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Foreword

Electric power systems will be operated in reliable and efficient situation consid-
ering reactive power control and voltage stability management. Reactive power
margins are related to the voltage stability. The aspects are satisfied by designing
and operating of right voltages limits, maximizing utilization of transmission sys-
tems and minimizing of reactive power flow. Therefore, controlling reactive power
and voltage is one of the major challenges of power system engineering.

Reactive power as the dissipated power is affected by capacitive and inductive
phenomena that they drop voltage and draw current in the form of heat or waste
energy. Reactive power is generated by the capacitors and generators, whereas it is
consumed by the inductors and is essential in the parallel connection circuits as
power factor controlling and power transmission lines.

Reactive power control and voltage stability aspects are effective in reliability of
electric power networks. Voltage instability commonly occurs as a result of reactive
power deficiency. The trends are to reduce reactive power and increase voltage
stability to improve efficiency and operation of power systems. There is a direct
relation between reactive power and voltage behavior which serves the voltage
collapse and rising effects in power systems.

Regulating the reactive power and voltage control should be done according to
flexible and fast controlled devices. Placement and adjustment of reactive power
play important roles in operation of reactive power compensation and voltage
control. Therefore, the operations of reactive power resources in the power systems
such as automatic transformer tap changer, synchronous condenser, capacitor
banks, capacitance of overhead lines and cables, static VAR compensators and
FACTS devices are very significant.

Reactive power control and voltage stability management are considered as
regional challenges to meet, which otherwise can cause the scale of blackouts
increase in the power systems. Theoretical and application issues in these areas help
us to identify problems related to reliability and stability of the power systems and
prevent the system degradation.

vii



viii Foreword

The above aspects are illustrated in this book by the editors and authors, in the
following topics: electrical power systems operation and control, reactive power
and voltage stability in power systems, reactive power control in transmission lines,
reactive power compensation and optimal placement, reactive power in renewable
resources, reactive power optimization and software applications, optimal reactive
power dispatch, induction generator operation and analysis, communication net-
works and standards in power systems, power systems SCADA applications, and
geomagnetic storms effects in electric networks.

The book chapters and materials are very efficient in theoretical and application
issues and are highly recommended for studying and considering in educational and
research fields.

November 2016 Academician Arif M. Hashimov
Institute of Physics

Azerbaijan National Academy of Sciences

Baku

Azerbaijan



Preface

The modern electric power systems are more expanded worldwide and include
more energy resources and critical parts based on the requirements of the
twenty-first century. General parts of electric power systems as generation, trans-
mission and consumption are important to be analyzed and well operated for the
development of industry and life.

The engineers and scientists need applicable and renewable methods for ana-
lyzing and controlling each part of the electric power systems and to overcome
complicated actions which occur in the systems due to their operational and
interconnection behaviors. The objective of the analysis is minimizing the losses
of the networks and increasing the overall efficiency and economic advantages.

The central and distributed generation of electric power networks connect to
more loads, transmission lines, transformers and energy sources together including
nonlinear equipment such as power semiconductor devices. The engineers and
scientists are interested in analyzing the power systems operations to control
and develop the AC/DC networks including high voltage transmission lines and
equipment.

Flexible and fast power flow control and transmission are expected to raise the
network effective operation, power wheeling requirement and transmission capa-
bility as well as voltage stability. Computational intelligence methods are applied to
electric power analysis to facilitate the effective analysis techniques and solve
several power system problems especially in power transmission and voltage
stability.

Reactive Power Control in AC Power Systems: Fundamentals and Current
Issues is a book aimed to highlight the reactive power control and voltage stability
concepts and analysis to provide understanding on how they are affected by dif-
ferent criteria of available generations, transmissions and loads using different
research methods.

A large number of specialists joined as authors of the book chapters to provide
their potentially innovative solutions and research related to reactive power control
and voltage stability, in order to be useful in developing new ways in electric power
analysis, design and operational strategies. Several theoretical researches, case
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analysis, and practical implementation processes are put together in this book that
aims to act as research and design guides to help graduates, postgraduates and
researchers in electric power engineering and energy systems.

The book, which presents significant results obtained by leading professionals
from industries, research and academic fields, can be useful to a variety of groups in
specific areas. All works contributed to this book are new, previously unpublished
material or extended version of published papers in the proceedings of international
conferences and transactions on international journals. The book consists of
16 chapters in three parts.

