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Legal Regulation of Reactive Power Compensation in Energy
Efficiency

Highlights
% Inthis study, a flexible system with a fast response was designed and the power coefficient was over 97%.

+« A hybrid system has been preferred and designed to achieve a continuous and effective power factor
corrector system.

Graphical Abstract

In this study, a real energy system is considered. This system has been studied in three stages and its results are
emphasized. Firstly, the design and application of a computer and microcontroller based compensation system in
the laboratory environment have been realized. In the second step, a software was developed with the C #
programming language to be able to control the system centrally and store the data in the desired format. The
results of the performed applications are found in different load conditions experimentally and in a simulation
program then they are analyzed and compared.

Aim
In this study, in order to reduce the reactive energy consumption, it was aimed to design a flexible power factor

corrector system with fast response. In the system, 97% of the power factor is continuously studied. According to
the results of the study, a legal regulation request was made.

Design & Methodology

The system was simulated primarily without going into system implementation. Necessary capacities have been
determined thanks to the simulation. After the results were obtained from the simulation, the application was made.

Originality

In this study, a hybrid system with rapid response and high power factor that can provide continuous operation
has been developed. The need to use such systems and legal support is emphasized.

Findings
In our world where energy is gradually decreasing, measures to increase efficiency must be taken. This should

sometimes be achieved by law. Reactive power consumption can be prevented by laws. We now have technologies
to prevent reactive power consumption.

Conclusion

As a result of the work done, the power coefficient can be approached to 1 even in large capacity systems. Serious
energy savings can be made here. In order to achieve this, it is necessary to use hybrid systems, not just static
compensations. It is seen that the biggest problem, insufficient static compensation, can be overcome by suitable
synchronous motor control. The success of the application shows that more radical changes can be made about
the power coefficient. With the legislative amendment to be made, energy savings will be very large in the whole
country.
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committee permission and/or legal-special permission.
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ABSTRACT

Electrical energy is one of the most important issues in the world. Electricity generation is a problem for many countries. In many
countries in the energy field is also dependent on the outside. In some countries, such as Turkey's foreign dependency with loss
and leakage it is also high. This is a problem that needs to be overcome. This makes it mandatory not only to investigate new energy
sources but also to use electrical energy more efficiently. One of the most effective methods reducing the losses and increasing the
efficiency of the electric energy systems is Reactive Power Compensation. Countries are working to improve efficiency, by
publishing law or communique on reactive power compensation. In many countries, power is being tried to be kept between 85%
and 95% using law enforcement. From a technological point of view, the power factor can be approached to 1. By increasing the
power factor from 90% to 97% all over the world, a very large energy source will be obtained. In this study, a flexible system with
a fast response was designed and the power coefficient was over 97%. According to the results of this study, legal regulation was
requested.

Keywords: Hybrid power systems, reactive power control, power quality, power system economics.

Enerji Verimliliginde Reaktif Glig¢ Kompanzasyonunun
Yasal Diizenlemesi

oz

Elektrik tiretimi, birgok iilke i¢in bir sorundur. Elektrik tiretimi birgok {ilke i¢in bir problemdir. Hatta birgok iilke enerji alaninda
disa bagimlidir. Birgok iilkede, Tiirkiye de dahil olmak {izere, az kaynak olmasina ragmen, yiiksek kayip ve kagaklar vardir. Bu,
iistesinden gelinmesi gereken bir problemdir. Bu, yalnizca yeni enerji kaynaklarini arastirmakla kalmayip ayni zamanda elektrik
enerjisini daha verimli kullanmak i¢in de zorunlu hale getirmektedir. Elektrik enerjisi sistemlerinin kayiplarini azaltmak ve
verimliligini artirmak i¢in kullanilan en etkili yéntemlerden biri Reaktif Giic Kompanzasyonu'dur. Ulkeler kanunlarina reaktif gii¢
kompanzasyonu ile ilgili maddeler ekleyerek verimliligi artirmaya c¢aligmaktadir. Bir ¢ok iilkede kanun giicii kullanilarak gii¢
katsayist %85 ile %95 arasinda tutulmaya calisiimaktadir. Gelisen teknoloji ile bu rakam %100’ yaklastirilabilir. Tiim diinyada
ortalama %95 ten %97’ye yiikseltme yapildig1 varsayilsa ¢ok biiyiik bir enerji kaynagi elde edilmis olacaktir. Bu ¢alismada hizli
tepkili esnek bir sistem tasarlanarak, gii¢ katsayisinda %97 iizeri ¢aligilabilirlik durumu incelenmistir. Bu ¢alisma sonucuna gore
de kanuni diizenleme talebinde bulunulmustur.

