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Since power systems are designed to work at the fundamental frequency, the
presence of other frequencies from various sources may induce series and
parallel resonances, leading to damage. The behavior of the power system in
the presence of harmonics becomes evident with knowledge of harmonic
impedance. Measurement offers the most accurate means of estimating
harmonic impedance. However, when precise data of the power system
parameters are available, highly satisfactory results can be achieved through
calculation methods, particularly regarding loads, which are unknown and
always change. This paper presents a study on estimating harmonic
impedance using the Electromagnetic Transients Program Alternative
Transient Program Draw (EMTP-ATPDraw) program, applied to an
authentic network of Petrovice line 67, 22/0.4 kV, located in the Czech
Republic. Hypothetically, the network was subjected to harmonic injection
from a source (39, 5, 7 9" and 11" harmonics), and the harmonic
impedance was calculated for three different variants: individual harmonics,
all harmonics, and all except the 9" harmonic. The results show that the
presence of the 9™ harmonic can lead to a parallel resonance. This study is
the first to employ EMTP-ATPDraw for programming this network. It gives
the possibility to create a network database for different operating
conditions, offering an asset for future project planning.
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1. INTRODUCTION

It is known that the power system is constructed to work at the fundamental frequency of 50 Hz
(or 60 Hz), at which the power system has an impedance with an inductive character. Typically, the
impedance combines source, transformer, transmission, and cable impedances. When a non-linear load
injects harmonic currents into a power system, the system's impedance induces a voltage drop at each
harmonic frequency. Consequently, the total harmonic voltage distortion at the terminals of a non-linear load
equals the sum of these voltage drops [1]. Due to presence of frequencies other than the fundamental,
parallel, and series resonances may occur due to the influence of power factor correction capacitors and cable
capacities [2], [3], which may damage overvoltage or overcurrent conditions. It is noteworthy that most
harmonic resonance issues are self-correcting. This implies that when the resonant condition occurs, it causes
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sufficient currents or voltages within the system to either blow fuses, cause capacitor failure, or induce other
damages that disrupt the system's resonance. The contrast between series and parallel resonance is that series
resonance produces a low impedance, which draws maximum current into the system. In contrast, parallel
resonance leads to high impedance, which causes significant harmonic voltage drop even with minimal
current present and consequently results in damages associated with voltage stress.

Harmonic sources within the power system included transformer saturation [4], [5], industrial arc
furnaces [6], and other arc devices such as large electric welders [7]. The rising prevalence of non-linear
loads increases the harmonic distortion in the network. These loads include power converters employed in
industrial applications (such as paper and steel industries, petrochemical industries, transportation industries,
and food industries), multipurpose motor speed control systems, and various electric appliances [8], [9].
Various methods have been utilized for harmonic analysis, differing in modeling complexity, algorithms
employed, and data prerequisites [10]-[15].

Harmonic currents typically characterize non-linear loads. Therefore, converting these harmonic
currents into harmonic voltages is essential to determine the harmonic impedance. Knowledge of the harmonic
impedance of the power system provides insight into how the system behaves for different harmonics. The
relationship between network impedance and frequency is referred to as the harmonic impedance (or frequency
characteristic) of the power system (Z = F(f)). While measuring methods provide the most accurate
estimation of harmonic impedance, calculating methods also yield satisfactory results [16]-[19].

Several techniques have been employed recently to estimate the harmonic impedance of the system,
including Burg algorithm and autoregressive model [16], Kalman filter algorithm [17], Norton model and its
improved circuit model [12], [18], a difference recurrence estimation method [19], Bayesian optimized
Gaussian process regression [20], and improved rank regression method [21]. However, when a detailed
knowledge of the electrical system is accessible and obtainable, the methods mentioned could be considered
as intricate. In this study, a harmonic injection into a real known network is used to estimate the harmonic
impedance of the system. In our case, this approach is regarded as less complicated compared to the methods
outlined. The main contributions of this study are: i) Its ability to convert the real network into numerical
data for software compatibility. To ensure successful simulation and accurate harmonic analysis, the network
model components must be carefully chosen based on the analyzed problem; ii) Its capacity to establish a
database of the power system for different variants. This database is valuable for planning new projects or
integrating and installing new equipment within the system. Thus, knowing if the new changes will not
disturb the power system will be easy; and iii) It can result in significant time and cost savings compared to
measuring methods. To achieve the objectives of this study, the Electromagnetic Transients Program
Alternative Transient Program Draw (EMTP-ATPDraw) program has been used, which is the graphical
preprocessor for the alternative transient program (ATP) version of the electromagnetic transients program
(EMTP) [22].

