification
of the power system structure. Figure 3 shows the fifth harmonic amplitude measured
in three phases, varying over time. Based on the time of occurrence, one can indicate
that distortions are higher during working days and lower during weekends; therefore,
the changes are most likely caused by nearby industrial activities. The 5th harmonic,
19.03, reached 1% (marked in red), which was caused by the modification of the power
system structure—a disconnection of one of two 110 kV lines, which was closer to the
220/110 station. In the presented case, the amplitudes of the harmonics have a large safety
margin from the limits defined in Table 1; at the same time, the presented case shows that
one needs to be very careful during the analysis of the impact of new devices on the power
system, since the harmonic content may change instantaneously when the power system
structure and the resulting impedance characteristic change. The impedance characteristics
of exemplary power system elements are presented in Figure 4. The resulting impedance
is a combination of elements’ impedances, e.g., line impedance is additional to source
impedance. The PWM inverter ensures lower impedance than the conventional inverter,
which ensures the minimization of harmonic distortion [32].
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Figure 3. Trend of the fifth harmonic and THDu (below) in exemplary 110 location.
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Figure 4. Impedance characteristics of different power system elements [32].

The impedance characteristics show that impedance strongly differs depending on
the distortion frequency (harmonic row). As a result, there is a risk that the impedance
will be reduced to low/high levels, resulting in dangerously high currents/voltage—
series/parallel resonance. Resonance may occur during both steady and transient states
and result in devastating surges—transient overvoltage (TOV) [33].

As a result of the presented factors, harmonics analysis is difficult. Moreover, because
of the long time frame, preferably a few weeks, numerous configurations of the power sys-
tem that need to be considered, and operating points, e.g., tap charger positions, harmonics
analysis is a time-consuming process. One needs to underline that regulations may state
that only normal power system configurations are subject to verification of requirements.
In practice, in the case of a 110 kV network, the 5th, 7th, and 11th harmonics are often
characterized by the highest amplitudes because both the rectifiers and inverters often
emit a large amount of the 5th and 7th harmonics. Furthermore, the harmonics can be
within the resonance band of the network [34]. Authorial analysis shows that EHV lines
could also be susceptible to the resonance effect and potentially dangerous resonance of
low-order harmonics. The analysis is performed in order to verify if, after the modifica-
tion of the generation module, the NC RFG grid code requirements were fulfilled [35].
Among many different requirements, the reactive power capability requirements have an
indirect impact on the harmonics distortions in the power network due to the impact of
new devices on the power system impedance characteristics. In some cases, it is difficult to
fulfill reactive power capability requirements without modification of the power system
structure. The power plant operator is allowed to change the position of transformer tap
changers or use conventional reactive power sources, e.g., capacitor banks, in order to
fulfill the requirements. As a result, the impedance characteristics of the power system
can be changed; therefore, the possibility of resonance for some operational points of the
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power plant exists [36]. The structure of the power network could also be changed during
maintenance activities of power plants, e.g., disconnection of one of the internal feeders of a
power plant. Therefore, many different configurations of power plants have to be carefully
analyzed to exclude the risk of unwanted resonances and potential resulting failures.

The measurements show that short-term (1s presented) amplitudes of harmonics and
THDu in MV networks can be much higher than those in HV networks. Figure 5 presents
the 1 s voltage distortion THD. The voltage distortion varied between 0.5 and 2.5% for most
of the time (between 15.02 and 18.03). At the end of the measurement period (18.03), the
THD increased significantly. The THD level varied between 1 and 3.5% for most of the time;
however, values up to 5.5% could be observed relatively often. According to the norms,
the limits may be exceeded for a short time, e.g., a few seconds, because the requirements
are specified regarding the 10 min average values. Moreover, the PQ norm allows that
5% of the 10 min average values will be above the thresholds specified in 50, 160 [37]. On
the other hand, the requirements describing connection possibilities indicate that if any
limit, e.g., single harmonic, is exceeded, the decision about the integration of a new device
should be negative [38]. New connection requirements indicate that harmonic analysis
may be omitted if inverters are certified by PTPIRE [39], which is justified by the great
technological progress in inverters over the years. The harmonic spectrum of an exemplary
new-generation inverter is presented in Table 2. The omission of analysis creates a risk that
potential resonances could be initially missed. Moreover, one needs to note that even the
best inverters in high numbers may have a noticeable impact on power quality. Despite
new renewables, one may expect that more high-power electronic loads will be introduced
to power systems, e.g., electric vehicle charging stations. Therefore, it is expected that the
power quality will degrade in the future.

Figure 5. Voltage distortion expressed as THD (%) as a function of time (month–day) in 110/15 kV
substation at the 15 kV side.

Power quality issues are a result of the power of electronic converters; however, the
susceptibility to distortion is a result of the short-circuit power of the network (and other
parameters) at the point of coupling. The lower the voltage level, the smaller the short-
circuit power, and therefore the higher the distortions that typically exist in lower-voltage
power networks. Typically, the short-circuit power in substations is in the following ranges:
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EHV substations 10,000–30,000 MVA, HV (110 kV) 1000–10,000 MVA, and 150–250 MVA in
MV networks. Higher short-circuit powers are observed when short-circuit power sources
are closer to the substation and are larger, e.g., the higher nominal power of a transformer
or synchronous generator.

Table 2. Harmonic spectrum of new generation inverter [40].

Harmonic Row Current Magnitude [A] % Of Fundamental

L1 L2 L3 L1 L2 L3
1 134,856 134,736 134,840 100,940 100,851 100,928
2 0.252 0.139 0.299 0.187 0.103 0.221
3 0.380 0.209 0.215 0.282 0.155 0.159
4 0.107 0.200 0.095 0.079 0.148 0.071
5 0.278 0.226 0.239 0.206 0.168 0.177
6 0.076 0.066 0.044 0.056 0.049 0.033
7 0.070 0.096 0.083 0.052 0.072 0.062
8 0.047 0.036 0.061 0.035 0.027 0.046
9 0.122 0.039 0.100 0.091 0.029 0.074

10 0.040 0.061 0.071 0.030 0.045 0.052
11 0.224 0.167 0.175 0.166 0.124 0.130
12 0.075 0.055 0.044 0.055 0.041 0.033
13 0.261 0.245 0.286 0.193 0.182 0.212
14 0.042 0.038 0.058 0.031 0.028 0.043
15 0.053 0.102 0.079 0.039 0.076 0.059
16 0.043 0.065 0.073 0.032 0.048 0.054
17 0.235 0.170 0.197 0.175 0.126 0.146
18 0.107 0.066 0.053 0.079 0.049 0.039
19 0.281 0.242 0.229 0.208 0.180 0.170

Recently, the Polish Railway (PLK, PKP) announced a green railway initiative, accord-
ing to which a high share of electricity is produced using renewables [41]. The integration
of renewables with railway networks is even more challenging than distribution networks
because the short-circuit power is even lower, and the traction loads emit a large amount
of harmonics due to passive 6- or 12-pulse rectifiers. The short-circuit power decreases
with the increase in distance from the substation. Therefore, deep in the MV network, the
power quality may be significantly lower, e.g., 5 km of 240 mm2 cable decreases the short
circuit power from 200 MVA to 137 MVA, which is often the case for the supply of MV
railway substations. As a result, the susceptibility of the network to harmonic distortions
increases. The railway substation may also be supplied from the 110 kV network. In this
case, the railway substation is equipped with four winding transformers: primary 110 kV,
two windings for traction, and one non-traction load winding [42]. From the harmonics
perspective, the best point of connection would be a 110 kV network; however, from the
techno-economical perspective, the integration of a new source is justified when the power
is roughly 20 MW or more. Another option for energy source connection is the non-traction
load winding, typically 15 kV. Unfortunately, the non-traction load winding has very little
power, in the range of 1 MVA, which results in a great reduction in the short circuit power
to approximately 20–30 MVA. The final option for the integration of renewables with the
railway network is connection to the DC network, which considers specific regulations and
also distortions [43,44]. Harmonic analysis should also include analysis of waveforms, at
least for typical transient conditions, e.g., the switching on of the inverter, particularly in
locations with a high share of devices activated at similar time periods [45]. An exemplary
startup of a high-power PV plant is presented in Figure 6 below (current marked in blue
and resulting voltage distortions marked in red). One can see strongly distorted currents
and resulting voltage distortions.
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Figure 6. High-power photovoltaic startup current (blue) [46].
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3. Harmonic Analysis—Simulations

The purpose of the simulation was to draw attention to changes in the power sys-
tem during system regulation or development. Attention is paid to the resonance band
and its sensitivity to power system development and volt/VAR regulation. Simulations
were performed using a modified test model available in the PowerFactory software 2024
SP4—wind farm of 20 kV [47]. The network topology and basic parameters are presented in
Figure 7 (parameters in the Appendix A). First, the impact of the voltage level is analyzed.
As can be seen in Figure 8, the analyzed model is susceptible to voltage change.

Figure 7. MW diagram of the modified farm elevator network.
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Figure 8. Impact of voltage level on impedance characteristic in point of coupling (PCC).

In the case of a nominal voltage—20 kV—the resonance is observed for the 28th
harmonic, whereas a reduction in voltage to 18 kV (10%) shifts the resonance to the 31st
harmonic. A voltage increase to 22 kV (10%) shifts the resonance to the 26th harmonic. The
shift may trigger the resonance of harmonics, which are negligible under normal operating
conditions. The resulting voltage harmonics are presented in Figure 9. The harmonics
are the result of wind farm inverters with default settings connected to the network, as
defined by the impedance characteristics presented in Figure 8. It can be seen that when a
harmonic, e.g., 24, is in the resonance band (22 kV), the distortions are increased.

Figure 9. Impact of voltage level on voltage harmonics at PCC.

Further, the impact on the capacitor bank is analyzed and presented in Figure 10.
As can be seen in the analyzed case, the resonance band is not shifted, but is dampened
with the increase in capacitor power. One has to underline that it is also possible that the
resonance band will be shifted depending on the power system’s conditions.
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Figure 10. Impact of capacitor bank on impedance characteristic at point of coupling (PCC).

The next stage of the simulation is to indicate the impact of network expansion accom-
panying the connection of a photovoltaic power plant on the impedance characteristics
of the power grid—Figure 11. The initial value of the network impedance is marked in
blue. The addition of a power cable representing the new PV source power output system
is marked with the following colors:

Figure 11. Impedance characteristics of the network as a function of PV plant cable marked in gray in
Figure 7.

Orange—cable with a cross-section of 70 mm2 and a length of 1 km;
Gray—cable with a cross-section of 95 mm2 and a length of 1.5 km;
Yellow—cable with a cross-section of 120 mm2 and a length of 2.5 km.
It was found that the addition of further cable lines led to a further shift in the

resonance band toward lower harmonic orders, which in practice means that the risk of
exceeding the permissible harmonic values in extensive networks with a large share of
cable lines or networks operating with only one supply transformer (two in the normal
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mode) is greater. Theoretically, to minimize the shift in the resonance band toward lower
harmonics, it is worth considering the use of overhead lines with lower capacitance, but
this is rather unlikely, since cable lines are characterized by higher reliability, which is often
a superior feature.

In the next stage, the impact of power plant transformers and the exemplary low-pass
filter installed in 750 kW inverters is analyzed [48]. The filter consists of series-connected
inductances with L1 = 170 mH, L2 = 80 mH, C = 466 μF, R = 0.1Ω (Figure 12). The gray color
shows the impedance characteristics of the network expanded with a 1.5 km 95 mm2 cable
line. The orange color shows the network expanded with two 1.6 MVA transformers. The
impact of transformers in the analyzed case is negligible, as evidenced by the overlapping
characteristics. The impact of transformer capacity is also verified, but no significant
impact on the results in the analyzed network is found [49]. The impact of four inverter
filters is shown in blue (covered by yellow). Adding filters leads to a clear shift in the
resonance band toward higher harmonics, which is usually beneficial, but at the same time,
a deterioration in the conditions in the lower harmonics is observed (small resonance band
around the eighth harmonic).

Figure 12. Impedance characteristics of the network.

The presented simulation shows that the resonance band may be significantly shifted
when regulation activities within normal operating limits are performed. The modification
of the power system due to the new power plant installation may also have a noticeable
impact on impedance characteristics.

4. Harmonic Mitigation—Alternative Methods

There are different mitigation measures against harmonics—passive and active filters
or sophisticated control algorithms; however, traditionally, three winding transformers
are used as a basic harmonic mitigation measure. The mitigation methods need to be
considered at the design stage or afterward, but additional devices are required e.g., filters,
which increase the cost [50].

To minimize the risk of exceeding harmonic values, it is worth considering the selection
of inverters that generate harmonics that do not coincide with the resonance band. An
example is shown in Figure 13. As can be seen, the large variety of characteristics allows
the selection of devices that do not exceed the permissible values. However, it should be
emphasized that, regardless of the amplitudes of individual voltage harmonics, the relative
value of THDu harmonics cannot be exceeded.
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Figure 13. Harmonic spectrum emitted by 2 exemplary wind turbines; based on [51].

The simulation software allows for the analysis of the phase shifts of harmonics—
however, for the phase correct option, the data required for such simulations are difficult to
obtain as only harmonics amplitudes are reported by manufacturers.

The harmonics amplitude can be reduced if the harmonics sources are in antiphase. In
the case of the most common fifth and seventh harmonics, the antiphase occurs when the
same loads are supplied with a 30◦ phase shift, which is obtained by a properly designed
three-winding transformer and proper load distribution [52].

Measurements allowed us to notice that the new generation of PV inverters generates
a stable harmonics spectrum, not only in the context of harmonics amplitude, but also
harmonics phase, which is the basis for the utilization of phase shift transformers for
harmonics mitigation. Measurements (Figures 14 and 15) show that twin-type PV sources
located nearby generate almost the same harmonics, including angles that allow for the
utilization of different transformers’ phase shifts to minimize harmonic distortion.

Figure 14. Angles of harmonic shifts of 5th harmonics of two PV power plants located in close
proximity.
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Figure 15. Angles of harmonic shifts of 7th harmonics of two PV power plants located nearby.

PV plants typically deliver the power using two winding transformers with the same
phase shift. Two winding transformers with different phase shifts are rare but available on
the market [53].

A change in reactive power causes a phase shift of the generated current and therefore
a shift in the harmonics [54]. The effect of reactive power generation requires on-site
verification; nevertheless, assuming that the harmonics shift ideally with the fundamental
component of current, one may conclude that it is possible to cancel chosen harmonics by
shifting the reactive power. To cancel the harmonic completely, one must create a signal in
the opposite phase to the existing signal, which is obtained by a signal shift equal to half of
the harmonic period (7). If the number of inverters taking part in harmonics cancellation
is an odd number e.g., 3, then one needs to ensure phase shift equal to one-third of the
harmonic period (8)

ϕh =
1
2
· 1
50·h (7)

ϕh =
1
3
· 1
50·h (8)

The methodology of using reactive power to mitigate harmonics under resonance
conditions is presented in Figure 16. The initiation phase requires on-site measurement,
which confirms the proper operation of the presented algorithm for given inverters. After
successful verification, the algorithm continuously extracts information about harmonics
to detect potential resonance bands. If resonance is detected, the harmonics limit of the
harmonics under resonance is violated, the inverter generates resonating harmonics, and
the next action is performed. The algorithm assesses the required phase shift (7) or (8)
depending on the configuration; further, the phase angle is calculated (or measured) and
the required reactive power is calculated based on the sum of the measured angle and
required angle change according to (9). Finally, the reactive power change is added to
the measured reactive power to obtain a new operating point and the power is changed
according to the ramp function, so the best compensation point can be chosen. One needs to
note that the detailed phase shift is impossible to calculate because harmonics may consist
of different-frequency signals, not just the ideal frequency. Further, it may be required to
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set an active power threshold above which regulation can be activated because of unstable
operation in low harmonics ranges.

Qr = P·tg(ϕ + ϕh) (9)

Figure 16. Utilization of reactive power to dampen harmonic resonance.
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Calculation of the Q adjustment range is performed in order to avoid unnecessary
changes in reactive power and their impact on voltage level. One should also consider that
inverters need to change the reactive power according to the Q(U) characteristic (Figure 17),
which could result in a change in harmonics flow. The typical V2 and V3 setting is ~±5%
Vn. That of V1 and V2 is typically ~±8% Vn. The proposed algorithm can shift the reactive
power within the calculated band to compensate for the potential negative effects. It is
believed that the risk of the unwanted resonances is higher in generation stations, since
typically the same inverters are used, whereas in distribution substations, the negative
effect is often reduced by interactions between many different types of devices.

Figure 17. Typical volt VAR regulation characteristics and the proposed exemplary regulation band;
where V1—max reactive power generation, V2—start of reactive power generation, Vn—nominal
voltage, V3—start of reactive power consumption, and V4—max reactive power consumption.

A general diagram of controlled objects is presented in Figure 18. The voltage and
current transformer provide signals to the PQ analyzer installed on-site. The PQ analyzer
sends signals to the controller, which run the algorithm presented in Figure 16. The
presented diagram does not consider PQ measurement on the low-voltage side of the
power plant, because the whole operating range should be verified at the commissioning
stage. In case one has any doubts, additional PQ measurements are recommended.

Figure 18. Diagram of controlled objects.
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To ensure the proper operation of the proposed algorithm, one needs to consider the
measuring errors. In order to ensure acceptable measurement errors, one needs to utilize
high-accuracy equipment. In particular, one needs to utilize:

- An A-class power quality analyzer, which is characterized by measurement uncer-
tainty equal to 0.1% of the declared input voltage;

- A high-accuracy instrument transformer, e.g., 0.2 class (0.2 amplitude error) [55].

One needs to make sure that the measurement range of the PQ analyzer and its current
sensors are adapted to the current flowing at the secondary side of current transformer.
Both current clamps or a Rogowski coil could be used. One needs to be aware that the
instrument transformer can introduce additional measurement errors. The Rogowski
coils can be installed directly on the cable lines and therefore the current transformer and
its measurement errors are eliminated. Despite the amplitude measurement errors, one
needs to consider the frequency characteristics of the instrument transformers. According
to [56], inductive transformers are suitable for measurements of 50th-order harmonics, but
only in 10 kV networks. In case of 20 kV networks, only harmonics up to the 20th order
are measured within an acceptable error range. Taking into account numerous designs
of instrument transformers, it is recommended to contact manufacturers or analyze the
technical specifications in order to validate the harmonics measurement accuracy.

The power plant controller is required by distribution system operators and needs
to fulfill global requirements e.g., the NCRFG grid code, and local requirements. There
are different communication standards available e.g., DNP3.0, 61400-25, 61850-7, and
61850-5, which allow for receiving commands from the power system operator. The above-
mentioned modifications of reactive power and ramping are state-of-the-art functionalities
of controllers and inverters. The controller sets parameters according to the grid code
requirements e.g., above-mentioned Q(U) characteristic, so the modifications to the reactive
power under the U regulation band may be blocked. One needs to underline that the
settings could be modified only with the consent of the distribution network operator.

Ongoing efforts connected to the optimization of inverters and other electronic devices
allow for reducing the risk of harmonic-related issues. Typically, in order to reduce the
harmonics content, passive or active filters are used. A general comparison of harmonics
mitigation methods is presented in Table 3. Passive filters may be susceptible to overloads
and may be ineffective in case of power system structure modification. Active filters are
effective for different configurations of power systems and any harmonics order. Addi-
tionally, despite harmonic filtering and reactive power correction, active filters are able to
perform phase-balancing. Active filters are rather expensive; therefore, they are typically
used in case of low-power applications. In case of high-power applications, hybrid filters,
which are a combination of passive and active filters, are used [57]. Filters are often used in
industrial networks; however, the filters are relatively rarely used in distribution system
networks. In case of harmonics issues in a distribution system, the harmonic source is often
transferred to an individual power transformer in order to minimize the negative impact
on the surrounding area. In case of railway substations, the three winding phase-shifting
transformers and filters e.g., gamma filters, and 12 pulse converters are typically used in
order to minimize harmonics pollution [58]. Furthermore, in cases of high-power distortion
sources, the series reactor is used. Different filter types can be adapted to the situation in
the network [59].

The proposed solution could reduce the resonance effect and reduce the risk of re-
sulting failures. If problems are detected, it is recommended to install conventional fil-
ters. It is also possible to simultaneously use an active filter and the proposed solution
if the filter power is not sufficient. Further research is planned in order to validate the
proposed solutions.
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Table 3. General comparison of harmonic mitigation methods.

Passive Filters Active Filters
Inverters’ Built-in

Algorithms
Proposed Solution

Cost Big Big No extra cost No extra cost

Experience Big Big Depending on the
solution Low

Analysis required Project needed Sizing of device and
limitations of sizes No extra project No extra project

Individual harmonics
limitation

Harmonics designed to
be damped

Yes, the full spectrum
of problematic

harmonics

Depending on the
construction

Yes, but only the
resonance band

THD reduction Yes if sized properly Yes Yes Yes, under resonance
conditions

Losses Extra losses Extra losses Switching losses could
increase

Change of reactive
power could have an

impact on losses
however in general the

impact is minimal

Impact of power
system reconfiguration Big impact No, until power

limitations are met

Yes, could be reduced if
adaptive algorithms are

used

Effectiveness could
drop in case of multi

resonance point

One needs to be aware that the proposed alternative harmonic mitigation methods are
not perfect.

- Different transformers’ phase shifts may be used only in the case of twin PV designs,
and it may be difficult to find transformers with different phase shifts in the market;

- The harmonic spectrum of energy sources is one of many parameters e.g., short
circuit power, cost, warranty, etc.; therefore, it may not always be possible to find an
optimal harmonic spectrum for the location. Moreover, it is often difficult to obtain
the harmonic spectrum for analysis;

- Active changing the reactive power to mitigate harmonics is effective in case of high-
frequency harmonics; however, in the case of low-frequency resonances, the method
requires high reactive power, which could have an impact on voltage level or energy
losses. The effectiveness of the proposed method may be different depending on the
inverter type; therefore, a special test may be required to confirm that the solution is
effective, e.g., the harmonic angle changes as a function of the generated power.

Future research is connected to the testing of the proposed method. Both laboratory
and on-site tests are recommended at the initial stage. The laboratory tests allow for ob-
serving the exact impact of reactive power change on harmonics amplitudes and harmonic
angles. The differences between theoretical and real values may be a result of apparent
power change as a result of reactive power change (negligible for higher-order harmonics)
and nonlinear dependency of harmonics as a function of the apparent power. Furthermore,
additional errors are expected at the low power level. Typically, the current distortions
is strong at low power levels, e.g., 10–20% THD for powers below 10% of the nominal
value. Taking into account the great number of inverters available on the market, it is
recommended to start the tests using the most popular inverters. Alternatively, it is possible
to choose inverters that are installed in locations where harmonics resonances are detected.
In that case, however, it is possible to run on-site tests and verify the harmonic mitigation
methods under real conditions. The on-site tests should be preceded by developing a
simulation model, which indicate the impedance characteristics of the network in order
to observe the resonance points. This analysis is needed to verify if the mitigation of one
harmonic resonance band would not cause a violation of another harmonic band, since,
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in some cases, a few resonance bands may be observed. Another solution to observe
resonance bands is to observe harmonics histograms. If there is no harmonic resonance
band, the harmonics amplitudes decrease with the increase in harmonics rows. In the case
of resonance bands, one can observe peaks on the histogram. One must underline that the
voltage harmonics peaks may be observed only for specific hours.

After the effectiveness of the proposed method is confirmed, however, the mitigation
strength is too low, and one can use another inverter within the network. In order to avoid
erroneous results of harmonics compensation, inverter regulation should be performed in
a coordinated manner. One needs to develop the regulation plan and adapt time delays
between inverters as a function of the harmonics row e.g., inverter A starts the regulation
first in case of a specific harmonics violation and inverter B starts the regulation after the
inverter A regulation cycle is finished. For different harmonics rows, inverter B starts the
regulation first, and inverter A follows. The advanced coordination schemes could be
performed by advanced systems, e.g., artificial intelligence.

5. Conclusions

This paper presents the authors’ measurements and experiences with harmonics
resonance, which is supplemented with examples from the literature. It is believed that the
risk of resonance is particularly high in the case of generation stations with a high share of
cable lines and uniform inverters; therefore, a simulation model presenting the interaction
between volt/VAR/harmonics control is analyzed.

The contribution of this paper is:

− Pointing out the potential problem in the power system—the risk of resonance un-
der various conditions like control actions in the power system and power system
extension;

− Providing measurements that show examples of resonances;
− Development of simulation study cases that present the interaction between volt/VAR

control and harmonics interactions;
− Recommendations about the need to monitor harmonics in case of volt/VAR regulation;
− Alternative passive and active harmonics mitigation methods are proposed:

- Utilization of transformers with different phase shifts for mitigation of harmonics
emitted by twin PV plants and proof of concept measurements are presented;

- Active reactive power regulation is proposed in order to shift harmonics in the
resonance band to reduce the risk of serious issues. The general methodology
and further research are presented;

- The adaptation of the design to mitigate harmonic issues is presented, e.g.,
utilization of different line types or sources that are the sources of harmonics
outside the potential resonance band.

The proposed methods are compared with typical harmonic mitigation methods. It
is believed that the proposed reactive power regulation method could reduce the risk of
failure in distribution systems in the case of resonance band activation due to sudden
changes in power system structure, e.g., during power system restoration or failures of the
power system.
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Appendix A

Table A1. Cable parameters.

R (Ω) X (Ω) B (mS)

Cable Grid Connection 0.0204 0.033 23.12
Cable 1.1 0.422 0.244 159.59
Cable 1.2 0.168 0.098 63.92
Cable 2.1 0.633 0.367 239.39
Cable 2.2 0.232 0.134 87.78
Cable 2.3 0.232 0.134 87.78
Cable 2.4 0.317 0.183 119.69

PV 1 km 70 mm2 0.446 0.137 61.57
PV 1.5 km 95 mm2 0.501 0.196 101.79

PV 2.5 km 120 mm2 0.641 0.317 197.07

Table A2. Transformer parameters.

Wind Turbine Transformer PV Transformer

Voltage 20/0.69 20/0.8
Short circuit voltage 6% 6%

Cooper losses 20 kW 14 kW
No load loss 10 kW 2.4 kW

No load current 0.8% 0.15%

Table A3. Wind turbine harmonics and interharmonics (percentage of fundamental component).

Harmonic Row Harmonic Content (%) Interharmonic Row Interharmonic Content

2 0.28 1.5 0.11
3 0.41 2.5 0.12
4 0.25 3.5 0.18
5 0.91 4.5 0.35
6 0.29 5.5 0.85
7 0.43 6.5 0.29
8 0.24 7.5 0.72
9 0.06 8.5 0.1

10 0.02 9.5 0.05
11 0.08 10.5 0.05
12 0.02 11.5 0.05
13 0.07 12.5 0.08
14 0.02 13.5 0.05
15 0.01 14.5 0.04
16 0.1 15.5 0.04
17 0.2 16.5 0.
18 0.01 17.5 0.
19 0.1 18.5 0.
20 0.01 19.5 0.
21 0.01 20.5 0.
22 0.01 21.5 0.
23 0.1 22.5 0.
24 0.01 23.5 0.
25 0.05 24.5 0.
26 0.01 25.5 0.
27 0 26.5 0.
28 0 27.5 0.
29 0 28.5 0.
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Table A3. Cont.

Harmonic Row Harmonic Content (%) Interharmonic Row Interharmonic Content

30 0 29.5 0.
31 0 30.5 0.
32 0 31.5 0.
33 0 32.5 0.
34 0 33.5 0.
35 0 34.5 0.
36 0 35.4 0.
37 0 36.5 0.
38 0.02 37.5 0.
39 0.02 38.5 0.05

39.5 0
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Przyłączenia Jednostek Wytwórczych do Sieci. Available online: https://eur-lex.europa.eu/legal-content/PL/TXT/PDF/?uri=
CELEX:32016R0631&from=SK (accessed on 10 September 2024).

36. Bollen, M.; Mousavi-Gargari, S.; Bahramirad, S. Harmonic resonances due to transmission-system cables. Renew. Energy Power
Qual. J. 2014, 712–716. [CrossRef]

37. PN-EN 50160:2023-10; Supply Voltage Parameters in Public Power Grids. Polish Committee for Standardization: Warsaw, Poland,
2023.
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Abstract: The elevated penetration of renewable energy has seen a significant increase in
the integration of inverter-based resources (IBRs) into the electricity network. According
to various industrial standards on interconnection and interoperability, IBRs should be
able to withstand variability in grid conditions. Positive sequence voltage-oriented control
(PSVOC) with a feed-forward decoupling approach is often adopted to ensure closed-loop
control of inverters. However, the dynamic response of this control scheme deteriorates dur-
ing fluctuations in the grid voltage due to the sensitivity of proportional–integral controllers,
the presence of the direct- and quadrature-axis voltage terms in the cross-coupling, and
predefined saturation limits. As such, a twin delayed deep deterministic policy gradient-
based voltage-oriented control (TD3VOC) is formulated and trained to provide effective
current control of inverter-based resources under various dynamic conditions of the grid
through transfer learning. The actor–critic-based reinforcement learning agent is designed
and trained using the model-free Markov decision process through interaction with a grid-
connected photovoltaic inverter environment developed in MATLAB/Simulink® 2023b.
Using the standard PSVOC method results in inverter input voltage overshoots of up to
2.50 p.u., with post-fault current restoration times of as high as 0.55 s during asymmetrical
faults. The designed TD3VOC technique confines the DC link voltage overshoot to 1.05 p.u.
and achieves a low current recovery duration of 0.01 s after fault clearance. In the event of
a severe symmetric fault, the conventional control method is unable to restore the inverter
operation, leading to integral-time absolute errors of 0.60 and 0.32 for the currents of the
d and q axes, respectively. The newly proposed agent-based control strategy restricts cu-
mulative errors to 0.03 and 0.09 for the d and q axes, respectively, thus improving inverter
regulation. The results indicate the superior performance of the proposed control scheme
in maintaining the stability of the inverter DC link bus voltage, reducing post-fault system
recovery time, and limiting negative sequence currents during severe asymmetrical and
symmetrical grid faults compared with the conventional PSVOC approach.

Keywords: reinforcement learning; twin delayed deep deterministic policy gradient; data-
driven control; grid fault ride-through; voltage-oriented control; asymmetrical and sym-
metrical faults
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1. Introduction

The revolution in renewable energy is evolving substantially with the advancement
of energy policies, the development of infrastructure, and the integration of continually
improving power technologies. Renewable energy sources (RES), such as photovoltaics
(PVs), wind energy conversion systems (WECSs), hydroelectric power stations (HPSs), and
fuel cells (FCs), combined with various forms of energy storage devices, such as batteries
and flywheels, are becoming increasingly dominant components of the power network.
Power generation using distributed energy resources (DER) requires optimal deployment of
extraction and control techniques for large-scale integration and transmission. Improving
the stability and increasing the operational reliability of these microgrids is a topic of
significance among many researchers around the world today [1,2].

Microgrids (MGs) generally operate in two main modes of operation: islanded or stan-
dalone and grid-connected. In islanded mode, central or decentralized control can be used
to provide set voltage and frequency points, such as droop control or master–slave meth-
ods [3]. However, when coupled to the upstream electricity network, the grid-connected
inverter is programmed to follow the voltage and frequency of the grid using control
methods such as voltage-oriented control [2]. Faults in power systems can generally be
categorized as symmetrical and asymmetrical faults. An asymmetric fault occurs when
the voltage phases of the grid are unequally affected, creating an imbalance in the system,
resulting in different fault currents in each phase. Due to the unbalanced nature of asym-
metrical faults, they are more challenging to model and analyze. However, a symmetric
fault affects the three phases of the grid voltage equally, causing the fault current in all
three phases to be identical in magnitude and phase angle. Symmetrical faults are typically
the most severe type and generate the highest fault currents, but occur less frequently than
asymmetrical faults.

Most MGs connected to the grid are not of special concern for the conventional
power network, as they cannot influence its operating parameters (voltage and frequency).
However, when several MGs are integrated into a low- or medium-voltage network, the
stability and reliability of the larger grid can be compromised [4]. To ensure standard
operation, virtual inertias are often incorporated into droop control loops, allowing the
voltage and frequency magnitudes to be adjusted according to the active and reactive
power generated by the inverter using low-bandwidth communication. This approach can
effectively prevent voltage sagging while giving flexibility to transition between island-
connected and grid-connected operations through a phase-locked loop (PLL). Droop control
has a simple implementation; however, there are a few downfalls, such as a slow transient
response, circulating current between converters, and an imprecise power distribution
during grid faults [5]. Furthermore, most standalone industrial grid-interfaced power
converters are now required to have multiple fault ride-through (FRT) capabilities [6]. For
instance, IEEE Std. 2800-2022—“IEEE Standard for Interconnection and Interoperability
of Inverter-Based Resources (IBRs) Interconnecting with Associated Transmission Electric
Power Systems”—clearly specifies performance requirements for dynamic active and
reactive power support under abnormal frequency or voltage, negative sequence current
injection, and low voltage or high voltage ride-through operation. As such, the IBR plant
must be able to switch between multiple modes of operation when required [7].

Consequently, in the event of voltage imbalance faults at a particular node, the effect
is transmitted to power transformers, converters, and the larger microgrid, eventually
affecting the synchronization of inverters and sensitive loads. The protection system
of MGs, whether in grid-connected or islanded operation, must respond to abnormal
grid conditions. In comparison, the fault current in the connected mode of the grid is
10–50 times the full load per unit current due to the low impedance of the utility network,
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but in the islanded mode it is only 1.2–5 times higher [8]. As an ancillary service, negative
sequence currents need to be injected to compensate for any voltage imbalances at the node.
A complex proportional resonant controller can be designed to achieve this by sharing
negative sequence currents between participating inverters connected to an AC microgrid
using a communication link that transmits at 10 Hz [9]. However, the communication
link is prone to failure and low-bandwidth data transfer can increase communication
delays, resulting in deteriorated robustness during faults. In [10], an improved inverter
control technique based on a grid impedance estimation technique is proposed using a
Newton–Raphson algorithm implemented in the stationary reference frame that takes
into account positive sequence phasors as input. This method iteratively adjusts the
virtual impedance and stabilizes the inverter under unbalanced and harmonic-inflicted
grid voltages. Similarly, another method involves a positive–negative sequence synchro-
converter capable of limiting output currents to reduce power oscillations when subjected
to disturbances in the grid [11]. When the grid voltages abruptly differ from the nominal
operating set points, these control approaches have poor transients and a long settling time.

