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Abstract: In this study, measurements were taken at different points of a sample distribution system in order to analyze
the levels of harmonics that appear as a day-to-day increasing problem in electrical distribution systems. According to
the measurement values, the dominant harmonics have been determined and an electrical model of the system has been
prepared using the SimPowerSystems toolbox from MATLAB and Simulink. The accuracy of the electrical model has
been verified by the measurement and simulation values. In addition, the transformer connection types’ and impedances’
simulations have been presented to understand and solve the harmonic problems in electrical distribution systems. With
the help of this study, advanced analysis can be performed in the electrical distribution system for power quality analyses

and this study can be a background for similar kinds of simulation studies.
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1. Introduction

Nowadays, the stability of electrical energy has come into question due to the increasing number of the nonlinear
loads in distribution systems. Harmonic currents and voltages occur as a result of the loads that have nonlinear
characteristics. In electrical systems, harmonics can considerably affect the electrical system quality.

Electronic devices work by switching accounts for the current waveforms of electronic systems to have
nonlinear characteristics. A nonlinear device is one in which the current is not proportional to the applied
voltage. While the applied voltage is perfectly sinusoidal, the resulting current is distorted. Increasing the
voltage by a small percentage may cause the current to double and take on a different wave shape. This is the
source of most harmonic distortions in a power system [1].

AC power systems have a substantial number of large harmonic generating devices, e.g., adjustable
speed drives for motor control and switch-mode power supplies used in a variety of electronic devices such as
computers, copiers, and fax machines [2]. The major sources of power system harmonics include switching
operations, power electronic devices, and other nonlinear loads. Electronic devices are usually nonlinear, and
thus they yield distorted currents even when supplied with a purely sinusoidal voltage. These distorted currents
can cause voltage and current distortion throughout the system [3].

The major effects of harmonics on electrical power systems can be summarized as additional losses,
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overheating, voltage drops, resonance problems, dielectric strain, and working with errors of measurement,
protecting, and control systems.

Increasing the number of power electronic devices used in generation, distribution, and transmission has
increased the harmonic problems in power systems. Hence, the importance of studies about decreasing the
harms of harmonics in electrical power systems has come into prominence and the analysis of harmonics has
become an inevitable part of the systems’ design and planning [4].

There are 2 main definitions of the measurement of the harmonic contents in electrical systems. These
are total harmonic distortion (THD) and total demand distortion. The THD is a measure of the effective value
of the harmonic components of a distorted waveform. That is, it is the potential heating value of the harmonics

relative to the fundamental component. The voltage and current distortion can be summarized as shown below.
1
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Current distortion levels can be characterized by a THD value, as has been described, but this can often
be misleading. A small current may have a high THD but might not be a significant threat to the system.
For example, many adjustable-speed drives will exhibit high THD values for the input current when they are
operating at very light loads. This is not necessarily a significant concern because the magnitude of the harmonic
current is low, even though its relative current distortion is high. Some analysts have attempted to avoid this
difficulty by referring the THD to the fundamental component of the peak demand load current rather than
the fundamental of the present sample. This is called the total demand distortion (TTD) and it serves as the
basis for the guidelines in IEEE Standard 519-1992, Recommended Practices and Requirements for Harmonic

Control in Electrical Power Systems. It is defined as shown below.

NOOF
TTD =" (3)

I

I1 is the peak, or maximum, demand load current at the fundamental frequency component, measured
at the point of common coupling (PCC). There are 2 ways to measure I . With a load already in the system, it
can be calculated as the average of the maximum demand current for the preceding 12 months. The calculation
can simply be done by averaging the 12-month peak demand readings. For a new facility, I;, has to be estimated
based on the predicted load profiles.

The harmonics generated by any harmonic source can be very harmful to other electric energy users that
are fed by the same energy distribution system. Due to reasons like this, it is very important to prevent the
formation of harmonics in electric systems or to eliminate them after their formation. Nowadays, there are many
applications for the elimination of harmonics. However, the most significant factor in eliminating harmonics
is to make the electricity users conscious of the harmonics’ losses in electric power systems and the spreading
applications of harmonic filters.