The subsequent sections of the paper are arranged as follows: The investigated network is described in
section 2. Network construction and modeling is detailed in section 3. Section 4 discusses the simulation results.
Finally, section 5 provides the conclusion of the paper.

2. DESCRIPTION OF THE INVESTIGATED NETWORK

The network of Petrovice-line 67, 22/0.4 kV, located in the Czech Republic, has a town distribution
network character. The network comprises 17 distribution transformers with rated powers of 160, 250, and
400 kVA. The connection from the substation is realized by a 3x240 ANKTOY-PV cable (length 2.965 km),
and it continues as an overhead line of 110 or 120 AlFe6 with branches of 70 AlFe6. The schema illustrating
this network is depicted in Figure 1.

The primary challenge in modeling such networks lies in ensuring the accuracy of the values of the
network components, especially the loads and the compensation powers, which are constantly changing, and
the harmonic content generated by most of these loads. The problem arises when the calculation results must
be compared to those obtained through measurements. Hence, several calculation variants need to be
performed based on practical insights. These variants revolve around various operational scenarios and
compensation power. Considering that the load value at each transformer is unknown, this study will
consider 100% of the transformer-rated power with a power factor of cos ¢ = 0.75.

Additionally, the compensation power will be considered to compensate from cosa = 0.75 up to
cos a, = 0.98. The harmonic content will be assumed as a source that generates 3/, 5%, 7t 9t and 11t
harmonic currents, and it can be connected to any transformer within the network. The connection at the
middle of the network (point 5064, transformer 160 kVA) will be sufficient for harmonic impedance
estimation for three variants of harmonic content. The harmonic propagation in the network is depicted by
the EMTP-ATPDraw simulation, and the resulting currents and voltages are visualized by PlotXY software
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[23]. Moreover, PlotXY provides Fourier transformation for voltage and current, which can be used for
impedance calculation. We are concerned with finding out the distorted voltage and current waveforms
directly at the supply network Petrovice and subsequently determining the harmonic impedance.

3. CONSTRUCTION AND MODELLING OF THE NETWORK

The Petrovice network shown in Figure 1 is represented as a voltage source with internal impedance
Z =R+ jX, where R and X are resistance and reactance, respectively, calculated from the short-circuit
power Sk"=1000 MVA. The voltage amplitude V., and the system equivalent are calculated using (1), (2),
and (3) [24], [25]:

14

Vamp = V2 x NEL Yconnected (1)
U2

Z=c—, c=11 2
Sk

Z2=R2+ (X,)> =R+ (10R)%, X, = jwl ?)

U, X, w,c, and L are nominal voltage in volts, inductive reactance in ohms, angular velocity in radians per
second, voltage factor, and inductance in Henry, respectively. According to the investigated network, the
voltage V in (1) is substituted with 22 kV.
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Figure 1. The investigated network constructed by EMTP-ATPDraw
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The supply network can be modeled in the EMTP-ATPDraw using the ACSOURCE model (as a
voltage source, single phase). Its parameters are listed in Table 1. Since the data of the distribution
transformers are well known, they can be modeled by the BCTRAN model (as 1-phase, 1 W connected with
earthed secondary) or by the SATTRAFO model since it consists of simple series R and L components [9].
Table 2 lists the parameters of the transformers.