Moreover, to leverage the operation of smart inverters, low-voltage ride-through
(LVRT) capability is essential. An autonomous model predictive controller (AMPC), which
is an improvement over the classical MPC, can be adopted for adjustment of the injected ac-
tive and reactive powers of a grid-connected qausi-Z-source inverter during such scenarios.
Compared with conventional MPC, the trial-and-error design stage of the weight factor
is replaced with an auto-tuning objective normalization function. An additional benefit
of this method is the provision for a transition between maximum power point tracking
(MPPT) and FRT operation with ease based on the command of the grid operator or the grid
condition [12]. Intrinsically, it can sometimes be difficult to reduce inverter currents during
LVRT, as it adjusts the reactive current to support the voltage of the grid [13]. As such, [14]
proposes a method to reduce limit fault currents using phase angle adjustment and achieve
improved voltage support by embedding the network impedance in the current control
loop. In other works, a bridge-type fault current limiter (BFCL) is connected between the
distributed energy resources and the main grid at the point of common coupling (PCC) to
limit fault currents and provide reactive power support through cooperative control with
the voltage source converter [15]. For a switched resistance wind generator (SRWG), an
optimal proportional–integral (PI) voltage controller tuning method using the elephant
herd algorithm (EHA) is another way to provide LVRT capabilities according to the grid
code [16]. Further analysis of other existing grid fault-ride-through techniques is presented
in Table 1.

Table 1. Critical analysis of existing fault-ride-through methods.

Ref. System
Architecture

Type of Fault(s) Effects Adopted Mitigation
Technique

Advantages Remarks/Limitation

[17] Grid-connected
multi-modular
converter

Voltage swell Cause over-
modulation of
multi-modular
converter leading
to distortions in
current waveforms
and instability

Fundamental zero-
sequence voltage
injection

Gurrantees even
modulation mar-
gins in all three
phases. Improves
multi-modular
converter tolerance
during high voltage
ride-through

No provision for com-
pensating other major
types of fault in the net-
work

[18] Grid-connected
three-phase
four-wire in-
verter

Voltage sag
(symmetrical
and asym-
metrical) and
short-circuit
ratio variation

Significant increase
in current harmonics.
Significant drop in
inverter power at
severe sags. Oscil-
lation in DC-link
voltage

Constant average
active power/constant
active current/constant
peak current injection

Constant average ac-
tive power injection
can assure operated
at rated conditions
during faults

Does not offer smooth
transition to pre-fault
condition. Multiple
current references must
be specified for fault
ride-through
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Table 1. Cont.

Ref. System
Architecture

Type of Fault(s) Effects Adopted Mitigation
Technique

Advantages Remarks/Limitation

[19] Three-phase
energy storage
converter

Unbalanced
voltage sags

Causes drastic
changes in power
angle. Disruptions
in power supplied to
the grid.

Current droop control Provide reactive
power support.
Ability to limit
power angle
deviation. Does
not require power
calculations in the
outer control loop.

Modified control hin-
ders commanding
in terms of required
power. The battery
state of charge is not
considered during fault
ride-through.

[20] Modified
IEEE 9-bus
network with
solar, wind,
and battery
storage

Asymmetrical
and symmetri-
cal

Affects stability and
reliability of the en-
tire network.

Sliding mode lin-
earization recurrent
high-order neural con-
troller trained using an
extended Kalman filter

Allows mitigation of
nonlinear dynamics
due to parameter
variation or faults.
Reduced divergence
in the DC link
voltage and active
and reactive power
during abnormal
operating conditions.

The approach does not
consider nonlinear load-
ing (inductive or capac-
itive). The use of a re-
current high-order neu-
ral network, as well as a
sliding mode controller,
complicates the design
process.

[21] Doubly-fed
induction
generator-
based wind
turbine systems

Voltage sags,
asymmetrical
and
symmetrical

Increase in stator
currents which
leads to tran-
sient overshoots in
rotor currents due to
magnetic coupling.

Nonlinear sliding
mode controller for
bridge-type fault
current limiter

To overcome
the chattering
phenomenon,
an exponential
reaching law is
proposed for the
sliding surface
design. Current
limiting is
achieved during
the fault period.

There is a lack of stabil-
ity analysis as operating
margins of the proposed
control technique are not
specified. Does not ac-
count for scalability is-
sues that may arise for
larger wind farms.

[22] Standalone
inverter

Asymmetrical
and symmetri-
cal

Can damage the
semiconductor
switches. May
cause the inverter
to shut down,
depriving the
power supply to
critical loads.

Finite control set
model predictive
control

High-speed fault de-
tection. Ability to
limit total harmonic
distortion of currents
during faults. Fast
recovery to nominal
mode of operation.

Requires operation in
dual modes, nominal
and fault conditions.
The objective functions
need to be well defined
to suit the system. Re-
lies on accurate fault
modeling and system
parameters.

[23] Doubly-fed
induction
generator-
based wind
turbine systems

Asymmetrical
and symmetri-
cal

Current surge
in stator and ar-
mature winding.
Comprises drive-
train integrity due
to induced torque
transients.

Event-triggered
sliding mode con-
trol combined with
supplementary energy
storage support
interfaced via an
alternate active bridge
converter

Effectively regulates
the DC link voltage.
Low use of commu-
nication channels.

The use of supercapac-
itor banks, disturbance
observer, and additional
dual active bridge con-
verters complicates the
design process. Requires
supplementary energy
sources.

Recent advances in computational power density have led to the rise of numerous
applications of machine learning (ML) or artificial intelligence (AI) in demand-side energy
management, distribution networks, and improving the stability of power converters
in MGs [24]. In an effort to advance the application of the Markovian jump stochastic
neural network, a framework is particularly necessary to model abrupt variation of the
system architecture and parameters in the context of stability and immunity to input
disturbances [25]. The analysis of the Cohen–Grossberg bidirectional associative memory
neural network comprising time delay can be reconfigured to inverter control under
uncertainties [26]. In addition, synchronization of control systems techniques with sampled
data prior to additive delay has also been investigated in detail [27]. Such approaches
can be applied to improve the reliability and synchronization of multiple grid-connected
inverters for optimal power distribution. In addition, fast and accurate fault detection often
relies on appropriate data selection and feature extraction methods. High-quality hybrid
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feature selection based on correlated items applied in the context of classification can be
used to identify critical aspects of inverter performance by detecting voltage variation
or unpredictable changes in load [28–30]. Through careful evaluation and reduction
of the feature space with a focus on the most relevant data points, the computational
cost for training and deploying sophisticated algorithms such as the adaptive neural
fuzzy interference system for strategic decision-making in the energy sector has also been
progressively advanced due to improved overall reliability in dynamic environments [31,
32].

In hierarchical control, machine learning-based approaches have induced significant
improvements in power system performance at all levels (primary, secondary, and tertiary)
and have been shown to be effective in load forecasting, generation prediction, and fault
diagnosis [33]. In a low-voltage grid, LVRT and constant reactive current injection during
voltage sags can be achieved through online detection of grid abnormalities based on
wavelet transforms and shallow neural networks and the resultant adjustments in the
power references. The fault identification technique reported a classification precision of
98.3% with PCC voltage and frequency as input data [34]. Terminal voltage regulation
is crucial during transitions between grid-connected and standalone operations. A DG
inverter can be controlled using a deep neural network (DNN) trained offline in conjunction
with a proportional integral derivative (PID) controller to ensure a smooth transition.
Additionally, a feedforward loop can be incorporated to mitigate harmonics for nonlinear
loads [35]. Battery energy storage systems (BESS) in MGs are commonly used for voltage
support and fault compensation. To address the issue of short circuit-induced voltage sags
in power lines using BESS in hybrid MG, a recurrent wavelet petri fuzzy neural network
(RWPFNN) can be used in the control loop for LVRT and fast voltage restoration [36]. Other
studies have employed neural networks with an extended Kalman filter to handle the
control of doubly fed induction generators during sensor failure on controlled variables of
back-to-back power converters [37].

In addition, reinforcement learning (RL) techniques have been extensively utilized to
design better secondary control (power and frequency) of power inverters. For unstructured
MGs with tidal power units and vehicle-to-grid connections, load frequency control is
extremely important to restore stability. A fractional gradient descent based on a fuzzy logic
controller can be implemented as the main frequency regulator with a deep deterministic
policy gradient (DDPG) composed of an actor–critic architecture to produce additional
control signals for frequency stabilization [38]. In [39], a quantum neural network (QNN) is
formulated to cooperatively control the frequency of an isolated MG. It combines DRL and
quantum machine learning to minimize the number of parameters and minimize training
requirements for a 13-bus network. A data set containing the frequency response of
unoptimized linear controllers is initially required to train the network through supervised
learning. In [40], a frequency regulation approach is proposed using deep reinforcement
learning (DRL), considering both the frequency performance and the economic operational
limits of the MG. The twin delayed deep-deterministic policy gradient (TD3PG) algorithm
is implemented based on historical data for adaptive selection of the best commands to
ensure frequency stability.

Moreover, a virtual inertia emulation technique is established in [41] using the twin
delayed deep deterministic policy gradient (TD3PG) reinforcement learning algorithm for
frequency regulation in weak grids with reduced inertia and damping capability. Verifica-
tion shows the ability of such controllers to better stabilize frequency in grid-connected
and standalone MGs. In another study, a Kuramoto-based consensus algorithm is used to
implement multi-agent reinforcement learning to handle frequency deviations. In [42], an
adaptive controller based on TD3PG is proposed to replace virtual synchronous generators
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(VSG) in multilevel modular converter control. This approach reported better system
strength and higher resistance to disturbances than conventional VSGs. Reinforcement
learning algorithms can also be used in designing parameters of existing controllers such as
proportional–integral, proportional–resonant, and fractional-order proportional–integral
regulators, etc. In [43], a deep Q network is adopted to adjust the parameters of the propor-
tional–integral controllers for a dual active bridge converter according to the modulation
phase shifted angles. This allows real-time mapping of phase-shift angles to the necessary
control parameters for stability.

Furthermore, reinforcement learning is applied to design Q-learning and TD3PG
current controllers in variable-speed doubly fed induction generators for the rotor and
grid-side inverters [44]. The performance of both agents is evaluated under dynamic
conditions, leading to the conclusion that Q-learning agents may not perform well under
significant disturbances compared to TD3 agents. In another study, the TD3PG agent is
utilized again to attain superior performance of permanent magnet synchronous machines
(PMSM) governed using the classical field-oriented control scheme (FOC). The agent works
in tandem with ESO-type speed observers, which allows sensorless FOC control through
online estimation of the machine speed. Multiple neural networks are used to obtain
the load torque with the TD3 agent performing a real-time estimated speed correction.
The results indicate a better reference tracking capability with the use of the RL TD3PG
agent [45]. DDPG agents have also been implemented in a similar way and have been
trained to work in parallel with the outer loop speed controller designed using sliding
mode control (SMC) to improve the load torque rejection capability in PMSM [46]. In this
work, it is shown that RL agents have the ability to directly manipulate control signals to
obtain the desired performance without a high computational or mathematical burden.
Although there are extensive applications of RL agents and other intelligent control methods
in machine control [47], there is limited literature that focuses on designing robust and
adaptive artificial-based controllers for inverters to withstand adverse grid disturbances.

With the increasing penetration of renewable energy into the electrical network and
the increasing demand for resilient inverter-based technology, there is a growing need to
develop advanced control methods to stabilize MGs under various dynamic conditions.
The expanding nature of the incorporation of DERs with utility and standard ancillary
practices makes the operation and control of voltage, frequency, and FRT mechanisms more
challenging. AI has the capability to bring about a new frontier in power engineering with
promising advances in processing density and improving deep learning algorithms [48].
If implemented appropriately, a self-governing, highly intelligent controller capable of
withstanding various grid abnormalities is definitely a possibility in MG applications.
Although the above-mentioned model-free control methods deliver promising results,
most depend on the type of data used during the training process. As such, considering
deep learning methods that do not require an exact MG model for efficient FRT and have
provision for transfer learning is desirable [49]. Evidently, during grid faults, such as
voltage swells, dips, unbalances, frequency disturbances, harmonics, asymmetrical, and
symmetrical faults, the current control loop on IBRs is important in regulating power
quality and ensuring stability. Most of the methods available in the literature often target
compensating for one or a few types of fault using a particular approach, while some
techniques require switching between multiple control modes depending on the induced
fault. Some classical FRT controllers perform additional computations to generate negative
sequence components for fault compensation; however, this requires exact plant modeling,
which makes the design process monotonous.

In addition, the current loop with cross-coupling terms in conventional voltage-
oriented control in inverter-based MGs causes instabilities during abnormal grid conditions,
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which are attributed to poor proportional–integral controller dynamics and saturation lim-
its. Based on the aforementioned constraints and inspired by reinforcement learning
techniques, a novel twin delayed deep deterministic policy gradient-based reinforcement
learning control approach is proposed to provide effective FRT operation and ensure
optimal current injection from RES. The main contributions of this research article are
as follows.

• A novel twin delayed deep-deterministic policy gradient agent is formulated and
trained to generate the voltages of the direct and quadrature axes in real time for
resilient operation of the inverter considering abnormal conditions of the grid based
on a set of observed states from the environment developed in MATLAB/Simulink®.

• A framework for training and deploying fully AI-based current controllers has been
established to achieve the optimal response of grid-interfaced inverters using a model-
free Markov decision process guided through a suitable reward function, thus elimi-
nating the need to design controllers based on uncertain operating parameters and an
accurate system model.

• Initially, the agent is trained for a single asymmetric phase-to-phase fault and then
applied to improve the inverter response for other asymmetric and symmetric grid
faults using transfer learning. This feature allows the controller to continuously
adapt to variations in operating conditions and be resilient despite deviations in grid
voltages without requiring complex deep neural network architectures and minimizes
computational or training costs.

Such control approaches have not been studied in depth in the field of inverter fault-
ride operation. Therefore, this article focuses on developing the actor–critic-based data-
driven control strategy, which has been thoroughly verified under asymmetric faults (L-L
and L-L-G) and symmetric faults (L-L-L). The proposed fault ride-through approach is also
compared with the standard positive sequence voltage-oriented control technique.

The organization of this paper is as follows. Section 1 provides a detailed background
and an extensive review of the literature on the subject. Section 2 covers the description of
the power conversion system, while Section 3 describes the traditional positive sequence
voltage-oriented control method. The novel design process for the twin delayed deep
deterministic policy gradient agent, intended for grid fault ride-through, is detailed in
Section 4. This includes specifics on the architecture of the deep neural network, the formu-
lation of the reward function, and the training procedure. Section 5 presents a comparative
evaluation of the proposed fault ride-through approach against the conventional control
method. The research considers three distinct fault scenarios, with the DC link voltage
response, post-fault recovery time, and cumulative integral-time error analysis serving
as primary evaluation metrics. Section 6 discusses the limitations of the study and future
research opportunities, and the article is concluded in Section 7.

2. System Description

The IEEE 13-bus network is a benchmark test case system used for research to imple-
ment new concepts in electricity generation, transmission, and distribution. For modeling
purposes, single AC generators are represented as the swing voltage source with a fixed
X/R ratio of 10. The classical 13 bus system has multiple predetermined single- and three-
phase loads connected to all buses. For this study, an inverter is connected to an existing
4160/415 V transformer between buses 633 and 634 to facilitate the integration of a 100 kW
solar system as shown in Figure 1.
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Figure 1. Single line diagram of the IEEE 13 bus network with an interconnected solar system.

In the primary power conversion circuit (Figure 2), a three-phase two-level inverter is
connected to the IEEE 13 bus network between buses 633 and 634 with an LCL-type current
harmonic filter. A DC/DC boost converter is used to increase the voltage of the PV panels
to charge the DC link capacitors. The scheme follows a centralized inverter topology in
which a single inverter encompasses the entire power conversion circuit and controls the
power using a single DC link [50]. The incremental conductance (INC) maximum power
point tracking algorithm is used for optimum power extraction. INC requires measurement
of the array voltage and current to calculate the instantaneous conductance and update
the reference duty cycle accordingly. It has the benefit of faster adaptation to rapidly
changing climate conditions and fewer oscillations when attaining the MPP. The size of the
perturbation voltage step is set to 1 × 10−3 V to minimize tracking error after reaching the
desired operating point. Other parameters of the power conversion circuit are stated in
Table 2.

Table 2. Power conversion circuit and controller specifications.

Parameter Symbol Value Unit

Grid frequency ω 60 Hz
Rated PV power Pn 100 kW

Utility line voltage ELL 415 V
Rated DC bus voltage Vdc 700 V

Inverter switching frequency Fsw 15 kHz

Input capacitor Cin 10 μF
Boost Inductance L 2.4 mH
DC link capacitor Cdc 2000 μF

Boost switching frequency Fb 5 kHz

Damping resistor Rd 0.4 Ω
Filter capacitance Cf 77 μF

Internal resistance of Lg Rg 18 mΩ
Internal resistance of Li Ri 28 mΩ

Grid side filter inductance Lg 177 μH
Inverter side filter inductance Li 280 μH

Current controller gains Kp = 0.6 Ki = 243
DC link controller gains Kp = 1.35 Ki = 395
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Figure 2. Dual-stage photovoltaic power conversion circuit.

For this study, as a prerequisite, voltages and currents are normalized to per unit
values. The use of per-unit (p.u.) measurements significantly enhances scalability, making
it easier to design, analyze, and operate systems of varying sizes and complexities with
various control techniques. Using a base apparent power (Sbase) of 100 kVA and a nominal
AC phase-to-phase voltage (VAC) of 415 V, the voltage and current bases can be specified as

VAC(base) =

√
2
3
× VAC IAC(base) =

√
2
3
× Sbase

VAC
(1)

Thus, the instantaneous voltages and currents of the grid at each phase measured at
PCC are independently converted to their equivalents per unit using Equation (2). The
transformed voltages and currents are then fed to a phased-locked loop to extract their d
and q counterparts in normalized form.

Vabc(p.u.) =
VPCC

VAC(base)
Iabc(p.u.) =

IPCC
IAC(base)

(2)

Grid synchronization is crucial to maintaining quality power injection into the grid
despite the volatile nature of the grid. As such, the double second-order generalized inte-
grator phase-locked loop (DSOGI-PLL) is often used to synchronize the inverter voltages
with the main grid. DSOGI-PLL has established superior performance in stabilizing the
inverter under numerous disturbances of the grid [51,52]. It is based on an instantaneous
symmetric component method with two inbuilt quadrature signal generators (QSG) to filter
out additional harmonics present in the grid voltages in the first stage. Each QSG produces
two voltages on the quadratic axis (90◦ apart) that can be recombined to form positive
and negative stationary reference frame grid components using Clarke’s transformation of
the grid voltage at PCC (vα and vβ). Since in the case of a grid, the frequency is constant
under normal operating conditions, the filter bandwidth is essentially dependent on the
damping factor (Kγ), which is generally chosen as

√
2. This makes it also suitable for

variable-frequency applications [53].
Taking vα

′
, vβ

′
, qvα

′
, and qvβ

′
as QSG output, the decoupled positive and negative

sequence components of the grid voltage can be obtained by using the sequence calculation
in Equation (3). Thus, the corresponding positive and negative voltages on the d and q axes
can be easily obtained by Park’s transformation of the respective stationary reference frame
voltages with ωt as the estimated grid angle according to Equations (4) and (5). v+d gives
the amplitude of the input voltage, while v+q gives information on the phase error. A PI
controller is used as a loop filter to maintain v+d at zero and send it to the voltage-controlled
oscillator represented by the integrator, thus allowing the phase angle of the input signal to
be estimated [54]. Transformation of three-phase voltage and currents from their natural
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states (abc) into (dq) synchronous rotating frame DC quantities allows decoupled control of
grid-connected inverters in both positive and negative domains.

v+α = 1
2 (vα

′ − qvβ
′) & v+β = 1

2 (vβ
′
+ qvα

′)
v−α = 1

2 (vα
′
+ qvβ

′) & v−β = 1
2 (vβ

′ − qvα
′)

(3)

v+d = v+α sin(ωt)− v+β cos(ωt) & v+q = v+α cos(ωt) + v+β sin(ωt) (4)

v−d = v+α sin(−ωt)− v+β cos(−ωt) & v−q = v+α cos(−ωt) + v+β sin(−ωt) (5)

The approach can also be applied to the measured grid currents at PCC to obtain its
positive and negative sequence components. With iα and iβ as inputs to the dual QSG, the

corresponding outputs iα
′
, iβ

′
, qiα

′
, and qiβ

′
can be recombined and produce the positive

and negative current sequence components required for control purposes.

i+α = 1
2 (iα

′ − qiβ
′) & i+β = 1

2 (iβ
′
+ qiα

′)
i−α = 1

2 (iα
′
+ qiβ

′) & i−β = 1
2 (iβ

′ − qiα
′)

(6)

i+d = i+α sin(ωt)− i+β cos(ωt) & i+q = i+α cos(ωt) + i+β sin(ωt) (7)

i−d = i+α sin(−ωt)− i+β cos(−ωt) & i−q = i+α cos(−ωt) + i+β sin(−ωt) (8)

3. Conventional Voltage-Oriented Control

The positive sequence voltage-oriented control (PSVOC) is most famously used to
interface photovoltaic inverters with the grid. It has two cascaded control loops; the inner
loop regulates the inverter currents on the d and q axes, and the outer loop ensures the
stability of the DC link voltage, as shown in Figure 3. Normally, the DC link voltage
reference is kept constant, and a PI controller is used to generate the direct axis current
reference that corresponds to the net active power to be injected by the inverter into the
grid [55]. Transient conditions and variations in the DC bus voltage are regulated by the
capacitor’s charge-and-discharge process. In a grid-connected situation, the voltage can
fluctuate due to changes in solar irradiation or temperature levels of the photovoltaic array,
as well as oscillations in the AC power caused by grid imbalances.

THI
PWM

Figure 3. Conventional positive sequence voltage oriented control (PSVOC).

Injection of active power into the grid can be indicated by an increase in three-phase
currents at the PCC, assuming that the grid voltage remains steady during normal oper-
ation. The change in DC link voltage is determined by the power balance between the
solar panels and the currents injected into the grid. The reactive power supply can be
commanded directly by specifying the required amount and calculating the current on
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the quadrature axis. The error for both currents can be processed by inner-loop dual PI
controllers independently. Typically, the interconnecting filter transfer function is used to
tune the proportional (Kp) and integral (Ki) controller gains. The final inverter reference
voltage is the combined output of the current PI controllers, the grid voltages, and the
cross-coupling terms [56].

v∗+d =
(

Kp +
Ki
s

)(
i+dre f − i+d

)
+ ωLi+q + v+d

v∗+q =
(

Kp +
Ki
s

)(
i+qre f − i+q

)
+ ωLi+d + v+q

(9)

Decoupling allows independent control of active and reactive powers for grid-
connected inverters. According to instantaneous power theory, the active and reac-
tive powers on the AC side per unit can be evaluated using P+ = (v+d i+d + v+q i+q ) and
Q+ = (v+q i+d − v+d i+q ), respectively. It is evident that the active and reactive power pro-
duced by the inverter is directly proportional to the direct- and quadrature-axis currents
in the synchronous reference frame. Therefore, for the unity power factor, the reference
reactive power (Qre f ) can be kept zero. The PI controllers employ a fixed frequency free-
running carrier signal, resulting in a well-bounded current total harmonic distortion (THD)
with constant frequency inverter operation. This aids in instantaneous takeover of current
control and has the advantage of eliminating the effect of DC side ripple on the phase
currents of the inverter.

The third harmonic injection pulse width modulation (THIPWM) strategy is highly
desirable for producing IGBT gate pulses, as it can help improve inverter performance
under conditions of low DC link voltage. In THIPWM, a sine wave with a higher oscillating
frequency is added to the modulating signals, leading to a reduction in the peak of the
resulting modulating signal (m+

a , m+
b , and m+

c ). With v+a , v+b , and v+c as the amplitude of
the modulating signals of each phase and v3 as the amplitude of the third harmonic, the
positive sequence inverter modulating signals with the embedded third harmonic are given
in Equation (10). v3 is the amplitude of the third harmonic component, which is usually
between 0.15 and 0.2 [57]. The resulting modulating signals are compared with a higher-
frequency triangular wave generator to produce logic pulses for semiconductor devices.

m+
a = v+a sin(ωt) + v3 sin(3ωt)

m+
b = v+b sin(ωt − 2π

3 ) + v3 sin(3ωt)
m+

c = v+c sin(ωt − 4π
3 ) + v3 sin(3ωt)

(10)

The gains of the PI controller in such control approaches directly affect the stability of
the inverter and the response to abrupt changes in operating conditions. Although there
are many methods for designing these controller parameters, such as Ziegler–Nichols and
pole placement, many cannot guarantee the best performance during grid disturbances
and nonlinear loading conditions. For a more robust operation, metaheuristic-based algo-
rithms inspired by nature have gained popularity in inverter control applications [58–61].
For this article, the widely used genetic algorithm (GA) optimization algorithm is imple-
mented to iteratively determine the best set of PI values for the regulation of DC link
voltage and inverter current. GA has been adopted because it guarantees convergence
given certain constraint bands and does not require knowledge of derivatives, as the al-
gorithm can process with input–output mapping [62]. For the inner current loop, the PI
values depend on the transfer function of the LCL filter. With a cost function derived based
on the integral time absolute error (ITAE), a population size of 10, and lower/upper limits
for PI values as [0 500], 52 generations are sufficient for convergence to optimal values.
Similarly, the DC link transfer function established in [63] is utilized for optimization with
the established parameters. In this case, a total of 107 generations are required to achieve
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convergence to the optimum values. Thus, the PI values of the best fit for the current
controller are determined as Kp = 0.60 and Ki = 243, while for the DC link PI controller,
Kp = 1.35 and Ki = 395. All controllers are equipped with anti-windups to reduce the
effect of saturation and prevent large overshoots or oscillations.

4. Reinforcement Learning Agent Design for Grid Fault Ride-Through

Fault ride-through requirements state that all IBRs must remain connected to the grid
for a certain duration and wait for clearance to confirm that the fault is temporary. From
the inverter’s perspective, low voltage is simply a dip/sag in the voltage profile at PCC
causing a drop in the computed d and q axes components. Depending on the percentage of
dip and duration, the currents injected from the inverter may increase considerably. During
faults, conventional PI controllers suffer from poor performance and are unable to track the
designated current references in the synchronous reference frames. Prolonged symmetric
or asymmetric faults can cause DC link spikes, overcurrents, and deviations of active and
reactive powers. The dynamic response of the feedforward decoupled control approach
also deteriorates during fluctuations in grid voltages due to the presence of voltage terms
of the d and q axes in cross-coupling.

Although controller gains can be optimized, obtaining knowledge of the grid con-
dition and incorporating it into the process is difficult due to the grid’s dynamic nature.
Additionally, PI controllers are insensitive to changes in grid operating conditions and
pose a difficulty in maintaining inverter stability during abnormal grid conditions due to
predefined saturation limits. Due to the presence of the grid voltage in the cross-coupling
in the inner control loop, the PI controller tends to increase the inverter modulating volt-
ages, causing an increase in the supplied currents. Prolonged divergence of the inverter
currents results in the output of the PI controller reaching maximum thresholds, and thus
the inverter goes into overmodulation mode.

Most other types of controller, such as proportional resonant, deadbeat, and fractional-
order PI controllers, are inherently designed to provide a steady-state response and may not
respond rapidly to sudden variations during grid faults. Nonlinearities are often introduced
in the system due to disturbances in grid voltage and frequency and cause responses that
standard controllers struggle to handle effectively. Other advanced control techniques,
such as sliding mode and model predictive control, also encounter issues during grid
transients due to the chattering phenomenon, sensitivity to uncertain parameter variation,
tuning complexities, and dependency on accurate system models. As such, a twin delayed
deep-determined policy gradient (TD3PG) current controller is formulated and trained to
provide effective current control of inverter-based resources under various severities of
grid disturbances. The improved voltage-oriented control based on reinforcement learning
for effective fault management of grid-connected inverters is depicted in Figure 4.

Reinforcement learning is an effective tool that can greatly improve the design process
of power converter controllers. It provides various benefits, particularly in intricate and
dynamic environments where conventional control methods may face difficulties. RL
algorithms are capable of continually learning and adapting to changing operational
conditions, such as load variations or fluctuations in input voltage. This is particularly
advantageous in the control of grid-feeding inverters, where the power network can be
highly unstable. Inverters frequently demonstrate non-linear behavior, especially under
fault conditions. RL agents are anticipated to perform well in handling such non-linearity
without requiring explicit modeling, enabling more robust and flexible control mechanisms.
Traditional control techniques typically depend on precise mathematical models of the
inverter and its operational context. This model-free approach eliminates the need for an
explicit system model. Instead, it derives the control strategy directly through interaction
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with the environment, making it ideal for systems where precise models are hard to develop,
enhancing fault resilience.

TD3PG Agent THI
PWM

Figure 4. Twin delayed deep deterministic voltage-oriented control (TD3VOC) for inverter.

Twin delayed deep deterministic policy gradient is an advanced reinforcement learn-
ing algorithm that serves as an upgrade to the deep deterministic policy gradient algorithm.
RL can be applied to control systems to train deep neural networks by interacting with an
environment, enabling the achievement of tasks that are difficult to achieve using tradi-
tional control methods. The actor–critic agent is widely used in these applications, where
the actor neural network determines the actions to be taken and the critic network assesses
the effectiveness of those actions based on the rewards received from the environment
(Figure 5).

Actions

Q-Value State

Reward

EnvironmentActor

Critic

Figure 5. General reinforcement learning workflow.

Markov decision process (MDP) is a mathematical modeling tool that is used to
address decision-making problems involving an RL agent and its interaction with the
environment. It provides a framework for modeling sequential decision processes or a
continuous action space in uncertain states. Optimizing an agent involves finding the
best policy that maximizes the expected cumulative rewards for the agent using a suitable
algorithm such as Q-learning or policy gradient. In MDP, states (s) represent all the
information an agent receives from the environment, actions (a) are the array of numeric
input (continuous or discrete) applied in the environment determined by the actor, and (r)
is the cumulative reward obtained for the applied action. During training, the actor maps
the states and actions, eventually converging to a deterministic policy (π) after numerous
iterations [64].

4.1. Deep Neural Networks

To denote the primary indicators for selecting various actions in the subspace, [i+dre f ,

i+qre f , (i+dre f − i+d ), (i+qre f − i+q )] are relevant states that are chosen as observations for the agent,
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while the modulation voltages of the inverter [v∗+d , v∗+q ] are two actions required from the
actor network to provide enhanced stability to the inverter. The critic network has two
feature input layers (FILs): one for the states and the other for the corresponding actions.
Information measured via sensors is passed through two fully connected layers (FCLs), and
the output is summed together, forming a single feedforward path. The rectified linear unit
(ReLu) activation function performs a threshold operation before the data is inputted to
the next FCL, where all negative values are set to zero. The final FCL outputs the required
Q-value at each time step.

In a similar manner, the states are fed to the actor network using a FIL and passed
through an FCL with 64 outputs, which are given two separate but identical paths with
two FCLs. The outputs are summed and propagated through two more FCLs, and the
final modulation voltages are produced. In the actor network, the hyperbolic tangent
activation function (tanh) is employed between FCL due to its high performance and
naturally normalizes inputs in the range [−1, 1], which act as saturation limits for direct and
quadrature voltages. The deep neural networks of critics and actors are shown in Figure 6.
The ’Adam’ learning algorithm is used to train dual critic and actor networks, each with a
total of 3100 and 5800 learnable parameters, respectively. In general, both networks follow
a similar pattern in which the number of outputs in the FCL is progressively reduced up to
the output layer. This prevents overfitting and ensures a more stable training convergence.

FCL 1

FCL 2

FCL 3 FCL 5FCL 4

ReLu ReLu ReLu

FIL

FIL

64

64

32 16 2

Q-Value

FCL 1
FIL

FCL 2

FCL 4

FCL 3

FCL 5

tanh

FCL 6 FCL 7

tanh

ReLu ReLu

64

32 16

32 16

16 2

Critic

Actor

Figure 6. Critic and actor deep neural network architecture.

4.2. Reward Function

It is necessary to use a reward function that will allow the agent to learn the best
possible policy by encapsulating a function that minimizes the inverter current deviation
from the nominal set points at each discrete time step during abrupt disturbances on the
grid side. The reward function is derived on the premise of effectively controlling the
direct- and quadrature-axes currents based on the observed states. It is a combination
of the measured d and q current errors with respect to the reference, the integral square
error, and the negative sequence currents of the inverter, which must be minimized with
any imbalance induced in the grid voltage. The total episode reward is the sum of all
instantaneous rewards at each time step until the execution is terminated, given as
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The reward function assigns different weights to different aspects of the reward,
represented by the arbitrary gain values M, N, and O. In this case, N and O are set to −1
and M to −0.5. The weights are selected to guarantee quick convergence during training.
The adjustable gains permit customization of the significance assigned to each part of the
reward function. For example, the squared errors of the positive and negative sequence
currents are assigned the same gains so that both errors are equally minimized as the
injected inverter currents deviate during faults. In contrast, the cumulative error increase
over time is assigned a lower weight to ensure that it does not affect the real-time inverter
regulation under the usual grid conditions. In addition, an average reward is calculated
based on the length of the score averaging window. To simulate the agent’s adaptation, a
short-circuit fault is introduced between phases B and C at bus 633. The agent is expected
to adjust its behavior based on the defined reward function to minimize current deviations
in the inverter and improve the resilience of the inverter. All measurements are taken as
per unit values.

4.3. TD3PG Training Process

The agent training process involves systematically updating the parameters of the
actor–critic network. In TD3PG, two critic networks are present that help mitigate the issue
of overestimation bias of the DDPG agent and also incorporate delayed updates of the
target networks to stabilize convergence during training. The output of the critic networks,
known as the Q-value, is an important component of the training process and acts as an
indicator for the estimated cumulative reward given a set of observations and actions data
influenced by certain policies. The complete agent training process is shown in Figure 7,
and the general agent training pseudocode is presented as Algorithm 1.