Anahtar Kelimeler: Hibrit gii¢ sistemleri, reaktif gii¢c kontrolii, gii¢ kalitesi, gii¢ sistem ekonomisi.

performed the reactive power compensation with a
capacitor by switching various capacitors or capacitor
groups gradually [5]. Microcontroller-based reactive
power relay design has made in different application [6 -
10]. Tiwari et al designed an automatic power factor
corrector for a system and simulated this design by using
a simulation program [11]. Rustemli measured the power
factor by using a microcontroller and performed the
implementation of compensation by using a capacitor
and the simulation [12]. Afridi and Ali designed an
automatic power factor corrector for a single-phase

1. INTRODUCTION

Depending on  today’s  population  growth,
industrialization and technological developments, the
need for the electrical energy is constantly increasing.
The sources for generating electric energy are limited.
This makes it mandatory not only to investigate new
energy sources but also to use electrical energy more
efficiently.

One of the most effective methods to reduce the losses
and increase the efficiency in electrical energy systems is

“Reactive Power Compensation” [1-4]. When the
literature surveys, different implementations of reactive
power compensation works are performed. Miller

*Sorumlu Yazar (Corresponding Author)
e-posta : enyilmaz@gazi.edu.tr

system and performed the implementation and the
simulation of the compensation system [13, 14]. Kok et
al simulated the power factor corrector circuit they
designed for a single-phase system with a computer-
aided design program [15]. Mienski et al in theirs paper
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a PSCAD model are discussed for the system including
supply network, arc furnace as a heavily disturbing load,
STATCOM controller, and a special measurement
system for power quality assessment. Two STATCOM
systems, 12-pulse and 24-pulse, have been compared.
[16]. Wang in his paper, the Phillips-Heffron model is
established for both single-machine infinite-bus and
multi  machine power systems installed with a
STATCOM. Applications of the model established are
demonstrated by an example single-machine infinite-bus
power system and an example three-machine power
system to investigate the effect of the STATCOM on
power system oscillation stability. A simple analysis
indicates that the STATCOM DC-voltage regulator
contributes  negative damping to power-system
oscillations, which is confirmed by both eigenvalue
computation and nonlinear simulation. [17]. Chun An
Cheng and friends papers present and implement a
single-stage high-power-factor light-emitting diode
(LED) driver with coupled inductors, suitable for
streetlight applications. The presented LED driver
integrates an interleaved buck-boost power factor
correction (PFC) converter with coupled inductors and a
half-bridge-type series-resonant converter cascaded with
a full-bridge rectifier into a single-stage power
conversion circuit [18, 19].

In general, Var generators are classified depending on the
technology used in their implementation and the way
they are connected to the power system (shunt or series).
Rotating and static generators were commonly used to
compensate for reactive power. In the last decade, a large
number of different static Var generators using power
electronic technologies have been proposed and
developed. There are two approaches to the realization of
power electronics based Var compensators: the one that
employs thyristor-switched capacitors and reactors with
tap-changing transformers, and the other that uses self-
commutated static converters [20].

In this study, a real energy system is considered. This
system has been studied in three stages and its results are
emphasized. Firstly, the design and application of a
computer and microcontroller based compensation
system in the laboratory environment have been realized.
The developed system is basically a hybrid compensation
system. The system is based on the hybrid operation of
synchronous motor and static capacitors. As a result of
the measurements, the required capacitor groups are
automatically activated and compensated with the
capacitors. In addition, with the adjustment of the

excitation current of the synchronous motor, the more
sensitive compensation is made. In other words, for
precision and flexibility, if the system does not have the
proper power factor with the capacitors in the system, the
operation of the system is achieved by controlling the
excitation current of the synchronous motor with ANN.
By means of the synchronous motor, step values can be
obtained which cannot be obtained with static capacitors
and the power coefficient is made close to 1. In the
second step, a software was developed with the C #
programming language to be able to control the system
centrally and store the data in the desired format. The
values measured from the sample network where the
compensation is applied are continuously monitored with
a computer interface created via C# software language
and recorded in certain periods in a computer
environment. The results of the performed applications
are found in different load conditions experimentally and
in a simulation program then they are analyzed and
compared. In the last stage, the system was tried to be put
into practice by making the application.

2. DESIGN OF REACTIVE POWER
COMPENSATION

The use of renewable energy sources, conventional
reactive power control systems have been a troublesome
situation. Cos ¢ terms in a system not only backward, it
must be examined in the forward direction [21]. The
block diagram of the designed tree phase compensation
system is given in Figure 1. Communication of the
system with the computer is made through a USB port.
For this communication, the  microcontroller
PIC18F4550 is used.