Table 1. Parameters of the supply network
Vap (KV)  Z(Q) R(Q) L (mH)
17.963 0532 0.053  1.687

Table 2. Parameters of the transformers
Power (kVA) Short-circuit voltage (%) Open-circuit current (%)  Short-circuit losses (kW)  Open-circuit losses (kW)
2

400 6 5.6 8.51
250 4.2 5.9 5.6 1.53
160 4.2 6.5 3.9 1.1

The resistance R and reactance X can represent cables and transmission lines. These values can be
obtained either from manufacturer catalogs or through calculation. Several cable and transmission line
models are available in the EMTP-ATPDraw, which can be easily implemented using the RLC parameters or
the built-in procedure lines/cable (LCC). According to the available data, cable ANKTOY-PV can be
modeled by the LCC JMarti model (1 phase, grounded, p=100 Qm), as shown in Table 3. Concerning the
transmission lines, the manufacturer provides the data for the transmission line AlFe6, as shown in Table 4.
Hence, it will be easily modeled by the LINEPI_1 model using RLC components.

Table 3. Parameters of the cable

Cross section Inner radius ~ Outer radius ~ Material resistivity ~ Material relative  Insulator relative  Insulator relative
(mm?) Rin (M) Rout (M) p (Qm) permeability permeability p, permittivity &
240 0.0093 0.0153 2.3E-8 1 1 23
120 0.00618 0.01225 2.3E-8 1 1 2.3

Table 4. Parameters of the transmission line
Cross section (mm?) R (Q/km) L (mH/km) C (nF/km)

120 0.250 1.064 10.950
110 0.259 1.077 10.806
70 0.429 1.124 10.331

As mentioned, the load will be considered 100% of the transformer-rated power with cos @ = 0.75,
and the power factor will be compensated to cos a, = 0.98. RLC components can model the load without
capacitance C, whereas C will be modeled separately from the compensational reactive power. The values of
the loads are listed in Table 5 and calculated using (4), (5), and (6) [12], [26],

U2

R =~ (4)
— Uz

L= (5)
Q

- W_CUZ (6)

where S is the transformer-rated power in volt-ampere.

Although the harmonic content is typically acquired through measurement, for illustrative purposes,
the harmonic source in the examined network is modeled by the HFS_Sour model (harmonic frequency scan
source, type 14), which injects the 37, 51, 7t gt and 11" harmonic currents to the network with hypothetical
values provided in Table 6 for three calculation variants.
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Table 5. Parameters of the loads

Transformer power S (kVA) Cosa P (MW) Q(MVArN R(Q) L(mH) Qc(MVAr) C(uF)
400 0.300 0.265 0.53 1.93 0.204 4053.693
250 0.75 0.188 0.165 0.85 3.08 0.127 2533.558
160 0.120 0.106 1.33 4.81 0.081 1621.477

Table 6. The values of the harmonic currents

Harmonic order 3 5 7 9 11
Current Individual 200 200 200 200 200
(A) All 200 200 200 200 200
All without 9" 200 200 200 - 200

4. RESULTS AND DISCUSSION

The network of Petrovice-line 67, shown in Figure 1, was constructed with one variant of the
harmonic source connection and three variants of harmonic content, as described below:

- All loads in Table 5 were chosen as 100% of the transformer-rated power and were represented as RL
components.

- Compensational capacitors were connected to all loads in Table 5 to compensate for the power factor
from cosa = 0.75 up to cos a, = 0.98.

- The harmonic source in Table 6 was connected in the middle of the network (point 5064, transformer
160 kVA).

- The harmonic impedance was calculated from the voltage and current obtained directly from the
Petrovice supply network.

The simulation by EMTP-ATPDraw yields distorted voltage and current curves observed within the
supply network. The required next step that the PlotXY software offers is to perform Fourier transformation
for the voltage and current as listed in Tables 7, 8, 9, and 10 for the three calculation variants, as follows:

— For individual harmonics as shown in Tables 7 and 8.
— For all harmonics as shown in Tables 9 and 10.
— For all harmonics without the 9™ harmonic as shown in Tables 9 and 10.