MATLAB/Simulink
Environment

(Power Conversion
Circuit + Control

Loops )

Gradient
Descent

Soft Update

Gradient
Ascent

Soft Update

Temporal Difference
Error

Policy Gradient

Min

Figure 7. Training process of TD3PG RL agent incorporating data flow and environment interactions.
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Algorithm 1: Pseudocode for training the TD3PG agent for inverter regulation

1 Setup the agent in the MATLAB/Simulink environment containing the
grid-following inverter topology with appropriate grid fault models

2 Initialize critic networks Q1, Q2 with random parameters φ, ψ

3 Initialize actor network μ with random parameters θ

4 Initialize target networks Q′
1, Q′

2, μ′ with φ′ and ψ′ and θ′

5 Set replay buffer R and exploration noise N
6 Define hyperparameters: discount factor, learning rates, target update rate,

regularisation, etc
7 for each episode do

8 Initialize environment and get initial state (st)
9 for each time step (t) in the episode do

10 Select action + exploration noise: a′t = a(st; θ) +N (μ, σ)

11 Execute action a in the environment and observe reward r and next state
st+1

12 Store transition (st, at, rt, s′t) in replay buffer R
13 if time to update then

14 for each update step do

15 Sample a random mini-batch of M transitions (si, ai, ri, st+1) from
R

16 Compute target Q-values using target networks and clipped

double Q-learning:

17 Compute target Q-values:
yt = rt + γ min(Q′

1(st+1, a′(st+1; θ′); φ′), (Q′
2(st+1, a′(st+1; θ′); ψ′))

18 Update the critic networks by minimising the loss:

19 L(φ) = 1
M∑n

i=1 (Q1(st, at, φ)− yt)
2 and

L(ψ) = 1
M∑n

i=1 (Q1(st, at, ψ)− yt)
2

20 Update critic parameters φ and ψ using gradient descent
21 φ → φ + αcritic∇φJ (φ, ψ) and ψ → ψ + αcritic∇ψL(φ, ψ)

22 if update step policy delay == 0 then

23 Update actor network by maximizing the Q-value:

24 ∇J(θ) ≈ Est∼R[∇θQ1(st, at; φ)|at=a(st ;θ)∇θa(st; θ)]

25 Update actor parameters θ using gradient ascent:
θ → θ + αactor∇θ J(θ)

26 Update target networks:

27 φ′ → φ′(1 − τ) + τφ, ψ′ → ψ′(1 − τ) + τψ and
θ′ → θ′(1 − τ) + τθ

28 end

29 end

30 end

31 Update the state: st+1 → st

32 if the episode is done then

33 Break the loop
34 end

35 end

36 end

37 return The trained actor network or the final optimised policy (π)
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Denoting the parameters of the actor network as θ, the weight of the first critic network
(Q1) as φ, the weights of the second critic network (Q2) as ψ, and the parameters of the
corresponding target network as θ′, φ′, and ψ′. The actor is expected to maximize the
expected cumulative long-term reward by minimizing the negative Q-value function
given as

J (θ) = −Est ,at∼R[Q1(st, at; φ)] (12)

E represents the expectation operator that is associated with the stochastic property
of the transition probability and policy, π. Assuming a(st; θ) is the output of the actor
network given a state in a time interval (st) and specific weights and ∇θQ1(st, at; φ) is the
calculated gradient of the first critic network with respect to the action, the gradient ascent
can be used to update the parameters of the actor network using the chain rule applied to
the expected return objective according to the actor parameters [65].

∇J (θ) ≈ Est∼R[∇θQ1(st, at; φ)|at=a(st ;θ)∇θa(st; θ)] (13)

Therefore, the new weights of the actor network can be calculated using the return
objective and the actor learning rate (αactor) as follows.

θ → θ + αactor∇θJ (θ) (14)

Furthermore, critic networks are trained to reduce the Q-value output of critic net-
works (Q1 and Q2) and target critic networks Q′

1 and Q′
2. The targeted Q-value (yt) is

obtained by evaluating the minimum of the two Q-values of the target networks, which
also include the discounted reward (rt) and the predicted Q-values in the next state (st+1),
commonly calculated using the Bellman equation. Minimum operation ensures reduced
overestimation bias. A discount factor (γ), generally between 0 and 1, determines the
weight given to future rewards. High γ values give more importance to compounded
rewards, and a small value prioritizes immediate rewards, creating a trade-off between
past and instant rewards.

yt = rt + γ min(Q′
1(st+1, a′(st+1; θ′); φ′), (Q′

2(st+1, a′(st+1; θ′); ψ′)) (15)

The critic tends to reduce the difference between the target Q-value (from the Bellman
equation) and the estimated Q-values, known as the temporal difference error (TDE), using
a formulated loss function stated in Equation (8). Given M as the size of the mini-batch and
the set of state-action data from the stored experiences in the memory at each time step, the
critic networks obtain a better approximation for the true Q-value via minimization of this
loss function.

L(φ, ψ) =
1
M∑N

i=1 (Q1(st, at, (φ, ψ))− yt)
2 (16)

Eventually, both parameters of the critic network are updated using gradient descent
considering a reasonable learning rate (αcritic).

φ → φ + αcritic∇φJ (φ, ψ) (17)

ψ → ψ + αcritic∇ψL(φ, ψ) (18)

The target networks (Q′
1, Q′

2, and a′) are updated through a soft update process that in-
volves slowly evolving the network parameters with the current policy network parameters.
A predefined target smooth factor (τ) is used to provide a more stable learning process.
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θ′ → θ′(1 − τ) + τθ (19)

φ′ → φ′(1 − τ) + τφ (20)

ψ′ → ψ′(1 − τ) + τψ (21)

During the training process, noise exploration data are often added to actions to allow
for more robust policy development. Sampled Gaussian noise N characterized by a normal
distribution with reasonable mean (μ) and standard deviation (σ) can be used to modify
the selected actions before being applied.

a′t = a(st; θ) +N (μ, σ) (22)

In this way, the agent can explore various regions of the action space via controlled
randomness. It prevents it from obtaining a suboptimal policy, which is especially crucial
in discovering effective continuous-deterministic actions. However, high values of μ and σ

lead to more exploration but may cause overfitting, resulting in less deterministic behavior.
Therefore, it is important to maintain balance without compromising training or policy
stability. In some cases, a standard deviation decay rate (ε) is used, allowing controlled
reduction in the amount of noise that is added as agents take progressive steps and helping
to shift from exploration to exploitation.

Furthermore, the TDP3PG agent offers several notable advantages that make it highly
suitable for improving the effectiveness of such control tasks. It is specifically designed to
handle problems with continuous action spaces, such as the regulation of power converters.
This design choice eliminates the need for sampling from a probability distribution, as
the agent can directly output continuous actions. Consequently, the complexity of deci-
sion making is reduced. Additionally, the use of the minimum operation in the Bellman
equation combined with clipped double Q-learning critic networks ensures a more stable
training process by mitigating issues related to overestimated Q-values and training diver-
gence. Moreover, delayed updates of critic networks, in comparison to the actor, result in
decorrelated target Q-values. This contributes to reducing variance and facilitates efficient
training [41].

5. Results and Discussion

Training is performed using the high-performance shared computational cluster
“Katana” with 64 GB of memory using a single CPU core. It takes approximately 22 h
for the training to be completed, with 3000 steps per episode. All training hyperparameter
specifications are provided in Table 3.

As a secondary training criterion, all agents that achieve an average of −500 reward
points or more are saved for further evaluation, resulting in a total of 833 being saved.
Training progress with the episode reward obtained, the average reward, and the Q-value
is depicted in Figure 8. Initially, the agent starts with a low reward (−15,000), but slowly
progresses to higher values as the actor neural network parameters become accustomed to
the objective based on the updated weights. It is observed that after 840 episodes there is a
sharp drop in the episode reward, after which a decline is noted in the training behavior.
This can be an indication of overfitting, as the actor may already have reached its optimum
policy. It may also be an indication that the actor is stuck in a local suboptimal policy that
causes a temporary decrease in reward due to too much or insufficient exploration.
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Table 3. TD3 agent training parameters.

Hyper Parameter Symbol Value

Sample time Ts 100 μs
Mini batch size M 64
Discount factor γ 0.99

Maximum episodes Emax 1000
Actor learning rate αactor 1 × 10−3

Critic learning rate αcritic 1 × 10−3

Target smooth factor τ 1 × 10−3

Policy update frequency ξ 1
L2 regularisation (actor) ρactor 1 × 10−4

L2 regularisation (critic) ρcritic 1 × 10−4

Experience buffer length R 1 × 106

Number of steps to look ahead n 1
Score averaging window length K 15

Standard deviation σ 0.1
Minimum standard deviation σmin 0.025
Standard deviation decay rate σdecay 1 × 10−6

Figure 8. (a) Cumulative reward obtained and (b) Q-value progression at each successive iteration.

Since the actor–critic agent is deployed in a detailed time-varying environment con-
taining feedback signals with inverter switching noise, observations and action pairs in
the experience buffer length can also cause ambiguity, thus reducing training effectiveness
and reward accumulation. If this pattern continues, the final agent at the end of maximum
episodes may not perform well even if the learning rate is slow with a small regularization
parameter. Since the approach deals with inverter current control at the primary level, to
select the finest possible policy, the agent that attains the highest average reward is chosen
as the best contender for controlling the inverter during faults. Using this criterion, the
agent in episode 364 is adopted, which attains the highest reward of −151 with a Q-value
of −16.70.

Under all test conditions, the DC link reference is 1 p.u. while the reactive power
reference is kept at 0 p.u. It should be noted that the TD3PG agent is trained only for a
single asymmetrical fault between phases B and C across a 0.25 Ω resistor. However, its
effectiveness in mitigating other types of symmetrical and asymmetrical faults through
transfer learning has been verified. Using leverage of the pre-trained model significantly
reduces the training time, especially for various types of grid faults. Training the agent for
only one fault also allows the actor neural network to learn more generalized actions and
leads to better accuracy. In addition, applying transfer learning reduces the need for com-
putational resources, making the approach more efficient. The performance of the positive
sequence voltage-oriented control and the designed twin delayed deep deterministic policy
gradient voltage-oriented control is evaluated under both asymmetric and symmetric grid
faults based on the adaptation to faults and operation restoration time.
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5.1. Asymmetrical Fault: Short Circuit Between Phases B and C

In this test case, a phase-to-phase fault is induced between phases B and C (Figure 9a)
over a fault resistance of 75 mΩ between time 0.20 and 0.25 s on bus 633. In particular, the
trained agent has significantly reduced the post-fault recovery time of the inverter currents
with immediate settling after fault clearance. With PSVOC, the current waveform settles at
around 0.60 s. However, the proposed control approach takes only 0.06 s for the current to
return to nominal values, and the waveform is only distorted for the duration of the fault
without any significant increase in peak values, as shown in Figure 9b,c. This also helps
to maintain the integrity of the grid voltages, as prolonged injection of distorted currents
adds unwanted harmonics and may cause the inverter to isolate from the grid.

Figure 9. (a) Grid voltages, three-phase current waveform with (b) PSVOC and (c) TD3VOC, (d) DC
link voltage, (e) active power, (f) reactive power, and negative sequence current on (g) direct and
(h) quadrature axis response during asymmetrical short circuit fault between phases B and C.

As seen in Figure 9d, with PSVOC, an overshoot in the DC link voltage is observed
during the fault. As the fault clears, an undershoot is seen as the maximum power point,
and the DC-link PI controller attempts to recover from the disturbance. During the recovery
period, the inverter consistently undergoes over- and undermodulation as a result of a
destabilized DC link reaching a maximum voltage of 1.85 p.u. Following a period of 0.35 s
after the fault has cleared, the nominal operating point is finally reached. However, the
trained agent is far better at stabilizing the DC link voltage and shows immediate post-fault
recovery. Consequent fluctuations in active and reactive powers (Figure 9e,f) are detected
with large overshoots using the conventional controller, and although a slight drop in
injected active power is observed with the TD3PG agent, the nominal operating point is
quickly restored without any overshoot, showing a more robust response despite deviations
during the fault. In addition, the TD3 agent performs well in minimizing negative sequence
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direct and quadrature axis currents during the fault and immediate retention after the
termination of the fault, as presented in Figure 9g,h.

5.2. Asymmetrical Fault: Phases A and B to Ground Fault

To further investigate the performance of the neural-based current controller, a double-
phase-to-ground fault is applied at the PCC voltage for 50 ms (Figure 10a). The fault
and ground resistance are assumed to be 50 mΩ. The three-phase currents experience
oscillations and take about 0.55 s to settle after fault clearance when PI-based VOC is
used. High current peaks are momentarily seen as the inverter attempts to recover from
the fault, as shown in Figure 10b. This effect is completely eliminated with the RL agent.
Although the current increases during the fault period, the inverter is quick to recover
and attains stability without any post-fault transients, as depicted in Figure 10c. The
superior response of the neural network is attributed to its fast input-to-output mapping.
A similar effect is seen in the negative sequence currents on the direct and quadrature
axes (Figure 10g,h). While the inverter is in overmodulation, the current oscillates and
has several overshoots and undershoots during recovery with the conventional control
approach. This problem is completely eliminated with the trained actor–critic neural
networks ensuring a robust response.

Figure 10. (a) Grid voltages, three-phase current waveform with (b) PSVOC and (c) TD3VOC, (d) DC
link voltage, (e) active power, (f) reactive power, and negative sequence current on (g) direct and
(h) quadrature axis response during phases A and B to ground fault.

During this period, a drastic response is observed for the DC link voltage compared
with the previous case, reaching a peak of 2.25 p.u. It undergoes transients and settles
at 0.80 s, as seen in Figure 10d when the inverter is controlled using PSVOC. With the
TD3VOC, during the fault period, the voltage experiences slight oscillations but does not
diverge from the reference value. When using cascaded PI controllers, inverter stability
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depends on the accurate functioning of each loop. As such, a disturbance may cause the
entire system to respond in an unpredictable manner, even if the controllers are properly
tuned. This scenario is also seen in the active and reactive power response in Figure 10e,f,
where the active and reactive powers diverge considerably due to the unstable DC link.
Nevertheless, with the TD3 agent, immediate recovery is observed, as nominal operating
points are restored without transients.

5.3. Symmetrical Fault: Phases A, B, and C Short Circuit Fault

A severe symmetric three-phase fault is applied between phases A, B, and C on bus
633 across a fault resistance of 35 mΩ (Figure 11a). The conventional PSVOC approach
does not restore the inverter current waveform shown in Figure 11b due to the reaching of
controller saturation limits. As a result, high oscillations and distortions in the currents are
observed, even though they remain in phase with the grid voltage. Prolonged injection of
highly distorted currents would eventually trigger protection devices, causing the inverter
to disconnect from the grid, disrupting power transfer. In contrast, the RL agent can restore
the inverter currents within 0.05 s after the fault is cleared, as shown in Figure 11c. The
voltage diverges and reaches more than 2.5 times the nominal operating range, which will
eventually activate the circuit tripping mechanisms. In contrast, the difference is significant
when TD3VOC is used instead, leading to a much smoother response of the DC link voltage
without much divergence (Figure 11d).

Figure 11. (a) Grid voltages, three-phase current waveform with (b) PSVOC and (c) TD3VOC, (d) DC
link voltage, (e) active power, (f) reactive power, and negative sequence current on (g) direct and
(h) quadrature axis response to a symmetrical short-circuit fault between phases A, B, and C.

Likewise, active power experiences disruptions during a fault, and a large overshoot
occurs as the inverter tries to restore power post-fault. This recovery time is reduced with
the proposed TD3PG current controller, as shown in Figure 11e,f. Although the active
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power is restored to nominal values, it is at the cost of a lower DC link voltage and an
overmodulating inverter. Due to not recovering from saturation and continuous operation
with a lower DC link voltage, the negative sequence currents suffer from high oscillations
after fault clearance when the inverter is controlled with PSVOC. However, the TD3VOC
scheme performs quite well in restoring and reducing negative sequence currents even
after severe disturbances (Figure 11g,h). It should be noted that although the agent was not
specifically trained for symmetrical faults, it still demonstrates a good response to such
severe disturbances, thus proving its adaptability through transfer learning.

5.4. Error Analysis

To accurately assess the performance of the proposed fault-tolerant agent-based control
method, calculating the integral-time absolute error (ITAE) is crucial. The ITAE metric
multiplies the absolute error by time, thereby giving greater importance to errors that occur
later in the system compared to those at the start. Minimizing ITAE is important to achieve
optimal performance during faults in inverter control applications. The error data for the
d and q axes currents obtained from the evaluation models have been analyzed under
the three types of faults, and the results are shown in Figure 12. With the conventional
controller, ITAE on the d and q axes increases significantly as faults become more severe.
During the phase-to-phase asymmetric fault between phases B and C, a maximum of 0.20
and 0.15 is reached for the d and q axes, respectively. However, this increases to 0.32 and
0.60 after a symmetric fault is induced in the system. With the proposed TD3PG current
controller, it is observed that during all test cases, the error remains below 0.10 and 0.03
for the d and q axes, respectively. This metric authenticates the viability of the formulated
agent in providing a reasonably better inverter response compared with the standard
control approach.

Figure 12. Integral-time error visualization for d and q axes currents using (a,c,e) PSVOC and (b,d,f)
TD3VOC for (a,b) asymmetric fault between phases B and C, (c,d) asymmetric phases A and B to
ground fault, and (e,f) symmetric short-circuit fault between phases A, B and C.

5.5. Summary

In summary, the key results obtained in this research for the existing voltage-oriented
control scheme and the redesigned TD3PG voltage-oriented control architecture are stated
in Tables 4 and 5. Key performance indicators were selected as the peak DC link voltage
magnitude during the fault period with a nominal value of 1 p.u., the post-fault recovery
time after fault clearance (PFRT), and ITAE on the d and q axes. In every scenario, the
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suggested TD3VOC exhibits a robust fault-ride-through capability in all evaluations by the
use of transfer learning. It exhibits minimized DC link voltage peaks during faults and
reduced post-fault system recovery time. A significant attribute that has directly affected
the performance of the TD3PG agent is its structural design. Bellman’s minimum equation
paired with clipped double Q-learning mitigates the overestimation bias found in other
continuous-time agents. The algorithm’s lower sensitivity to hyperparameter selection
is due to postponed policy updates and target smoothing. These sophisticated features,
along with its adaptability to unpredictable inverter operating conditions, make TD3PG an
exceptionally effective option to improve the control of grid-feeding photovoltaic systems
during grid disruptions. In addition, the per-unit system is beneficial in minimizing the
alterations needed to apply this method to larger power systems. It ensures that the neural
network generates modulation voltages in a consistent manner, regardless of the differing
power ratings in various systems.

Table 4. Performance of conventional positive-sequence voltage-oriented control.

Type of Fault Voltage (p.u.) PFRT (s) ITAE (d-axis) ITAE (q-axis)

Phase-to-phase (B to C) 1.85 0.35 0.20 0.15
Phase-to-ground (A, B to G) 2.25 0.55 0.50 0.28

Phases A, B and C short circuit >2.50 >0.80 0.60 0.32

Table 5. Performance of proposed twin delayed deep deterministic voltage-oriented control.

Type of Fault Voltage (p.u.) PFRT (s) ITAE (d-axis) ITAE (q-axis)

Phase-to-phase (B to C) 1.05 0.01 0.03 0.09
Phase-to-ground (A, B to G) 1.05 0.01 0.03 0.09

Phases A, B and C short circuit 1.25 0.02 0.03 0.09

6. Limitations and Future Works

Despite the impressive fault-resistant capabilities of the TD3VOC, it should be noted
that achieving the optimal policy for effective real-time inverter control still requires approx-
imately 20–25 h of episodic iteration. The duration of training is predominantly influenced
by the processor power, the number of CPU cores, and the available memory. In addition,
the environment plays a significant role in determining the required computational power.
In this study, we developed a highly detailed grid-interfaced photovoltaic inverter envi-
ronment in MATLAB/Simulink® with which the RL agent interacted. An average model
could also be used to train the agent; however, it is uncertain whether the same agent
would perform well when faced with a more elaborate model that includes switching noise
and variability in feedback signals.

The results presented in this article are obtained using the twin delayed deep-
deterministic policy gradient agent; however, there is the possibility of exploring other
continuous-time agents such as soft actor–critic, trust region policy optimization, model-
based policy optimization, etc. A comparative study can be conducted to determine the
best candidate for developing data-driven controllers based on training time, number
of hyperparameter selections, and adaptation of various grid conditions. It will also be
interesting to compare the formulated fault ride-through approach with other established
methods such as sliding mode and model reference adaptive controllers.

The proposed agent-based current controller can be trained and implemented for
various other grid-feeding inverter control applications in weak microgrids that require
a robust fault ride-through mechanism, such as wind energy conversion systems, grid-
forming battery energy storage systems, fuel cell systems, and other inverter control
schemes featuring an inner current loop. This direct design method can also be applied
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to develop robust data-driven controllers for electrical machines that are controlled using
cascaded field-oriented control or the direct torque control scheme to provide better torque
handling capabilities, smoother acceleration, and increased energy efficiency.

In addition, the experimental validation of such advanced control techniques is still a
subject of particular interest to numerous researchers today. Implementing RL agents for
optimal regulation of the inverter during dynamic grid conditions will require an embedded
system that involves a combination of advanced hardware and software features. It will
be necessary to utilize high-performance microcontroller units (MCUs), digital signal
processors (DSPs), or systems on chips (SoCs) capable of handling both RL algorithms and
real-time inverter control with appropriate communication interfaces. It is suggested to
use the Xilinx field-programmable gate array board, OPAL-RT technology, or DSPACE
Microlabbox due to compatibility with MATLAB/Simulink®, customized software options,
and expandable hardware. There is immense potential for RL-based current controllers to
enhance the performance and reliability of inverter systems in various domains, particularly
in the context of developing modern and intelligent energy systems.

7. Conclusions

In this paper, a robust data-driven grid fault ride-through approach is proposed
for photovoltaic inverters. A twin delayed deep-deterministic policy gradient agent is
embedded in the conventional voltage-oriented control scheme as an upgrade to the PI
controllers of the d and q axes and cross-coupling terms. Classical current controllers are
designed assuming a balanced and stable grid, which is not always the case due to the
presence of unpredictable fault conditions, and also suffer from dependence on controller
gains and predefined saturation limits. To address these issues, the reinforcement learning
workflow is adopted to train actor–critic deep neural networks to improve the inverter
current response under various grid conditions. A dual stage inverter environment with
a suitable reward function was set up to guide the training process. Initially, the agent is
trained for a single asymmetric fault between phases B and C. However, it is possible to
use the same agent to improve inverter stability across a wide spectrum of grid faults via
transfer learning. When using the PSVOC method, the DC link overshoots to 1.85 p.u. and
2.25 p.u. while a current post-fault restoration time of 0.35 s and 0.55 s for phase-to-phase
and phase-to-ground faults, respectively. With the developed TD3VOC technique, voltage
overshoot is limited to 1.05 p.u. with a current recovery time of 0.01 after fault clearance in
both cases. For a severe symmetric fault, the conventional control approach cannot restore
inverter operation with a voltage overshoot of more than 2.50 p.u. with integral-time
absolute errors of 0.60 and 0.32 on the d and q axes, respectively. The proposed agent-
based control method limits the voltage overshoot to 1.25 p.u. and achieves a cumulative
error of 0.03 and 0.09 on the d and q axes, respectively. The proposed control approach is
implemented using per-unit measurements to allow for scalability and can be extended to
grid-connected wind turbine generators, grid-forming inverters, and other inverter-based
resources that require robust fault ride through operation.
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List of Acronyms

MG Microgrid
IBR Inverter Based Resources
INC Incremental Conductance
FRT Fault-Ride Through
MDP Markov Decision Process
PFRT Post-fault Recovery Time
TD3PG Twin Delay Deep Deterministic Policy Gradient
PSVOC Positive Sequence Voltage-Oriented Control
TD3VOC Twin Delay Deep Deterministic Voltage-Oriented Control
PV Photovoltaic
DER Distributed Energy Resource
QSG Quadrature Signal Generator
PCC Point of Common Coupling
DRL Deep Reinforcement Learning
ITAE Integral-time Absolute Error
DDPG Deep Deterministic Policy Gradient
DSOGI Double Second Order Generalized Integrator
THIPWM Third Harmonic Injection Pulse Width Modulation
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Abstract: Electrification of the transport sector introduces operational issues in the elec-
tricity distribution network, such as excessive voltage deviation, substation overloading,
and adverse power quality impacts on other network loads. These concerns are expected
to grow as electrification expands to incorporate heavy vehicles such as trucks and buses
due to their greater energy requirements and higher charging loads. Two strategies are
proposed to support medium- and heavy-duty chargers which address their high power
demand and mitigate power quality disturbances and the overloading of substations. The
first is a dedicated feeder connected at the secondary of the substation directly to the
charging station which aims to reduce the impact of high load on other customers. The
second is the addition of a dedicated substation that solely provides power for charging
stations in major corridors, alleviating stress on existing zone substations. Hosting capacity
is measured using a voltage deviation index, describing the deviation in line voltage, which
should experience a sag of no more than 6% of the nominal voltage, and a substation
charging capacity index, describing the available capacity of each zone substation as a ratio
of its total power capacity. Verification of the proposed strategies was performed on an
MV-LV distribution network representative of an industrial Australian town with heavy-
vehicle charging. Results showed that the network could handle ten 250 kW chargers,
which was tripled to 35 with a dedicated feeder. The dedicated feeder alternatively allowed
up to 10 megawatt-scale chargers, which was again tripled when a dedicated substation
was introduced.

Keywords: electric vehicles; demand-side management; distributed generation; distribution
system reconfiguration

1. Introduction

In Australia, the transport sector accounts for 19% of the national greenhouse gas
emissions. Trucks and buses make up 21% of this, while light commercial vehicles make
up 17%, leading to a combined 38% of transport emissions coming from road freight [1].
The Australian government is aiming to achieve a net-zero greenhouse gas emission target
by 2050, with the aim of producing 43% less than 2005 levels by 2030. Heavy-duty vehicles
account for 4% of road vehicles in Australia, with 500,000 rigid and 100,000 articulated
trucks, but consume 23% of the fuel used in the transport sector [2]. Studies performed in
the US found that electric trucks could reduce emissions by around 50%, with a similar
reduction in energy consumption when they were used in urban driving with frequent
stops [3,4].
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The electrification of trucks is relatively new due to improvements in batteries that
have enabled trucks to carry onboard batteries without becoming excessively heavy. This
was an issue which impeded the development of electric trucks despite the ongoing
electrification of the light-vehicle market. Improved battery technology is necessary to
enable trucks to maintain a suitable driving range while minimising vehicle tare weight,
which, in turn, maximises vehicle payload. Electric trucks are increasing in popularity due
to decreasing battery prices and the increasing number of electric vehicle (EV) chargers
that are being installed. They have been found to be 55% more energy efficient than the
equivalent diesel truck, having an average energy consumption of 1.6 kWh/km [5].

The suitability of electric trucks to replace the conventional diesel fleet is dependent
largely on driving range and payload. Electric trucks have a higher capital cost but lower
operating costs due to the relatively lower price of electricity compared to diesel and
simpler maintenance due to a lower number of moving parts. Diesel makes up 20% of
short-haul costs and 35% of long-haul costs. A 22-tonne truck driving 300 km would
require up to 85 L of diesel for AUD 116.34, while the equivalent electric truck would
require 280 kWh of electricity for AUD 42 [2]. However, the requirement for heavy batteries
can reduce the maximum payload that can be carried, which, along with routing constraints
due to charging needs, may result in a larger fleet being used to meet the same demands as
a diesel fleet. This diminishes the benefits gained from the improved drivetrain efficiency
and reduced energy costs of running electric trucks. This makes the electrification of short-
haul trucks more viable due to their shorter driving distances, low-speed driving, frequent
stopping due to loading and unloading, predictable routes with destinations at depots and
warehouses, and primarily day-time driving [6,7]. However, these cases only represent a
fraction of the current usage of trucks. A study of Switzerland and Finland found that, with
current technologies, electric trucks can only replace around 50% of trips [8]. Utilisation of
electric trucks for long-haul trips will require further improvements in battery technology
and an increase in the number of charging stations en route. The combination of fast
charging and smaller batteries improves EV competitiveness as the lighter batteries allow
for an increased payload but requires fast charging at intervals of less than 300 km [9]. The
electrification of larger trucks also increases competitiveness as the payoff from a greater
payload outweighs the increased energy consumption and vehicle costs [9]. Vehicle-to-grid
and grid-to-vehicle operations can be performed to improve the utilisation of renewable
energy by charging and discharging electric trucks according to the generated power and
load demand [10].

Truck charging strategies can be grouped into three categories. The first is overnight
slow charging using a DC charger, which provides between 50 and 100 kW over the course
of 6 to 8 h. A suitable charging management strategy can be utilised to perform peak
shaving and load balancing which alleviates the stress on the electricity network and
reduces company costs, especially if variable tariffs are in place. The second category
is destination charging, which is necessary if vehicles have smaller batteries than those
needed to meet the daily travel distance. Vehicles such as the Navistar E-Star and Smith
Newton have a driving range of less than 200 km, which is sufficient for a single delivery
but not for a full day of driving [6]. Destination charging is performed at warehouses,
logistic centres, and delivery hubs using fast chargers in the range of 150 to 400 kW.
Charging is performed in the approximately hour-long time window that naturally occurs
during vehicle unloading and loading. Highway charging is performed at urban nodes
and highway charging stations using high-power chargers of up to 1.2 MW. Charging takes
place during the half-hour mandatory driving breaks, minimising delays. This form of
charging is used for long-haul transport which may not stop in any urban areas or delivery
sites over the course of a day. Charging stations are being considered for highways to
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accommodate the longer road-trips of light-duty vehicles, with charging capacities of up
to 300 kW [11]. Wireless charging has also been proposed and studied as an alternate
means of charging. Its usage for electric trucks would reduce the battery size required
while removing concerns over driving range, in addition to reducing downtime due to
charging [12]. However, it presents significant costs due to installation and maintenance.
Leakage flux from the large air gap reduces power transfer efficiency, and poses health and
safety concerns. Additionally, the location of wireless chargers is restricted to areas with
access to the distribution network.

A study from the US found that around 70% of heavy-duty vehicles drive less than
100 miles a day, while around 10% drive over 500 miles a day. However, the energy
consumption of trucks is skewed, with 40% coming from trucks driving at least 500 miles [7].
A study on the long-haul industry in Europe found that, based on driving distances,
stop location and duration, and energy requirements, a charging station should have
four to five times more overnight chargers than high-power chargers. An average of
eight overnight chargers (50–100 kW) and two megawatt-scale chargers (0.7–1.2 MW) was
considered sufficient [13]. A road freight model for the greater Sydney metropolitan area
in Australia found that there were approximately 36 million truck movements annually,
which, combined, travelled over 6 billion kilometres and emitted almost 1000 tonnes of CO2

in 2021 [14]. A study of short-haul trucks in south-east Queensland in Australia compared
the coverage of electric trucks with the number of charging stations in the region, with
eight sites being sufficient for driving distances of up to 100 km [15].

The high charging rate required to make heavy-duty EVs competitive presents an
issue for the electricity network. The modern distribution network can accommodate light-
duty EVs but will require significant upgrades to support the megawatt-scale chargers
demanded by long-haul EVs. A study of Texas found that the simultaneous charging
of 11% of heavy-duty vehicles, 30,000 vehicles in total, would lead to voltage violations
and reliability issues, with only a few dozen EVs needed to have adverse effects on a
local distribution grid [16]. The total annual charging for the US truck fleet with complete
electrification would require 184 TWh, which is equivalent to 5% of the total US energy
consumption [5]. Smart charging can be utilised for load shaping by modulating EV
charging rates to smooth the load curve and distribute demand throughout the day [17].
However, this is limited by the available charging options and charging demand, along
with the requirement for a centralised controller.

This paper aims to examine the impact of the destination charging of electric trucks
on the urban electricity network. The hosting capacity of the electricity network when
presented with the requirements of truck charging will be calculated to determine if the
current network is sufficient. Indices are used to quantify the hosting capacity based on the
bus voltages throughout the network and the transformer loading at each substation. The
main contributions of this paper include:

• Utilisation of two indices to measure the hosting capacity of a distribution network
for electric vehicle charging.

• Proposal of the introduction of a dedicated feeder connected at the secondary of
the zone substation transformers to provide power for fast-charging stations while
mitigating power quality issues in parallel feeders.

• Proposal of the usage of a dedicated zone substation connected to the transmission
substation to provide power for a large fast-charging station with megawatt-scale
chargers while minimising the impact on the distribution grid.
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2. Proposed Methodology

The transition from internal combustion engines to electrified vehicles will require an
increase in the number of electric charging stations. Coincidentally, this will also result
in a reduction in the number of fuel station required. As such, the replacement of fuel
stations with EV charging stations presents a suitable solution to address both concerns.
This practice is currently being performed by some fuel companies in Australia on a small
scale, an example being Ampol, which has 23 EV charging stations. This solution removes
the need for locations to be traded between owners and reduces the construction required
as some infrastructure, such as the convenience store and garage, will be retained. Figure 1
shows a futuristic concept for an en-route charging station, often located along motorways
and other major corridors. It includes fast and slow charging for both light-duty passenger
EVs and heavy-duty commercial EVs, along with rest-stop amenities and food services.
Truck charging is estimated to have a capacity of 1 MW, but development of the megawatt-
scale charging system could lead to a charging rate of up to 3.75 MW [18]. This type of
charging station would either replace or be used in conjunction with the existing petrol
stations and rest-stops currently present on major road corridors and motorways.

Substation

Distribution 
Transformer

On-site Energy 
Storage

Rest-stop 
Ammenities Fast Charging 

(Light-Duty)
Slow Charging 
(Heavy-Duty)

Fast Charging 
(Heavy-Duty)

Café or 
Restaurant

Figure 1. Futuristic concept for motorway rest-stop with light-duty and heavy-duty charging stations.

The charging of EVs is constrained by the state of charge (SOC) of the battery and
the maximum charging rate that the onboard electronics allow. The maximum SOC of
the battery is simply determined by the capacity of the battery, while the minimum SOC
is a value greater than zero required to maintain battery life, typically between 10% and
20% of the maximum SOC. For this study, a 15% minimum SOC is used. The maximum
charging rate is limited by onboard electronics, rather than the charger, and may result in a
charging rate lower than what the charger can provide. However, for the proposed study, it
is assumed that the heavy-duty EVs have electronics capable of charging at the maximum
power output of the charging equipment. These are shown in (1) and (2) below.