Many studies on measurements and effects of harmonics have been done in the past and in recent years

[6—-17]. However, there are not enough studies that model a large distribution system via harmonics or other
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power quality problems. The simulation of distribution systems is very important to estimate the behavior of
harmonics or other power quality events.

In this paper, harmonic measurements were taken both from the 0.4 kV and 31.5 kV sides of the electrical
distribution system at the 2nd and 3rd Konya Organized Industrial Area (KOIA). The characteristic values of
the distribution system and the factories were taken from the KOIA office. The measurements were taken
using the ANALYST 2060 single-phase energy quality analyzer at the 0.4 kV side and the RUDOLF PAK 5
three-phase energy quality analyzer at the 31.5 kV side. The electrical model of the system was prepared with
the help of the SimPowerSystems toolbox from MATLAB and Simulink based on the measurements taken. The
measurement values and simulation values were compared to confirm the accuracy of the simulation. With the

help of the simulation, further analyses can be made to comprehend the behaviors of the power quality events.

2. Measurements
There are 8 shunting stations fed from the “Konya 3 TM” (transformer stations) at KOIA. The apparent power

at each shunting station is shown in Figure 1.

MM7 MM8
8690 KVA 4050 KVA

MM6

MM5
5190 KVA

MM4
5860 KVA

Figure 1. Apparent powers of each shunting station.

The factories and the maximum apparent powers that are measured during the measurements are shown

in Table 1.
In order to make true measurements, power readings are taken during the working hours at each factory

where one or more working factories are fed from the same feeder. For the 31.5 kV measurements, shunting
stations with higher apparent power are preferred. These shunting stations are MM1, MM2, MM3, and MMG6.
For the 0.4 kV measurements, different types of factories are preferred, as shown in Table 1. The measurement

results are shown in Tables 2 and 3.
According to Table 2, the voltage distortions are appropriate to the IEEE 512 Standards, as are the

current distortions, except for that of MM6. Sometimes the current distortion of MM6 exceeds the limits. The
dominant harmonics are generally the 5th, 7th, and 11th harmonics. Sometimes harmonics that have higher
frequency components appear, but they are not continuous.

As shown in Table 3, voltage distortions are appropriate when compared to the IEEE 512 Standards,
except in casting factory 4. The electric current drawn by this factory reaches 775 A, with a voltage distortion
of 5.6%. This makes the current distortion of casting factory 4 reach 26%. Although the factory measurements
are taken at different times where the factories are fed from the same feeder, the voltage distortions are at high
values. If all of the factories were working when the measurements were taken, the distortions would be at

higher values than the present ones. This condition will be carried out in the simulation studies.

936



EROGLU and AYDIN/Turk J Elec Eng & Comp Sci

Table 1. The factories and their values.

Common information Max.. Apparent power
during measurement
Plastic factory 1 Garden watering systems 195 kVA
ter pi d hines
Plastic factory 2 Water PIDES aflct Machines 120 kVA
for producing these pipes
. Manholes, sewer system lids,
Casting factory 1 garden and park products 780 kVA
Casting factory 2 Cast iron 430 kVA
B h -nickel casti
Casting factory 3 ronze, CATOME-TICKe: Casting, 212 kVA
aluminum injection
Casting factory 4 Cast iron, steel casting 520 kVA
Casting factory 5 Steel casting, iron casting 143 kVA
Textile factory Fibers, thread products 220 kVA
Food factory Cube sugar, Caste.r Sugat, 113 kVA
sugar packaging

Table 2. Measurement results for the shunting stations.

Shunting | Currents | Voltage Current Dominant current
stations (A) THD (%) | THD (%) harmonics
MM1 280-220 2.4-2 4.1-35 5 (4%) — 7 (1.8%)
MM2 70-55 2.8-2.1 5.2-4.8 3 (2%) — 5 (3.6%) — 7 (4.1%)
MM3 225-180 2.5-2 4-3.6 5 (3.7%) — 7 (1.2%)
MM6 37-22 2.8-2.2 10.1-7 | 5 (7.5%) - 7 (2.5%) — 11 (1%) — 21 (5%)

Table 3. Measurement results for the factories.

