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Abstract

When meeting customer demand, utility companies must consider power quality. Currently, the industrial power network in general
and the underground mine power network in particular have long feeder lines, supplying power to many nonlinear loads and power
electronic converters, which reduces power quality. Poor power quality can damage sensitive equipment and lead to costly repairs, leading
to lost time, data corruption, and lower productivity. In this paper, a fuzzy system is developed to determine the power quality of the
power network for different operating conditions and study its influence on the performance of the explosion-proof transformer in the
underground mine power network in Vietnam. The simulations and calculations were performed on Matlab-Simulink software for a
three-phase, 630-kVA, 6/1.2 kV explosion-proof transformer in power networks with variable power quality. A fuzzy system is developed
with four measurable inputs, including frequency deviation, voltage unbalance factor, total harmonic distortion of supply voltage, total
harmonic distortion of current, and an output variable, power quality. The simulation results show that the explosion-proof transformer’s
performance decreases when the power quality degrades, and the proposed fuzzy system can accurately diagnose this.

Keywords: power quality, performance, explosion-proof transformer, fuzzy system

1. Introduction

Irrational use of electricity and improper operation of
electrical equipment also partly adversely affect the environ-
ment and increase global warming [1]. Power quality is a term
used to describe efficient electrical energy [2]. This means that
if the device is working properly thanks to the power it re-
ceives, the power quality is good. Electrical equipment can
malfunction, fail prematurely, or shut down suddenly when
disturbances occur. Poor power quality leads to losses and
increased costs. Outages can be costly, but damaged proper-
ty can be even more costly, including potential losses due to
downtime in the production process. Property damage due
to power quality issues that increase heat will almost certain-
ly shorten the life of the equipment. Common power quality
problems are divided into: voltage unbalance and harmonic
distortion; variable frequency. Each power quality issue will
normally be evaluated individually without any focus [3, 4].

Research on power quality in power systems has attract-
ed considerable attention from utility companies, consumers,
and researchers alike [5-7]. Many power quality assessments,
classifications, and diagnostics of power systems are carried
out through the expert system [8], using fuzzy logic and adap-
tive techniques [9].

The 6kV power grid in open pit mining has typical char-
acteristics: long service life, long feeder lines, use of large ca-
pacity equipment, many branches, many power electronics
[10]. These problems degrade the overall power quality, lead-
ing to increased power loss of electrical equipment. including
transformers.

Research on the effect of harmonics on transformer per-
formance in underground mines has shown that the current

flowing through the transformer is not sinusoidal, causing
overload for the transformer even when operating properly
with design specifications [11]. Voltage unbalance causes the
peak efficiency working point to shift and transformer effi-
ciency to decrease under all load cases [3]. Experiments show
that not only the magnitude of the harmonic content in the
supply voltage but also the phase angle has a significant ef-
fect on the saturation of the transformer [12]. Experimental
results have shown that additional core losses due to non-si-
nusoidal voltage excitation can increase up to 20.8% [13]. The
open circuit test using the sinusoidal source demonstrates
that the core loss increases with both frequency and voltage;
for frequencies below 1 kHz, the effect of increased voltage
was seen to be higher [14].

However, studies of power quality in the underground
mine power network currently have few research papers. In
addition, evaluating the overall effect of power quality on ex-
plosion-proof transformers has not been studied. The explo-
sion-proof transformer is one of the most important electrical
components in the underground power distribution network.
Proper operation and preventive maintenance of transformers
will ensure continuous and reliable power supply to end-user
customers without outages or interruptions.

The power quality of Vietnam's distribution power system
is regulated in Circular No 39/2015/TT-BCT of the Vietnam
Ministry of Industry and Trade [15]. For mine power system,
a 6 kV grid, the article uses regulations for medium voltage
grids. Table 1 presents the power quality of Vietnam's distri-
bution power system for the medium voltage grid.

The novelty of the paper compared to previous studies
is that it focuses on building a fuzzy system for the deter-
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Tab. 1. Power quality of Vietnam's distribution power system

Voltage total .
Voltage . Current total harmonic
Voltage lever unbalance . har_monlc distortion, THDi Frequency
distortion, THDu
01 kV to 35 kV + 05%; 5% 8% 50 Hz + 0.2 Hz

Tab. 2. Parameters of three-phase explosion-proof transformer

No-load voltage Rated Losses, W
Rated power, (V) current; A Short circuit No-load current, !
kVA voltage, Vscoo In% No-load [Short circuit
VnL1 VniL2 Lin Ion P P
sc
630 6000 1200 | 60.6 | 304.3 3.5 3 2800 4700

Tab. 3. Simulation parameters of three-phase transformer

Resistance (Q)

Inductance (L)

Magnetization resistance,

R v Ruv Luv

Ly Rm ()

0.2133 0.0085322 0.0031125

0.0001245 12857

mination of power quality and studying its influence on the
performance of the explosion-proof transformer in the un-
derground mine power network in Vietnam. The second part
presents the construction of a fuzzy system for the determina-
tion of power quality. The third part builds a simulation mod-
el for a three-phase explosion-proof transformer. Section 4 is
the result of research and discussion. Finally, the conclusion.

