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Impact of large capacity solar power sources whetn
connected near high-voltage power system supplying
electricity to mining areas

Do Duc Thanht*, Ngo Thanh Tuan!
! Hanoi University of Min ing and Geology, Hanoi, Vietnam

ABSTRACT

The paper studies the phenomenon of high-order harmonics appearing during power grid
operation supplying electricity to mining areas when a solar power source is connected on a large
scale. Pulse w:‘:?‘zh modulation employed in a DC/AC converter will 1produce a huge amount of
harmonic current emission to the powergridatthe connection point. The ropagation of this noise
source in the whole system is directly related to the operating mode of the neutral point of the
transformer star point For a hggh-voltage power grid, the voltage quality criterion is {imite toa
total harmonic afstortion of 3% and a maximum of 1.5% for ea component. The frequency-
dependent impedance characteristic of the network has to be investigated since it varies randomly
due to the structure of the power grid varying over time. Moreover, a closed-open state of the
tran.7'ormer neutral points will affect the zero-sequence current and voltage components. Due to
parailel or series resonance created by inductance and capacitance in tie electric circuit, the
network impedance characteristic appears at many extreme points. In some specific
configurations, these resonant frequencies have valyes ciose to the harmonic fre uencies in the
power grid. This self-excitation gresonance) produces undesirable effects that affect the normal
working mode and operation, In this situation, the totql harmonic distortion of the voitage
waveform probabév exceeds a required limit. Therefore, analyzing the causes and simultaneously
forec]asqng possible scenarios in real operating situations is necessary. Some theoretical
conciusions are produced based on a representative high-voltage transmission line that is
tnvestigated with the integration of a large-scale solar power source

Keywords: Solar power; Harmonic emission; Harmonic distg rtion; Transmission impedance;
Mining area.

1. Introduction

operation, especially high-frequency disturbances ang high-order (Thango et al, 2021;

) Is, itis necessary to analyzeand
find the cause to overcome thlS. phenomenan, Especially, a large disnibutionn;aower plant as
pholtovoltaic source is a hamonic Source pollution dye to pulse width modulation method of 2

s 30 . €S as a essentj ensate
the exhaust of tradidtional fuels (coal, oil, B3S, etc.). This solar power i ;f;rtt'l';"tg ;’l;;;;pl el
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mining loads and residual power will inject to high-voltage power grid. Since voltage quality
criterion in a high-voltage power grid is restricted to 3% with total harmonic distortion ( 7HDv)
and 1.5% for each individual component (MOIT, 2015). So, itis necessary the integration issue
of a large solar power plant. To predict the behaviour of power grid as a harmonic emission,
impedance characteristic has to be investigated carefully.

Zero-sequence voltage and current components play an important role and are common
signal types used in relay protection and control systems (Do, 2001). Symmetrical components
depend on the structure of the power grid, especially the transformer wiring and the
transformer neutral connection mode (Korai and Erlich, 2017). Excitation with resonant
frequencies in the network impedance characteristics leads to the appearance of high-order
harmonic components with very large amplitudes (Torquato et al,, 2016). These harmonics
degrade the voltage quality and cause an electromagnetic interference, which can affect
sensitive power electronic devices. Therefore, the main content of this study is to investigate the
influence of transformer neutral connection mode in the case of representative grid
configurations that can lead to undesirable phenomena. In which, effect of harmonic emission of
a solar power plant are studied in more detail following operation scenarios of the power grid.

2. Research Methodology

2.1. Research Object

The 220kV transmission line system of Son Dong Thermal Power Plant - TKV under
Vietnam National Coal and Mineral Industries Group is being surveyed. The power plant consists
of two transformer sets (10.5/230kV, Svomc = 125MVA) and a 100MW synchronous generator
(Unom = 10.5kV, Svomc = 100MW) connected to the 220kV intermediate transformer stations
Hoang Bo and Trang Bach (Figure 1). Transformer T3 takes electricity from the 220kV system
to supply 6kV electricity to the entire plant when the generator and transformer sets are not
working. The length parameters of the lines are detailed in Figure 1. The 220kV transmission
line uses ACSR2x330 wire, including two wires per phase, cross-section of 330mm? with the
calculation parameters per unit length of wire taken as follows: ro = 0.0869Q/km, x» =
0.306Q/km, by = 3.70-106S/km. The Hoanh Bo and Trang Bach intermediate transformer
stations use 125MVA auto-transformers to supply power to 110kV busbar.