Table 7. The harmonic voltages for variant 1

h Magnitude (V) h Magnitude (V)
3rd 5th 7th gth 1lth 3rd 51h 7th gth 111h
1 18396 18396.1 18396.1 18396.1 1839.1 11 0.05 0.03 0.03 0.10 948.19
2 0.50 0.62 0.61 0.58 0.60 12 0.05 0.03 0.02 0.06 0.54
3 1646.77 0.24 0.23 0.19 0.23 13 0.04 0.02 0.02 0.05 0.29
4 0.37 0.13 0.12 0.08 0.13 14 004 0.02 002 0.04 0.20
5 0.20 441.15 0.07 0.03 0.09 15 0.03 0.02 001 0.04 0.15
6 0.13 0.14 0.07 0.03 0.09 16 0.03 0.02 0.01 0.03 0.13
7 0.10 0.08 201.94 0.07 0.11 17 0.03 0.02 001 0.02 0.11
8 0.08 0.06 0.09 0.16 0.15 18 0.03 0.02 0.02 0.03 0.10
9 0.08 0.06 0.06 403.79 0.23 19 0.03 0.01 0.01 0.02 0.08
10 0.06 0.04 0.04 0.20 0.50 20 003 0.01 0.01 0.02 0.08
Table 8. The harmonic currents for variant 1
h Magnitude (A) h Magnitude (A)
3rd 5th 7th gth llth 3rd Sth 7th gth 111h
1 819.75 819.76 819.76 819.76 819.76 11 0.02 0.01 0.01 0.03 162.63
2 0.18 0.06 0.05 0.05 0.06 12 0.02 0.01 0.01 0.02 0.09
3 1035.07 0.04 0.03 0.03 0.04 13 0.02 0.01 0.01 0.02 0.04
4 0.18 0.05 0.02 0.02 0.03 14 0.02 0.01 0.01 0.01 0.03
5 0.09 166.43 0.02 0.01 0.03 15 0.02 0.01 0.01 0.01 0.02
6 0.06 0.04 0.02 0.01 0.03 16 0.02 0.01 0.01 0.01 0.02
7 0.04 0.02 54.43 0.01 0.03 17 0.01 0.01 0.01 0.01 0.01
8 0.04 0.02 0.02 0.03 0.04 18 0.01 0.01 0.01 0.01 0.01
9 0.03 0.01 0.02 84.65 0.05 19 0.01 0.01 0.00 0.01 0.01
10 0.03 0.01 0.01 0.05 0.09 20 0.01 0.01 0.00 0.01 0.01

These tables facilitate the calculation of harmonic impedance and the plotting of its curves.
Tables 11 and 12 give the harmonic impedances for the three variants, while Figures 2, 3, and 4 display their
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respective curves. The curves of the harmonic impedance for each harmonic in Figure 2 (variant 1) show the
presence of resonances. The parallel resonance at the first harmonic (50 Hz) shows the inductive character of
the network. The frequencies below 50 Hz values were neglected as they are irrelevant to our current focus.
The parallel resonance due to the 9" harmonic clearly appears, which confirms the effect of the 9™ harmonic
on the harmonic impedance of the network with the given configuration. Next, the harmonic impedance was
recalculated, considering the presence of all harmonics (variant 2), as depicted in Figure 3, where the curve
illustrates the increase of the parallel resonance corresponding to the 9" harmonic. Upon recalculating the
harmonic impedance without the 9™ harmonic (variant 3), the parallel resonance corresponding to the 9%
harmonic disappeared, as shown in Figure 4.

Table 9. The harmonic voltages for variants 2 and 3~ Table 10. The harmonic currents for variants 2 and 3

h Magnitude (V) h Magnitude (V) h Magnitude (V) h Magnitude (V)
Variant2  Variant 3 Variant 2 Variant 3 Variant2  Variant 3 Variant 2 Variant 3