Current and voltage signals of the system are applied to
the microcontroller inputs via current, voltage reading
module and zero crossing detectors. Necessary
measurements are made by processing these signals by
the microcontroller software. The measured values are
monitored through the computer interface and by
recording these values, the database of the system is
formed. Since 3-phase sample system is loaded with
balanced loads in the implementation of the
compensation in this study, the measurements in all
phases are equal. Therefore, performing the
measurements in the designed system through tree phase
will increase the cost unnecessarily. As a result, obtaining
the measurements from a single phase is found to be
appropriate.
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Figure 1. The block diagram of the system

The control module consists of a PWM controlled smart
drive and a capacitor control module. The PWM
controlled smart drive device provides the excitation
current of the synchronous motor. According to the
results of measurement against the loads in the circuit,
the need for compensation in the system is determined by
the control module. If the system needs compensation,
the control module determines the method by which the
compensation should be performed. The system decides
one of three methods: compensation with capacitor or
compensation with synchronous motor or compensation
with both capacitor and synchronous motor. By selecting
the appropriate method, the targeted correct power factor
is obtained. The control module is controlled by a
microcontroller module regulated by the computer. In
addition, phase difference between the voltage and
current signals of the system is measured by an
oscilloscope.

3. MICROCONTROLLER MODULE AND
COMPUTER INTERFACE

In order to control the power factor in a system voltage,
current, power, frequency, power factor (Cos¢g) must be
known. These values can be measured with much
different equipment like voltmeter, ammeter, wattmeter,
frequency meter and Cosgp meter. To perform the
measurements with a single device and for the control of
the all hardware rolled in the control process of the power

factor, a microcontroller module is designed. The
average value of this product is the real power P. Taking
Vi and |; as the instantaneous value of input voltage and
current varying in time, as well as Vrus and | rus their
rms values, the power factor is obtained with the formula

(1).
[} Vi t)i, ()t

P
Cosp=—= 1
@ S (1)

Vews X laus

In order to monitor the values of the system measured by
the microcontroller, to record into the computer
environment and to control the implementation of the
compensation with the computer, an interface is made.
The microcontroller controls the whole system. The
computer interface checks the operations of the
microcontroller, makes it viewable and record in the
computer environment. Microsoft Office Access 2007
data base management system is used as the database and
the Cos@ besides current values of the system are
recorded in ten-minute intervals. These recorded values
are seen in Figure 2.

To communicate the microcontroller with the computer,
PIC18F4550 microcontroller, having a USB module is
used. In this study, the microcontroller is the brain of the
designed system. The flow chart of the program loaded
into the microcontroller is shown in Figure 3.
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Figure 2. Recording of the measured values into the database
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Figure 3. The flowchart of the software.

The interface made in the computer environment is
developed by using C# programming language. This
interface is given in Figure 4.

The computer interface is accessed manually by the user
or automatically. In this study as a priority the system is
automatically compensated. The manual control is only
used to control the accuracy of the compensation.

L @

Resl Compansator

(SHe

223,50
-

50,0Hz

1<l

S8 Connection Established

Figure 4. Computer Interface

4. SIMULATION SYSTEM

The simulation of the designed compensation system is
made in Proteus software. The simulation is performed
under different load conditions. The circuit diagram used
for the simulation is given in Figure 5.
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Figure 5. Simulation circuit diagram of the system.
4.1. Compensation on Load at 7th and 8th Busbars The oscilloscope display showing the phase difference

between the voltage-current signals after the
compensation of the system and the measurement results
in this case are given in Figure 7. Simulation circuit
diagram of the control module where the capacitor group
needed for the system for this load condition is switched
automatically with traditional switches.

The power factor value (Cos¢) before the compensation
is 0.58 and the system shows inductive character. In this
case, the oscilloscope display and the measurement
results showing the phase difference between the
voltage-current signals before the compensation of the
system are given in Figure 6.

ST -

T r—

| 58 Commcton bt

) ) . Figure 7. Oscilloscope display and measurement results after
Figure 6. Oscilloscope display and measurement results before the compensation

the compensation
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Under these conditions, the appropriate capacitor value is
determined by the computer and the microcontroller as 1
kVAR and 5 kVAR. The simulation of the compensation
system is performed by switching 1 kVAR capacitor with
the control circuit and 5 kVAR capacitor group
automatically. With the current capacitor in the system,
it was not possible for the appropriate power factor. This
deficiency was eliminated by adding reactive power
taken by the appropriate excitation current synchronous
motor. With the rapid recovery of the system, a power
factor of 0.99 was obtained. As a result, Cos¢ value is
approximated to 1.