Shunting stations

Dominant current harmonics

Plastic factory 1

3 (2.5%) - 5 (10%) — 7 (12.5%)

Plastic factory 2

5 (11%) — 7 (12.5%) — 11 (8%)

Casting factory 1

5 (16%) — 7 (12%) — 11 (3%)

Casting factory 2

5 (22%) — 7 (10%) — 11 (8%)

Casting factory 3

5 (6%) — 7 (19%)

Casting factory 4

5 (21%) — 7 (11%) — 17 (3%)

Casting factory 5

2 (28%) - 3 (3%

4 (8%) - 5 (6%)

Textile factory

Food factory

Voltage Current

Current (A) THD (%) | THD (%)
170-290 2.5-2 17-10
90-170 2.2-2 20-10
13.25-14.75 3-2.5 20-15

500-630 4.3-3.5 28.5-24.5
140-300 2.6-2.3 22.5-9
660775 5.6-5.3 26-19
125-230 2.6-2.2 32-8

400-580 4.4-4.1 18.5-14.5
90-170 2.5-2.3 22.5-7

3 (8%) — 5 (6%) — 7 (10%) — 9 (6%)

) (
5 (16%) — 7 (5%) — 11 (5%)

Generally, the apparent power of the transformers used in distribution systems is 1250 kVA and the short
circuit current for the secondary side is approximately 34 kA. The Isc/I; ratio of a factory that has a load
current of 700 A is approximately 48. Hence, the IEEE 512 standard limit for current distortions in this system
is assumed to be 8%, but this value can be changed if the short circuit ratio or other system parameters are
changed. According to this limit, the current distortions of the factories exceed the IEEE standards’ limits.

The reasons for these high distortions are the arc furnaces in the casting factories, adjustable speed drives,

soft-starters, inverters, and other equipment that have power electronic devices in the other factories.

11 (11%)
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The reason why some casting factories fed from MM1 with current distortions of more than 25% have lower
distortion values at the HV side is the low distorted currents of the other factories in the measurement system.
Low distorted currents lower the total harmonic distortions at the PCC. In addition, harmonic cancellation can
occur because of angular differences.

3. Simulations

Today, there are many methods to perform energy quality research. Simulation is one of these methods. After
entering the system’s parameters into the simulation, some useful results can be taken from the simulation by
varying the parameters [4].

An electrical model of the system was prepared in SimPowerSystems, a toolbox from MATLAB and
Simulink, based on the measurements taken with the energy quality analyzers and the characteristic values of
the transmission system taken from the KOIA office. In a real system, there are many hundreds of transformers
with different apparent power values. However, there are approximately 60 distribution transformers with the

apparent power of 1250 kVA in the electrical system model, because it is very difficult to model hundreds
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Figure 2. Electrical model of the electric transmission system at the KOIA.
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of transformers, loads, harmonic current sources, measurement blocks, and many other simulation system
components in the simulation program. Therefore, the components’ values of the simulation system were
entered according to the real measurements’ values. The other factories’ values were taken from the KOIA
office and used in the simulation.

Harmonic sources, which are nonlinear elements, are generally considered to be injection sources into
the linear network models. They can be represented as current injection sources or voltage sources. For most

harmonic flow studies, it is suitable to treat harmonic sources as the simple sources of harmonic currents [1].
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Figure 3. Simulation representations of transformers, loads, harmonic sources, and other components in shunting station
MMI1.
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Shunting stations are modeled with boxes that include transformers, linear and nonlinear loads, measure-
ment blocks, and other transmission elements, as shown in Figure 2.

The representation of the transformers, loads, harmonic sources, and other equipment in MM1 are shown
in Figure 3. The active-reactive powers and power factors of the shunting stations can be measured with

measurement blocks with their direction as illustrated in Figure 4.

MM3 MM6
(10 MW) (4.4 kW)
w

477TMCM
1339 m
g

B(1x240+25)XLPE
1936 m € € E3(1x240+25XLPE

700 m

!‘ TEIAS-MM3

Figure 4. Active-reactive power and power factor measurement of the shunting stations.

Tables 4 and 5 represent the values of the “Konya 3 TM” (transformation center), the main sources of

the electrical system, and the distribution transformers, respectively.