Part I Fundamentals of Reactive Power in AC Power Systems

The six chapters in the first part of this book present the fundamentals of reactive
power in AC power systems considering different operating cases. The topics in this
part include the advanced methods and applications in electric power systems and
networks related to the fields of fundamentals of reactive power in AC power
systems, reactive power role in AC power transmission systems, reactive power
compensation in energy transmission systems with sinusoidal and nonsinusoidal
currents, reactive power importance in wind power plants, and fundamentals and
contemporary issues of reactive power control in AC power systems.

Chapter 1 describes the general overview of electric power systems including
power generation, transmission and distribution systems, linear AC circuits in
steady state conditions, flow of power between generator and customers is studied
by using the active, reactive, apparent and complex power, electric power system
quality, measurement and instrumentation methods of power systems parameters,
and general standards in energy generation, transmission and marketing. The
importance of reactive power in AC power systems and its various interpretations
are also discussed in this chapter.

The basic theory of AC circuits, behavior of two-port linear elements and
analysis methods of AC circuits are given in Chap. 2. The physical interpretation of
electric powers in AC power systems, fundamental problems of reactive power
consumption automated management in power systems, equipment for power factor
correction, designing simple systems for compensating of reactive power for dif-
ferent levels of installation, the overall harmonic distortion of voltage and current,
and qualitative and quantitative aspects related to active and reactive power cir-
culation in AC power systems including several examples and case studies referring
to classical linear AC circuits under sinusoidal and nonsinusoidal conditions are
also the topics of this chapter.

Chapter 3 presents basic principles of power transmission operation, equipment
for reactive power generation, shunt/series compensation, control of reactive power
in power transmission system. The chapter describes the capacitive and inductive
properties of power transmission lines and also reactive power consumption by
transmission lines which increases with the square of current. The chapter states the
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sources, effects and limitations of the reactive power and flowing in transmission
lines and transformers as well as control of reactive power should satisfy the bus
voltages, system stability and network losses in the power systems.

The definition of reactive power under nonsinusoidal conditions in nonlinear
electric power systems is described in Chap. 4. This chapter discusses and simulates
the reactive power compensation for sinusoidal and nonsinusoidal situations, where
nonlinear circuit voltages and currents contain harmonics and also the control
algorithms of automatic compensators. The main aim of the chapter is based on the
dissipative systems and cyclodissipativity theories for calculation of compensation
elements for reactive power compensation by minimizing line losses. The chapter is
also including the examples and computer simulations to show the mathematical
framework for analyzing and designing of compensators for reactive power com-
pensation in general nonlinear loads.

Chapter 5 deals with the rate of reactive power absorption or injected by the
wind units and also the key role of reactive power generation and consumption in
large-scale wind farms. The chapter describes requirements of reactive power
compensation, voltage stability and also power quality improvement in the electric
grid of wind turbine to reduce the power losses and control of voltage level. The
units of wind turbines of types 1 to 4 are also categorized and discussed in the
chapter considering their construction, generation, converters, reactive power and
voltage control abilities. The coordination related to reactive power adjustment in
the wind turbines is also discussed in this chapter.

The concept of power quality and voltage stability improvement based on the
reactive power control is introduced in Chap. 6. The chapter describes the impact of
reactive power flow in the power system and defines the power components of
electrical equipment that produces or absorbs reactive power. Then the reactive
power control and relations between reactive power and voltage stability are pre-
sented. The chapter also contains reactive power control methods for voltage
stability and presents voltage control management based on case studies.

Part II Compensation and Reactive Power Optimization
in AC Power Systems

The second part of this book tries to highlight in six chapters the concepts of
reactive power optimization and compensation. The topics in this part include
optimal reactive power control for voltage stability improvement, reactive power
compensation, optimal placement of reactive power compensators, reactive power
optimization in classic methods and also using MATLAB and DIgSILENT, and
multi-objective optimal reactive power dispatch.

Chapter 7 is entirely focused on the voltage stability control using three main
techniques of reactive power management, active power re-dispatch, and load
shedding. The chapter discusses about determining the location of VAR sources
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and their setting and installation, online and offline reactive power dispatch, and
optimal reactive power flow (ORPF). The reactive power flow and voltage mag-
nitudes of generator buses, shunt capacitors/reactors, output of static reactive power
compensators, transformer tap-settings are considered as the control parameters and
are used for minimizing the active power loss and improving of the voltage profile
in ORPF. This chapter also confers the reactive power dispatch as a nonlinear and
nonconvex problem with equality and inequality constraints.