W24 T, 220kV 220kV
AN | ~ '~
S, ~ -~ N VA Loy I =
100 MW 10.5kV 125 MVA ACSR 2x330 - 34.8 km
S, ° ALY -
D91 T Los | HB-Bushar
Local Load 4_: .(/Yl Y- ACSR 2x330 : 220kV
6.3kv\ it -44.8 km |
T3 L 125 MVA
Lo, - 110kV
Son dong - TKV |
ACSR 2x330 - 45.9 km |_>
SD-Busbar TB-Busbar T

Figure 1. High-voltage transmission grid.
2.2. Research Methodology and Research hypothesis
314



Advances in Surface Mining for Environmental Protection and Sustainable Development - 2025

2.2.1. Research methodology:

Using a theoretical analysis method and a simulation method using MATLAB software
(Simulink simulation toolbox). In which a symmetrical component method is used to analyze
the excitation of the power network mode parameters according to the current harmonic
sources. The positive-sequence and zero-sequence components are separately studied
depending on a specific operating mode of the transformer neutral point.
2.2.2.Research hypothesis:

To simplify the procedure of analyzing the influence of the neutral connection mode of the
transformer, the research model only considers an operating generator-transformer
combination (S1-T1). The power output to the grid is assumed to be 85MW. Generator Si is
simulated using a simplified model, with a reactor and an electromotive force source equal to
the generator voltage. Transformer Ts is not considered because it does not operate when the
generator and generator generate power to the 220kV transmission grid. Transformer T1 has
the following parameters: 125MVA 10.5/230kV (u:% = 11%, 4P» = 380kW). The zero-
component parameters used for simulation: Rop = 2-Rip, Xoo = 2-Xip, and Cop = 2-Cip with Rip,
Xip, and Cipbeing the resistance, reactance and capacitance per length of the transmission line.

To study the influence of the neutral connection mode of the transformer, the Hoanh Bo and
Trang Bach intermediate transformer stations use a simplified model consisting of a 125 MVA
230/110KkV transformer (u:% = 11%, 4P»= 380kW) and an equivalent load on the 110kV low-
voltage side is assumed to be 40MW.

The integration of a 100MW solar power can be considered as a harmonic current source at
the connection point (Hoanh Bo busbar). The harmonic current source is studied with only odd
harmonics (3,5,7, etc.), and the value of each individual component is constantly taken as 0.5%
of the nominal current value on the 220kV voltage side of a generator capacity (a capacity of
100MW, a nominal current equal is to 262A). The considered maximum frequency is 1 kHz for
Fast Fourier Transformation. Using a controlled sinusoidal current source model in
MATLAB/Simulink toolbox to simulate an emission of the harmonic current source into the
power network. In this case, each positive- and zero-sequence component is studied
individually. A finite voltage source is added at Trang Bach busbar with short-circuit power
assumed to be 500MVA (X/R ratio is equal to 10). The simulation model of the above
representative power network is displayed in Figure 2.

3. Results and Discussions

3.1. Impedance characteristics of the network

Investigation of frequency-dependent impedance characteristics plays a crucial role in
investigating resonant characteristics when the harmonic frequency is close to the natural
frequency of the power grid.

The value of the resonant frequency by the inductance and capacitance loops in an electric

1
2L, C.,

inductance and equivalent capacitance values of the positive- and zero-sequence diagrams,
respectively.

power network is determined by an expression: f,, = , in which Leg, Ceqare the total
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Figure 2. Simulation model in MA TLAB/Simulink.