Table 4. The values of the “TEIAS Konya 3 TM” (the main transformer station of the system).

Phases RMS value Phase | Frequency Three-phase X/R Capacitance
of the voltage | degree (Hz) short circuit power | ratio P
Va 34500 V 0 50 inf.
Vp 34500 V -120 50 680 MVA 323.5 inf.
Ve 34500 V 120 50 inf.
Table 5. Values of the distribution transformers.
Nominal power Pn [Va], frequency [Hz] [1250e3, 50]
Winding 1 connection D1, D11, Y
Winding 1 parameters [V1 Ph-Ph (Vrms), R1 (pu), L1 (pu)] [34500 12.85 0.177]
Winding 2 connection Yn, Yn, Yn
Winding 2 parameters [V2 Ph-Ph (Vrms), R2 (pu), L2 (pu)] | [400 0.001727 2.832¢-005]

For the simulation, the short circuit ratio of the main voltage source “TEIAS Konya 3 TM” transformer
and the X/R ratio are calculated as 680 MVA and 323.5.

Underground and overhead lines are used between the shunting stations. Three (1 x 240 + 25) XLPE
cables are used as the underground line cables, and 477 MCM (Hawk) lines are used as the overhead lines. In
order to make real simulations with the current harmonic values measured before, the resistance and impedance
values of the lines between the shunting stations should be calculated according to their respective distances.

The resistance and impedance values of cables used in the electrical distribution system are shown in Table 6.
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Table 6. The resistance and impedance values of the cables.

Resistance of the Inductance

conductor at 20 °C (ohm/km) | (mH/km)
477 MCM (Hawk) 0.12 0.95
240 mm? XLPE 0.0754 0.531

Line inductances and resistances according to the types of cables and line distances are shown in Table 7.

Table 7. Line inductances and resistances according to the types of cables and line distances.

Lines Types of cables Distances P;ecsclizzrilrfgst?llfn;ngil;?;iré(e:zs
TEIAS-MM1 477 MCM 1715 m 0.2058 ohm 0.5145 mH
MMI1-MM2 | 3 (1 x 240 + 25) XLPE | 1842 m 0.1388 ohm 0.9781 mH
MM2-MM3 477 MCM 1339 m 0.1606 ohm 0.4017 mH
MM2-MMS8 (1 x 240 + 25) XLPE 2646 m 0.1995 ohm 1.407 mH
TEIAS-MM4 | 3 (1 x 240 + 25) XLPE | 2200 m 0.1658 ohm 1.168 mH
MM4-MM5 | 3 (1 x 240 + 25) XLPE | 1850 m 0.13949 ohm 0.9842 mH
MM5-MM7 | 3 (1 x 240 + 25) XLPE | 1600 m 0.1206 ohm 0.8512 mH
MM3-MM6 | 3 (1 x 240 + 25) XLPE | 1936 m | 0.145977 ohm | 1.029952 mH
MM6-MM7 | 3 (1 x 240 + 25) XLPE 700 m 0.05278 ohm 0.3724 mH
TEIAS-MM3 477 MCM 2229 m 0.2676 ohm 0.669 mH
MM7-MMS8 | 3 (1 x 240 + 25) XLPE 920 m 0.06936 ohm 0.489 mH

A reference simulation should be carried out in order to understand the differences of the simulation.
Dynll connection-type transformers are especially used in electrical systems. Therefore, a reference
simulation is simulated according to Dynll connection-type transformers, and it is the one that all of the

factories are working with. The reference simulation values are shown in Table 8.

Table 8. Reference simulation values.

Place Voltage THD (%) | Current THD (%)

MM1 2.13 3.58

MM2 2.18 5.02

MM3 2.16 3.73

MM6 2.2 8.94

CF2 11.24 23.57

CF6 11.24 22.78
Linear load 11.24 22.89

If the reference simulation values and measurement values in Tables 2 and 3 are compared, it can be seen

that the current distortion values are close to each other, but the voltage distortions are high in the simulation.

3.1. Effects of transformer connection on harmonics
In order to analyze the effects of the transformer connection types on the distribution harmonics, first, all of
the transformers’ connection types are assumed to be the Dynll connection-type in the reference simulation.