1 18396.10 18396.00 11 948.14 948.19 1 819.75 819.75 11 162.62 162.63
2 0.43 0.47 12 0.52 0.54 2 0.14 0.14 12 0.09 0.09
3 1646.80 1646.84 13 0.26 0.28 3 1035.12 1035.12 13 0.05 0.05
4 0.45 0.48 14 0.18 0.19 4 0.22 0.23 14 0.04 0.03
5 440.93 440.91 15 0.14 0.15 5 166.36 166.35 15 0.03 0.03
6 0.10 0.14 16 0.11 0.12 6 0.05 0.06 16 0.03 0.02
7 201.85 201.82 17 0.09 0.10 7 54.41 54.40 17 0.02 0.02
8 0.12 0.11 18 0.08 0.09 8 0.01 0.04 18 0.02 0.02
9 403.90 0.23 19 0.07 0.08 9 84.69 0.05 19 0.02 0.02
10 0.61 0.49 20 0.06 0.07 10 0.12 0.10 20 0.02 0.02

Table 11. The harmonic impedances for variant 1

h Magnitude (Q) h Magnitude (Q)

3rd 5th 7th gth 111h 3rd 51h 7lh gth 1llh
1 2244 2244 2244 2244 2244 11 226 306 319 371 583
2 277 1066 11.23 10.75 1064 12 220 280 290 320 6.26
3 1.59 5.26 6.90 6.50 6.34 13 216 280 230 305 6.73
4 2.07 2.93 5.47 4.08 451 14 224 278 272 283 1715
5 2.32 2.65 4.05 2.62 330 15 206 313 221 279 7.6
6 2.28 3.12 3.12 2.90 33 16 213 290 239 265 7.86
7 2.23 3.40 3.71 5.82 371 17 216 271 265 240 7.92
8 2.30 3.26 3.78 5.58 421 18 230 348 309 279 861
9 2.57 390 420 477 475 19 227 206 230 220 826
10 238 3.23 3.22 4.17 535 20 214 280 226 201 853

Table 12. The harmonic impedances for variants 2 and 3

h Magnitude (Q) h Magnitude ()
Variant2  Variant 3 Variant2  Variant 3

1 22.44 22.44 11 5.83 5.83
2 3.07 3.50 12 5.72 5.94
3 1.59 1.59 13 5.15 5.97
4 2.01 2.08 14 4.79 5.64
5 2.65 2.65 15 4.34 5.45
6 1.90 221 16 4.07 5.33
7 3.71 3.71 17 3.67 4.96
8 17.18 2.43 18 3.69 4.97
9 4.77 411 19 3.24 4.57
10 4.87 5.18 20 3.20 4.47

As observed from these figures, the harmonic impedance of the network is influenced by both the
composition and magnitudes of the harmonic currents injected into the network. Besides, it primarily relies
on the configuration of the network. It is worth noting here that the total harmonic distortion (THD) can be
computed using the PlotXY software. However, this step was not part of this study. The THD percentage
must adhere to the standards outlined in the IEEE Std 519-2022 for harmonic limits [27]. The validation of
the results in this study, which transforms the real electrical network into numerical data for software
interpretation and processing, can be achieved by comparison with measurements. Unfortunately, these are
not always possible due to the high cost associated with it. However, careful select of component models by
trustworthy software is very important to understand the harmonic analysis and to success the simulation.
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Figure 2. The harmonic impedance for variant 1
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Figure 4. The harmonic impedance for variant 3

5. CONCLUSION

The study illustrates the capability of computer-based harmonic analysis to determine whether the
system configuration is susceptible to drifting into series and parallel resonance conditions in the presence of
harmonics. Moreover, the elements of the power system that exert an operational effect on harmonic
impedance could be identified. The study has been confined to three calculation variants. However, there is
potential to make changes in network elements to investigate harmonic impedance for different
configurations or to identify the harmonic order responsible for resonance within a specified power system
configuration. Our study shows that the 9" harmonic induces a parallel resonance in line 67, 22/0.4 kV
branching from Petrovice. The challenge for calculation methods stems from the limited availability of load
data for the network, even though data for other components can usually be obtained from manufacturer's
catalogs. Such studies can aid in detailed analyses of specific power systems and in creating robust databases
for electrical engineers and researchers to refine and advance their projects. Additionally, utilizing
calculation methods can lead to substantial time and cost efficiencies compared to measurement approaches.
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