31.1. Alternative calculation diagram

The impedance characteristic of the positive-sequence componenttakes into accountall the
inductance values of the power network (Zzeqis relatively large), so the resonant frequency of
the diagram is lower. For the zero-sequence component, the alternative calculation diagram for
the zero-sequence depends on the neutral connection mode: isolated from ground (Y-
connection, Figure 3a) and directly grounded (Yo-connection, Figure 3b). The transformer
inductance value shall be taken into account when the neutral connection mode is direct

grounding.

X; Xr xl XV

N RN B Ml =T

Figure 3. Zero-sequence model: a. Y-connection and b. Ye-connection

312 Impedance characteristic measurement N o
Using the Z impedance measurement block in MATLAB/Simulink will give the zero-

Sequence measured impedance characteristic at Son Dong location (Figure 4b) in the situations
F both Yo-connectionsp(blue curve), only Hoanh Bo side Yo-connection (orange curve), only

fan i - i ellow curve), and both Y-COImEFthl’\ (purplg curve). In the case

ofbong;::::&izggsg r;ﬁzt:-(:slo?:ant frequency value is 726Hz (Figure 4al). \glét;zthi torgx?slfgg;,e_r
®actance value: X =’(1/2) 1%+ Ufiom/ (100 * Snomt) = (1£2)7'4112° ; Li/n(e i
232811. we hav.e LT =X /(2" 50) = 23.28/(2+3.14:50) = ¥ L‘ m_ 2 iy e
Lcm =2vx,-L ;314 1_; 2.0.306 * 34.8/314 = 67.82mli a: ‘ LCDZ/3_14' =o .3 % gy
2-0306.4‘%9 03114 = 89.56mH. Line capacitance: Cy ;—0. 20_3345 Ao 7 St
343)314 = 6{11 F Cand G = bo - Lp2/314 = 3. B Ak
Therehr the ‘: ductance value Leqg = Ly (Lept + Lep2)/(Lr l CD;cimnccl:azC i
67.82 :.:;eSZO)t}a(;z 1u2 + 6 — 50.4mH and the total cap eq = C1

9.56) = -
Y : S 7.i.8112e+ﬂ?eoret)ically calculated resonant frequency value is:
=041 + 0.54 = 0.95¢F.
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C, =0.41 + 0.54 = 0.95pF. The theoretically calculated resonant frequency value is:
foyres=1/(2 1+ [Log Coq) =1/(2-m-V50.4-1073-0.95-107¢) = 727.7Hz which is
similar to the result by the measurement block in Matlab/Simulink. Thus, these impedance
characteristics can be used to predict the system response in different operating scenarios.
Figure 4b displays the impedance measurement results at the neutral of the transformer on
the Son Dong side for three operating cases: Li-L2 (blue curve), Li-L3 (orange curve), and L2-L3

(yellow curve). It has been extracted that in L2-L3 operating mode, the resonant frequency shifts
to 684Hz.
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Figure 4. Impedance characteristic results: a. Neutral point mode and b. Line configuration

3.2. Excitation with harmonic current source
3.2.1. Positive-sequence current source

The results of the Fourier series analysis of the voltage wave at the terminal of the factory
busbar are given in Figure 5a. The total harmonic distortion ( 7HDv) is 1.38%, which is within
the allowable limit of the specified harmonic standard. The excitation frequency is close to the
9% harmonic (450Hz), which can be clearly seen when analyzing the Fourier series. The three-
phase voltage waveform at the 220kV busbar on Son Dong side is shown in Figure 5b.

Fundamental (50Hz) = 1.908e+05 , THD= 1.38%

Mag (% of Fundamental)

L | i I L I I L |
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Frequency (Hz) Time

Figure 5. Effect of positive-sequence current source: a. FFT analysis and b. Voltage waveform

3.2.2. Zero-sequence current source

Depending on the different modes of the transformer star point, the operating voltage
waveform will change according to the specific characteristic of the power grid. When the
neutral connection mode of the transformer is Yo, the voltage harmonic analysis results show
that the total harmonic distortion is 3.14%, exceeding the specified value of 3% (Figure 6b). It
can be clearly seen that the zero-sequence voltage has been excited with the 75% order resonant
frequency or 750Hz (Figure 4a). The distorted voltage waveform result is shown in Figure 6b.