Next, the Dynl, Yyn, and Ynyn types are chosen, respectively. The simulation results are given in Table 9.
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Table 9. Transformer connection types simulation results.

THD (%)
MM1 MM2 MM3 MM6
Connection types | V A \% A A% A A% A
Dynl1 2.13 | 3.58 | 2.18 | 5.02 | 2.16 | 3.73 | 2.20 | 8.94
Dynl 2.13 | 3.58 | 2.18 | 5.02 | 2.16 | 3.74 | 2.20 | 8.93
Yyn 1.90 | 3.22 | 1.95 | 460 | 1.93 | 3.24 | 1.96 | 8.33
Ynyn 191 | 323 | 1.96 | 460 | 1.94 | 3.34 | 1.97 | 8.34

3.2. Effects of transformer leakage impedance on harmonics

The values of the 1250 kVA transformer impedances that are used in the simulation are shown in Table 10.
The changed THD values of the shunting stations and some factories are given in Table 11 after increasing the

impedance values of the Dynll connection-type transformers from 100% to 50%.

Table 10. The reference impedance values and increased values of the transformers used in the simulation.

Reference values | Increased values (50%)
Primer | Seconder | Primer Seconder
R (ohm) | 12.85 | 1.73E-03 | 19.275 2.59E-03

L (H) 0.177 | 2.83E-05 | 0.2655 4.25E-05

Table 11. The values obtained by increasing the transformer impedances.

THD (%)
MM MM2 MM3 MM6 CF2 CT6 Tinear Load
Y A v A Y A Y A Y A Y A v A
Rif:lfice 213 | 358 | 218 | 502 | 216 | 3.73 | 220 | 894 | 11.24 | 23.57 | 11.24 | 22.78 | 11.24 | 22.89
Cf;‘;gegd 189 | 320 | 193 | 455 | 192 | 330 | 1.95 | 8.26 | 13.78 | 22.04 | 13.78 | 22.46 | 13.78 | 25.37
Percentage |11 o7 11061 | 211,47 | —9.36 | —11.11 | ~11.53 | —11.36 | -7.61 | 22.60 | -6.49 | 22.60 | -1.40 | 22.60 | 10.83
comparison

4. Conclusion
In this study, an electrical model of a large distribution system was made according to the measurement values
taken from the KOIA in order to comprehend the behaviors of the harmonics in large electrical distribution
systems.

The measurement values and simulation values were compared to confirm the accuracy of the simulation.
If the comparison of the reference simulation values in Table 8 and the measurement values in Tables 2 and 3
are compared, it can be seen that the current distortion values are close to each other. However, the voltage
distortions are high in the simulation because all of the nonlinear factories are working in the simulation, and
the distorted currents induce distorted voltages in the lines.

In addition, the transformer connection types’ and impedances’ simulations were presented to understand
and solve the harmonic problems in electrical distribution systems.

According to Table 9, changing the transformer connection types changes the voltage and current total
harmonic distortion of the shunting stations, causing the transformer connection types Dynll and Dynl to

make almost no changes in the voltage and current total harmonic distortion. However, at the Yyn and Ynyn
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transformer connection types, it has been seen that the voltage and current distortion dropped by about 10%
according to reference simulation.

According to Table 11, increasing the transformer impedances decreases the voltage and current distortion
of MM1, MM2, MM3, and MMB6.

The voltage distortions of the CF2 and CF4 at the low-voltage side of the transformers whose impedances
are changed increased to 13.78% from 11.24%. The current distortions, on the other hand, decreased. As being
fed from a feeder that has a lower-voltage harmonic distortion is much more important for distribution system
users at the low-voltage side, the voltage THD increase in the low-voltage side is much more important than
the voltage THD decline in the high-voltage side. In other words, it is an undesirable situation for distribution
systems because the increases of the transformer impedances increase the voltage THD of the factories. Hence,
the short circuit ratio of the factories’ transformers is better at high levels. The higher transformer short circuit
ratio means lower transformer impedances. On the other hand, overloading of the transformers causes much
more voltage THD because overheating increases the impedance value. Hence, the short circuit levels of the
transformers should be selected properly by making good plans for the factories that will be fed from these

transformers.
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