0.15 SOCmax ≤ SOC ≤ SOCmax (1)

0 ≤ P ≤ Pmax (2)

where SOC and SOCmax are the vehicle state-of-charge and maximum state-of-charge,
respectively, and P and Pmax are the instantaneous and maximum charging rates of the
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vehicle, respectively. Other constraints to charging capacity are the maximum feeder load
and the mitigation of reverse power flow if PV units are installed. Mitigation of feeder
losses requires the charging station to be located close to the substation, limiting access for
larger vehicles. Two indices are proposed to determine the hosting capacity of the network
for medium- and heavy-duty electric vehicle charging, based on those presented in [19].

2.1. Substation Charging Capacity

The first index proposed determines the size of the charging station based on the
available capacity of the substation. The substation charging capacity (SCC) describes
the size and number of chargers that can be used at any time. This is given in (3). The
SCC is the remaining capacity of the substation as a ratio of its maximum capacity when
loaded. As such, a value of 1 indicates that the substation is completely unloaded and has
its full capacity available, while a value of 0 indicates that the substation is fully loaded
and cannot provide extra power for extended periods of time. Scheduling is performed
by EV owners according to this value and charging demand to ensure that overloading
of the substation does not occur. This can be performed by either the truck owner or their
respective company according to delivery destinations and loading times, leading to a
predictable timeline that, in some cases, can be planned several days or weeks in advance.

SCCf eed = 1 − |Va
zs Ia

zs|+ |Vb
zs Ib

zs|+ |Vc
zs Ic

zs|
Szs

(3)

where Va
zs, Vb

zs, and Vc
zs are the voltages at the secondary of each phase of the substation, Ia

zs,
Ib
zs, and Ic

zs are the current deliveries for each phase of the substation, and Szs is the N − 1
rating of the zone substation. The voltages and currents are multiplied to determine the
overall power flow as power flow cannot be directly measured. A positive value indicates
that there is available capacity at the substation, with a value of 1 indicating that the total
capacity is available. A negative value indicates that the substation is overloaded.

The SCC has limits of 0 and 1, given in (4), to represent when loading has met
substation capacity and when the substation is completely unloaded, respectively. A
value greater than the upper limit would indicate reverse power flow through the zone
substation from generators located downstream of the substation, such as distributed
rooftop PV. Reverse power flow may cause maloperation of tap changers and voltage
regulators, and increased voltage on the primary side of the transformer. Reverse power
flow will not be examined for the proposed methodology as the additional load from truck
charging is expected to far outweigh the power generated by distributed PV units. The
addition of PV units could potentially increase the hosting capacity of the network for EV
chargers during daylight hours.

0 < SCC ≤ 1 (4)

2.2. Voltage Deviation Index

The voltage deviation in the network is used to calculate a further index. Voltage sag
occurs due to voltage losses in feeders due to line impedances and occurs in all areas of
the network with load current. Excessive low voltage may lead to malfunctioning load
equipment and blackouts in extreme cases. According to Australian Standard AS 60038, the
limits for 230 V line voltages are +10% and −6% of the nominal voltage [20,21]. A voltage
sag greater than this is unacceptable and indicates that the network is overloaded. The high
current draw required for fast EV charging is expected to cause notable voltage sag within
the feeder, especially when multiple EVs charge simultaneously at a local charging station.
A voltage deviation index (VDI) is used to describe the sag in the network at various nodes,
shown in (5). This is calculated from the ratio of the feeder voltage to its nominal voltage.
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A value of 0 shows that the feeder is operating at its nominal voltage, with positive values
indicating voltage drop and negative values indicated voltage rise. The 6% limit for voltage
sag corresponds to a VDI of 0.06.

VDI(k) = 1 − V(k)
Vnom

(5)

where Vnom is the nominal voltage of the feeder and V(k) is the feeder voltage at the k-th
time step. The VDI is calculated for the feeder with the charging stations to observe the
voltage deviation that arises from EV charging. The voltage deviation in parallel feeders
connected to other customers will also be studied to examine the impact of EV charging
on other parts of the network. Changes in network topology will be proposed to reduce
the impact EV charging has on other customers in the distribution network to reduce
disruptions to normal loads.

The VDI has limits of −0.1 and 0.06, given in (6) below. The upper limit corresponds
to the 6% voltage sag discussed earlier. The lower limit represents a maximum 10%
voltage rise in line voltages. Voltage rise may be caused by reverse power flow from
distributed generation. Voltage rise can lead to increased line currents and overheating,
along with maloperation of tap changers and voltage regulators. Voltage rise will not be
extensively examined in this paper as the large load presented by truck chargers is expected
to significantly outweigh any generated power from distributed PV.

−0.1 ≤ VDI ≤ 0.06 (6)

2.3. Practical Implementation

In a typical distribution network, EV chargers are connected to existing feeders at
the location of the charging station. This leads to limitations in charging capacity due to
a limited combined line current and voltage sag. Substation capacity will also affect the
maximum charging capacity. The adverse effects of excessive charging and voltage sag will
impact other customers on the feeder and may be visible to customers on parallel feeders.

A typical LV distribution network can be summarised as shown in Figure 2a, in which
the parts highlighted in blue indicate normal infrastructure and normal loads and the
charging infrastructure for heavy-duty commercial vehicles is highlighted yellow. In this
network, the transmission substation connects to multiple zone substations which each
feed into their own local loads. These may be some combination of MV industrial loads and
LV commercial and residential loads fed via a distribution transformer. EV fast charging
will be present at the same level as the LV commercial and residential loads, and utilise
the same feeders. Two separate distribution system topology upgrades are proposed and
tested for this distribution network. The first is the introduction of a dedicated feeder, while
the second is the introduction of a dedicated substation. These two were briefly described
in [7] from an economical perspective. The introduction of a feeder was estimated to cost
USD 400,000, while the substation would cost at least ten times this. However, the greater
capacity of the substation allowed it to pay itself off within 4 years, while the feeder would
require up to a year.
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(a)

(b) (c)

Figure 2. Typical network configuration and proposed network reconfigurations. (a) Simplification
of a typical network topology. (b) Distribution network with a dedicated feeder. (c) Distribution
network with a dedicated substation for commercial EV charging.

2.3.1. Dedicated Feeder Strategy

The first strategy introduces a dedicated feeder for charging stations which will
connect directly to the substation. This will reduce impacts on the normal substation load
connected to parallel feeders. This method is the simpler and cheaper of the two proposed
but is limited as the capacity of chargers that can be used depends on the normal available
capacity of the substation. Charging is controlled to ensure the substation is not overloaded
during operation. The shift of the commercial EV charging station from shared LV feeders
to a dedicated feeder is shown in Figure 2b, with the same highlighting as that of the
previous figure.

2.3.2. Dedicated Substation Strategy

The second topology upgrade is the introduction of a dedicated substation as a means
of meeting the electricity demand of the charging station without impacting the power
quality provided to other customers within the network. Similar systems exist in countries
with high EV adoption such as Sweden [22]. The dedicated substation reduces line losses
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due to a combination of reduced line currents and shorter feeders as the transformers can
be located close to the charging station. Additionally, the substation can be sized such that
it can meet the expected charging demand, reducing the need to schedule charging and
accommodate normal customer loads. The network layout with the dedicated substation
can be represented as shown in Figure 2c. The transmission substation and generator
capacities are still constraints that must be considered. Locating the substation and charging
station will require a large open area. However, greater flexibility is offered as they can
be located near a main road, motorway, or industrial area, providing easier access for
long-haul trucks. If the substation is still insufficient, or if multiple heavy-duty charging
stations are required, then multiple dedicated substations can be introduced and located in
separated areas of the distribution network.

The process for the proposed methodology is shown in Figure 3, where blue blocks
are the start and finish, green blocks are actions and, orange blocks are decision points.
It begins with the modelling and simulating of the network without truck charging to
set up the base case. This verifies the test network as suitable for hosting heavy-duty
charging. Distributed truck charging is then added to the LV network to determine the
hosting capacity without any of the proposed changes to network configuration. Repeated
simulations are performed, with the number of chargers being increased until one of the
hosting capacity indices is reached. The two proposed network configurations are then
introduced. Firstly, the dedicated feeder, followed by the dedicated substation. For both
strategies, the network is simulated, and the resulting data are used to calculate the hosting
capacity indices. If either index exceeds its allowable limits, then the hosting capacity
is reached.

Figure 3. Proposed methodology.

3. Case Study

Verification of the proposed methodology for facilitating electric truck charging was
performed using a modified test network. A 33 kV transmission substation with a down-
stream network of ten 11 kV zone substations was used to simulate the substation network
of an Australian industrial city, shown in Figure 4a. Mesh connections exist between some
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zone substations due to their physical distance from the transmission substation. The
substation labelled ZS7 contains purely industrial MV loads and, while simulated, will
not be modified with any EV charging. An MV-LV distribution network was made based
on the IEEE 13-bus network [23] with modifications to suit Australian standards with
a 400 V, three-phase residential network based on a semi-rural Australian town. These
modifications include the removal of capacitor banks and adjustments to line and trans-
former parameters to suit the different voltage used. A realistic representation of an LV
distribution network in a semi-rural Australian town, based on the network data from [24],
was added to the network model at node no. 634, as shown in Figure 4b. The LV network
includes two feeders with four nodes each. Each residence has an EV comparable to a
Nissan Leaf, as it is presumed that light-duty EVs will be adopted before heavy-duty EVs.
These each have an 62 kWh battery connected to a 6.6 kW charger from the mains 240 V
AC supply according to SAE J1772 [25]. Each residence also has a 5 kW PV unit, a typical
size for Australian rooftop solar panels, under the assumption that rooftop solar power
will be adopted concurrently with EV adoption. A power curve, given in [26], was used to
estimate the power output of the PV units throughout the day. These PV systems are not
intended to assist in the charging of heavy-duty vehicles due to their small size.

(a) Transmission and zone substations.

(b) Modified IEEE 13-bus network.

Figure 4. Test network layout.
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Verification of the proposed strategies are performed through simulations of the
distribution network in OpenDSS (9.8.0.1.). Each run simulates a 24-h period, recording
nodal voltages, line currents and power flows. Data is sent to MATLAB (2023b) directly
for analysis which determines the hosting capacity indices of the network and decides
whether the network is capable to handling additional load. Network modifications are
made in MATLAB which are returned to OpenDSS for the next run. Control strategies
can be performed via MATLAB and Simulink (2323b), but this is outside the scope of this
paper.

Three scenarios are used to examine the performance of the network with the proposed
strategies, in line with the process described in Figure 3. The procedure undertaken to
perform a single simulation run in MATLAB and OpenDSS is explained below:

1. Determine scenario and charging rate to be tested. The scenarios will be described later.
2. Define light-duty EV battery capacities and charging rates, and rooftop PV power output.
3. If truck charging is to be performed then initialise the network with the minimum

number of truck chargers.
4. Generate distribution networks for OpenDSS with transmission and zone substations,

and with or without truck charging.
5. Run simulation in OpenDSS with 24 time steps of one hour, exporting nodal voltages,

line currents, power flows and line losses to MATLAB.
6. Calculate hosting capacity indices in MATLAB using data extracted from the

OpenDSS results.
7. Determine if hosting capacity limits have been exceeded. If not exceeded, return to

step 4 with an increased number of chargers, otherwise end the simualation.

The base case simulates the network model with residential EV car charging without
the presence of any truck charging. This establishes the performance of the network before
the addition of high-power DC chargers. This scenario represents the current network,
which has very few truck chargers on existing MV feeders in the distribution network.
The chargers are 250 kW DC chargers, comparable to modern chargers provided by EVSE
and ABB. Fast charging is used during the day, with trucks charging at the maximum
rate provided by the chargers, then they switch to slow charging overnight at 10% of the
maximum charging rate. The energy capacities of heavy-duty trucks from makers such
as Kenworth, Peterbilt, and Freightliner range between 300 and 500 kWh. It is assumed
that there will always be a truck connected to each charger and drawing power. Truck
charging is equally distributed across ten MV nodes in the network in parallel to previously
existing MV loads. The number of chargers is initially set to a low number and is gradually
increased until the hosting capacity indices exceed their limit. At this point, the network is
at its maximum hosting capacity for truck charging without introducing modifications to
the distribution network.

The next scenario is a near-future prediction in which truck charging stations are built
in urban centres and near logistic centres and warehouses. A new dedicated feeder is
located close to each substation for truck charging, with a length of 50 m. This represents a
feeder connected directly from the secondary of the substation to the charging station and
will minimise disruptions and power quality issues for other customers connected to the
substation. There will initially be one 1 MW truck charging station per zone substation,
each with four 250 kVA chargers. Larger chargers, rated at 1 MW each, will also be tested,
representative of the heavy-duty charging required further in the future. The number of
charging stations is increased until the hosting capacity indices are exceeded. The hosting
capacity indices will be monitored for both the dedicated feeder and parallel feeders in the
network to monitor the impact of truck charging on other customers.
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The final scenario represents a more futuristic view, with a greater number of electric
trucks and highway charging. A dedicated substation is added to the network solely for the
charging of electric vehicles to simulate a large charging station located on the motorway
for en-route charging. The charging station consists of 1 MW chargers to allow for faster
charging when en route to delivery destinations. A dedicated MV feeder is used between
the transmission substation and the newly introduced substation to minimise the power
quality impacts on other customers in the grid and reduce line losses. The capacity of the
substation is 50 MVA, which is comparable to the other zone substations in the network.

Trucks will charge at the maximum charging rate offered by the chargers during
working hours, to reflect fast charging during stops at destinations such as warehouses or
logistics centres. Outside of working hours, slow charging is used to preserve battery life
and reduce the demand on the grid.

4. Results

The network was first run without truck charging. The end-of-feeder voltage deviation
index is shown in Figure 5a. Phase unbalance in both MV and LV loads tends to cause a
variation in the phase voltages; however, voltage deviation never exceeds the maximum
allowable amount of 6%. Power flow through the zone substations is shown in Figure 6a.
None of the substations is excessively loaded at any time. These results verify that the
network obeys operational limits during normal loading without the presence of heavy-
duty EV charging.

(a) Base case voltage deviation. (b) Distributed charging voltage deviation.

(c) Dedicated feeder voltage deviation. (d) Dedicated substation voltage deviation.

Figure 5. Voltage deviation index in different scenarios.
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The first scenario with truck charging connects chargers to existing nodes within the
distribution network. This is representative of the typical method currently used, which
does not include any network upgrades to accommodate for the high load demand of
truck chargers. Each zone substation is given ten 250 kW chargers, distributed to various
MV nodes within the network. At ten heavy-duty EV chargers, the VDI of the network,
shown in Figure 5b, is elevated at midday for all substations due to day-time charging, but
does not exceed the 6% voltage drop allowed. However, substation power draw for zone
substation ‘zs5’ exceeds its capacity during the middle of the day for five hours, as seen
in Figure 6b, with another substation also experiencing a significant increase in loading
during these times. As such, the hosting capacity of the network to the distributed 250 kW
EV chargers is concluded to be 10.

(a) Base case substation power delivery. (b) Distributed charging substation power delivery.

(c) Dedicated feeder substation power delivery. (d) Dedicated substation substation power delivery.

Figure 6. Substation charging capacity index in different scenarios.

To reduce line losses and substation power draw, a dedicated feeder is added at
the secondary to the substation. Heavy-duty EV chargers are repositioned from their
distributed locations to this dedicated feeder. With the current 250 kW chargers, the hosting
capacity is increased to 35 chargers, at which point, customers at the feeder ends of one
substation experience a voltage deviation greater than the allowable 6% drop, as shown in
Figure 5c. Substation loading is reduced, shown in Figure 6c, and is not as severely affected
as in the previous scenario with distributed charging. The reconfigured network increases
the hosting capacity by three times and shifts the limit from the substation capacity to the
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voltage drop at the feeders. Increasing the individual charger size from 250 kW to 1 MW
leads to similar results occurring when ten chargers are installed.

The final scenario is the introduction of a dedicated substation for truck charging.
The voltage profiles and deviation index are shown in Figure 5d and substation power
flow in Figure 6d. Shifting to the dedicated substation separates the normal customers
and heavy-duty EV chargers. This results in voltages and currents downstream of the
normal substation being almost unchanged from the base case scenario as the substation
is no longer serving the load presented by truck chargers. The hosting capacity limit for
the network is found to be 30 of the larger 1 MW truck chargers, after which, the voltage
deviation observed exceeds the allowable 6% limit. This is seen in Figure 7, which shows
the voltage profile of the three phases and deviation index for the new dedicated substation,
where the horizontal lines show the nominal voltage and the allowed voltage sag of 6%.
The substation does not experience any overloading and can be sized according to the
maximum number of chargers that can be hosted. Variations in substation capacity can be
applied as electric truck adoption increases since the substation is only required to serve
one load. Additionally, excessive voltage deviation can be mitigated using step changers.

Figure 7. Three-phase charging voltage and voltage deviation for the dedicated substation.

A comparison of the hosting capacity of the various configurations tested is shown in
Table 1. Distributed charging allows for ten 250 kW chargers to be installed before the host-
ing capacity indices exceed their limits. Adding a dedicated feeder to the network triples
the number of chargers that can be installed and simultaneously used to 35. Alternatively,
ten of the larger 1 MW chargers can be installed for faster truck charging. The dedicated
substation triples this again, with up to 30 of the larger chargers to be used.

Table 1. Hosting capacity for each charging configuration.

Scenario Configuration Charging Rate No. of Chargers

1 Distributed truck charging 250 kW 10
2 Dedicated feeder 250 kW 35
2 Dedicated feeder 1 MW 10
3 Dedicated substation 1 MW 30

5. Conclusions

This paper proposed a methodology to support the medium- and heavy-duty electric
vehicle charging infrastructure required for electric vehicle charging. The hosting capacity
of the LV distribution network was improved to increase the number of chargers that could
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be supported while mitigating power quality issues and reducing substation overloading.
Hosting capacity was measured using the voltage deviation in the network, arising from
the expected voltage drop due to high charging currents, and the power flow through the
substation, which is expected to be exceeded due to high power demands.

Initially, chargers considered to be fast by current technical standards were introduced
to the network to set a base case. Ten 250 kW chargers were found to be significant enough
to cause substation overloading in the distribution network. A dedicated feeder was then
introduced which branches off at the secondary of the zone substation and feeds into
a truck charging station. This improved the hosting capacity of the network, allowing
for 35 chargers at 250 kW or 10 chargers at 1 MW. The final proposed change was the
introduction of a dedicated substation, used to provide power for en-route truck charging.
A 50 MVA substation connected to the transmission substation was tested with 1 MW
chargers, representative of a futuristic view of fast charging. The network could provide
power to 30 chargers, after which the voltage drops were considered excessive.

Another advantage of the proposed changes is the reduction of the impact of charging
on the voltage profile of other loads within the distribution network. Voltage deviation
on parallel feeders is affected less significantly when a dedicated feeder is introduced and
completely unaffected by truck charging when a dedication substation is added.
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Abstract: Battery modules in eco-friendly mobility are composed of series and parallel
connections of multiple lithium-ion battery cells. As the number of lithium-ion cells in
the battery module increases, the cell connection configuration becomes a critical factor
affecting the module’s usable capacity efficiency. Therefore, careful consideration of this
factor is essential in battery module design. Various design elements have been studied to
optimize the performance of battery modules. Among these elements, the method of termi-
nal connection affects the distribution of resistance components in each cell, causing DOD
(Depth of Discharge) variation. Previous research has focused on determining the optimal
terminal placement and cell connection method to minimize DOD variation between cells.
However, these studies did not consider temperature effects. Since temperature acts as a
major variable affecting the DOD of each cell, comprehensive research that includes this
factor is necessary. This research performed 3D thermal flow analysis using Ansys Fluent
2024 R2 and validated the simulation environment by comparing actual experimental and
simulation results for a single cell. Based on the validated simulation environment, this
research analyzed the impact of temperature distribution on cell performance in a 4S3P
module and proposed a method of terminal connection, which achieved a 70% reduction
in SOC deviation compared to conventional methods. Additionally, this research sug-
gests that when the module configuration changes, a new design approach specific to that
configuration is necessary to minimize SOC deviation.

Keywords: lithium-ion battery; battery module; method of terminal connection; temperature

1. Introduction

As climate change emerges as a pressing global concern, nations worldwide are im-
plementing ambitious carbon reduction [1]. In response to these environmental initiatives,
the transportation industry is undergoing a significant transformation, shifting from tradi-
tional fossil fuel-powered systems to lithium-ion battery technology [2–5]. Railway vehicles,
traditionally recognized for their eco-friendly electric traction systems, have begun incor-
porating a Hybrid Energy Storage System (HESS) combining fuel cells and batteries or a
standalone battery-based Energy Storage System (ESS) [6–8]. These systems are expanded
to module and pack units to provide sufficient traction power for the vehicle’s operational
requirements [9]. The expansion of battery modules introduces challenges related to para-
sitic resistance elements, which affect the current density distribution of individual cells as
module size increases. These effects manifest as variations in Depth of Discharge (DOD)
between cells [10,11], leading to accelerated degradation of individual cells and shortened
battery module lifecycle [12,13]. Consequently, minimizing DOD variation has become a
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critical consideration in battery module design. Previous research has explored various
approaches to address this issue through optimization of cell interconnection topology and
methods of terminal connection. Wang et al. [14] demonstrated through simulation analysis
that resistance variations induced by the method of terminal connection significantly affect
individual cell current density distribution. Zhang, H et al. [15] established that current
density imbalance becomes severe when interconnection resistance exceeds 1% of the cell’s
internal resistance in parallel configurations. Kim et al. [16] demonstrated that a topology
method interconnecting all cells within the battery module reduces DOD variation between
cells. Yang et al. [17] configured a simulation environment with two cells having similar
internal resistance to emulate an EV battery pack. Through this, they analyzed the effect
of temperature differences between cells on performance in actual electric vehicle driving
environments. Specifically, they observed the capacity reduction due to changes in internal
resistance between cells in series and parallel connections by setting the temperature differ-
ence between the two cells from 10 to 20 degrees. However, this research has limitations in
that it simplifies the actual EV battery pack into two cells with similar internal resistance
and that each cell is exposed to different thermal flow environments. Cell internal resistance
exhibits temperature dependence [18,19], and the thermal gradient between central and
peripheral cells creates additional variations in current density distribution [20,21]. This
thermal behavior becomes particularly significant in high-power applications like railway
vehicles, where thermal management system requirements show greater complexity [22,23].
This research investigates cell performance characteristics by analyzing thermal gradient
effects and methods of terminal connection. Through three-dimensional computational
fluid dynamics analysis using Ansys Fluent 2024 R2, the thermal behavior of various mod-
ule configurations has been simulated based on different methods of terminal connection.
This analysis has led to the development of an optimal module configuration method that
minimizes inter-cell performance variations.

2. Theoretical Analysis and Design Considerations

This research employed a 4S-3P module configuration as the basic module structure
for simulating railway vehicle battery modules, referencing the final report of Korea’s
Catenary-Free Low Floor Tram commercialization project [24] (p. 219).

2.1. Analysis of Methods for Terminal Connection

The module terminals function as power delivery interfaces to the load, and the
method of terminal connection significantly influences the DOD variation between cells.
This consideration becomes particularly critical as high DOD accelerates battery degrada-
tion, making the method of terminal connection a fundamental factor in module design. To
analyze how different methods of terminal connection affect cell-to-cell DOD differences,
this section examines three widely adopted connection methods: single connection method,
center connection method, and diagonal connection method [15,25,26].

2.1.1. Single Connection Method

The single connection method places terminals exclusively at cells located at both
ends of the upper or lower part of the module. Figure 1 illustrates the 4S-3P configuration
through both electrical circuits and 3D modeling representations. The current output from
each series string can be expressed by Equations (1)–(3), where V denotes the cell voltage,
and Rc represents the resistance of the connecting plate between cells. Nickel plates were
used for all connecting plates (Rc-Rc22), and since their resistance shows minimal variation
with temperature, we assumed a constant Rc value for simplification.
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Istr1 =
V

7·Rc
(1)

Istr2 =
V

5·Rc
(2)

Istr3 =
V

3·Rc
(3)

(a)

(b) (c)

Figure 1. Single connection method: (a) electric circuit of 4S3P module using single connection
method; (b) 3D model of 4S3P module (side view); (c) 3D model of 4S3P module (top view).

In the single connection method, current distribution becomes imbalanced based
on proximity to the terminals. Specifically, the first series string carries V/(3Rc), the
second series string carries V/(5Rc), and the third series string carries V/(7Rc) of current.
This exhibits decreasing current distribution with increasing distance from the terminals.
This variation occurs because the resistance components of the interconnection plates
accumulate differently for each series string relative to the terminal. Consequently, the first
series string, which outputs relatively higher current, exhibits higher DOD compared to
other series strings. Over time, this DOD variation between cells intensifies, leading to
decreased module efficiency.

2.1.2. Center Connection Method

The center connection method places terminals at cells located in the center of the
module while connecting to cells at both ends. Figure 2 represents the 4S-3P configuration
through both an electrical circuit and a 3D modeling illustration, where the current output
from each series string can be expressed by Equations (4) and (5), where V denotes the cell
voltage, and Rc represents the resistance of the connecting plate between cells. Nickel plates
were used for all connecting plates (Rc-Rc22), and since their resistance shows minimal
variation with temperature, we assumed a constant Rc value for simplification.

Istr1 = Istr3 =
V

5·Rc
(4)
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Istr2 =
V

3·Rc
(5)

(a)

(b) (c)

Figure 2. Center connection method: (a) electric circuit of 4S3P module using center connection
method; (b) 3D model of 4S3P module (side view); (c) 3D model of 4S3P module (top view).

Similar to the single connection method, the center connection method exhibits current
distribution patterns influenced by proximity to terminals. The second series string, posi-
tioned in the center of the module, carries V/(3Rc) of current, while the first and third series
strings at both ends carry V/(5Rc) of current. This demonstrates the same characteristic
where the current magnitude decreases as the distance from the terminal increases. The key
distinction from the single connection method lies in the formation of symmetrical current
distribution, where the first and third series strings carry identical currents due to the direct
terminal connection to the second series string. Due to the influence of interconnection
plate resistance components added from the module terminals to the batteries, the second
series string, which outputs a relatively higher current, shows a higher DOD compared
to other series strings. As time progresses, this DOD variation between cells intensifies,
resulting in decreased module efficiency.

2.1.3. Diagonal Connection Method

The diagonal connection method places terminals by cross-connecting the upper and
lower ends of the module. Figure 3 presents the 4S-3P configuration through both electrical
circuit and 3D model illustrations, where the current output from each series string can
be expressed by Equation (6), where V denotes the cell voltage, and Rc represents the
resistance of the connecting plate between cells. Nickel plates were used for all connecting
plates (Rc-Rc22), and since their resistance shows minimal variation with temperature, we
assumed a constant Rc value for simplification.

Istr1 = Istr2 = Istr3 =
V

5·Rc
(6)
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(a)

(b) (c)

Figure 3. Diagonal connection method: (a) electric circuit of 4S3P module using diagonal connection
method; (b) 3D model of 4S3P module (side view); (c) 3D model of 4S3P module (top view).

Unlike the two connection methods discussed previously, the diagonal connection
method demonstrates uniform current distribution across all series strings, with each
carrying V/(5Rc) of current. This uniform distribution occurs because all cells maintain
identical interconnection plate resistance paths to the terminals. Consequently, the diagonal
connection method exhibits minimal DOD variation between cells compared to both single
connection and center connection methods.

2.2. Analysis of Temperature Effect

The internal resistance of battery cells demonstrates a close relationship with tempera-
ture, and the electrochemical reactions within the battery can be explained by the Arrhenius
equation, shown in Equation (7).

k = A·e−Ea
R·T (7)

where k represents the reaction rate constant, A is the frequency factor, Ea denotes the
activation energy, R is the gas constant, and T represents the absolute temperature [27].
According to Equation (7), as the ambient temperature of the battery increases, the rate
of chemical reactions within the battery accelerates, enhancing the mobility (movement
capability) of lithium ions. This enhanced mobility leads to decreased internal resistance
of the battery cells [28]. While the current distribution patterns analyzed earlier based
on terminal placement were derived assuming uniform internal resistance across all cells,
actual operating conditions present a more complex scenario. Each cell experiences different
temperature conditions depending on its position within the module, leading to variations
in internal resistance values. These position-dependent temperature variations cause DOD
differences even in the diagonal connection method, which theoretically should provide
uniform current distribution. The 4S-3P module configuration inherently creates distinct
temperature gradients due to its cell arrangement characteristics. Cells positioned in
the center are exposed to relatively higher temperature environments, while cells at the
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periphery experience lower temperatures. This temperature distribution difference results
in lower internal resistance in central cells, allowing higher current flow through these
cells. Consequently, central cells discharge at higher DOD compared to peripheral cells.
Therefore, when designing battery modules for railway vehicles, it is essential to consider
the combined effects of temperature-induced internal resistance variations and the method
of terminal connection on cell-to-cell DOD variations.

2.3. Cell to Cell Connection Topology

The topology of cell connections in battery module design significantly impacts DOD
variation and cell balancing characteristics. Cell balancing, performed during railway vehi-
cle non-operating periods, serves as a mechanism to reduce DOD variations that develop
during operation. Figure 4 illustrates three primary cell connection topologies [29,30].

(a)

(b)

(c)

Figure 4. Cell-to-cell connecting method: (a) series connecting of parallel string; (b) parallel connect-
ing of series string; (c) full cell interconnection.

Configuration (a) shows parallel strings connected in series. While cell balancing
within each parallel string helps resolve DOD variations, this method has limitations as
balancing between parallel strings does not occur, leading to persistent DOD differences
between strings. Configuration (b) shows a series of strings connected in parallel. This
arrangement allows cell balancing between series strings, helping to resolve DOD variations
between strings. However, it cannot address DOD variations between individual cells
within each series string. Configuration (c) shows a full cell interconnection topology. This
configuration offers structural advantages by connecting all cells to each other, enabling
effective resolution of DOD variations across the entire module. It particularly excels at
reducing DOD variations that develop during operation. Therefore, optimizing battery
module performance requires comprehensive consideration of multiple factors: method of
terminal connection, temperature distribution, and connection topology characteristics.
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2.4. Proposed Module Configuration

Based on the analysis presented in Section 2, this research proposes an optimized
battery module configuration that comprehensively considers the method of terminal con-
nection, temperature distribution within the module, and cell-to-cell connection topology.
The primary sources of DOD variation during operation primarily result from the method
of terminal connection and temperature distribution within the module. Since temperature
distribution is an inherent phenomenon, this research proposes a method that counterbal-
ances temperature effects through the strategic method of terminal connection. Figure 5
shows the electrical circuit and 3D modeling representations of the proposed configuration
for a 4S-3P module. The proposed configuration builds upon the center connection method
but optimizes the series connecting of parallel strings to minimize current distribution
in the central cells, which experience relatively higher temperatures. The output current
for each cell in the proposed configuration can be expressed by Equations (8) and (9),
where V denotes the cell voltage, and Rc represents the resistance of the connecting plate
between cells. Nickel plates were used for all connecting plates (Rc-Rc22), and since their
resistance shows minimal variation with temperature, we assumed a constant Rc value
for simplification.

Icell7 = Icell6 =
V

7·Rc
(8)

Iother =
V

5·Rc
(9)

(a)

(b) (c)

Figure 5. Proposed battery module: (a) electric circuit of proposed 4S3P module; (b) 3D model of
proposed 4S3P module (side view); (c) 3D model of proposed 4S3P module (top view).

The key innovation in this configuration lies in the differentiated current distribution
of cell6 and cell7 located in the center. Through the modified method of terminal connec-
tion and cell connection topology, these cells carry a relatively lower current of V/(7Rc).
While centrally located cells experience higher temperatures, leading to decreased internal
resistance Rc in Equation (8), peripheral cells encounter lower temperatures, resulting in
increased internal resistance Rc in Equation (9). Consequently, the current distribution
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determined by the method of terminal connection and cell connection topology counterbal-
ances the changes in internal resistance caused by temperature effects, resulting in a more
uniform overall DOD distribution.

3. Experimental Methods and Results

In this chapter, temperature effects were incorporated using Ansys Fluent 2024 R2,
a three-dimensional heat flow simulation tool. The performance of the proposed con-
nection method was then validated through comparisons with a conventional method of
terminal connection.

3.1. Simulation Environment Setup and Validation

The simulation environment was established to closely resemble experimental condi-
tions, with initial simulations conducted using a single cell as a baseline. The accuracy of
the simulation environment was verified by comparing surface temperature and voltage
measurements from actual experiments with simulation data. The INR21700-40T cell (Sam-
sung SDI, Yongin, Republic of Korea) was utilized for both simulation and experimental
testing. The physical properties of this battery, referenced from previous research, are
summarized in Table 1 [31]. The heat source in the battery for this research is primarily
attributed to Joule heating (P). Specifically, the heat source is calculated based on the in-
put/output current (I) of the battery and the internal resistance (R), which varies according
to the state of charge (SOC), as expressed by the following equation:

P = I2·R

Table 1. INR21700 40T battery properties.

Samsung SDI

Model INR21700 40T

Nominal Capacity 4 Ah

Cathode NCA

Anode Graphite + SCN

Nominal Voltage 3.6 V

Maximum Charging Voltage 4.2 V
(2000 mA Standard)

Minimum Discharge Voltage
2.5 V

(800 mA Standard)

Physical Properties

Density (ρ ) 2887
(
kg/m3)

Specific Heat Capacity(
Cp ) 952 (J/kg·K)

Thermal Conductivity
(k) 0.87 (W/m·K)

Since cylindrical batteries are used in this research, a single heat transfer coefficient was
applied. The experimental setup maintained a constant cell ambient temperature of 25 ◦C
through a chamber, with current profiles applied via a battery cycler. The measured surface
temperature and voltage of the battery were collected as reference data for simulation
validation. A railway vehicle driving profile, representing battery demands during station-
to-station operation, was repeated 10 times. Table 2 presents the experimental equipment
configuration, while Figure 6 illustrates one cycle of the railway vehicle driving profile.
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Table 2. Experiment configuration.

Value

Chamber
(LCH-11G-2C, Jeio-TECH,

Daejeon, Republic of
Korea)

Width (mm) 600

Depth (mm) 500

Height (mm) 200

Setting Temperature 25 ◦C

Battery Cycler
(CT-4008T, Neware,
Shenzhen, China)

Resolution 16 Bit

Accuracy ±0.05%

Thermocouple
(CA-4008n, Neware,

Shenzhen, China)

Resolution 16 Bit

Measurement
Deviation ±1 ◦C

Figure 6. Railway vehicle driving profile.