2. A fuzzy system for determination of power quality

The article builds fuzzy systems on the MATLAB fuzzy
logic toolbox; it includes membership functions and fuzzy
rules. Where the membership functions of frequency devi-
ation (b) voltage unbalance, (c) voltage total harmonic dis-
tortion (THDu), and (d) current total harmonic distortion
(THDi) are determined by 2 states: Low and high, corre-
sponding to the values shown in Table 1, The measurement of
the output variable power quality is expressed as membership
functions such as very good, good, fair,poor, and very poor.
The configuration of membership functions is shown in Fig-
ure 1. The power quality detection system in fuzzy logic uses
the Mamdani fuzzy system. Fuzzy rules are shown in Figure 2.

In addition, a voltage unbalance factor is defined as the ra-
tio of the negative-sequence voltage component (Vneg) to the
positive-sequence voltage component (Vpos). This definition
is consistent with IEC standard 61000-4-30 [3]:

‘/;Leg
K, = =22 100 1
YT Vpos (1)
where, Vneg is the negative-sequence voltage component;
Vpos is the positive-sequence voltage component; KV is volt-
age unbalance factor, %.

3. Simulation model for a three-phase explosion-proof
transformer

The three-phase explosion-proof transformer with power
of 630-kVA and voltage 6/1.2 kV is the type used quite com-
monly in the underground mine power network. Parameters
of it are presented in Table 2 [11]. This is the main research
object of the paper.

“Three-Phase Transformer (Two Windings)” model on
MATLAB/Simulink software is used as a model of three-
phase explosion-proof transformer. From the manufactur-
er's parameters, the paper builds simulation parameters for
three-phase explosion-proof transformer based on linear

transformer combined with saturation characteristic. The
simulation parameters of single-phase transformer are given
in Table 3. Transformers using Y/Y connection use neutral
isolated from earth.

The performance of a transformer is calculated as follows:

P,

= ——100
= b P TP @
where, P2 is the 3-phase low-voltage output power of a trans-
former (W), P is the load loss of a transformer (W), P is the

no-load loss of a transformer (W).

The no-load loss of a transformer is independent of the
load and is caused by the induced voltage in the core. In the
proposed model no-load loss of a transformer is the iron loss-
es modeled by Magnetization resistance R _and it is calculated
by the following formula:

3
Ppp = Ppe = Rmz Ii,cm'e2 3)

=1

, is the true

i’ core

where R is the magnetization resistance, Q; I
RMS value of core loss current of the ith phase of the trans-
former (A).

The load loss in the proposed model is the copper loss,
which is proportional to the square of the true root mean
square (RMS) value of the load current and is calculated ac-
cording to the following formula:

3 3
P = RHV'Z Luv® + RLV'Z Iiw® (4)
i=1 i=1

where RHV is the high voltage phase resistor; R, is the low
oy 18 the true RMS value of high
voltage load current of the ith phase of the transformer; I

voltage phase resistance; I
LV is
the true RMS value of low voltage load current of the ith phase
of the transformer.

The simulation model on Matlab-Simulink is shown
in Figure 3. In this part, the source block “Thee Phase Pro-
grammable Voltage Source” is used, the forms of power qual-
ity change used through this source block include: creating
harmonics, creating phase voltage difference or changing the
frequency of the power supply. In addition, the power calcula-
tion stages are performed according to the formulas present-
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If (Frequecy is Normal) and (Voltage_unbalance is High) and (THDu is Low) and (THDi iz Low) then (PQ is Good) (1)
If (Frequecy is Normal) and (Voltage_unbalance is High) and (THDu is Low ) and (THDi i= High) then (PQ is Good) (1)
If (Frequecy is Normal) and (Voltage_unbalance is Low) and (THDu is High) and (THDi i= Low) then (PQ is Good) (1)
If (Frequecy iz Normal) and (Voltage_unbalance is Low) and (THDu is High) and (THDi is High) then (PQ i fair) (1)