5. APPLICATION RESULTS

The designed compensation system consists of two main
parts. In the first part, the measurement is made. The first

part consists of microcontroller module, current reading
module, voltage reading module, power source module
and computer interface. In the second section, the control
process is carried out. The second part consists of
microcontroller module, control module, 1-5-10-20
kVAR capacitors and computer interface. In the both
main sections of the system, microcontroller module and
computer interface are located. Even though the
microcontroller module is under the computer interface
control, all the work is carried out in the microcontroller
module.

Therefore, the microcontroller module is the brain of the
system. The circuit designed for the measurement and the
control procedures are given in Figure 8. In addition, an
overview of the system for the experimental
compensation implementation designed in the laboratory
environment is given in Figure 9.

At —

al

Figure 9. Overview of the designed system

For a correct comparison, the load, voltage, current,
COS¢, active power, reactive power and frequency values
of the loads in the busbars were measured in the absence
of compensation and then measured during the
compensation application with the designed hybrid
compensation. In addition, measured values and voltage,
current waveforms were monitored by the interface.

5.1. Compensation on Load at 7th and 8th Busbars

Power factor Cos¢ value before the compensation is 0.58
and the system shows inductive character. In this case,
the oscilloscope display and measurement results
showing the phase difference between the voltage and
current signals before the compensation of the system are
given in Figure 10.
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Figure 10. Oscilloscope display and the measurement results
before the compensation

The results of measurement after compensation with
capacitor groups are given in Figure 11. When the given
measurement results are considered, compensation with
1kVAR and 5kVAR capacitors is insufficient. This
situation is solved with synchronous motor applied
excitation current estimated to 3.5 Ampere.

) Forml 3 P p——
Compasation
v 2

| USB Connection Established

Figure 11. Oscilloscope display and the measurement results
after the static compensation

1,20
1,00

0,80

0,20

0,00
1 3 5 7 9

—Real Measurement

After compensation, the oscilloscope display and the
measurement results of the system showing the
phase difference between the voltage-current
signals are given in Figure 12.

s Forml N P —7—

USB Connection Established

Figure 12. Oscilloscope display and the measurement results
after the hybrid compensation

6. COMPARISON OF THE RESULTS

Similarities are observed among Cos¢@ values under
different load conditions after the simulation and
experimental implementation of the designed system.
This case is seen in Figure 13.

When Cos¢e values obtained as a result of the
experimental implementation and simulation are
compared with X2 test, no significant difference is
observed (X?=0.150; P=1). In addition, the relationships
between Cospl value of the system before the
compensation under different load conditions and Cos¢2
value of the experimental implementation and simulation
after the compensation are given in Figure 14.

11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61

—Simulation Results

Figure 13. Measured Cos¢ values after the simulation and experimental implementation

683



Sibel AKYAYA OY, Ercan Nurcan YILMAZ, Olcay AYDIN / POLITEKNIK DERGISI, Politeknik Dergisi, 2020;23(3): 677-685

1.2

1
0,8
06
04
0,2

0

Power Factor Change Graph

1 3 5 7 9 111315171921 23 2527 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75 77 79 81 83 85 87

———cosd1 Before Compensation ——cosd2 After Compensation

Figure 14. Cos@1 and Cos¢2 values after the experimental implementation

The recovery of the power coefficient leads to a compensation. Almost the same power was pulled as
reduction in the consumed reactive power. The active shown. Figure 16 shows that the reactive power taken
power, defined as the power to do work, is not before compensation is much reduced after

dependent on the power coefficient. Figure 15 shows compensation. It is an expression of what the designed

the active power drawn from the system before and after ~ system works correctly.
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When the results of the system before and after approached to 1. As a result, more reactive power is not
compensation, P value remained constant and Q value taken from the grid and energy is saved.
decreased. With this study, the Cos value was
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7. CONCLUSION

This study focused on power factor correction with a
significant impact on productivity. It has been
investigated whether it can be held above 97% of the
power coefficient in a real and unstable three-phase
system. In order to achieve this, a simulation model of an
existing system has been developed. The developed
model is then transformed into an application. The results
of the experiment and the simulation are compared and
there is not much difference between them. This shows
that the simulation program prepared before the
application will help to design a compensation system
and may even be used for educational purposes. As a
result of the work done, the power coefficient can be
approached to 1 even in large capacity systems. Serious
energy savings can be made here. In order to achieve this,
it is necessary to use hybrid systems, not just static
compensations. It is seen that the biggest problem,
insufficient static compensation, can be overcome by
suitable synchronous motor control. The success of the
application shows that more radical changes can be made
about the power coefficient. With the legislative
amendment to be made, energy savings will be very large
in the whole country.
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