Figure 7 shows the overall experimental setup. The comparison between experimental
and simulation results for voltage and surface temperature is presented in Figure 8. The
analysis revealed maximum differences of 0.17 V for voltage and 0.74 ◦C for surface tem-
perature between simulated and experimental measurements. These minimal differences
confirm that the constructed simulation environment effectively replicates experimental
conditions. These differences represent maximum errors of 5% for voltage and 3% for
temperature. Despite these discrepancies, the simulation results consistently reflect the
changing patterns observed in the experimental data, and this consistent trend matching
sufficiently demonstrates the reliability of the simulation model.

Figure 7. Set-up of experiment environment.
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(a)

(b)

Figure 8. Compared result of simulation and experiment: (a) voltage comparison between experiment
and simulation; (b) temperature comparison between experiment and simulation.

3.2. Validation of Proposed Model

The validated single-cell simulation model from Section 3.1 was expanded to a 4S-3P
configuration to analyze the impact of terminal connection methods and temperature
distribution on cell-to-cell depth of discharge (DOD) variations. To quantitatively verify the
effects of the battery module terminal connection methods and temperature distribution
previously analyzed, an indirect analysis of the State of Charge (SOC) was performed. In a
simulation environment where direct DOD measurement is challenging, SOC serves as a
representative indicator for evaluating energy consumption and performance imbalances
between cells. The SOC of each cell was calculated using the Coulomb counting method.
The coulomb counting method is as follows:

SOC(t) = SOC(0) +
1

Qn

∫ t

0
I(t)·dt

where
SOC(0): Initial SOC value (set to 1);
I(t): Current value over time [A];
Qn: Nominal capacity of the battery [Ah];
t: Sampling time [h].
A single railway vehicle driving profile cycle was applied to observe SOC changes

in cells located at central and peripheral positions. Specifically, Cell_1 and Cell_12 were
selected as representative values for peripheral cells, while Cell_7 represented central cells.
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Figure 9 illustrates the SOC changes for Cell_1, Cell_7, and Cell_12 across different
connection methods. Figure 9a,b shows the single connection methods, Figure 9c,d the
center connection methods, Figure 9e,f the diagonal connection methods, and Figure 9g,h
the proposed connection methods. The enlarged graphs (Figure 9b,d,f,h) enable a more
precise observation of subtle SOC differences between cells. The simulation results revealed
the SOC deviations for each battery module method of terminal connection, as summarized
in Table 3. The maximum SOC deviation was calculated at the end of the railway vehicle
driving profile by comparing the highest and lowest SOC values among all cells. These
maximum SOC deviations were 0.00039 for the single connection method, 0.00014 for the
center connection method, 0.00146 for the diagonal connection method, and 0.00004 for
the proposed connection method. When compared to the diagonal connection method,
which showed the largest deviation among conventional approaches, the proposed method
achieved approximately 70% reduction in maximum SOC deviation.

(a) (b)

(c) (d)

(e) (f)

Figure 9. Cont.
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(g) (h)

Figure 9. Module simulation results: DOD graph for each cell: (a) SOC of cells in single connection
scheme; (b) SOC of cells in single connection scheme (enlargement); (c) SOC of cells in center
connection scheme; (d) SOC of cells in center connection scheme (enlargement); (e) SOC of cells in
diagonal connection scheme; (f) SOC of cells in diagonal connection scheme (enlargement) (g) SOC of
cells in proposed connection scheme; (h) SOC of cells in proposed connection scheme (enlargement).

Table 3. Module simulation result.

Connecting Method Maximum SOC Deviation Cell_1 Cell_7 Cell_12

Single Connection 0.00039 0.8873 0.8877 0.8876

Center Connection 0.00014 0.8876 0.8877 0.8876

Diagonal Connection 0.00146 0.8886 0.8875 0.8871

Proposal Connection 0.00004 0.8878 0.8877 0.8877

4. Conclusions

The simulation results from this research present a perspective different from that of
previous research regarding battery module design for railway vehicle applications. While
previous studies analyzed the diagonal connection method, one of the terminal connec-
tion methods, as theoretically providing uniform current distribution, the temperature-
considered analysis in this research reveals that this method actually exhibits greater DOD
variations compared to other connection methods. This finding challenges the conven-
tional understanding of optimal battery module configuration and emphasizes the critical
importance of considering temperature effects in design decisions. The connection method
proposed in this research has been improved to allow lower current flow through the
central cells experiencing higher temperatures through modifications in both terminal
connection methods and cell-to-cell connection topology, demonstrating minimal DOD
variations when compared to the three conventional methods. This improvement stems
from the complementary interaction between current distribution control in central cells
and temperature effects. Specifically, the lower current distribution in central cells forms a
complementary relationship with the decreased internal resistance caused by temperature
rise, contributing to the minimization of cell-to-cell DOD variations. Simulation results
demonstrate that the proposed connection method shows a 70% improvement in DOD
variation compared to the center connection method, which had previously shown the best
performance among conventional terminal connection methods. However, the proposed
module configuration exhibits certain limitations, as it is specifically optimized for the
4S-3P structure. When the module configuration changes, such as to a 12S-2P structure, the
temperature distribution characteristics and effects of terminal connection methods require
comprehensive reanalysis. This suggests a need for further research to develop a systematic
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and generalized design methodology applicable to various module configurations. De-
spite these limitations, this research makes significant contributions to the field of railway
vehicle battery module design. The findings provide practical guidelines for optimizing
4S-3P module configurations, particularly in applications where temperature variations
significantly impact battery performance. The proposed method’s ability to counterbalance
temperature-induced effects through strategic terminal connection methods and cell in-
terconnection topology offers a novel approach to battery module design, establishing a
foundation for future research in this domain.
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Abstract: This paper presents an exhaustive search approach to determine the optimal
placement of a Unified Power Quality Conditioner (UPQC) in a distribution system that
integrates a distributed generation (DG) unit based on photovoltaic (PV) panels. The
main objective is to enhance voltage profiles and reduce total harmonic distortion (THD)
in the presence of nonlinear loads. A multi-objective optimization model is formulated,
combining THD minimization and voltage deviation reduction through a weighted cost
function. Two case studies are conducted using the IEEE 33-bus test system modeled in
MATLAB Simulink, considering different scenarios: one with nonlinear loads and another
with additional DG integration. The UPQC is tested at critical nodes to assess its impact on
power quality indicators. Results show that placing the UPQC at node 14 yields the lowest
cost function value in both cases, with THD reductions exceeding 90% at the installation
node and notable improvements across the system. These findings confirm that brute-force
optimization is a reliable and effective strategy for UPQC siting, especially in distribution
networks subjected to nonlinear disturbances and renewable-based DG. The proposed
methodology provides a practical framework for power quality enhancement and supports
decision-making in modern smart grid environments.

Keywords: Unified Power Quality Conditioner (UPQC); nonlinear loads; distribution
system; optimal placement; total harmonic distortion (THD); exhaustive search

1. Introduction

In recent years, electrical distribution systems have undergone a significant trans-
formation driven primarily by the emergence of new technologies and the integration of
microgrids composed of DG based on renewable energy sources [1,2]. Although utility
companies have attempted to upgrade the distribution network infrastructure to keep pace
with this technological shift, they have struggled to match the speed at which these systems
are being integrated into the grid [2].

This transformation has highlighted a critical issue: the deterioration of power quality.
This has become evident due to the disruption of electrical parameters such as THD and
voltage variation, resulting from the increasing presence of nonlinear loads and power
electronics-based microprocessors [2,3].

Moreover, the emergence of a new energy matrix centered on renewable-based dis-
tributed generation—such as photovoltaic systems—has fundamentally altered system
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dynamics and topology. If not designed in compliance with technical standards, these
sources can inject intermittent currents, cause voltage fluctuations, and, in most cases,
increase the network’s THD levels [3].

Given the critical role played by distribution systems in the energy supply chain, it is
essential to mitigate the factors that compromise network performance and stability [2]. To
address these challenges, several advanced devices have been developed within regulatory
limits, including the Dynamic Voltage Restorer (DVR), Distribution Static Compensator
(D-STATCOM), and Unified Power Quality Conditioner (UPQC) [4].

The UPQC has emerged as a promising solution for mitigating voltage sags and
harmonic distortion, thus enhancing power quality for end-users. This device is specifically
designed to protect sensitive loads connected at the point of common coupling with the
grid [4–6].

A UPQC provides both voltage and current compensation; however, its performance
largely depends on its placement within the system. In this context, optimization techniques
such as exhaustive search can be employed to identify the most effective location, thereby
maximizing the UPQC’s benefits for the electrical network [7,8].

1.1. Microgrid Operation Under Low and High DG Penetration

Modern distribution feeders increasingly operate as microgrids with renewable-based
distributed generation (DG). At low penetration, DG mainly introduces mild variabil-
ity and local reactive power requirements; voltage control can typically be handled by
conventional equipment with limited reconfiguration. At high penetration, however, non-
trivial effects appear: reverse power flows and voltage rise, feeder unbalance, interaction
among converter controls, reduced short-circuit levels affecting protection coordination,
and potential amplification of harmonic components due to switching converters and
resonances [2,3,9–12]. These phenomena impact continuity and power quality, motivating
combined actions that (i) enforce feeder-level voltage limits (e.g., Volt/VAR/Volt/Watt
control), (ii) coordinate converter-level support functions, and (iii) deploy local power-
quality conditioning to keep voltages and harmonic indices within statutory thresholds
(IEEE 519/IEC 61000; national regulation ARCERNNR 002/20) [13,14]. Within this context,
the present study addresses the placement of a UPQC as a complementary action to feeder
voltage control, explicitly targeting harmonic mitigation and voltage profile improvement
under representative PV-based DG operation.

1.2. Recent Control and Optimization Directions

Beyond siting, recent work explores advanced control and optimization to enhance
performance under variable renewable penetration. For UPQC/D-STATCOM applica-
tions, synchronous-frame controllers with decoupled PI loops remain standard [15], while
learning-aided or hybrid-optimized tuning has been investigated to improve DC-link regu-
lation and harmonic suppression in the presence of converter interactions and nonlinear
loads (see, e.g., surveys and applications in power-quality enhancement [9,10]). In par-
allel, scalable optimization and feedback schemes have been proposed for distribution
networks under uncertainty, aiming at decentralized coordination with limited commu-
nications [11,12]. These lines are complementary to the present contribution: whereas
such controllers determine how devices act in real time, the present work determines
where to place the compensator so that network-wide voltage and harmonic objectives are
met across operating scenarios. The proposed siting methodology can be integrated with
advanced controllers in future studies to address higher DG penetration and larger feeders.
This paper aims to address power quality deficiencies in a distribution system affected
by nonlinear loads. By optimally placing a UPQC using a brute-force search method, the
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study seeks to significantly improve voltage profiles and reduce THD. The performance of
the UPQC is evaluated under the presence of nonlinear loads and distributed generation.

This paper is organized as follows: Section 2 presents background information on the
UPQC, power quality issues in electrical systems, and related concepts. Section 3 describes
the methodology used to solve the optimization problem, including the exhaustive search
strategy and the test system. Section 4 outlines the case studies. Section 5 provides a
detailed analysis of the results. Finally, Section 7 summarizes the conclusions.

2. Theoretical Framework

The theoretical framework outlines the conceptual and technical foundations necessary
to understand the method proposed in this study, which aims to improve voltage profiles
and total harmonic distortion.

2.1. Unified Power Quality Conditioner (UPQC)

The need to control electrical variables that affect power quality in distribution net-
works strongly justifies the implementation of devices capable of mitigating such dis-
turbances [16]. In this context, the UPQC emerges as a more effective alternative than
conventional methods for improving both voltage profiles and harmonic components in
distribution systems.

The UPQC consists of a series active power filter (APF) and a shunt APF that share a
common DC-link capacitor, as shown in Figure 1 [17].

The series APF—also known as the series converter of the UPQC—is responsible
for compensating disturbances on the supply side, such as voltage harmonic distortion
(THDv), voltage sags, and unbalances [17].

Meanwhile, the shunt APF—or shunt converter—handles disturbances related to the
user side, such as current harmonics and low power factors [17].

Considering its components and structural configuration, the UPQC can be seen as a
combination of a dynamic voltage restorer (DVR) and a distribution static compensator
(DSTATCOM) [15].

Non-linear
load

Power
supply

LC filter

UPQC

Figure 1. Basic diagram of the UPQC.

2.1.1. Control Strategies

One of the distinctive features of the UPQC is its ability to operate in different modes
depending on the type of disturbance to be mitigated. Typically, the UPQC uses both APFs
(shunt and series) simultaneously. In this configuration, the shunt inverter supplies the
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active power demanded by the series inverter, keeping the DC link charged, while both
converters compensate for reactive currents and harmonics [15].

Additionally, the literature defines specific voltage control strategies, such as:

• UPQC-P
• UPQC-Q

The UPQC-P configuration focuses on active power control. In this mode, the series
APF delivers more active power to maintain voltage levels. The DVR is responsible for
keeping the load voltage at its nominal value and ensuring that the injected voltage is either
in phase or out of phase with the supply voltage, depending on the control objective [15].

In contrast, the UPQC-Q configuration is based on reactive power control. In this
strategy, the DVR injects a voltage in quadrature with the supply current, while the DSTAT-
COM compensates the current to regulate the reactive power demand. This coordination is
essential for maintaining DC link voltage stability [15].

2.1.2. Related Devices

To better understand the capabilities of the UPQC, it is useful to examine the char-
acteristics of other power quality improvement devices. Among the most notable are the
DVR, SVC, and DSTATCOM.

The DVR is a series-connected device that primarily addresses voltage sags and swells.
It is commonly used to protect sensitive loads in distribution systems [18].

The SVC is a type of reactive power compensator that, unlike the DVR, is connected
in parallel with the load. It uses thyristors to control capacitor banks, thereby regulating
voltage levels and correcting the power factor [18].

The DSTATCOM is an advanced version of the STATCOM designed specifically for
distribution networks. This device regulates voltage levels and compensates reactive
power, and in its DSTATCOM version, it can also manage current unbalances and mitigate
harmonic distortion [18]. However, despite its capabilities to independently correct voltage
and current disturbances, the DSTATCOM cannot perform both functions simultaneously
due to its structural limitations.

Table 1 provides a comparative overview of the functionalities offered by these power
quality enhancement devices.

Table 1. Comparison of power quality improvement devices.

Voltage Current Combined Function

DVR � - -
SVC � - -
STATCOM � - -
DSTATCOM � � -
UPQC � � �

2.2. Power Quality in Electrical Systems

In recent years, power quality issues have increased significantly due to the integra-
tion of DG and power electronics. These challenges are further exacerbated by additional
adverse factors such as capacitor bank switching and unexpected faults within the net-
work, all of which severely affect system efficiency and reliability [9,10]. Addressing these
problems has become a common task for utility companies, since mitigating or eliminating
such conditions provides numerous benefits for both distributors and end-users. These
include improved system efficiency, reduced maintenance costs, and fewer supply inter-
ruptions [9]. Based on these considerations, power quality can be understood as a set of
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electrical characteristics that the power system must maintain within defined operational
standards [9].

2.2.1. Common Power Quality Problems

The stability of distribution networks has been considerably affected by the sudden
integration of nonlinear loads and DG sources, often without proper conditioning of the
system to accommodate such technologies. These factors have contributed to a more
frequent occurrence of power quality disturbances in recent years [15].

Additionally, the increasing use of sensitive equipment in sectors such as telecommu-
nications, healthcare, and industrial processes places greater demands on utilities to ensure
high-quality power delivery. Even minor disturbances can lead to data loss, operational
failures, or damage to expensive devices [9,10,15].

In this context, voltage variations and THD are critical indicators due to their direct
impact on the stability and reliability of electrical supply. Understanding these disturbances
is essential for the design and development of equipment that can effectively mitigate them,
ensuring proper system operation.

2.2.2. Voltage Disturbances

Voltage disturbances refer to any type of temporary deviation in the supply voltage
from its nominal value [11,16]. These phenomena are often imperceptible but can cause
harmful effects on sensitive devices and machinery, negatively impacting their performance
and lifespan [11]. Such disturbances are typically classified based on their duration, as
illustrated in Figure 2.

Figure 2. Types of voltage disturbances.

Within voltage disturbances, the most complex and potentially hazardous are those
classified as short-duration events. These are particularly problematic because they often
go undetected by protection devices or, conversely, may cause nuisance tripping [12].

Voltage sag is defined as a sudden reduction in voltage ranging from 10% to 90% of
the nominal value, whereas a swell is a sudden voltage increase between 10% and 80%.
Both disturbances typically last from 0.5 cycles to 1 min [12]. Other common short-duration
events include transient overvoltages and voltage flickers. Transient overvoltages are
characterized by very short-duration (microseconds to milliseconds) voltage spikes with
high-frequency content, usually caused by lightning strikes or switching operations [12].
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Flickers, on the other hand, are small-amplitude voltage fluctuations perceptible in lighting
levels and are primarily caused by arc furnaces and similar equipment [12,19].

2.2.3. Voltage Deviation

Voltage deviation refers to a set of mathematical parameters used to quantify the dif-
ference between the nominal voltage and the actual measured voltage in the system [20,21].
Two metrics are typically used: maximum voltage deviation and average voltage deviation.

The maximum voltage deviation quantifies the highest voltage difference across all
nodes in the system [21]:

DMV = max
1≤i≤n

(|Vdi − Vi|) ≥ 0 (1)

Here, Vdi represents the desired voltage at bus i, and Vi is the actual measured voltage
at the same bus. Both values are expressed in per unit (p.u.) [20,21].

The average voltage deviation expresses the overall average voltage difference across
the entire system [21]:

DPV =
∑n

i=1 |Vdi − Vi|
n

≥ 0 (2)

In this expression, Vdi is the desired voltage at bus i in p.u., Vi is the measured voltage
at bus i in p.u., and n denotes the total number of nodes in the system [20,21].

2.2.4. Total Harmonic Distortion (THD)

Harmonics are sinusoidal signals generated by nonlinear loads that, when added
to the fundamental waveform, cause distortion in its shape [13,22]. Figure 3 shows the
fundamental waveform along with third and fifth-order harmonic signals, which have
lower amplitudes but higher frequencies.
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Figure 3. Harmonic distortion waveform.

These harmonic components are commonly produced because many modern electrical
devices do not consume power linearly. Most of these loads include equipment such as
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variable frequency drives (VFDs), switched-mode power supplies, and rectifiers, among
others [23].

If the harmonic signals generated by such devices are not mitigated through active
or passive filters, or multipulse converter configurations, they will be added to the funda-
mental waveform, as shown in Figure 4, thereby completely distorting the original sine
wave [23].

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
t

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

u

Fundamental waveform (60 Hz)
Distorted resulting waveform

Figure 4. Distorted fundamental waveform.

Total harmonic distortion (THD) is a parameter used to quantify the harmonic content
in voltage and current waveforms. It expresses the relationship between the root mean
square (RMS) value of harmonic components and the RMS value of the fundamental
component. In other words, THD measures the deviation of a waveform from its ideal
sinusoidal form due to the presence of harmonics [13,22]. The following expressions are
used to calculate this metric [13]:

THDv =

√√√√ ∞

∑
k=2

(
V2

k
V2

e f

)
(3)

Here, Ve f represents the RMS value of the fundamental voltage component, while Vk

denotes the RMS value of the k-th order voltage harmonic (k = 2, 3, . . . ) [13].

THDi =

√√√√ ∞

∑
k=2

(
I2
k

I2
e f

)
(4)

In this case, Ie f is the RMS value of the fundamental current component, and Ik is the
RMS value of the k-th order current harmonic [13].

2.2.5. Standards and Regulations

Power quality parameters are subject to both national and international standards.
Among the most recognized are IEEE 519-2022 [24] and IEC 61000-2-12 [25], which define
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permissible levels of harmonic distortion. Additionally, IEC 60038 [26] and ANSI C84.1 [27]
provide guidelines for acceptable voltage variation ranges.

At the national level (In Ecuador), regulation ARCERNNR No. 002/20 (Codified)
establishes the framework for power quality metrics. This regulation governs the quality
of electricity distribution and commercialization services in Ecuador [14]. Specifically, it
sets limits for both THD and voltage variation that utility companies must comply with to
avoid penalties. These limits are summarized in Table 2. It is important to note that this
regulation is largely based on the international standards mentioned above.

Table 2. Maximum allowable voltage harmonic distortion (THDv) percentages according to na-
tional regulation.

Voltage Level Individual Harmonics THDv

Medium Voltage 3% 5%
Low Voltage 5% 8%

To better understand Table 2, it should be noted that low voltage refers to networks
below 0.6 kV, whereas medium voltage networks operate between 0.6 kV and 40 kV [14].
The thresholds established by this regulation are used throughout this paper to assess
the allowable limits for voltage variation and THD in the case studies presented in the
methodology section.

2.3. Harmonic Order and Measurement Bandwidth

In this study, voltage total harmonic distortion (THDv) is computed from the Fourier
spectrum up to the 50th harmonic order (i.e., k = 2, . . . , 50 for a 60 Hz system). This
bandwidth aligns with common compliance practice based on IEEE 519 and IEC 61000
guidelines, where instrumentation and reporting in distribution feeders typically consider
harmonic components up to at least the 50th order [13]. For medium-voltage feeders, higher-
order components above the 50th are usually strongly attenuated by line/transformer
impedances and converter output filters; thus, their contribution to THDv is negligible
under the operating conditions analyzed.

To avoid spectral leakage, time-domain signals are processed over an integer number
of cycles at steady state, and THDv is computed as

THDv =

√√√√ K

∑
k=2

(
Vk

V1,RMS

)2
, K = 50,

where V1,RMS is the fundamental RMS voltage and Vk the RMS of the k-th harmonic
component [13]. The same processing settings are applied consistently across scenarios to
enable fair comparisons.

2.4. Exhaustive Search or Brute-Force Method

In the context of optimization, exhaustive search—also known as brute-force search—
is a method based on evaluating all possible solutions to determine which one satisfies the
desired conditions defined by the user [28].

A major advantage of this algorithm is that it does not require advanced heuristics
or special techniques to reduce the search space [28]. Because of this, one of the most
significant strengths of exhaustive search lies in its inherent ability to find the global
optimal solution to a problem. For this reason, it is often used as a benchmark to validate
the performance of new heuristic or metaheuristic optimization algorithms [28].
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However, these same advantages also present one of its main drawbacks: the method
exhibits exponential complexity as the size of the system increases [28]. Consequently,
exhaustive search typically involves long computation times and the handling of large
datasets [28].

2.5. Related Work and Comparative Analysis

Although Section 2 reviewed UPQC fundamentals and power-quality issues, prior
studies have also explored how to select, place, or tune mitigation devices and controllers
using optimization. Reviews on distributed FACTS/control under renewable penetration
report widespread use of metaheuristics (e.g., PSO, GA/NSGA-II, ACO, DE, SA) to handle
multi-objective trade-offs and constraints in power-quality enhancement [23]. Likewise, in
distribution networks, placement and sizing problems for compensation devices (e.g., ca-
pacitors) are commonly tackled with heuristic/multicriteria formulations [20,21]. UPQC re-
search itself has advanced topologies and control strategies (conventional, fuzzy/adaptive)
and device comparisons, which focus primarily on mitigation performance rather than
siting [2,4,5,7,10,11,15,17,18].

To position our contribution, Table 3 synthesizes representative solution families, their
scope, typical objectives and constraints, advantages/limitations, and illustrative references
(including our work based on exhaustive search for UPQC siting).

Table 3. Comparative overview of approaches for power-quality enhancement and device placement
(including UPQC).

Approach/Family
Decision Scope
(Typical)

Objectives
(Typical)

Constraints
(Typical)

Pros Cons/Risks

Exhaustive (brute-force)
search
(this work)

Select UPQC
bus/location over a
reduced candidate
set

THDv reduction,
voltage deviation
minimization
(weighted
multi-objective)

Operating limits;
network feasibility

Global optimum
guaranteed on small
search spaces; simple,
transparent;
reproducible

Poor scalability with
large spaces;
impractical if many
candidate buses or
multi-device
placement

Metaheuristics (PSO,
GA/NSGA-II, ACO, DE,
SA) [23]

Placement/sizing of
compensation or
control set-points;
multi-device
layouts

Multi-objective
trade-offs (losses,
THD, voltage
profile, cost,
reliability)

Device limits, volt-
age/current/thermal
bounds; investment
budgets

Handle large,
nonconvex spaces;
flexible with
mixed/discrete
variables

No global-optimality
guarantees; parameter
tuning needed;
runs-to-run variability

Multicriteria/heuristic
decision methods [20,21]

Placement and
sizing (e.g.,
capacitors) in
distribution
networks

Combined technical
indices (losses,
voltage, THD) and
economic criteria

Budgetary and
operational
constraints

Integrate
technical–economic
viewpoints;
transparent
weighting

Solution quality
depends on
criteria/weights and
elicitation; may need
ex-post feasibility
checks

UPQC topology and
control-focused works
[2,4,5,7,10,11,15,17,18]

Converter topology;
controller
design/tuning;
comparative device
performance

Mitigation of
sags/swells /THD,
power factor,
unbalance; dynamic
response

Controller and
device ratings;
stability margins

Demonstrate
mitigation efficacy
and implementation
aspects

Typically do not
address siting as an
optimization problem;
limited system-level
placement guidance

3. Methodology

As previously mentioned, nonlinear loads are among the main sources of harmonic
and voltage distortion in distribution systems. In response to this issue, devices such as the
Unified Power Quality Conditioner (UPQC) are essential for ensuring the proper operation
of the network.

This section describes the methodology used to optimally place a UPQC in a test
distribution system with integrated DG, aiming to reduce voltage distortion and improve
both voltage profiles and total harmonic distortion in voltage (THDv) in the presence of
multiple nonlinear loads.
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3.1. Optimization Problem Statement and Candidate Node Selection

Before detailing the implementation of the search strategy (Section 3.1), it is essential
to explicitly formulate the optimization problem that governs UPQC siting. This subsec-
tion defines the decision variables, objective function, constraints, and key assumptions,
while also clarifying the rationale behind the reduced candidate set adopted in the final
presentation of results.

3.1.1. Decision Variables

Let B denote the set of all buses in the system, and Bcand ⊆ B the subset of candidate
buses considered for installation. We define:

• xi ∈ {0, 1}: binary siting variable (xi = 1 if a UPQC is installed at bus i, xi = 0
otherwise).

• Vi: RMS voltage magnitude at bus i (p.u.).
• THDi: voltage THD at bus i (%).

The network state (Vi, THDi) is obtained via power-flow/harmonic analysis for each
siting configuration x, with device parameters fixed according to [10,15].

3.1.2. Objective Function

The optimization aims to minimize a weighted combination of average THDv and
voltage deviation:

min
x

f (x) = α · 1
|B| ∑

i∈B
THDi(x) + β · 1

|B| ∑
i∈B

∣∣Vi(x)− Vnom
∣∣, (5)

where α, β ≥ 0, α + β = 1, and Vnom is the nominal RMS voltage. The weighting reflects
the relative importance assigned to harmonic mitigation and voltage profile improvement
(see Equations (20) and (21) for normalization).

3.1.3. Constraints

∑
i∈Bcand

xi = 1, (single UPQC installation in baseline case) (6)

Vmin ≤ Vi(x) ≤ Vmax, ∀i ∈ B (voltage limits) (7)

THDi(x) ≤ THDmax, ∀i ∈ B (harmonic limits per IEEE 519/IEC 61000) (8)

3.1.4. Assumptions and Candidate Set Rationale

Although the candidate set Bcand presented in the results focuses on buses with
significant nonlinear loads, all buses in the system were evaluated during the optimization
process. The exhaustive search confirmed that the most substantial improvements in
harmonic distortion minimization, voltage profile enhancement, and even active power loss
reduction occurred when the UPQC was installed at these nonlinear-load buses. In contrast,
solutions involving buses without nonlinear loads were consistently dominated in the
Pareto sense by those at nonlinear-load buses, showing inferior or negligible performance
gains. Therefore, for clarity and brevity in the results section, only the dominant solutions
corresponding to Bcand are reported. This reduction in reported candidates does not imply
that other nodes were excluded from evaluation, but rather that their solutions did not
offer competitive technical advantages.

3.2. Sensitivity Analysis for UPQC Location

To assess the robustness of the proposed approach, an additional sensitivity analysis
was conducted by extending the initial search space to include all buses of the IEEE
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33-bus test system, regardless of the presence of nonlinear loads. The exhaustive search
algorithm was executed for each possible UPQC location while keeping all other simulation
parameters constant. The results confirmed that the optimal configurations in terms of
minimizing total harmonic distortion of voltage (THDv) and improving voltage profiles
were consistently achieved when the UPQC was installed at buses with significant nonlinear
load presence (buses 14, 19, and 27). In scenarios where the UPQC was placed at buses
without nonlinear loads, improvements were comparatively smaller and, in many cases,
dominated by those obtained in the nonlinear-load buses. These findings validate the
decision to restrict the initial search space in the main analysis to nodes 14, 19, and 27,
as this choice focuses on the most impactful configurations without loss of generality in
the results. Furthermore, the inclusion of the sensitivity analysis demonstrates that the
proposed method remains valid even when evaluated across the complete network.

This approach aligns with previous practices in PQ device siting studies, where pre-
selection based on load type or PQ indices is applied to improve tractability without
compromising the search for optimal locations [20,21,23].

In the following subsection, we apply an exhaustive search over Bcand, compute the
metrics defined in Section 2, and evaluate the scalarized objective function f (x) according
to (5).

3.3. UPQC Implementation Using Exhaustive Search

UPQCs are typically installed at load buses where voltage profile improvement and
harmonic mitigation are required. To determine their optimal placement using the brute-
force or exhaustive search method, the IEEE 33-bus test distribution system is simulated
in MATLAB 2025a Simulink. While numerous metaheuristic algorithms have been suc-
cessfully applied to PQ device placement [20,21,23], the decision to employ an exhaustive
(brute-force) search in this work is motivated by both problem size and reproducibility
considerations. The candidate set Bcand, even when including all buses in the system,
yields a search space that is computationally tractable with modern simulation tools, given
the single-device constraint in (6). Unlike stochastic metaheuristics, exhaustive search:

• Guarantees identification of the global optimum within the defined search space,
eliminating solution variability across runs.

• Simplifies reproducibility and verification by other researchers, since the evaluation
procedure is deterministic and transparent.

• Avoids the need for parameter tuning inherent to heuristic methods (e.g., population
size, mutation rate, cooling schedule).

Furthermore, the use of an exhaustive search in this context is consistent with practices
in PQ device siting for small to medium-scale systems, where the complete enumeration of
configurations is feasible [5,10,14]. As discussed earlier, the candidate set was ultimately
reduced to buses with nonlinear loads for presentation purposes; however, the full-system
enumeration was performed to ensure that no optimal solution was overlooked. This
confirms that the solutions reported here are not only locally but also globally optimal
within the tested scenarios.

3.3.1. Extension to Multiple-UPQC Scenarios

Although the present study focuses on the installation of a single UPQC device, the
proposed optimization framework is inherently extensible to scenarios involving multiple
devices. This can be achieved by relaxing constraint (6) to allow for an upper bound Nmax

on the number of installations:

∑
i∈Bcand

xi ≤ Nmax, Nmax ≥ 1, (9)
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where Nmax is defined according to technical or budgetary limits. In such cases, the de-
cision variables and evaluation procedure remain the same, but the search space grows
combinatorially, often making exhaustive search impractical for large Nmax and large
Bcand. Under these conditions, metaheuristic algorithms such as GA, PSO, or hybrid ap-
proaches [20,21,23] can be incorporated within the same evaluation framework to efficiently
explore the enlarged space.

While multi-UPQC optimization was not included in the experimental scope of this
paper to maintain focus and computational tractability, preliminary tests confirmed that the
algorithm correctly handles configurations with more than one UPQC when constraint (6)
is replaced by (9). Future work will report comprehensive multi-device case studies,
incorporating both technical and economic objectives.

3.3.2. Incorporating Installation and Operational Costs

The formulation presented in (5)–(8) can be extended to include both capital expendi-
tures (CAPEX) and operational expenditures (OPEX) in order to explicitly capture economic
trade-offs in device placement. One approach is to augment the scalarized objective func-
tion with a normalized cost term,

min
x

F(x) = w1 · THDv_norm(x) + w2 · Vdev_norm(x) + w3 · Cost_norm(x), (10)

where:

• THDv_norm(x) and Vdev_norm(x) are normalized indices of harmonic distortion
and voltage deviation, respectively.

• Cost_norm(x) is the normalized total cost associated with a given placement configu-
ration.

• w1 + w2 + w3 = 1 and wk ≥ 0 are the relative weights assigned to each criterion.

The total cost can be modeled as:

Cost(x) = ∑
i∈Bcand

(
Ccapex

i + Copex
i
)

xi, (11)

where Ccapex
i represents the installation (equipment, civil works, commissioning) cost and

Copex
i the operation and maintenance cost of installing a UPQC at bus i.

In this work, cost modeling was not explicitly included in the objective func-
tion because:

1. The primary aim was to evaluate the technical effectiveness of UPQC placement in
terms of PQ indices, as per the problem statement in [20,21].

2. The study focuses on a single-device installation, where cost variation between nodes
is minimal and does not significantly affect siting decisions.

3. Detailed, site-specific cost data were not available for the benchmark system used;
incorporating arbitrary cost assumptions could bias the comparison.

Nevertheless, the proposed framework readily accommodates (10) and (11) if eco-
nomic data are available, enabling combined technical–economic optimization in fu-
ture extensions.

The exhaustive search process begins with the definition of the initial search space
(Sinicial), which includes all possible locations for the UPQC. In IEEE test systems, node 1
usually represents the substation or slack bus. Therefore, for a 33-bus system, the search
space contains 32 candidate locations:

|Sinicial | = 33 − 1 = 32 (12)
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Thus, the candidate buses for UPQC installation range from node 2 to node 33:

Sinicial = {2, 3, 4, . . . , 33} (13)

In the test system, three nonlinear loads are connected at nodes 14, 19, and 27. Since
the UPQC is specifically designed to mitigate the adverse effects associated with nonlinear
loads, the initial search space Sinicial is restricted to these critical nodes, yielding the reduced
search space S:

S = {14, 19, 27}, |S| = 3 (14)

A candidate solution (x) corresponds to the bus where the UPQC is proposed to be
installed and must belong to the restricted search space (x ∈ S). Once the search space is
defined, the objective function is formulated. Since the goal is to minimize both the voltage
deviation and the THDv, the problem is modeled as a multi-objective optimization. The
quality of each candidate solution (x) is evaluated using a vector-valued objective function:

F(x) = [min( f1(x)), min( f2(x))] (15)

Here, f1(x) represents the average THDv for the candidate solution, and f2(x) repre-
sents the average voltage deviation.

min( f1(x)) =
1
|S| ∑

j∈S
THDv,j(x) (16)

min( f2(x)) =
1
N

N

∑
i=1

|Vi(x)− Vnominal | (17)

Here, S denotes the restricted search space and N is the total number of buses in the
system (N = 33).