If (Frequecy i Normal) and (Voltage_unbalance is High) and (THDu is High) and (THDi is Low) then (PQ is fair) (1)

If (Frequecy is Nermal) and (Voltage_unbalance is High) and (THDu is High) and (THDi is High) then (PQ is fair} (1)
9. If (Freguecy is High) and (Woltage_unbalance is Low) and (THDu is Low) and (THDi iz Low) then (PQ is fairy (1)

10. If (Freguecy is High) and (\Voltage_unbalance ig Low) and (THDu is Low) and (THDi is High) then (PQ is Poor) (1)
11. If (Freguecy is High) and (\Voltage_unbalance is High) and (THDu is Low) and (THDi iz Low) then (PQ is Poor) (1)
12. If (Freguecy is High) and (Voltage_unbalance is High) and (THDu is Low) and (THDi is High}) then (PQ is Poor) (1)
13. If (Freguecy is High) and (Voltage_unbalance iz Low) and (THDu is High} and (THDi is Low) then (PQ is Poor) (1)
14. If (Freguecy is High) and (\Voltage_unbalance i Low) and (THDu is High} and (THDi is High} then (PQ is VPoor) (1)
15. If (Freguecy is High) and (\oltage_unbalance is High) and (THDu is High) and (THDi is Low} then (PQ iz VPoor) (1}
18. If (Freguecy is High) and (Voltage_unbalance is High) and (THDu is High) and (THDi is High}) then (PQ is WPoor) (1}

IR =L —

quecy ig Normal) and (Voltage unbalance is Low ) and (THDu is Low) and (THDi is Low ) then (PQ is VGood) (1) I8
If (Frequecy iz Normal) and (oltage_unbalance is Low) and (THDu iz Low) and (THDi iz High) then (PQ is VGood) (1)

Fig. 2. Fuzzy logic rules for determination of power quality

o powergui

Fuzzy Logic
Controller
Pload
A ] A a | A
1. c | cY 4 Ye | c
L TheePhase v TheoPhas V2

Power cal.1

m

Fig. 4. The case of good power quality

Fig. 1. The fuzzy membership functions used for (a) frequency deviation (b) voltage unbalance, (c) voltage THD, (d) current THD, and (e) power quality
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Load (%)

Fig. 6. Dependence of transformer performance on load in case of power quality

ed above. Calculation of voltage and current total harmonic
distortion is done through tools available at Matlab-simulik
software.

4. Research results and discussion

With the characteristics of the underground mine power
grid, the study conducts simulation tests with three typical
cases of voltage quality: power quality is very good; pow-
er quality is good; and power quality is fair. The case power
quality is very good, corresponding to the values within the
allowable range in Table 1.

The case of good power quality corresponds to the case
of a source with a voltage unbalance factor of 15.38%. Volt-
age, current, phase difference, and frequency waveforms are
shown in Figure 4. Obviously, phase A of the source is given
0.6 times smaller, and the remaining phases are rated.

The case of fair power quality corresponds to voltage un-
balance factor of 15.38% and voltage total harmonic distortion
THDu of 34.6%, current total harmonic distortion THDi of
31.2%, and constant grid frequency. The voltage, current, phase
difference and frequency waveforms are shown in Figure 5.

Figure 6 depicts the dependence of transformer perfor-
mance on load in case of power quality. Obviously, when the
voltage quality is "very good", the performance of the explo-
sion-proof transformer is highest. As power quality deterio-
rates, the performance of explosion-proof transformer grad-

ually decreases. This result is similar to the results presented
experimentally in the study [5]. In any case, transformer
performance is maximized with a load of about 75% of the
manufactured power, then the performance will decrease as
the load decreases. It is also clear from the diagram that when
the load is less than 50% of the capacity of the transformer, the
bad voltage quality will reduce the performance significantly.

5. Conclusions

This paper focuses on building a method to determine
power quality through fuzzy systems and building a model
to evaluate the performance of explosion-proof transformers
in underground mine power grids in Vietnam under differ-
ent power quality conditions. The results show that the fuzzy
system clearly identifies the power quality parameters with
four measurable inputs, including frequency offset, voltage
unbalance factor, voltage total harmonic distortion, and cur-
rent total harmonic distortion. Simulation results show that
explosion-proof transformer performance decreases when
power quality degrades, and the proposed fuzzy system can
accurately diagnose this. When the load is less than 50% of
the transformer power, the poor power quality will reduce
the performance significantly. The results clarify the impor-
tance of power quality to the consuming equipment, thereby
requiring solutions to improve the power quality of the power
system, especially the underground mine power grid system.
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