For each situation, the zero-sequence current can be measured at the grounding point of the
transformer star point (Figure 2). In the case of all Yo-connections, the zero-sequence current
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has a root-mean-square value of 18.57A. For the other cases, its value may be higher and should
be taken into account, as it significantly increases the total load.

(50Hz) = 1.908e+05 , THD= 3.14%

x10°
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Figure 6. Effect of zero-sequence current source: a. FFT analysis and b. Voltage waveform

3.3. Changing of the grid structure
3.3.1. Adjusting the neutral connection mode

Considering the different neutral connection modes of the transformers at the intermediate
substations of Hoanh Bo and Trang Bach. In the case of an open state only at the Hoanh Bo side,
the total harmonic distortion is 5.75% and the resonant frequency is 550Hz (Figure 7a). The
results are similar to the Trang Bach side; the 7HDy value increases strongly to 10.38%. With a
high level of waveform distortion, the voltage amplitude will increase, which can affect the
insulation of the lines and the equipment connected to the transmission grid.

Fundamental (50Hz) = 1.908e+05 , THD= 5.75% Fundamental (50Hz) = 1.908e+05 , THD= 10.38%

X 550
Y 5.46261

Mag (% of Fundamental)
w
Mag (% of Fundamental)

0 100 200 300 400 500 600 700 800 900 1000 o 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz) Frequency (Hz)

Figure 7. Open neutral mode of transformers: a. Hoanh Bo side and b. Trang Bach side

3.3.2. Line switching

To examine the change in the grid impedance characteristics, different line operation
scenarios were studied. The neutral connection mode of the transformers is direct grounding.
The results of the voltage harmonic waveform analysis are shown in Figure 8a (Li-L3 case) and
Figure 8b (L2-L3 case). For operating the L1 and L3 lines, the total harmonic distortion increased
to 3.75%. On the contrary, the harmonic distortion decreased to 2.28%, which is smaller than
the limit value of 3%. However, the 73% harmonic component (650Hz) with a value of 1.82% is
still larger than the specified value of 1.5%.
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Fundamental (50Hz) = 1.914e+05 , THD= 3.75%

(50Hz) = 1.911e+05 , THD= 2.28%
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Figure 8. Line configuration: a. L;-Ls case and b. L;-L3 case

3.3.3. Reducing the source of current harmonics

To ensure the total harmonic distortion value of the voltage waveform, it is necessary to
reduce the value of the harmonic current source to 0.2% and 0.25% of the amplitude of the
nominal current /vom = 262A. The results of the harmonic analysis are given in Figure 9a and
Figure 9b. Thus, the harmonic amplitude value of about 0.25% of the amplitude /vom (~ 0.66A)
will be able to ensure the requirement of the individual harmonic current amplitude value not
exceeding 1.5%. In this case, the RMS value of the total zero-sequence currentis 9.29A.

Fundamental (50Hz) = 1.908e+05 , THD= 1.26%

(50Hz) = 1.908e+05 , THD= 1.57%
T T T T T

o
X750
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Frequency (Hz) Frequency (Hz)

Figure 9. Current source decrease: a. 0.2% amplitude and b. 0.25% amplitude

4. Conclusions

Based on simulation results for a representative high-voltage power grid, some conclusions
are deduced as follows:

- Integration of a large-scale solar power source can produce some issues with the operation
of a high-voltage power grid since it can be considered as a source of harmonic current emission.

- The voltage waveform is distorted strongly following the excitation, which occurs when
the frequency of the current harmonic emission is close to the natural resonant frequency of the
impedance characteristic.

- Depending on the neutral connection mode of the transformer star point, the impedance
characteristic of the entire system will change:

+ The non-harmonic excitation following a particular frequency depends on the grid
structure.

+ In some specific cases, the quality index of the voltage harmonic can be violated: the total
harmonic distortion (THD) exceeds 3% and the magnitude of the harmonic components
exceeds the allowable value of 1.5%.
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- Reduce the harmonic current emission of distribution power sources and building
appropriate operating scenarios are mainly tasks to solve the problem of voltage harmonic
quality on the high-voltage transmission system.
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