To determine the optimal installation bus (x∗) that minimizes both components of
the objective function F(x), the multi-objective formulation must be transformed into a
single-objective function. This is achieved by constructing a scalar cost function J(x),
known as a weighted objective function:

J(x) = ω1 · f̂1(x) + ω2 · f̂2(x) (18)

In this expression, ω1 and ω2 are weighting coefficients that define the relative impor-
tance of each objective. These weights must satisfy the following condition:

ω1 + ω2 = 1 (19)

For the present study, the selected weights are ω1 = 0.3 and ω2 = 0.7, reflecting a
higher priority assigned to average voltage deviation (0.7) compared to THDv (0.3) for
determining the optimal UPQC placement.

Moreover, in Equation (18), f̂1(x) and f̂2(x) represent the normalized values of each
respective objective. Normalization is necessary due to the differing units of measure-
ment and magnitudes of the objectives. The normalized values are computed using the
following expression:

f̂i(x) =
f (x)− min( f )

max( f )− min( f )
(20)

where min( f ) and max( f ) correspond to the minimum and maximum observed values for
each objective across all candidate solutions.

Once the cost values J(x) are computed using Equation (18), the optimal installation
bus x∗ is selected as the one yielding the minimum cost value. This is formally expressed as:
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x∗ = arg min
x∈S

J(x) (21)

The present work adopts an exhaustive search method to determine the optimal
placement of the UPQC, considering a reduced set of critical candidate nodes. This method-
ological decision is technically justified by two key factors: {the limited dimensionality
of the search space and the requirement to guarantee a globally optimal solution without
relying on the randomness of heuristic or metaheuristic algorithms.

Unlike optimization approaches such as Particle Swarm Optimization (PSO), Genetic
Algorithms (GA), or Ant Colony Optimization (ACO)—which are better suited for high-
dimensional or highly nonlinear problems—the exhaustive search method is particularly
well-suited to this study due to the manageable number of decision variables involved
(S = {14, 19, 27}). With only three possible locations under consideration, evaluating all
feasible configurations is computationally efficient and ensures that the best solution is
obtained with certainty.

Moreover, since the multi-objective problem is reformulated into a scalar objective
function using a weighted cost model, the evaluation process becomes straightforward
and deterministic. This simplicity, combined with the critical importance of precise and
repeatable results, makes exhaustive search a technically appropriate and robust choice for
this study.

3.3.3. Optimization Algorithm Description

The following algorithm (Algorithm 1) aims to determine the optimal placement site
(x∗) of the UPQC.

The algorithm procedure is structured into the following phases:

1. Parameter Initialization: Initial parameters for the algorithm are defined, such as the
total number of system nodes (N_total), nominal system voltage in p.u. (V_nominal),
set of critical nodes (S), search space size (N_s), and importance weights for the
objective function (ω1 and ω2).

2. Base Case Evaluation: The system is simulated without the UPQC to obtain base
voltage and THDv values, and to calculate the reference metrics: local THDv ( f1_base)
and global voltage deviation ( f2_base).

3. Exhaustive Search in Critical Nodes: The critical node set is analyzed, and the system
is simulated with the UPQC at each location x. For every candidate, the corresponding
performance metrics ( f1 and f2) are computed.

4. Analysis and Optimal Solution Selection: The minimum and maximum values for
each metric are obtained to perform normalization ( f̂1 and f̂2). The scalar objective
function (J) is then calculated for each location (x ∈ S), and the solution with the
minimum value (J_min) is identified.

5. Result Extraction: Once the process is complete, the location with the lowest objective
function value (J_min) is selected as the optimal site, and the corresponding node
(best.x) is reported.
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Algorithm 1 Pseudocode of the optimization model.

Optimal UPQC Placement Algorithm Based on Local THDv and Global
Voltage Deviation

Step 1 Phase 0: Parameter Initialization;
N_total = 33
V_Nominal = 1.0
S ← {14,19,27}
N_s ← |S|
ω1 = 0.3
ω2 = 0.7

Step 2 Phase 1: Initial Evaluation;
(V_base, THD_base) ← SimulateSystem()
(f1_base, f2_base) ← ComputeMetrics(V_base, THD_base)

Step 3 Phase 2: Exhaustive Search in Critical Nodes
result_list ← ∅

for i = 1 to N_s do
x ← S[i]
(V, THD) ← SimulateSystem(x)
(f1, f2) ← ComputeMetrics(V, THD)
Append results (x, f1, f2) to result_list

end for

Step 4 Phase 3: Analysis and Optimal Solution Selection
//Normalization of metrics:
[min( f1), max( f1)] ← GetMinMax(result_list, f1)
[min( f2), max( f2)] ← GetMinMax(result_list, f2)
for i = 1 to N_s do

r = result_list(i)
f̂1 ← (r.f1 − min( f1))/(max( f1)− min( f1))
f̂2 ← (r.f2 − min( f2))/(max( f2)− min( f2))
r.J ← (ω1 · f̂1) + (ω2 · f̂2)
result_list(i) ← r

end for
//Best solution selection
best ← x
J_min ← ∞
for i = 1 to N_s do

r ← result_list(i)
if r.J < J_min then

J_min ← r.J
best ← r

end if
end for

Step 5 Results:
Compute and display minimum cost function ← J_min
min(J(x)) = ω1 · f̂1 + ω2 · f̂2
Display optimal placement ← best.x
x∗ = arg minx∈S J(x)

Step 6 End.

3.4. Rationale for Selecting Exhaustive Search over Metaheuristic Methods

The choice of exhaustive search in this work was motivated by the size of the candidate
set and the need to guarantee the global optimum within that set. For the IEEE 33-bus
test system, even when the full set of possible UPQC locations (excluding the slack bus)
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was considered, the total number of evaluations remained computationally affordable (see
Table 4), with total runtimes on the order of seconds.

Metaheuristic methods such as Genetic Algorithms (GA) or Particle Swarm Optimiza-
tion (PSO) are well established for placement and sizing problems in larger systems [13,20].
However, these approaches do not guarantee finding the true global optimum and may
require tuning multiple hyperparameters (population size, mutation rate, inertia weight,
etc.). Preliminary trials with GA and PSO in our study, using the same objective function
J(x), achieved similar optima to exhaustive search but with higher runtime variance and
slightly longer median execution times for the small candidate set used here.

For large-scale networks with hundreds or thousands of buses, or for scenarios in-
volving multiple UPQCs (k ≥ 2), the combinatorial explosion of possible placements
would make exhaustive search impractical, as discussed in Section 3.5. In such cases,
hybrid strategies—where a metaheuristic is used to explore a reduced search space and
exhaustive enumeration is applied within promising regions—could provide a balance
between solution quality and computational efficiency. This remains an open avenue for
future work.

3.5. Computational Complexity and Runtime Profiling

The exhaustive search enumerates all candidate UPQC locations and evaluates the
scalar objective J(x) for each one. With a single device, the number of evaluations scales
linearly with the number of candidate buses |Bcand|, i.e., O(|Bcand|). If the formulation
is extended to k devices installed simultaneously (Section 3), the search space becomes
(|Bcand|

k ) and the complexity scales as O((|Bcand|
k )

)
.

To quantify practical runtimes, we profiled the implementation used in this study (MAT-
LAB/Simulink R2023b, Windows 11, Intel® CoreTM i7-1165G7 @ 2.80 GHz, 16 GB RAM):

• Per-iteration tasks: load-flow + time-domain simulation for harmonic extraction
(THDv) + voltage-profile postprocessing + objective J(x).

• Measured average wall-clock per iteration: 0.42 s (mean of 50 runs; std. dev. 0.03 s).

Table 4 summarizes the total runtimes for the candidate sets considered in this work.

Table 4. Runtime summary for exhaustive search. Each “iteration” corresponds to evaluating one
UPQC location.

Configuration # Iterations Avg. Time/Iter. Total Time

Reduced set Bcand = {14, 19, 27}
(Case 1: no DG) 3 0.42 s 1.26 s

Reduced set Bcand = {14, 19, 27}
(Case 2: with DG) 3 0.42 s 1.26 s

Full set (all IEEE 33-bus candidates
except slack; |Bcand| = 32) † 32 0.42 s 13.44 s

Full set for both scenarios (no DG &
with DG) 64 0.42 s 26.88 s

† Sensitivity analysis reported in Section 5 (all buses assessed). Times reported are wall-clock, averaged over
repeated runs; variations reflect OS scheduling and cache effects.

These values indicate that, for the problem sizes addressed here, exhaustive enumer-
ation remains computationally affordable while guaranteeing the exact global optimum
within the candidate set. For larger networks or when allowing multiple devices (k ≥ 2),
the combinatorial growth of (|Bcand|

k ) suggests adopting heuristic or metaheuristic search as
a wrapper around the same evaluation kernel, which we discuss as a scalability path in
Section 6.
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3.6. Weight Selection and Sensitivity Analysis

The scalar objective is J(x) = ω1 f̂1(x) + ω2 f̂2(x), with ω1 + ω2 = 1, where f̂1 and
f̂2 are the normalized averages of THDv and voltage deviation, respectively. The base-
line weighting ω1 = 0.3, ω2 = 0.7 reflects operational practice in distribution networks
wherein sustained voltage deviation has system-wide impact and strict regulatory limits
(e.g., IEC 60038, ANSI C84.1), while harmonic distortion is simultaneously minimized
per IEEE 519 [13,20,21]. This choice prioritizes voltage regulation without neglecting
harmonic mitigation.

Case 1 (no DG): invariance of the optimum.

From the normalized values used to compute J (Section 5), the three candidates yield

J14(ω1) = 0.3 · 0 + 0.7 · 0 = 0,

J19(ω1) = ω1 · 1 + (1 − ω1) · 0.057 = 0.057 + 0.943 ω1,

J27(ω1) = ω1 · 0.487 + (1 − ω1) · 1 = 1 − 0.513 ω1.

Hence J14(ω1) ≡ 0 for all ω1 ∈ [0, 1]. The intersection J19 = J27 occurs at ω1 ≈ 0.648.
Regardless of the region, J14 remains strictly minimal; therefore, the optimal location
(bus 14) is invariant to the weighting in Case 1.

Case 2 (with DG at nominal): threshold on ω1.

The normalized components reported in Section 5 lead to

J14(ω1) = ω1 · 0.88 + (1 − ω1) · 0.067 = 0.067 + 0.813 ω1,

J19(ω1) = ω1 · 1 + (1 − ω1) · 0.37 = 0.37 + 0.63 ω1,

J27(ω1) = ω1 · 0 + (1 − ω1) · 1 = 1 − ω1.

Comparing J14 and J27 yields 0.067 + 0.813 ω1 < 1 − ω1 ⇒ ω1 < 0.515. Therefore, with
ω1 = 0.3 (baseline), bus 14 remains optimal; if one were to assign very high emphasis to
THDv (ω1 � 0.515), bus 27 would become preferable in Case 2. This information is shown
in Table 5.

Table 5. Ranking of candidates vs. weight on THDv, ω1 (ω2 = 1 − ω1).

Scenario ω1 Range Ranking (Best → Worst)

Case 1 (no DG) [0, 1] 14 ≺ {19, 27} (bus 14 always optimal)
Case 2 (with DG) [0, 0.515) 14 ≺ 19 ≺ 27
Case 2 (with DG) [0.515, 1] 27 ≺ 19 ≺ 14

In summary, the baseline choice ω1 = 0.3, ω2 = 0.7 (higher weight on voltage
deviation) is consistent with distribution-level operating criteria and keeps bus 14 as the
optimal location in both scenarios considered. The sensitivity analysis above makes the
selection transparent and reproducible.

3.7. Scalability and Hybrid Optimization Pathways

For large-scale feeders with hundreds/thousands of buses or for multi-device sit-
ing (k ≥ 2), the combinatorial growth (|Bcand|

k ) makes full enumeration impractical (see
Section 3.5). To address scalability while preserving solution quality, we outline several
implementation strategies that are compatible with the objective J(x) and the simula-
tion/evaluation workflow used in this work:

(i) Parallel evaluation of candidates.
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The evaluation of J(x) for each candidate is independent (embarrassingly parallel).
With P workers and average per-iteration time titer, the wall-clock time satisfies

T‖ ≈
⌈ |Bcand|

P

⌉
titer + Toverhead,

where Toverhead captures scheduling and data-movement costs. This reduces the time-to-
solution nearly in inverse proportion to P for moderate |Bcand|.
(ii) Candidate pre-screening (pruning).

Construct a reduced shortlist B̃ by filtering candidates via fast surrogates: electrical
distance to nonlinear loads (e.g., impedance-based or Thevenin equivalents), local short-
circuit strength at the PCC, and baseline THDv sensitivity. Full simulations are then
restricted to B̃ with |B̃| � |Bcand|.
(iii) Dominance filtering with lower bounds.

For each candidate x, define a lightweight lower bound J(x) computed from local
indicators (e.g., local THDv and voltage deviation at x). If J(x) ≥ Jbest, discard x without
full evaluation. This implements branch-and-bound pruning on J while keeping the
evaluation kernel unchanged.

(iv) Radial decomposition and reconciliation.

In radial networks, partition the feeder into sections (by normally-open points or tie
switches). Perform siting within each section (in parallel) and reconcile at boundaries with
a short coordinated pass. This preserves locality while capturing inter-section coupling in a
final refinement.

(v) Greedy k-device extension with local refinement.

For k ≥ 2, a scalable heuristic is to add devices greedily (each step selects the best new
location given current placements), followed by a local exhaustive refinement on the small
neighborhood around the selected set. This yields near-optimal sets with k evaluations of
the reduced search plus a bounded local sweep.

(vi) Hybrid metaheuristic + enumeration.

Use GA/PSO (or related) to coarsely explore the search space and identify promising
regions; then apply exact enumeration within those regions to guarantee the best configu-
ration locally. This hybridization balances computational effort and solution quality, and it
is directly compatible with the objective J(·) and constraints defined in this study.

(vii) Stopping and robustness criteria.

Adopt ε-dominance on J as an early-stopping rule (terminate when improvements
< ε across a full pass) and include feasibility/penalty terms (e.g., CAPEX/OPEX and
regulatory margins) to prevent overfitting to a single metric.

These pathways maintain the same decision model and performance indicators (THDv,
voltage deviation, and losses), enabling seamless scaling from the IEEE 33-bus benchmark
to larger feeders while keeping evaluation fidelity. As shown by the runtime profiling in
Table 4, the present system size admits exact enumeration; for larger cases, the strategies
above provide a practical roadmap to reduce time-to-solution without losing alignment
with the original optimization objectives.

3.8. UPQC Control Strategy and Series–Shunt Coordination

The UPQC is implemented with two voltage source converters (VSCs) sharing a
common DC link: a series converter that injects compensating voltages on the supply side
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and a shunt converter that injects compensating currents on the load side. The overall
control objective is twofold: (i) keep the load-side voltage sinusoidal and regulated close
to its nominal magnitude under sags/swells and harmonic distortion (series VSC), and
(ii) shape the source current to be sinusoidal with near–unity power factor while regulating
the DC-link voltage (shunt VSC) [15,17,18].

Synchronous reference frame and synchronization.

All control loops are implemented in the synchronous reference frame (dq). A phase-
locked loop (PLL) estimates the grid angle θ(t) to enable fundamental-component extrac-
tion and decoupling [15]. The Park transform is

[
xd
xq

]
=

2
3

[
cos θ cos(θ − 2π/3) cos(θ + 2π/3)
− sin θ − sin(θ − 2π/3) − sin(θ + 2π/3)

]⎡⎢⎣xa

xb
xc

⎤
⎥⎦, θ =

∫
ωg dt. (22)

Series converter (voltage compensation).

Let v∗L be the desired (fundamental) load-side voltage. In dq,

v∗d,inj = v∗d,L − vd,S, v∗q,inj = v∗q,L − vq,S, (23)

where vS is the measured supply voltage. For UPQC-P (in-phase injection), v∗q,L ≈ 0 and
the amplitude v∗d,L is set from the nominal reference; for UPQC-Q (quadrature support),
a reactive component is allowed by setting v∗q,L �= 0 [15]. The inner series-VSC loop is a
decoupled PI with the line interface Lser, Rser:

v∗d,conv = v∗d,inj + Rserid,ser + Lser
did,ser

dt
− ωLseriq,ser + ud,PI, (24)

v∗q,conv = v∗q,inj + Rseriq,ser + Lser
diq,ser

dt
+ ωLserid,ser + uq,PI, (25)

where u{·},PI are PI actions, and the decoupling terms ±ωLi linearize the dynamics around
the synchronous frame.

Shunt converter (current shaping and DC-link regulation).

The shunt VSC shapes source current and supplies the active power consumed by the
series VSC to maintain the DC link. A PI controller regulates the DC-link voltage:

i∗d = Kp,dc(V∗
dc − Vdc) + Ki,dc

∫
(V∗

dc − Vdc) dt + i(1)d,load, i∗q ≈ 0, (26)

where i(1)d,load is the fundamental active current demand. The inner current loop (with filter
Lshu, Rshu) is also PI-decoupled:

v∗d,conv = vd,bus + Rshuid + Lshu
did
dt

− ωLshuiq + wd,PI, (27)

v∗q,conv = vq,bus + Rshuiq + Lshu
diq
dt

+ ωLshuid + wq,PI. (28)

Power balance and coordination.

The DC-link controller (26) ensures that the shunt VSC supplies the active power
drawn by the series VSC (for voltage injection), i.e.,

Pshunt ≈ Pseries + Ploss, Pseries � 3
2 (vd,injid,load + vq,injiq,load). (29)
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Anti-windup is applied to all PI regulators; PWM switching frequency and sampling are
selected to respect the harmonic limits of IEEE 519 and IEC 61000 while keeping the DC-link
ripple within design margins [15,18].

3.9. Test System

The IEEE 33-bus distribution system is used in this study. This test system is commonly
applied for power flow analysis and optimization algorithm implementation. Figure 5
shows the topology of the 33-bus distribution network.
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Figure 5. 33-Bus Test Distribution System.

The nonlinear loads installed at these nodes are modeled using a special block that
simulates an uncontrolled three-phase rectifier bridge followed by a resistive-inductive
(RL) load at the output. The test system operates at a nominal voltage of 13.8 kV and a
frequency of 60 Hz. Nonlinear loads are implemented at buses 14, 19, and 27 (Figure 6)
and are modeled as uncontrolled three-phase rectifier bridges feeding a resistive-inductive
(RL) load, with a voltage rating of 13.8 kV, a resistance of 10 Ω, and an inductance of 1 mH.
A distributed generation (DG) unit based on a photovoltaic (PV) system is installed at
node 24 (Figure 7), with a nominal active power output of 3.5 kW, representative of typical
residential or small commercial installations.

Figure 7 shows the system with the inclusion of the PV generator.
These two scenarios will be used for the development of the case studies in the

following chapter.
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To better understand the impact that nonlinear loads have on the network, the voltage
profiles of the test system are analyzed under two scenarios. The first is the voltage analysis
with nonlinear loads present in the system (Figure 6), and the second is the analysis when
DG is integrated into the system (Figure 7). Figure 8 shows the voltage levels of each bus
in the system with the nonlinear loads in operation.
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Figure 6. Test system with nonlinear loads.

The voltage levels of each node in the system are presented in per unit (p.u.) values,
using the nominal system voltage of 13.8 kV as the base value. Additionally, the waveform
and THDv levels at each bus with nonlinear loads are evaluated. Figure 9 displays the
three-phase voltage waveforms at buses 14, 19, and 27.

As shown in Figure 9, the presence of nonlinear loads significantly distorts the si-
nusoidal waveform. Furthermore, Figure 10 illustrates the voltage harmonics at bus 14,
where the recorded THDv is 16.52%, a value that exceeds the permissible limit defined by
regulatory standards.

Figure 11 shows the THDv levels at bus 19, where the harmonic distortion reaches 7.86%.
Finally, to complete the analysis of this scenario, the THDv level at bus 27 is deter-

mined, as shown in Figure 12. This bus exhibits a recorded harmonic distortion of 23.29%.
Analyzing the THDv levels present at the buses with nonlinear loads, it is evident

that these do not comply with the requirements established by the ARCERNNR 002/20
regulation. Therefore, the need to implement power quality improvement devices in this
type of network becomes clear.
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Figure 7. Test system with nonlinear loads and DG.

0 5 10 15 20 25 30
Bus number

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

V
ol

ta
ge

 [
pu

]

Figure 8. Voltage level at each bus with nonlinear loads.
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104 Three-phase Voltage at Bus 14
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104 Three-phase Voltage at Bus 19
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104 Three-phase Voltage at Bus 27

Figure 9. Three-phase voltage at buses 14, 19, and 27.
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Figure 10. Voltage harmonics at bus 14 with nonlinear load.

The second scenario mentioned previously corresponds to the analysis of voltage
profiles when DG is integrated into the system (Figure 7). The voltage values for this
condition are presented in Figure 13.
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Based on Figure 13, it can be observed that the voltage levels of the system with DG
integration do not exhibit significant variations. Slight changes are only noted in the THDv
levels at the buses with nonlinear loads, as illustrated in Figure 14.
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Figure 11. Voltage harmonics at bus 19 with nonlinear load.
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Figure 12. Voltage harmonics at bus 27 with nonlinear load.

These changes are not significant, as their values are quite similar to those obtained in
the previous scenario. To confirm this, Figures 15 and 16 show the THDv levels at buses 19
and 27, respectively.
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As verified in the previous figures, there is no significant difference between the two
scenarios analyzed. However, it is possible that the inclusion of DG may influence the
optimal placement of the power quality conditioner. This will be verified in the case studies
presented in the next chapter. Additionally, the data obtained here will serve as a baseline
for analyzing the improvement in THDv with the inclusion of the UPQC in each case study.
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Figure 13. Voltage levels at each bus with nonlinear loads and DG.
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Figure 14. Voltage harmonics at bus 14 with nonlinear load and DG.
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Figure 15. Voltage harmonics at bus 19 with nonlinear load and DG.
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Figure 16. Voltage harmonics at bus 27 with nonlinear load and DG.

4. Case Studies

This study is based on the premise of optimally placing the UPQC in a distribution
system. To this end, two case studies are proposed and detailed in this section.

Before presenting the case studies, it is important to clarify how the optimal placement
of the device within the system is determined. For this purpose, the weighted cost objective
function (J(x)) is employed. This function enables the identification of the optimal bus for
installing the UPQC, where the best voltage profiles and THDv values are achieved.
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4.1. Case 1

This case corresponds to the test system previously described, with nonlinear loads
connected at buses 14, 19, and 27. For better understanding, the schematic of this system is
presented in Figure 6.

Using exhaustive search, the UPQC is placed iteratively at each of the nonlinear load
buses in order to evaluate the resulting changes in THDv and determine which location
yields the lowest DPV.

4.2. Case 2

This analysis considers the test system with the inclusion of DG composed of a 3500W
photovoltaic system. The schematic diagram of this configuration is the one shown earlier
in Figure 7.

As in the previous scenario, exhaustive search is used to determine the optimal
placement of the UPQC within this network topology. The aim is to assess whether the
presence of such a microgrid affects the optimal location of the power quality improvement
device compared to the previous case.

5. Results and Analysis

This section presents the results corresponding to the case studies defined in the
previous chapter. These results demonstrate the impact of the UPQC on the test sys-
tem, particularly in terms of mitigating voltage variations and reducing THD caused by
nonlinear loads.

5.1. Voltage THD Summary

Table 6 compiles the voltage total harmonic distortion (THDv) values at the critical
buses (14, 19, and 27) for each studied scenario and UPQC placement. This compact
presentation allows direct numerical comparison of the effect of device location on harmonic
mitigation, while minimizing the space required to present the results. Bold values indicate
the lowest THDv achieved at each bus within each case.

Table 6. THDv (%) at buses 14, 19, and 27 for each scenario and UPQC placement. Bold values mark
the best performance per bus within each case.

Case UPQC Location Bus 14 Bus 19 Bus 27

Case 1 (No DG)

None (base) 16.52 7.86 23.29
At bus 14 1.10 4.76 10.52
At bus 19 15.01 3.36 22.94
At bus 27 11.34 5.28 11.91

Case 2 (With DG)

None (base) 16.55 7.87 23.32
At bus 14 1.08 4.75 11.39
At bus 19 9.54 2.90 5.53
At bus 27 4.81 0.69 10.57

Table 6 shows that in Case 1 the lowest THDv values are obtained at bus 14 when the
UPQC is installed at bus 14, at bus 19 when it is installed at bus 19, and at bus 27 when it
is installed at bus 14. In Case 2, the best results for buses 14, 19, and 27 are achieved with
installations at buses 14, 27, and 19, respectively.
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5.2. Case 1
5.2.1. UPQC Installed at Bus 14

Figure 17 shows the initial voltage profile of the system for this first case study. It
should be noted that these voltage values correspond to those previously presented in
Figure 13.
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Figure 17. Initial voltage profile—Case 1.

Following the exhaustive search methodology, the device is placed at each of the
nodes with nonlinear loads, starting with bus 14. The resulting voltage profiles are shown
in Figure 18.
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Figure 18. Voltage profile with UPQC installed at Bus 14.
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Additionally, Figure 19 presents the THD levels observed at bus 14 after the installation
of the UPQC.
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Figure 19. Voltage harmonics at Bus 14 with UPQC installed.

The THD recorded at bus 14 decreased from 16.52% (as presented in the base case
results) to 1.10%, representing an improvement of approximately 93.34%. Similar improve-
ments are observed at the other buses with nonlinear loads, such as bus 19, whose THD
results are shown in Figure 20.
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Figure 20. Voltage harmonics at bus 19 with UPQC installed at bus 14.

At this bus, the new THD value is 4.76%, which represents a 39.44% improvement
over the original value. Similarly, Figure 21 shows the updated THD level at bus 27.
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Figure 21. Voltage harmonics at bus 27 with UPQC installed at Bus 14.

At bus 27, an improvement of 54.83% is observed, as the THD is reduced from 23.29%
to 10.52%.

5.2.2. UPQC Installed at Bus 19

After confirming the improvements obtained with the UPQC installed at bus 14, the
exhaustive search methodology proceeds by placing the device at bus 19. The resulting
voltage profiles are shown in Figure 22.
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Figure 22. Voltage profile with UPQC installed at Bus 19.

As shown in Figure 22, the voltage levels experience slight variations. Similarly,
changes in the THD levels at each bus can be observed. For instance, Figure 23 presents the
updated THD at bus 14.
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Figure 23. Voltage harmonics at Bus 14 with UPQC installed at Bus 19.

In this case, the THD at bus 14 shows no significant improvement. The THD recorded
is 15.01%, compared to the 16.52% observed in the base case. This represents only a
9.14% reduction.

Figure 24 shows the THD at bus 19, where the UPQC is directly connected. A substan-
tial improvement is expected at this node.

0 10 20 30 40 50
Harmonic Order (n)

0

2000

4000

6000

8000

10000

12000

A
m

pl
itu

de

THD = 3.36%

Figure 24. Voltage harmonics at bus 19 with UPQC installed.

A THD value of 3.36% is obtained at this bus, representing a 57.2% reduction compared
to the initial condition. Additionally, Figure 25 shows the THD at bus 27, where only a
marginal change is observed—from 23.29% to 22.94%.

220



Energies 2025, 18, 4499

0 10 20 30 40 50
Harmonic Order (n)

0

1000

2000

3000

4000

5000

6000

7000

8000

A
m

pl
itu

de
THD = 22.94%

Figure 25. Voltage harmonics at bus 27 with UPQC installed at bus 19.

As can be seen, the improvement in THDv across the buses is not substantial when the
UPQC is installed at bus 19, especially when compared to the scenario where the UPQC
was connected at bus 14.

5.2.3. UPQC Installed at Bus 27

To complete the exhaustive search and identify the optimal location of the UPQC for
this case study, the device is now placed at the final bus with a nonlinear load—bus 27. As
in previous scenarios, the system’s voltage profiles are obtained once the device is installed
at this bus. These results are presented in Figure 26.
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Figure 26. Voltage profile with UPQC installed at Bus 27.
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Once the UPQC is placed at bus 27, the analysis focuses on evaluating the THDv at
buses 14, 19, and 27 to determine whether this configuration yields significant improve-
ments compared to previous cases (i.e., UPQC installed at buses 14 and 19). Figure 27
shows the THDv level at bus 14 when the UPQC is connected at bus 27.
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Figure 27. Voltage harmonics at Bus 14 with UPQC installed at Bus 27.

With the UPQC installed at bus 27, a THDv of 11.34% is recorded. Compared to the
base value of 16.52%, this represents a 31.36% reduction. Additionally, Figure 28 presents
the THDv at bus 19.
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Figure 28. Voltage harmonics at bus 19 with UPQC installed at bus 27.
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In this case, the THDv is reduced from 7.86% to 5.28%, corresponding to an improve-
ment of 32.83%. At bus 27, where the UPQC is directly connected, a THDv of 11.91% is
registered, as shown in Figure 29.
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Figure 29. Voltage harmonics at bus 27 with UPQC installed.

This new THDv value represents a 48.87% improvement compared to the base scenario.
After completing the THDv analysis for all buses with nonlinear loads, the voltage profiles
presented in Figures 18, 22 and 26 are reviewed to assess the impact of UPQC placement
on voltage magnitude. The differences among these profiles are more clearly illustrated
in Figure 30.
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Figure 30. Voltage levels with UPQC installed at each candidate bus in Case 1.
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The voltage profile changes across the system do not explicitly indicate which location
delivers the greatest benefit. Therefore, the optimization algorithm is applied to determine
the optimal installation bus for the UPQC.

5.3. Optimal Location Analysis

To determine the optimal installation site for the UPQC among the three candidate
buses, the first step is to calculate the average THDv for each candidate solution ( f1) using
Equation (16).

f1(14) =
16.38

3
= 5.46% (30)

f1(19) =
41.31

3
= 13.77% (31)

f1(27) =
28.53

3
= 9.51% (32)

Once the values for the first objective ( f1) are obtained, the next step is to calculate the
average voltage deviation ( f2) for each case using Equation (17).

f2(14) =
6.2581

33
= 0.1896 p.u. (33)

f2(19) =
6.2977

33
= 0.1908 p.u. (34)

f2(27) =
6.9575

33
= 0.2108 p.u. (35)

With both objective values ( f1 and f2) computed, normalization is applied using
Equation (20), and the weighted cost function is then calculated for each candidate:

J(14) = 0.3 · 0 + 0.7 · 0 = 0 (36)

J(19) = 0.3 · 1 + 0.7 · 0.057 = 0.34 (37)

J(27) = 0.3 · 0.487 + 0.7 · 1 = 0.84 (38)

Finally, based on the obtained results, it is concluded that the optimal installation site
for the UPQC is bus 14, as it yields the lowest value of the objective cost function.

5.4. Case 2

As previously mentioned, this case study aims to determine whether the inclusion of a
PV-based DG unit alters the optimal location of the UPQC identified in the first case study.

5.5. Impact of DG Penetration on Harmonic Performance

To quantify how distributed generation (DG) penetration affects harmonic perfor-
mance and UPQC siting, the PV output was swept between two operating points available
in this study: 0% (no DG) and 100% of the nominal PV capacity (3.5 kW). For each operating
point, the average voltage total harmonic distortion (THDv) over the monitored buses (14,
19, and 27) was computed for three representative UPQC locations (buses 14, 19, and 27),
yielding the trends shown in Figure 31.
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Figure 31. Average THDv as a function of DG penetration for three UPQC placements (buses 14,
19, and 27). Two penetration levels are considered with the data available: 0% (no DG) and 100% of
nominal PV output (3.5 kW).

Results indicate that the optimal location identified in the base case remains robust
when DG operates at its nominal point: UPQC@14 retains the lowest average THDv, while
DG presence substantially reduces the average distortion for UPQC@19 and UPQC@27.
These outcomes confirm that the siting strategy preserves its effectiveness across the
tested DG operating range and motivate future work to interpolate intermediate penetra-
tion levels.

The PV-based distributed generation (DG) unit and the UPQC perform complementary
roles at the point of common coupling (PCC). The shunt converter of the UPQC shapes
the source current and regulates the DC-link voltage (with i∗q ≈ 0 in steady state), while
the series converter restores/conditions the load-side voltage [15,18]. Under these control
objectives, the PV inverter continues to operate at its setpoint (e.g., MPPT or fixed active
power) and sees a PCC voltage kept close to nominal. As a result, across the scenarios
tested, we did not observe adverse interactions such as oscillatory power exchange or
control coupling between the PV inverter and the UPQC.

Consistently with Figure 31, the presence of DG at nominal output reduces the average
THDv for some non-optimal placements (e.g., UPQC at buses 19 and 27), narrowing the
gap with respect to the optimal site. Nevertheless, UPQC installation at bus 14 remains
the best trade-off for harmonic mitigation and voltage profile improvement within the
tested range. From an operational standpoint, the shunt branch keeps the supply current
near sinusoidal and in phase with the PCC voltage, while the series branch limits voltage
distortion at the load terminals. This division of tasks confines the UPQC’s active-power
support to balancing the injected series voltage (via DC-link control) without perturbing
the PV inverter’s setpoint [13,15].

Finally, by mitigating overvoltage and distortion at the PCC, the UPQC can lower the
risk of PV inverter protective trips (e.g., overvoltage or abnormal distortion) in feeders with
variable irradiance. In feeders with higher DG penetration or multiple PV units, the same
coordination principle applies, though additional devices or coordinated control could
be required to achieve system-wide compliance, as discussed in the scalability notes of
Section 3.4.
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5.5.1. UPQC at Bus 14

As in the previous case, the THDv is analyzed for each possible installation site of the
UPQC, starting with bus 14, as shown in Figure 32.
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Figure 32. Harmonic distortion at bus 14 with UPQC.

The THDv at bus 14 is analyzed with the UPQC installed at this location. In this case,
the recorded THD is 1.08%, which is very similar to the result obtained in Case 1 (1.10%)
without the DG connected. Compared to the base scenario with DG, where a THDv of
16.55% was observed, this result represents an improvement of approximately 93.47%.

Meanwhile, the harmonic distortion at bus 19, shown in Figure 33, presents a THD
of 4.75%.
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Figure 33. Harmonic distortion at bus 19 with UPQC installed at bus 14.
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Given that the base THDv at bus 19 was 7.87%, the reduction to 4.75% reflects an
improvement of 39.64%. Figure 34 shows the harmonic distortion registered at bus 27.
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Figure 34. Harmonic distortion at bus 27 with UPQC installed at bus 14.

At bus 27, the THDv is reduced from 23.32% to 11.39%, representing an improvement
of 48.84%.

The voltage profile of the system with the UPQC installed at bus 14 in this scenario is
presented in Figure 35.
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Figure 35. Voltage profiles with UPQC installed at bus 14.

Once the analysis with the UPQC placed at bus 14 is completed, the equipment is
relocated to bus 19 and the corresponding THDv calculations are performed again.
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5.5.2. UPQC at Bus 19

In this case, the new THD for bus 14 is obtained, as shown in Figure 36.
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Figure 36. Harmonic distortion at bus 14 with UPQC installed at bus 19.

Compared to the base system with DG, the THD recorded at this bus improves by
42.36%. Additionally, bus 19 registers a new THDv of 2.90%, as illustrated in Figure 37.
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Figure 37. Harmonic distortion at bus 19 with UPQC.

This result represents a 63.16% improvement relative to the base system with DG.
Meanwhile, Figure 38 shows the new THDv registered at bus 27.
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Figure 38. Harmonic distortion at bus 27 with UPQC installed at bus 19.

The THDv at this bus decreases significantly, from 23.32% in the base system to 5.53%
with the UPQC connected at bus 19, which corresponds to an improvement of 76.26%.

With this UPQC placement, the resulting voltage profiles are presented in Figure 39.
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Figure 39. Voltage profiles with UPQC installed at bus 19.

5.5.3. UPQC at Bus 27

After completing the analysis for bus 19, the UPQC is connected to bus 27, and the
THDv is analyzed for each node with nonlinear loads, starting with bus 14, as shown in
Figure 40.
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Figure 40. Harmonic distortion at bus 14 with UPQC installed at bus 27.

In this scenario, bus 14 presents a THDv of 4.81% compared to the previous case, in
which the recorded value was 9.54%. A significant change can also be observed at bus 19,
as shown in Figure 41.
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Figure 41. Harmonic distortion at bus 19 with UPQC installed at bus 27.

In this case, the improvement is quite evident, with the THDv reduced from 7.87% to
0.69%, which corresponds to a 91.24% enhancement in power quality. Figure 42 presents
the harmonics at bus 27, where the recorded THDv is 10.57%.

This result represents a 54.12% improvement at this bus. With the UPQC installed at
bus 27, the voltage profiles obtained are shown in Figure 43.
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Figure 42. Harmonic distortion at bus 27 with UPQC.
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Figure 43. Voltage profiles with UPQC installed at bus 27.

With the THDv analysis for this case study completed, the next step is to calculate the
voltage deviation profile (VDP). To begin, a comparative graph is generated showing the
voltage profiles for each of the three UPQC placement scenarios considered in this study,
as illustrated in Figure 44.

These changes in voltage levels show a clear distinction compared to the previous
case study. To ensure the optimal location of the power quality device, the corresponding
calculations will now be performed using the previously established optimization strategy.
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Figure 44. Voltage levels for UPQC placement in Case 2.

5.5.4. Optimal Location Analysis

As in the previous case study, the process begins by determining the values corre-
sponding to the two objective functions.

f1(14) =
17.76

3
= 5.92% (39)

f1(19) =
17.97

3
= 5.99% (40)

f1(27) =
16.2

3
= 5.4% (41)

f2(14) =
2.2036

33
= 0.0668 p.u. (42)

f2(19) =
4.0010

33
= 0.1212 p.u. (43)

f2(27) =
7.0182

33
= 0.2127 p.u. (44)

Once the average values of THDv ( f1) and the voltage deviation profile ( f2) are
obtained, both functions ( f̂1 and f̂2) are normalized in order to compute the weighted
cost function.

J(14) = 0.3 · 0.88 + 0.7 · 0.067 = 0.26 (45)

J(19) = 0.3 · 1 + 0.7 · 0.37 = 0.56 (46)

J(27) = 0.3 · 0 + 0.7 · 1 = 0.7 (47)

For this second case study, it is clearly evident that the optimal location for the UPQC
is at bus 14, since this scenario yields the lowest value of the objective function among the
three evaluated alternatives.

To provide a clearer and more concise visualization of the impact of the UPQC in both
study cases, Table 7 presents a comparative summary of the most relevant indicators. The
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table includes the total harmonic distortion of voltage (THDv) at each node with nonlinear
load (nodes 14, 19, and 27), the global voltage deviation, the weighted cost function value
J(x), and the percentage of THDv improvement with respect to the base scenario without
UPQC. This summary facilitates the identification of the optimal installation node and
quantifies the performance benefits achieved by each configuration.

Table 7. Comparative summary of THDv, voltage deviation, cost function and improvement for
optimal UPQC locations.

Scenario Node THDv (%) Voltage Deviation (p.u.) J(x) THDv Improvement (%)

Case 1 (No DG)
14 1.10 0.1896 0.00 93.34
19 3.36 0.1908 0.34 57.23
27 11.91 0.2108 0.84 48.87

Case 2 (With DG)
14 1.08 0.0668 0.26 93.47
19 2.90 0.1212 0.56 63.16
27 10.57 0.2127 0.70 54.12

To visually enhance the interpretation of the results, Figure 45 presents a graphical
summary of key performance indicators for each scenario and UPQC location. This includes
the total harmonic distortion in voltage (THDv), global voltage deviation, the weighted
objective function value J(x), and the percentage improvement in THDv with respect to the
base case. The graph enables a clearer understanding of the impact of each configuration
and supports the optimal placement analysis discussed previously.

Figure 45. Graphical comparison of THDv, voltage deviation, weighted cost function J(x), and THDv
improvement for each UPQC location in both case studies.

5.6. Robustness Summary and Statistical Dispersion of THDv

Although the simulations are deterministic (i.e., repeated runs under identical operat-
ing points return identical values), it is still informative to quantify the dispersion across
monitored buses for each scenario as a measure of spatial robustness. Table 8 reports the
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mean and standard deviation of voltage THD (%THDv) across buses 14, 19, and 27 in the
base condition and with the UPQC placed at bus 14, for both scenarios considered (without
DG and with PV-based DG at its nominal operating point). The reduction in the mean
THDv relative to the corresponding base condition is also provided.

Table 8. Statistical summary of THDv (%) across monitored buses (14, 19, 27): mean and standard
deviation for base vs. UPQC@14 in both scenarios.

Scenario Condition Mean THDv (%) Std. Dev. (%) Reduction vs. Base (%)

Case 1 (no DG) Base (buses 14/19/27: 16.52, 7.86, 23.29) 15.89 7.73 –
Case 1 (no DG) UPQC@14 (1.10, 4.76, 10.52) 5.46 4.75 65.64

Case 2 (with DG) Base (16.55, 7.87, 23.32) 15.91 7.74 –
Case 2 (with DG) UPQC@14 (1.08, 4.75, 11.39) 5.74 5.23 63.92

Values in parentheses are the per-bus THDv (%) used to compute the statistics. Mean and standard deviation are
computed across buses (spatial dispersion) for each condition. Reductions are calculated as the relative decrease
of the mean with respect to the corresponding base case.

The results show substantial reductions in the mean THDv across the monitored buses
when the UPQC is installed at bus 14 in both scenarios (approximately 66% without DG and
64% with DG), together with a decrease in dispersion (standard deviation). This indicates
that, beyond improving the average harmonic distortion, the proposed placement also
contributes to a more uniform power quality level across the affected area of the network.
Because the simulations are deterministic, classical inferential tools (e.g., p-values) are not
directly applicable; nonetheless, the spatial statistics reported here provide a concise and
reproducible summary of robustness across buses under the tested operating conditions.

6. Discussion and Novelty of the Proposed Approach

The UPQC placement problem in this study is explicitly formulated as a constrained
combinatorial optimization task, where the decision variable indicates the location of the
device within the test network, subject to technical and operational limits. The optimization
simultaneously considers multiple technical objectives: (i) minimization of voltage total
harmonic distortion (THDv) at all monitored buses, (ii) improvement of voltage profiles
across the network, and (iii) reduction of active power losses.

Unlike many existing approaches that address these objectives separately or focus
solely on harmonic mitigation, the present work integrates all three performance indicators
into a unified decision-making framework. The evaluation was conducted for all buses in
the system, demonstrating that the most beneficial placements under nonlinear load condi-
tions consistently yield superior results in all objectives. This comprehensive perspective
ensures that the selected location not only reduces distortion but also contributes to overall
network performance improvement.

The chosen exhaustive search method guarantees the identification of the exact global
optimum within the reduced candidate set, which is computationally feasible in the studied
system. This ensures the robustness of the conclusions without relying on stochastic or
heuristic approximations. Furthermore, the methodology is scalable: for larger systems
or multi-device installations, it can be adapted to incorporate metaheuristic optimization
algorithms, cost constraints, and additional power quality indices.

The novelty of the proposed approach lies in:

• The simultaneous optimization of THDv, voltage profile, and loss minimization for
UPQC placement under nonlinear load conditions.

• The application of the method to the complete network, with results confirming the
dominance of nonlinear-load buses as optimal locations.
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• The adaptability of the framework to extended scenarios, including multiple UPQC
devices, economic evaluation, and larger network sizes.

This integrated methodology provides a rigorous, transparent, and technically robust
foundation for decision-making in practical UPQC deployment projects.

7. Conclusions

This study presented an exhaustive search strategy to determine the optimal placement
of a UPQC in distribution networks affected by nonlinear loads and distributed generation.
The IEEE 33-bus distribution system was employed as the test benchmark to evaluate
two representative scenarios: the first involving the inclusion of nonlinear loads at nodes
14, 19, and 27, and the second incorporating a 3.5 kW photovoltaic-based DG at node 24,
simulating typical residential or small commercial installations commonly found in urban
distribution networks.

The results obtained in the first case study showed that the optimal location for the
UPQC is at node 14, as confirmed by the proposed optimization model based on a weighted
cost function. Placing the UPQC at this node resulted in substantial improvements in the
voltage total harmonic distortion (THDv), with reductions of 93.34% at node 14, 39.44% at
node 19, and 54.83% at node 27, compared to the base system without compensation.

In the second case study, which included the DG, it was also confirmed that node
14 remains the optimal location for the UPQC, yielding the lowest value of the objective
function (0.26). In this scenario, the THDv was improved by 93.47% at node 14, 39.64% at
node 19, and 48.84% at node 27. These results highlight the effectiveness of the proposed
methodology in identifying the most suitable placement for the power quality conditioner,
even when the network topology changes due to the integration of distributed generation.

Although the optimal location of the UPQC did not change between the two case
studies, the inclusion of the DG did introduce variations in the voltage profile during the
exhaustive search process. This outcome underlines the importance of considering the
presence of distributed energy sources in future studies, particularly when analyzing the
interaction between active compensation devices and renewable generation units.

Overall, this research validates the use of an exhaustive search algorithm combined
with a multi-objective cost function as an effective strategy for the optimal placement of
power quality improvement equipment in modern distribution systems. The proposed
methodology not only enhances voltage profile stability but also achieves significant
reductions in harmonic distortion, ensuring compliance with power quality standards
under various operating conditions.
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AC Alternating Current
DC Direct Current
DG Distributed Generation
PV Photovoltaic
UPQC Unified Power Quality Conditioner
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APF Active Power Filter
DVR Dynamic Voltage Restorer
SVC Static Var Compensator
STATCOM Static Synchronous Compensator
D-STATCOM Distribution Static Compensator
THD Total Harmonic Distortion
THDv Voltage Total Harmonic Distortion
RMS Root Mean Square
p.u. Per unit
IEEE Institute of Electrical and Electronics Engineers
IEC International Electrotechnical Commission
ANSI American National Standards Institute
ARCERNNR Agencia de Regulación y Control de Energía y Recursos Naturales no Renovables
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Abstract: This article presents a proprietary method for measuring and adjusting the posi-
tion of DC generator brushes relative to the neutral zone. This method enables shaping the
characteristics of the power sources of the aircraft’s DC power grids, which has a beneficial
effect on counteracting the aging process. Using generators with varying operating times
(flight hours), selected research results on the effect of the brush position angle α relative to
the magnetically neutral zone on operating conditions are presented. In addition, examples
of abnormal operation of the DC electrical network in transient states and their possi-
ble negative effects on the operation of the aircraft (A/C) power network are presented.
Finally, research results are presented demonstrating the practical application of power
source characteristic shaping to effectively counteract the aging process of aircraft DC
power networks.

Keywords: DC generators; power quality; transients; aircraft; aging; neutral zone in
generator; operational

1. Introduction

The generation of electricity by A/C power systems is paramount to their safe op-
eration. This system is an autonomous network of components that generate, transmit,
distribute, utilize, and store electrical energy. Its primary function is to generate, regulate,
and distribute power throughout the A/C [1,2]. A/C operational capabilities are largely
dependent on the reliability of electrical systems and subsystems. Furthermore, this depen-
dency is expected to increase [3–6]. Generally, A/C systems use both alternating current
and direct current. The requirement for high operational reliability of powered systems,
components and systems in both modern and older A/C translates into the need to ensure
proper power supply of on-board equipment with appropriate quality electricity. Electricity
supplied to receivers must meet numerous requirements, therefore one of the fundamen-
tal tasks of A/C on-board power supply systems is to ensure the appropriate quality of
electricity generated by on-board power sources, in compliance with the requirements of
relevant standards [7,8].

A significant issue in A/C operation is the aging process, which significantly re-
duces the reliability and durability of A/C equipment, reduces the reliability of on-board
power sources, and poses a potential threat to flight safety [9,10]. Therefore, the broadly
understood A/C power system, through its condition, often reduced due to aging pro-
cesses, reduces the durability and reliability of all other systems, which impacts the A/C’s
operational safety [10].

The technical condition of an A/C’s power system stems from its past, and knowledge
of its current condition is necessary to determine its future behavior. The processes of

Energies 2025, 18, 5132 https://doi.org/10.3390/en18195132
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aging and wear of its devices and components have a decisive influence on the change in
the technical condition of the SP power system. These processes lead to changes in the
values of diagnostic parameters describing their technical condition. Aging is irreversible
and reduces the reliability and durability of individual devices and system components.
Understanding the physics of these processes, enabling an analytical approach, is crucial.
Aging and wear processes occurring during the operation of avionics devices are complex
and difficult to describe deterministically. Predicting the reliability and durability of
A/C devices requires identifying many destructive processes that degrade their technical
condition [11] in order to effectively counteract them.

2. Literature Review

Currently, with the increasing demand for electricity on board modern large aircraft,
three-phase AC generators are used because they have a significantly higher power-to-
weight ratio and enable easier transformation of AC voltage [12–15]. Despite these trends,
commutator generators are still used in aviation on small aircraft and helicopters as the
main or auxiliary power source: PZL 130TC—II ORLIK [16], W-3WA [17], M-28B/PT
“Skytrack” [18], CASA-C295M [19], as well as DC starter-generators (DCSG): SW-4 [20],
Mi-17 [21]. The existing trend of using DC generators as starting generators makes the
starter-generator an important part of the aircraft’s electrical system, as it is used to start
the engine and then generate electricity [22,23]. Where a wide range and high requirements
for electrical speed control are required, DC motors still play an important role due to their
good speed control parameters, frequent stepless quick starting and braking [24].

Both in the past and present, the fundamental requirement in aviation is flight safety,
which determines both the design and operation of aircraft. Generating electricity on board
an aircraft is a priority in its operation. The requirement for high operational reliability
of components and systems in both modern and older aircraft translates into the need to
ensure proper power supply of devices with electricity of the required quality [7,8,25]. Of
particular importance is the fact that during the operational process, the parameters of
the commutator-brush assembly (CBA), changing due to damage or natural aging, result
in changes in the characteristics of the power system components [26]. If the changes are
significant, significant energy losses and interference may occur in the installation, increas-
ing the probability of incorrect operation of the systems powered by it (e.g., a shortage of
electricity supplied to the receivers, overheating of the generator windings and excitation
circuits on the aircraft). Hence the importance of developed operational procedures that
enable maintaining the aircraft in an airworthy condition despite aging processes [27–29].
Up to now, the commutation phenomenon and problems of DC motors still attract the
attention of many scholars, including the establishment of a new commutation model and
the method of solving the commutation magnetic field [23,30–33].

The issues presented in this article concerning the shifting of the magnetically neutral
zone in commutator-type DC generators as a result of aging processes, according to [23,31],
negatively affect the operation of the commutator-brush assembly (CBA) of this type
of device. As stated in [23], the technical condition of the CBA largely determines the
performance and efficiency of the DC generator or motor. Testing in the neutral zone allows
for determining the ideal brush position, which ensures spark-free commutation, minimizes
commutator and brush wear, and promotes efficient operation [26]. The method presented
in this article [29,34] enables increased detection of DC generator faults and enables their
rapid improvement, taking into account aging processes, by precisely adjusting the angle α

of the CBA relative to the magnetically neutral zone.
Overcompensation resulting from the displacement of the magnetically neutral zone

relative to the CBA in a DC machine influences the change in generator characteristics,
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deterioration of the dynamics of transient states during step loading, and the correctness of
the self-regulation of the AC supply system [29]. The connections between these phenom-
ena have not been considered in the literature so far. Separate considerations have been
given to, among others, the reliability indicators of the brush-commutator system and the
influence of compensation windings on the operation of the generator [23,26,30].

Moreover, most of the phenomena occurring in a DC generator also occur in an AC
generator, in particular those related to the interaction of the generator armature (armature
reaction to the load current). The influence of the transverse field in AC machines reduces
the effective power delivered to the receivers [35–38]. These losses increase with increasing
capacitive load of on-board receivers (increased power, e.g., LED lighting, increasing the
number and power of semiconductors, increased demand for various types of electrical
filters). The existing possibility of increasing the AC voltage at the end of the capacitive
load line is one of the reasons why in modern large aircraft, where the primary source is
a three-phase AC generator, high-voltage direct current (270 VDC, 540 VDC) is switched
to [39].

Therefore, the issues discussed in the article concerning the shaping of the charac-
teristics of DC sources can be used for issues related to AC generators, where the strong
dependence of the AC characteristics on the nature of the loads (capacitive, inductive) will
undoubtedly add many threads to the considerations in relation to the issues related to
DC generators.

3. Background to the Problem

An example of a malfunction of the DC electrical network affecting the AC network
was recorded during engine testing on an A/C and is shown in Figure 1. The malfunction of
the 28 VDC network caused interference in the 115 VAC, 400 Hz AC network. It should be
noted that on the A/C under test, the excitation circuits of the AC generators are powered
from the DC network. After switching on a load (transient state) in the 28 VDC network,
the 28 VDC voltage pulsation increased above the permissible values [29], resulting in a
lack of voltage stabilization in the AC network, and the power quality from the primary
DC and AC power sources was inconsistent with the requirements. This condition of the
power supply networks had a direct impact on the correct operation of the A/C systems
they power. During the ground test, the pilots reported malfunctions, including: the light
signals on the cockpit panels and the powerplant control system.

Another significant example of a malfunction in the A/C’s power grid is the damage
to the power cable and excitation circuit wires of the A/C’s primary power source, shown
in Figure 2. This damage was caused by a malfunction in the 28 VDC network control
system. The above damage caused the fuse in the excitation circuit to trip and the damaged
DC power grid to be switched off and unable to be switched on again.

The generator damage presented in Figure 3 is an example of a failure of the main
power source that caused a direct threat to the A/C flight safety. The consequence of the
power source failure was damage to the A/C’s electrical grid, including battery damage
and a loss of power to the 28 VDC grid, resulting in an emergency landing during night
flights without electrical power.

The presented examples of damage highlight the importance of operational proce-
dures that enable the A/C’s power grid to remain in airworthy condition despite aging
processes. Malfunctions in A/C power systems that may directly impact flight safety can be
detected during periodic maintenance by observing transient parameters of the on-board
power system.

240



Energies 2025, 18, 5132

Figure 1. Voltage waveform disturbances in the 28 VDC and 115 VAC, 400 Hz AC circuits caused by
a DC voltage drop pulse.

Figure 2. Damaged (melted) power cable and wires of the excitation circuit of the GS-12T 3s DC
generator from the Su-22 A/C.

Figure 3. View of a DC generator with damaged components: 1—burnt commutator, 2—melted
brush cables, 3—damaged brushes.

241



Energies 2025, 18, 5132

During operation, due to the natural aging process, the parameters of the power grids
powering A/C systems change, and the quality of the electrical power from their power
sources deteriorates. These changes occur in the characteristics of individual components
of the power supply system and in the characteristics of its primary or auxiliary power
sources [29].

During the A/C tests performed by the authors, measurements of the power quality
of on-board power sources are conducted. During their implementation, tests of the DC
network in a transient state are performed, among others, in order to determine the ability
of the electrical power supply system to self-regulate the 28 VDC voltage [29]. To this end,
the current load on their power supply system is varied, generating a pulse:

(a) a transient pulse (below 24 V)—during a sudden increase in load,
(b) a surge pulse (above 29 V)—during a sudden decrease in load.

These parameters are directly related to the aging processes occurring during the
operation of the SP DC power grid, whose primary power source is DC generators. They
reflect the dynamic response of the DC power grid to a sudden load or a sudden decrease
in load. These dynamics are represented by the values of the reduced DC equivalent pulse
time. The parameter that is directly correlated with the aging processes occurring during
the operation of the DC power grid of the SP is the value of the reduced equivalent decay
pulse time recorded below the voltage of 24 V. This value, in relation to the system operation
time [1], clearly identifies the shelf life of the DC power grid supplying the systems of the
tested SP.

If the source of electrical energy is a DC generator, then, in accordance with
Standard [7], during normal operation of the electrical supply system, the transient voltages
(voltage pulses) are converted into their equivalent pulses, which should be within the
limit values specified in the above standard (permissible parameters). The parameter
determined in the transient state is the value of the non-standard product of time and
voltage, calculated as the integral of the voltage over time from the standard level to the
value of the extreme deviation (beyond the standard level). These values are converted
into so-called equivalent pulses, which are compared to the standard curve [2,40,41].

The core of the issue is the improper operation of the DC power grid during transient
states and its faults detected during operation, which negatively impact the powered
on-board systems. Figure 4, in the “Measurement waveform” tab, presents sample analyses
of 28 VDC voltage waveforms during transient states, performed using the proprietary
Abakus WDF v1.1 program (v1.1, Air Force Institute of Technology, Warsaw, Poland)
developed in the NI LabVIEW graphical environment.

Abnormal transient characteristics (voltage reduction or increase in the supplied
network exceeding the specified limits) can lead to disruptions in the operation of electrical
devices and electrical drives. In the case of electronic devices, disturbances can lead to the
failure of signal transmission or errors in their transmission. If changes in transient states
are significant, the installation can cause significant energy losses and disruptions, which
increase the likelihood of incorrect operation of the systems powered by the installation,
e.g., interference with interconnecting networks, a shortage of electrical power supplied
to loads, and their damage or disruption, as well as shutdowns. In extreme cases, the
engine may not start or the starter system may fail. Abnormal network operation during
transient states can also cause overheating of the windings of the generators serving as
power sources and their excitation circuits in A/C.
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Figure 4. Examples of analysis of 28VDC voltage waveforms in transient states: H—overvoltage
pulse above the upper reference level 29 V—OK (positive result), L—decay pulse below the lower
reference level 24 V—exceedance (negative result), (a) Positive example (b) Negative example.

The authors’ studies of the DC power systems during transient states of Su-22 A/C,
conducted since 2007, provided information on the long-term power quality of the DC
network under real-world operating conditions at airports. During their performance,
numerous malfunctions of the electrical power installation of the tested A/C were found,
among others, related to transient states in the DC network [29,42]. Example results of
transient measurements of the DC network of the Su 22 A/C in subsequent months of
operation are presented in Table 1. The measurement results presented in Table 1 were
obtained at an aircraft turbine speed of n = 67% (minimum range), which, according to
studies [43,44], corresponds to 5050 rpm of the GS-12T 3s DC generator, which is the main
power source for the power grid.

Table 1. Measurement of transients in the DC power grid of the Su-22 A/C in subsequent years
of operation.

No.

Number
of the
Tested

DC
Network

Number of Months of Operation on the A/C

I Test
Initial State

II Test Condition After
31 Months of

Operation

III Test Condition
After 63 Months of

Operation

IV Test Condition
After 92 Months of

Operation

Values of the Equivalent Pulse Parameters

tz [ms] Umin [V] tz [ms] Umin [V] tz [ms] Umin [V] tz [ms] Umin [V]

1. No. 1
10 21.6 39 18.89 29 19.89 40 21.54

8 23.3 76 21.74 164 22.29 202 22.71

2. No. 2
24 21.6 62 19.23 28 19.73 114 21.75

20 23.1 192 20.45 315 21.98 305 21.48

The results presented in Table 1 confirm that the values of the reduced equivalent
pulse time for individual DC power grids increase with their operating time. A graphical
representation of the changes in the reduced equivalent pulse time for the Su-22 A/C DC
power grid with respect to the number of months of operation is presented in Figure 5.

In the presented period of 92 months of operation, from test I to test IV, the value of
the reduced equivalent pulse time increased for both the DC network supplied by the left
and right generators. In the case of the DC network supplied by the left generator, the
value of the reduced equivalent pulse time in test IV was close to the permissible limit
value specified in the standard [7].
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Figure 5. Values of the reduced equivalent pulse time for the Su 22 aircraft DC network powered by
the left and right generators in relation to the number of months of their operation.

Analysis of the transient parameter of the on-board power system also allows for
the detection of faults in the tested power grid during installation tests during overhaul
procedures [7,40]. During power quality tests conducted in subsequent transient measure-
ments for individual power grids, the permissible value of the equivalent decay pulse was
exceeded. In several cases, after the generator overhaul process was completed, their use
on board the A/C during engine tests resulted in exceedances of the permissible normative
thresholds (reduced equivalent pulse times). Only repeated replacement of the generators
(including generators and regulators) ensured that the output parameters during transient
states of their DC nodes complied with the permissible normative level. Often, replacing
the regulators alone did not produce significant results, and only replacing the generators
resulted in a significant improvement in parameters. An example of the results of transient
state measurements in the DC generator network of the Su-22 A/C in subsequent tests
during the overhaul procedure is presented in Table 2 [42]. Non-conforming values are
written in bold An illustration of the limit values from the measurements of transient states
(equivalent decay pulses) of DC against the background of the ranges of changes equivalent
to voltage step functions (permissible parameters) [7,40,41] in the electrical power supply
systems supplied from 28 VDC DC generators is presented in Figure 6. The measurement
results presented in Table 2 were obtained at an aircraft turbine speed of n = 67% (minimum
range), which, according to studies [43,44], corresponds to a generator speed of 5050 rpm.

Table 2. Measurement of transient states of the Su-22 aircraft DC generator network in subsequent
tests during the implementation of repair procedures.

No.

Number
of the
Tested

DC
Network

Measurement Results in Subsequent Tests Su-22

I Test II Test III Test IV Test

Values of the Equivalent Pulse Parameters

tz [ms]
Umin
[V]

tz [ms]
Umin
[V]

tz [ms]
Umin
[V]

tz [ms]
Umin
[V]

1. No. 1 605
20.51 159 19.82

650
20.03 37 20.01

20.92 450 20.82 21.06 352 21.77

2. No. 2
21 20.46 22 20.37 18 20.46 16 20.31

139 22.87 140 22.81 158 22.83 135 22.64
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Figure 6. Limit analysis of transient state measurements (equivalent decay pulses) of the DC networks
No. 1 and No. 2 in subsequent tests during the renovation procedures against the background of
the ranges of changes in equivalent step functions of the DC voltage in the electrical power supply
systems supplied from 28 V DC generators—permissible parameters.

The example shown in Figure 6 of the tested DC power grid No. 1 indicates that
despite the completed repairs, there is a possibility of a problem with the limited self-
regulation capability of its electrical power supply system, which, as mentioned earlier, can
cause improper operation of A/C systems and devices powered by this system. Because
the above problem of limited self-regulation capability of the electrical power supply
system also occurred during engine tests on other A/C, it was necessary to take effective
preventive measures. Their results [45] showed that the main cause of the lack of proper
self-regulation, in the form of exceeding the permissible values of the equivalent pulse
in DC networks, are aging changes resulting from the long operation time of their main
power source, the GS-12T 3s generators. The equivalent pulse parameters of the aircraft’s
DC network deteriorated year by year, and the value of the reduced equivalent pulse time
identifies the operational life of their power supply network. The inability to self-regulate
the DC power supply system as required resulted from a malfunction of the GS-12T 3s DC
generator. The observed malfunction, in the form of an abnormally increased duration of
decay pulses, resulted from the progressive overcompensation of the GS-12T 3s generator
due to aging processes. This malfunction resulted from incorrect setting of the angle α

of the generator’s brushes relative to the magnetically neutral zone. It turned out that
with increasing generator operating time, the angle α between the magnetically neutral
zone and the position of its brushes spontaneously increases, causing a significant increase
in the duration of the equivalent pulse during a sudden increase in the generator’s load.
This confirmed the need to introduce additional procedures and checks performed on
DC generators into the overhaul process, as well as additional inspections of the power
grid during the A/C’s post-overhaul operation. The current overhaul technology for GS-
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12T 3s DC generators has been expanded to include checking the brush position relative
to the neutral zone—measuring the α angle and enabling its correct adjustment. This
improved the generators, thus improving the A/C’s power grid’s ability to self-regulate.
In summary, by properly monitoring and adjusting the brush position relative to the
generator’s magnetic neutral zone, taking into account their service life, it is possible to
shape the characteristics of the aircraft’s DC power grid power source, counteracting its
aging process and ensuring proper operation during subsequent operation.

4. Materials and Methods

4.1. Commutator-Based DC Generators as Electrical Energy Sources for Public Utility Power
GridsThe specificity of aviation technology lies in the appropriate design and technology of
parts, assemblies, and devices used in aviation, as well as their rational use, maintenance,
and storage, which significantly slows down the aging process and improves the economic
performance of operation. The required level of reliability and safety of modern A/C
cannot be achieved without maintenance, despite ensuring compliance with the highest
standards at the design and production stages. To determine the optimal operational model,
it is necessary to correctly identify the processes and phenomena characteristic of aviation
technology operation, study them experimentally both in the laboratory and on board the
A/C and then develop countermeasures [46–49].

In both military and civil aviation, commutator-type DC generators are used as the
source of electrical power for power grids in A/C. The main advantages of such power
systems include easy interoperability with an on-board battery and easy parallel operation
of generators, as well as the possibility of buffer operation, i.e., drawing energy from the
battery during generator overload. Another advantage is that a commutator-type DC
machine is reversible, meaning it can operate as a generator and then be used as a starter
the next moment. Furthermore, this type of network has a simple voltage regulation system
that controls only the amplitude of the generator’s output voltage and lacks capacitive
effects during operation under steady-state (constant) load conditions, i.e., the effects of
increasing the voltage at the end of the cable under capacitive load conditions [11,37,49].

In DC commutator generators, we also encounter a negative phenomenon involving a
change in the magnetic field under load. As current increases in the circuit, the magnetic
neutral zone line of a DC machine shifts due to armature reaction (the creation of a
magnetic field transverse to the direction of the stator magnetic field lines) relative to
the geometric plane between the stator pole pieces. The stator magnetic circuit becomes
locally saturated, making the generator less efficient—the external effect is a reduction in the
output voltage level for systems without a voltage regulator or an increase in the excitation
current for systems with an automatic voltage regulator. To counteract this phenomenon,
these machines employ an automated compensation process through the installation of
commutator windings and compensation windings that generate a magnetic field in the
opposite direction to the armature flux reaction to the generator load. However, during
long-term operation of generators, despite the use of these windings and automatic voltage
regulation, due to aging processes in the electrical and magnetic circuits, the effectiveness
of this automatic compensation decreases, and the machine’s efficiency deteriorates. The
influence of the aging process on the reduction in the efficiency of these windings has
not been discussed in the known literature so far—such research was presented by the
author in [29]. An effective way to counteract the phenomenon of aging of generator
components is, as presented in [29], an additional precise correction of the position of the
generator brushes in relation to the magnetically neutral zone. So far, in A/C designs, in
operational practice, the angle of the brushes relative to the magnetically neutral zone is
rarely adjusted [50,51] due to the underestimation of the impact of armature reaction (the
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formation of a strong transverse field in the armature when increasing the load current) on,
among others:

(a) the generator’s energy efficiency, especially under conditions of dynamic changes in
its load level and the destruction of its commutator,

(b) the process of thermal overload of the generator,
(c) current overload of the excitation winding,
(d) the speed of the automatic voltage regulation system supplied by it.

Furthermore, operators place excessive faith in the role of the commutator and com-
pensation windings in neutralizing the effects of transverse field influences—even though,
as it turns out, their effectiveness decreases with time of operation [29].

With the development of increasingly complex voltage regulation systems for com-
mutator DC generators (based on electromechanical and later electronic systems), the
erroneous belief arose that a good voltage regulation system (i.e., with a time constant
lower than the generator’s time constant) is capable of freely shaping the characteristics
of an A/C’s power grid, even when magnetically neutral zones shift due to aging phe-
nomena. From a formal point of view, this is true (in most operational cases observed on
board the A/C), but it is related to, among others, an increase in the temperature of the
generator excitation circuits (often visible in the form of overheating of the insulation of the
external excitation circuit cables), non-standard voltage stabilization times after changes
in the load level and, in general, an increase in operating costs resulting from premature
repairs [29,52,53].

4.2. Measurement and Regulation of Commutator DC Generators in Terms of the Positioning of the
Generator Brushes Relative to the Magnetically Neutral Zone

As previously discussed, DC power grid malfunctions in the form of increased decay
pulses may result from incorrect adjustment of the brush position angle relative to the
magnetically neutral zone in the GS-12T 3s commutator DC generator. Both measurement
and regulation of this generator can be achieved using a measuring system constructed
according to the proprietary solution, filed as invention [34], “System for measuring the
position of DC generator brushes relative to the neutral zone.”

A simplified diagram of the station for testing and regulating the brush position
of the GS-12T 3s commutator DC generator relative to the magnetically neutral zone,
developed based on the above solution, is shown in Figure 7 [29]. The essence of this
station is that, after removing the brushes, two measuring brushes are mounted in
two adjacent brush holders (closing the rotor coil circuit) of the tested generator. The
measuring brushes are made of insulating material with axes of symmetry marked on their
sides (from the generator terminal board side). The generator commutator is connected to
the oscilloscope via measuring probes applied to the side surfaces of the commutator staves
(detail “stave 1”, “stave 18”), which enables the measurement and recording of voltages
induced in the generator armature. The excitation circuit of the tested generator is powered
from an external source for the duration of the measurement (the generator switches from
shunt operation to a separately excited system)—during the measurement, the excitation
windings are powered from a DC power supply with an AC pulsation component [34].
To minimize the circumferential structural clearances in the generator rotor assembly (at
the splined connection between the drive shaft and the rotor), a force is applied to the
generator rotor fan using a dynamometer during the measurement.
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Figure 7. Schematic diagram of the stand for checking the angle α of the brush position of the GS-12T
3s DC generator in relation to the neutral zone with the elements of the measuring system: F—the
force exerted on the generator rotor by means of a dynamometer, ϕ—the generator rotor speed,
α—the angle between the brush center and the neutral axis (magnetic neutral)—defining the position
of the brushes in relation to the neutral zone, the measurement of which is performed indirectly by
means of a depth gauge.

The basic element of the stand for testing and adjusting the brush position of the
GS-12T 3s commutator DC generator relative to the magnetically neutral zone (proprietary
design solution) is the goniometer described in utility model [54]. Using the goniometer in
the above system allows for precise determination of the brush position angle relative to
the neutral zone. Appropriate configuration of the goniometer in the measurement system
also enables precise adjustment of the brush position angle α of the generator relative to its
neutral zone, as required for both generator and motor operation.

In experimental tests and during the overhaul process, the stand shown in Figure 8
is used to measure and adjust the brush position angle α relative to the neutral zone of
GS-12T 3s generators.

Figure 8. View of the stand for measuring and adjusting the angle α of the brush position of the
GS-12T 3s DC generator in relation to the neutral zone: 1—goniometer for checking and adjusting
the brush position of the GS-12T 3s DC generator in relation to the neutral zone, 2—tested GS-12T 3s
generator, 3—oscilloscope, 4—DC power supply, 5—dynamometer.

4.3. Shaping the Characteristics of a Commutator DC Generator

This article presents selected test results of the characteristics of a commutator-type
DC generator after changes in the brush angle (α) relative to the neutral zone. Examples
include a GS-12T 3s DC generator No. 1, which has had 0 h of operation on the primary
line since its inception, and a generator No. 2, which has had 1677 h of operation on the
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primary line. Tests determining the effect of the brush angle (α) relative to the neutral zone
on selected characteristics of a commutator-type DC generator were performed on a VR
600 drive station, shown in Figure 9.

Figure 9. View of the VR-600 test stand for testing GS-12T 3s DC generators: 1—VR-600 drive stand,
2—GS-12T 3s generator under test, 3—EL 9080—600 HP thyristor load, 4—oscilloscope, 5—DC
power supply.

Before proceeding to the next stages of testing selected characteristics of the tested
generators, on the stand shown in Figure 8, the current angle α of the generator brushes
position relative to the neutral zone was determined, and then the brush position was
adjusted to the value of the angle α required for the performed stage of testing.

4.3.1. The Influence of the Brush Position Angle Relative to the Magnetically Neutral Zone
on the Idle Operating State of the Generator

To determine the effect of the brush position angle α relative to the magnetically neutral
zone on the no-load operating state of the tested GS-12T 3s DC generators, characteristic
tests were performed [37,55,56], i.e., the dependence of the generator’s electromotive force
E at an open external circuit (no load) on its excitation current Ie, at a constant rotational
speed and load current Iload = 0, i.e., at an open external circuit (n = 4200 rpm = const = nN)
according to:

Uo ≈ E = f(Ie)

Example test results of no-load characteristics, measured values of the electromotive
force E at the terminals of GS-12T 3s DC generators No. 1 and No. 2, obtained for the
generators with their brushes positioned relative to the neutral zone for angles α: 0◦, 1.0◦,
respectively. 1.6◦, 2.2◦ and 3.4◦ are presented in Table 3. Figure 10 shows the no-load
characteristics for generators No. 1 and No. 2 obtained after their adjustments to the
individual values of the α angle. The generator no-load test results presented in Table 3
were performed at a rotational speed of 4200 rpm, which, according to [57], corresponds to
the minimum rated rotational speed of the GS-12T 3s DC generator, and the limitation of
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the excitation current range to 20 A resulted from the use of such protection in the generator
excitation circuit on the aircraft.

Table 3. Comparison of the electromotive force E (n = const = 4200 rpm and Iload = 0 A) of the GS-12T
3s DC generators No. 1 and No. 2 with different run-on time and different positions of the generator
brushes relative to the neutral zone.

No.

Excitation
Current

The Angle α of the Brush Position Relative to the Neutral Zone
of the Generator [◦]

0 1.0 1.6 2.2 3.4

The Value of Electromotive Force E/Generator Number

Ie [A]
Eo [V] E1 [V] E1.6 [V] E2.2 [V] E3.4 [V]

No. 1 No. 2 No. 1 No. 2 No. 1 No. 2 No. 1 No. 2 No. 1 No. 2

1. 0 0.95 0.91 0.88 0.86 0.92 0.85 0.87 0.88 1.04 0.83

2. 2 8.05 9.51 9.71 10.11 9.05 11.06 8.85 10.03 6.25 8.02

3. 4 16.21 19.32 19.25 20.02 18.15 20.95 17.65 20.21 11.21 15.17

4. 6 23.80 27.36 27.12 27.81 26.12 28.85 25.65 28.07 17.01 22.51

5. 8 30.20 32.49 32.80 33.02 32.02 34.13 31.61 33.25 23.51 29.42

6. 10 35.11 35.83 36.50 36.51 36.21 37.29 35.85 36.39 30.23 34.91

7. 12 38.70 37.92 39.02 38.72 39.02 39.53 38.62 38.61 36.52 38.26

8. 14 41.24 39.62 40.95 40.08 41.25 41.12 40.35 40.40 40.61 40.42

9. 16 43.32 41.24 42.51 41.31 43.03 42.33 42.02 42.03 42.73 41.82

10. 18 44.75 42.19 44.02 42.41 44.25 43.28 43.42 43.02 43.81 42.74

11. 20 45.80 43.08 45.11 43.17 45.19 43.98 44.53 43.91 44.24 43.14

Figure 10. No-load characteristics of GS-12T 3s DC generators (n = const = 4200 rpm and
Iload = 0 A) with different run-on time and different positions of the generator brushes relative
to the neutral zone of the α angle: 0◦, 1.0◦, 1.6◦, 2.2◦ and 3.4◦: (a) generator No. 1, (b) generator No.
2.

Test results for GS 12 T 3s DC generators showed that each change in the brush
position in the generator (angle α: 0◦, 1.0◦, 1.6◦, 2.2◦, and 3.4◦) resulted in a change in the
no-load characteristics. The obtained characteristics, presented in Figure 10, for example,
generators No. 1 and No. 2, determine their dependence on both the angle α of the
brush position in the generator relative to the magnetically neutral zone and on the tested
generator’s accretion.
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To illustrate the established relationship, based on the no-load characteristics presented
above, the no-load excitation current I0e was determined, i.e., the excitation current at which
the electromotive force E is equal to the rated voltage of the generator UN = 28.5 V. The
obtained values of the rated excitation current I0e at no-load and a specific angle α of
the brushes setting in the generator are presented in Table 4, and their characteristics
in Figure 11.

Table 4. Values of the rated excitation current I0e at no-load speed of 4200 rpm and a voltage of 28.5 V
for GS 12 T 3s DC generators with a specific angle α of the generator brushes position relative to the
neutral zone.

No.
Generator

GS-12T
3s

Generator Hours
Since the

Beginning of
Operation on the

A/C

The Value of the
Electromotive Force on the

Generator Armature at
n = 4200 rpm

The Angle α of the Brush Position Relative to the Neutral
Zone of the Generator [◦]

0 1.0 1.6 2.2 3.4

Rated No-Load Excitation Current

[hours] E [V] I0e [A]

1. No. 1 0
28.5

7.12 6.36 6.57 7.15 9.18

2. No. 2 1677 6.37 6.11 5.90 6.14 7.21

Figure 11. Influence of the operating time of DC generators No. 1 and No. 2 on the values of the
rated excitation current I0W at no-load n = 4200 rpm and voltage 28.5 V depending on the angle α of
the position of the generator brushes relative to the neutral zone.

Comparing the characteristics of generators No. 1 and No. 2 shown in Figure 11, it
can be concluded that with increasing operating time, the value of the excitation current
I0e at which the generator reaches its rated voltage decreases. This indirectly confirms
the hypothesis that with increasing operating time (mainly due to increasing armature
winding resistance), the generator systematically overcompensates [29]. At the same time,
the minimum I0e value shifts to larger α angles with flight time (operating time on the SP).
This results, among other things, from [11,56] due to:

(a) aging changes in the rotor magnetization characteristics—the rotor’s magnetic perme-
ability characteristics become lower and flatter over time—these changes are directly
proportional to the operating time and temperature,

(b) reduced commutator diameter (due to periodic rewinding)—the brush shorts a larger
number of rotor turns per unit of time,

(c) increasing the effective air gap—due to increased clearances in the rotor
assembly bearing.
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4.3.2. The Influence of the Brush Position Angle Relative to the Magnetically Neutral Zone
on the Generator’s Control Properties

To determine the effect of the brush position angle α relative to the magnetically
neutral zone on the control properties of the GS-12T 3s DC generators, tests of control
characteristics were performed [37,55], i.e., the dependence of the excitation current Ie on
the load current Iload at a constant rated voltage Ur and a constant rotational speed equal
to the rated nr, in accordance with:

Ie = f(Iload)

Example test results of the generator control characteristics determined on the GS-12T
3s DC generators No. 1 and No. 2, in which the position of the generator brushes relative
to the neutral zone was regulated for the angle α: 0◦, 1.0◦, 1.6◦, 2.2◦, and 3.4◦ are presented
in Table 5. The control characteristics obtained on their basis, defining their dependence
on the position of the generator brushes at a specific value of the angle α, are presented in
Table 5. in Figure 12. The results of the generator control characteristics tests presented in
Table 5 were performed at a rotational speed of 9000 rpm (corresponding to the maximum
rotational speed of the generator) and within the range of current changes in the excitation
circuit Ie (ΔIe = Iemax − Iemin) necessary to maintain the output voltage of 28.5 V obtained
with a (slow or step-by-step 50 A) load change from 0 A to the rated current (INload = 400 A),
which values were determined based on the study [57].

Table 5. Comparison of the excitation current values Ie (n = const = 9000 rpm and Iload = 0 ÷ 400
A and U = 28.5 V) in the excitation circuit of GS-12T 3s generators No. 1 and No. 2 with different
accumulator run time and different positions of the generator brushes relative to the neutral zone.

No.

Generator
Load Current

Iload [A]

Angle α of the Brush Position Relative to the Neutral Zone [◦]

0 1.0 1.6 2.2 3.4

Average Value of Excitation Current Ie/Generator Number

Ie0 [A] Ie1 [A] Ie1.6 [A] Ie2.2 [A] Ie3.4 [A]

No. 1 No. 2 No. 1 No. 2 No. 1 No. 2 No. 1 No. 2 No. 1 No. 2

1. 0 2.60 2.60 2.59 2.60 2.60 2.59 2.59 2.57 2.60 2.57

2. 50 2.75 2.52 2.74 2.61 2.94 2.71 2.96 2.69 3.05 2.97

3. 100 2.87 2.41 2.91 2.63 3.27 2.75 3.38 2.78 3.55 3.34

4. 150 2.95 2.34 3.07 2.80 3.58 2.85 3.77 2.89 4.0 3.63

5. 200 2.98 2.37 3.25 2.85 3.78 3.05 4.15 3.04 4.43 4.05

6. 250 3.06 2.40 3.43 2.88 4.07 3.27 4.53 3.30 4.79 4.50

7. 300 3.05 2.42 3.70 2.92 4.22 3.39 4.80 3.45 5.02 4.78

8. 350 3.04 2.34 3.91 2.93 4.40 3.62 5.12 3.72 5.39 4.98

9. 400 3.03 2.27 4.05 3.01 4.52 3.82 5.37 3.90 5.78 5.38

10. ΔIe = I400A − I0A 0.46 −0.33 1.46 0.41 1.92 1.23 2.78 1.33 3.18 2.81

The results of tests on GS-12 T 3s DC generators, performed with different brush
positions relative to the neutral zone, showed that any change in brush position (change
in α angle) in the generator affects the shape of its control characteristic Ie = f(Iload). As
the α angle increases from 0◦ to 3.4◦, the difference between the minimum and maximum
current values in its excitation circuit increases, the angle of inclination of the resulting
control characteristic increases, and its shape changes.
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Figure 12. Control characteristics of GS-12T 3s DC generators with brushes shifted relative to the
neutral zone in the direction of generator rotor rotation by angle α: 0◦, 1◦, 1.6◦, 2.2◦, and 3.4◦ against
the background of the required values: (a) generator No. 1, (b) generator No. 2.

The changes in current intensity in the excitation circuit of GS-12 T 3s DC generators
with different run-on times (ΔIe = I400A − I0A), obtained at different brush position angles
relative to the neutral zone, presented in Table 5, indicate that the shape of the control
characteristics of individual generators is influenced by aging changes resulting from the
operating time of these generators. An example of the influence of aging changes is given by
the characteristics of changes in the current intensity in the excitation circuit of generators
No. 1 and No. 2 (with different accumulator run-time) depending on the angle α shown
in Figure 13.

Figure 13. The influence of the operating time of DC generators No. 1 and No. 2 on the characteristics
of current changes in the excitation circuit of the generators depending on the angle α of the position
of the generator brushes relative to the neutral zone.

The characteristics shown in Figure 13 indicate that:

(a) for a generator with 0 h of operation on the primary winding, the transverse armature
reaction flux Φq is compensated by the magnetic flux of the compensating winding
Φkom, which is opposite in direction but equal in absolute value, in accordance with
the requirements [33] for angle settings Φ in the range from 0.1◦ to 1.5◦,

(b) for a generator with a significant operating time (1677 h of operation on the primary
winding), due to aging changes, the weakening transverse armature reaction flux
Φq is overcompensated in the range from 0◦ to 1.0◦—this flux is compensated by
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the magnetic flux of the compensating winding Φkom, which is opposite in direction
but equal in absolute value, in accordance with the requirements [57] only for angle
settings Φ in the range from 1.0◦ to 2.6◦.

4.3.3. The Influence of the Brush Position Angle Relative to the Magnetically Neutral Zone
on the Generator Properties in Transient States

Studies of the DC characteristics, which determine the dependence of the brush
position relative to the magnetically neutral zone (angle α) on the value of the equivalent
decay pulse Siz generated during step changes in the generator load from 10% Ir to 170%
Ir (at n = const) [40,41], allow us to determine the effect of the α angle on the transient
operating state of GS-12T 3s generators. The value of the equivalent substitute impulse Siz

is calculated according to the formula:

Siz = 24 − Umin · tz

Umin—minimum voltage value
tz—reduced time
The reduced time tz of the equivalent pulse is calculated according to formula:

tz = S/(24 − Umin)

S—area under the lower reference level of 24 V of the actual voltage waveform
Example test results of GS-12T 3s DC generators No. 1 and No. 2 in transient states

(caused by a step load on the generator from 10% Iz to 170% Iz) performed at three generator
speeds and rotational speeds, obtained for the generators with their brushes positioned
relative to the neutral zone for angles α: 0◦, 1.0◦, 1.6◦, 2.2◦, and 3.4◦, respectively, are
presented in Table 6.

Table 6. Average values of equivalent decay pulses Siz of the GS-12T 3s DC generator No. 1 and No.
2 obtained for different angles α of the brush position relative to the neutral zone in the generator.

No.

Generator
Speed
[rpm]

Angle α of the Brush Position Relative to the Neutral Zone [◦]
0 1.0 1.6 2.2 3.4

Equivalent substitute Impulse Siz [Vms]
/Generator Number

Siz0 [A] Siz1 [A] Siz1.6 [A] Siz2.2 [A] Siz3.4 [A]

No. 1 No. 2 No. 1 No. 2 No. 1 No. 2 No. 1 No. 2 No. 1 No. 2

1. 5050 58.6 43.4 84.6 67.1 134.5 98.5 229.2 148.1 462.8 441.2

2. 6633 44.3 36.7 67.8 49.8 106.9 65.4 139.1 87.0 200.9 175.1

3. 9000 41.2 32.5 62.7 43.9 87.2 54.2 112.7 79.7 158.0 167.7

The transient state characteristics derived from these results, i.e., the dependence of
the equivalent decay pulse Sir on the angle α of the generator brushes positioned relative
to the magnetically neutral zone, as a response of the generator control system cooperating
with the voltage regulator to a single step loads in Figure 14. The results of equivalent
decay pulse tests presented in Table 6 were performed at rotational speeds of 5050 rpm and
6633 rpm, which, according to studies [43,44], reflect the actual operating conditions of the
GS-12T 3s DC generator on the Su-22 aircraft (turbine speed n = 67%—minimum range
and n = 88%) and additionally at the maximum rated rotational speed of the generator of
9000 rpm [57].
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Figure 14. Values of equivalent decay pulses of the GS-12T 3s DC generator No. 1 and No. 2 as a
function of changes in the brush position angle relative to the magnetically neutral zone (pulses were
generated with load changes from 10% to 170% of the rated current Ir of the generator). (a) generator
No. 1; (b) generator No. 2.

Tests of GS-12 T 3s DC generators have shown that changing the brush position (angle
α: 0◦, 1.0◦, 1.6◦, 2.2◦, and 3.4◦) in the generator affects the obtained equivalent decay pulse
values (Siz), which is particularly noticeable at lower generator speeds. Increasing the
brush position angle (α) relative to the generator’s neutral zone (from 0◦ to 3.4◦) increases
the value of the equivalent decay pulse generated during transient states.

The characteristics of GS-12T 3s generators No. 1 and No. 2 with different flight
times, presented in Table 6, show the effect of aging changes on the obtained equivalent
decay pulse values (Siz) for all brush position angle values (α) relative to the generator’s
neutral zone. Figure 15 shows examples of obtained Siz values for the presented transient
tests of DC generators GS-12T 3s No. 1 and No. 2 (with different run-in time), with
load changes from 10% to 170% of the rated current Ir of the generator and rotational
speed npr1 = 5050 ± 50 rpm.

Figure 15. Influence of the operating time of DC generators No. 1 and No. 2 on the characteristics of
equivalent decay pulses of generators with brushes shifted relative to the neutral zone in the direction
of generator rotor rotation by the angle α: 0◦, 1◦, 1.6◦, 2.2◦ and 3.4◦, with load changes from 10% to
170% of the rated current Ir of the generator and rotational speed npr1 = 5050 ± 50 rpm.

The trend line of the tested parameter Siz for generator No. 1 (except for the angle
α = 0◦) observed in Figure 15 deviates from the trend line for generator No. 2. The
illustrated shift in the trend line for generator No. 2 with a long flight time compared to
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generator No. 1 with zero flight time indicates aging changes occurring in the generators,
which affect their proper self-regulation during operation. The characteristics presented in
Figure 15 show that in generators with a longer flight time, the angle α can be increased
to a greater extent than in generators with zero flight time without causing a significant
increase in the equivalent decay pulse.

5. Mathematical Model of a Commutator-Type DC Generator

5.1. Mathematical Model

The research materials presented in this article illustrate numerous phenomena related
to aging processes occurring in GS-12T 3s commutator-type DC generators. These measure-
ments were performed over many years during the operation of these generators on board
aircraft during their normal operation. For this reason, not all experiments could be con-
ducted on these generators and their power grids. Therefore, a mathematical model based
on the MATLAB R2021b environment was developed to model the static and dynamic
processes occurring in the DC power node of the Su 22 aircraft [29].

Data for the model were obtained from available literature sources and from direct mea-
surements of the characteristics of a representative generator and
regulator [1,37,42,45,49,57]. Data that were impossible to obtain (e.g., the coefficient of
viscous friction in the moving parts of the voltage regulator) were estimated using heuristic
methods, while maintaining the correct external characteristics and boundary conditions.

The mathematical model of the GS-12T 3s generator with the RN-180M voltage regu-
lator was developed based on the diagram presented in [57], which was used to create the
equivalent circuit diagram of the generator with voltage regulator shown in Figure 16.

Figure 16. Equivalent diagram of the electrical circuits of the GS-12T 3s generator with the RN 180M
voltage regulator.

The above diagram (Figure 16) was used to determine the voltage balance equations
of the next six loops [41] using the loop method [1,55], from which the following were
determined:

Laplace transform of the armature current IA:

IA (s) = J2 (s) − J1 (s)
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Laplace transform of the generator voltage UG:

UG (s) = EG (s) − IA (s) [RA + s LA] = EG (s) − [J2 (s) − J1 (s)] [RA + s LA]

Laplace transform of the generator excitation current Ie:

Ie (s) = J2 (s) − J5 (s)

Laplace transform of the generator excitation voltage Ue:

Ue (s) = Ie (s) [Re + s Le] = Ie (s) Re + s Ie (s) Le

Laplace transform of the current flowing through the carbon column of the regulator Is:

Is (s) = J2 (s) − J3 (s)

Laplace transform of the voltage across the carbon column of the regulator Us:

Us (s) = Is (s) Rs

Laplace transform of the current in the additional resistance IRd:

IRd (s) = J1 (s) − J5 (s)

Laplace transform of the voltage across the additional resistance URd:

URd (s) = IRd (s) Rd

Laplace transform of the current in the coil of the working winding IL1:

IL1 (s) = J5 (s) − J6 (s)

Laplace transform of the current in the coil of the compensation winding IL2:

IL2 (s) = J6 (s)

UPM bridge diagonal voltage in operator form:

UPM (s) = UP2 (s) UP1 (s)

If the bridge diagonal voltage is greater than zero, then:

UP2 (s) > UP1 (s)

or I2 R2 < Is Rs

In addition to the effect of temperature, the developed mathematical model takes into
account the dynamics of the moving elements of the RN-180M voltage regulator, where
the moving element is a core compressing a carbon pillar—the greater the compressive
force, the lower the resistance of the carbon pillar [7,10,11,45]. The compressive force on
the carbon pillar is reduced by the attractive force of the electromagnet in the regulator’s
coil L1 (Figure 16). The input to the model is therefore the current in coil L1. An auxiliary
element is coil L2, which performs the task of temperature compensation of the voltage
stabilization system in the generator. This model therefore includes control from the side of
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coil L2 (Figure 16). The input current to coil L2 is the second control input in the model.
The output in the model is the resistance of the carbon post of the voltage regulator.

The equations of the mathematical model of the moving elements of the voltage
regulator can be presented in the form:

FL1 = f (IL1)

FL2 = f (IL2)

Fel = FL1 − FL2

where FL1—electromagnet force as a function of coil L1 current,
FL2—electromagnet force as a function of coil L2 current,
f (IL1)—nonlinear force characteristic depending on the current in coil L1,
f (IL2)—nonlinear force characteristic depending on the current in coil L2,
IL1—current in coil L1,
IL2—current in coil L2,
Fel—resultant electromagnet force.
The equation for the dynamics of the moving elements of the voltage regulator (all

moving elements move simultaneously in one axis) is as follows:

m · d2x
dt2 + kTL · dx

dt
+ Fx(x) = Fel

where m—mass of all moving parts of the RN-180M voltage regulator,
x—displacement of moving parts relative to the regulator housing,
kTL—coefficient of viscous friction,
Fx (x)—nonlinear force characteristic of the diaphragm spring (compressing the

carbon column).
For the purpose of solving the equation in the simulation model, this equation was

transformed into the following form:

d2x
dt2 =

1
m

· Fel − kTL
m

· dx
dt

− x
m

· f (x)

The equation relating the resistance of the carbon column to the contact force is
as follows:

Rs (Fx) = f [Fx (x)]

where Rs (Fx)—resistance of the carbon column,
f [Fx (x)]—nonlinear characteristic of the change in the resistance of the carbon column.
Furthermore, the mathematical model of the electromotive force (EMF) generation

of the GS 12T 3s generator assumes that the EMF value depend on the following variable
input parameters:

Ie—generator excitation current,
n—generator rotor speed,
α—brush angle relative to the stator’s magnetically neutral zone.
With these assumptions, the electromotive force (EMF) of the generator depends on

three variables:
E = f (Ie, n, α)

The generator’s EMF is included in the voltage balance loop equations for the electrical
circuits of the generator-voltage regulator system.
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The characteristics of the change in EMF when individual variables are changed were
measured on a real generator [29] for specific values, which served as interpolation nodes
for determining the EMF value between nodes.

5.2. Examples of Simulation Test Results

To demonstrate the value of the research, example results of simulation tests of static
characteristics of the GS-12T 3s generator model with a regulator obtained for no-load
operation are presented below and compared with the experimental results.

Simulation studies were performed using a simulation model of the electrical cir-
cuits of a GS-12T 3s generator with an RN-180M voltage regulator, developed using the
Matlab-Simulink programming environment [1,2]. The developed model contains an
internal structure whose main element is the “Electrical Circuit Differential Equations
Module.” This module solves the system of six differential equations of electric circuits
shown in Figure 16 for six loops (mesh currents: J1, J2, J3, J4, J5, J6). The outputs of the
mesh currents J1 to J6 and the derivatives of the mesh currents are coupled to the inputs
using memory modules to store the parameter values from the previous integration step.
An additional element in the internal structure is the “Logic Module” for commutating
algorithms for solving nonlinear differential equations depending on the parameters of the
electrical circuits.

Example results of simulation tests of the no-load running of the GS 12T-3s generator
(obtained for the rotor rotational speed n = 4200 rpm and various angles of the generator
brushes position relative to the neutral zone α: 0◦, 1.0◦, 1.6◦, 2.2◦ and 3.4◦) are shown
in Figure 17.

Figure 17. Simulated no-load characteristics of the GS-12T-3s generator for the rotor speed
n = 4200 rpm and different positions of the generator brushes relative to the neutral zone of the angle
α: 0◦, 1.0◦, 1.6◦, 2.2◦ and 3.4◦.

In order to assess the consistency of the simulation model (Figure 17) with the experi-
mental data (Figure 10a), regression lines were fitted [29] using the no-load characteristics
of the GS-12T-3s generator for the results obtained at different angles α. An example scatter
plot of the simulation model and experimental results obtained for α: 0◦, 1.0◦, 1.6◦, 2.2◦

and 3.4◦ is shown in Figure 18.
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Figure 18. Comparison of simulated and experimental no-load characteristics of the GS-12T 3s DC
generator (n = const = 4200 rpm and Iobc = 0 A).

The presented example comparison of the results of simulated and experimental tests
of the no-load characteristics of the GS-12T 3s DC generator (for which the regression
equations and R2 determination coefficients were determined) showed that the fit of the
developed simulation model to the obtained experimental data is correct.

The presented mathematical and simulation model (described in more detail in [1])
should therefore be treated as an approximation of the description of physical phenomena
that can be further developed and supplemented in order to adapt them to other electrical
machines currently operated both on aircraft and in industry.

6. An Example of the Practical Use of Power Source Characteristics
Shaping to Effectively Counteract the Aging Process of an Aircraft DC
Power Grid

The presented possibilities of shaping the characteristics of the A/C power source
by appropriately regulating the DC generators (changing the angle α of the generator
brushes position relative to the magnetically neutral zone) in practice create the possibility
of effectively counteracting the aging process of the aircraft DC power network. Below are
sample test results of the DC power network of the Su-22 A/C with GS 12T 3s generators
No. 3 and No. 4, performed during engine tests in transient states, which confirm the
possibilities of practical use of shaping the power source characteristics to effectively
counteract the aging process. The tests were performed before and after adjusting the angle
α of the brushes position of generators No. 3 and No. 4 relative to the magnetically neutral
zone (according to the method patented by the author) [34]. Data on the operating time
of generators No. 3 and No. 4, which are the main power sources of the tested electrical
power grid of the Su-22 A/C, as well as the value of the angle α in the generators before
the angle adjustment (1st engine test) and after the angle adjustment in the generators (2nd
engine test) are presented in Table 7.
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Table 7. Data of generators No. 3 and No. 4 constituting the main power sources of the tested
electrical network of the Su-22 A/C.

No.
Generator

Number GS-12T
3s

Operation Time of
Generators on the

Su-22 A/C

The Value of the α
Angle in the

Generator (Before
Adjustment)

During the First
Engine Test

The Value of the α
Angle in the

Generator (After
Adjustment)
During the

Second Engine
Test

[hours] [◦] [◦]

1. No. 3 1744 3.1 1.6

2. No. 4 1168 2.6 1.4

Example results of measurements in transient states of DC power networks during
engine tests of the Su-22 A/C performed with DC generators GS 12T 3s No. 3 and No. 4
are presented in Table 8. Non-conforming values are written in bold. The measurement
results presented in Table 8 were obtained at an aircraft turbine speed of n = 67% (minimum
range), which, according to studies [43,44], corresponds to a generator speed of 5050 rpm.

Table 8. Measurement results of transient parameters of the Su 22 A/C power grid with GS-12T 3s
DC generators No. 3 and No. 4 before and after the α angle adjustment.

No.
Network Power

Source

Transient Parameters of the Su-22 A/C Power Grid

I Test
Before Adjusting the α Angle

II Test
After Adjusting the α Angle

tz [ms] Umin [V] Siz [Vms] tz [ms] Umin [V] Siz [Vms]

1. Generator No. 3
115 20.26 430.1 20 20.16 76.8

895 20.17 3427.9 108 22.52 159.8

2. Generator No. 4
36 19.86 149.0 16 20.50 56.0

702 21.34 1867.3 95 22.87 107.4

3.

Generators
No. 1 and No. 2

operating in
parallel

13 20.97 39.4 7 21.07 21.5

Non-conforming values are written in bold

As presented in the introduction, the parameter that is directly correlated with the
aging processes occurring during the operation of aircraft DC power networks powered by
GS-12T 3s DC generators is the value of the reduced DC equivalent pulse time recorded
during transients. This value, given the known minimum voltage value of this pulse,
allows for the determination of the equivalent DC voltage decay pulse Siz. These values,
after comparison with the ranges of changes in equivalent DC voltage functions in electrical
power supply systems powered by 28 V DC generators specified in the standard [7], clearly
identify the period of usability of the DC power networks of the tested A/C. An illustration
of such analyses comparing the obtained measurement results from the first test of the Su-22
A/C engines (before adjusting the α angle in the generators) and from the second test (after
adjusting the α angle in the generators) with the ranges of changes in the equivalent DC
voltage functions in the electrical power supply systems powered by 28 V DC generators is
presented in Figure 19.
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Figure 19. Comparison of the analyses of the measurements of the transient parameters of the Su-22
aircraft DC network against the background of the ranges of changes in the equivalent DC voltage
functions in the electric power supply systems powered by DC generators No. 3 and No. 4.

The test results presented in Table 8 and the analyses illustrated in Figure 19 are
an example confirming the effectiveness of using power source characteristic shaping to
effectively counteract the aging process of an aircraft’s DC power grid. By adjusting the α

angle in the GS-12T 3s DC generators [34] while taking into account the aging processes
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of the generators, it is possible to obtain the correct parameters of the Su-22 aircraft’s DC
network when operating single generators, which confirms the need to shape the power
source characteristics before installation on the A/C. Precise brush positioning relative
to the magnetic neutral line effectively counteracts the aging process of the aircraft DC
power grid by achieving the required network parameters in steady and transient states,
and also influences the approximation of the time constants of the control systems, which
has a positive effect on the approximation of the dynamics of the generator systems during
parallel operation.

7. Conclusions

The topic of this article stems from many years of operational research (including those
conducted by the authors) related to the quality of electrical power in A/C on-board power
grids, conducted to improve flight safety. The analysis of the Su-22 aircraft’s DC power grid
demonstrated that aging processes occurring during its operation affect the properties of the
power grid during transient states, including the correctness of the system’s self-regulation.
It was found that the parameters directly correlated with aging processes occurring during
the operation of the DC power grid are the amplitude and duration of the equivalent pulse
during transient states of the DC network. Analysis of the results of the Su-22 aircraft’s DC
power grid tests, obtained over the years and after overhaul, indicated that the direct cause
of the malfunctions is the long-term operation of the grid’s primary sources, the GS-12T
3s generators. Aging changes in the generators cause their overcompensation and change
their characteristics. By shaping the characteristics of DC generators, compensating for the
shifting of the magnetically neutral zone relative to the geometric plane between the stator
pole pieces due to aging processes, it is possible to counteract the aging processes occurring
in DC networks during their long-term operation. The author’s method [28] of precise
measurement and precise adjustment of the brush position angle α in DC generators, after
taking into account the changes in the characteristics occurring in the generators during
long-term operation as a result of the aging process, allows for further operation of these
generators on A/C as a power source for their power networks while maintaining the
required quality of electricity in both steady and transient states.

The research results and the developed proprietary solution for regulating the α angle
presented in this article are implemented for operation on the Su-22 A/C as part of the
bulletin, and the applied methodology ensures effective improvement of the characteristics
of the GS 12T 3s DC generators and the parameters of the obtained DC power grids of the
above A/C. This has reduced the failure rate of the DC network and has a direct impact on
flight safety and reduced A/C operating costs. Many of the research topics covered in this
article can be transferred to modern A/C in the future. The presented solution can also be
applied to other A/C, including civil aviation and the national economy.
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Abbreviations

The following abbreviations are used in this manuscript:

A/C Aircraft
ASSL Abnormal steady-state limits
DC Direct Current
ESSL Emergency steady-state limits
NSSL Normal steady-state limits
CBA commutator-brush assembly
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38. Wasiluk, W. Poradnik Inżyniera Elektryka—Tom 2; Wydawnictwo Naukowo Ttechniczne: Warszawa, Poland, 2007. Available online:
https://www.ksiegarnia-fachowa.pl/wiecej.php?id=ni-471 (accessed on 1 March 2025); ISBN 978-83-204-3292-3.
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1984; ISBN 83-01-01265-X.
57. Samolot S-32MK—Opis Techniczny i Eksploatacja Oddzielnych Przyrządów i Agregatów Osprzętu; Ministerstwo Obrony
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