The reactive power compensators based on advanced industrial applications are
highlighted in Chap. 8. The basic theoretical background of reactive power com-
pensation as well as conventional compensators and improved FACTS are intro-
duced in the chapter. The compensation devices including shunt, series and
shunt-series configurations for transmission lines regarding their characteristics and
also analytical expressions are presented in the chapter. The power flow control,
voltage and current modifications as well as stability issues are also analyzed and
compared for similar compensation devices and emerging technologies.

Chapter 9 provides a framework and versatile approach to develop a
multi-objective reactive power planning (RPP) strategy for coordinated handling of
reactive power from FACTS devices and capacitor banks. This chapter deals with
power system operators for determining the optimal placement of FACTS devices
and capacitor banks should be injected in the network to improve simultaneously
the voltage stability, active power losses and cost of VAR injection. A formulation
and solution method for reactive power planning, and voltage stability based on
cost functions are also presented in the chapter.

Chapter 10 presents the reactive power optimization using artificial optimization
algorithms as well as the formulations and constraints to implement reactive power
optimization. The classic method of reactive power optimization and basic prin-
ciples and problem formulation of reactive power optimization using artificial
intelligent algorithms are discussed in the chapter. In addition, this chapter focuses
on the particle swarm optimization algorithm and pattern search method application
in reactive power optimization including the case studies.

The efficient approach using parallel working of MATLAB and DIgSILENT
software with the intention of reactive power optimization is discussed in Chap. 11.
This chapter presents the toolboxes, functions and flexibility powers of MATLAB
and DIgSILENT in electrical engineering calculation and implementation. Also it
provides the advantages of parallel calculations of MATLAB and DIgSILENT and
relation of two software to carry out the heuristic algorithms as fast, simple and
accurate as possible to optimize reactive power in AC power systems.

In Chap. 12, the reactive power compensation devices are modeled using
deterministic multi-objective optimal reactive power dispatch (DMO-ORPD) and
two-stage stochastic multi-objective optimal reactive power dispatch (SMO-ORPD)
in discrete and continuous studies. They are formulated as mixed integer nonlinear
program (MINLP) problems, and solved by general algebraic modeling system
(GAMS). A case study for evaluation of the performance of different proposed
MO-ORPD models is also shown in the chapter. This chapter presents the
MO-ORPD problem taking into account different operational constraints such as
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bus voltage limits, power flow limits of branches, limits of generators voltages,
transformers tap ratios and the amount of available reactive power compensation at
the weak buses.

Part III Challenges, Solutions and Applications in AC Power
Systems

The final part of this book consists of four chapters and considers some applications
and case studies in AC power systems related to the issues of active and reactive
power concepts. The topics in this part include self-excited induction generator,
communications for electric power systems, SCADA applications for electric power
systems and effect of geomagnetic storms on electrical networks.

Chapter 13 discusses about a three-phase self-excited induction generator in an
autonomous power generation mode. The chapter presents generator operating
points and control strategies to maintain the frequency at quasi-constant values and
to use it as power converter such as a simple dimmer to control the reactive power.
The frequency analysis in steady state and transient cases is studied in this chapter
using a single-phase equivalent circuit as well as theoretical and numerical results
are also validated on a laboratory test bench.

Chapter 14 describes communications applied for electric power systems
including communication standards and infrastructure requirements for smart grids.
The chapter presents three primary functions of smart grids to accomplish in real
time requests of both consumers and suppliers based on communications tech-
nologies. The most usual communication systems including fiber optic communi-
cation, digital subscriber line/loop, power line communications, and wireless
technologies for using the power system control for smart grids architecture are
highlighted in the chapter. The case studies related to communication systems of
electric power system are also carried out in this chapter.

The SCADA systems and applications in electric power networks are studied in
Chap. 15. The chapter explains the role and theory of SADA systems, security,
real-time control and data exchange between remote units and central units.
The SCADA systems are also applied for optimization and realization of reactive
power in AC power systems. Some disadvantages of dispatching systems such as
graphical information and interface are explained in the chapter and the rules of
improving them are also carried out. The flexibility designing of the systems for
small and large networks are also explained.

Chapter 16 introduces the effect of geomagnetic fields called as storms on
electric power systems. This chapter discusses about the physical nature of earth’s
magnetic field and its measurements in geomagnetic observatories and shows that
the variation of geomagnetic field affect the operation of various distracting elec-
tronic devices, such as electrical transmission systems. An algorithm for calculating
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induced currents in the power transmission lines and also the violation of stability
of the system considering the illustrative example are also derived in this chapter.

The editors recommend this book as suitable for an audience professional in
electric power systems, as well as researchers and developers in the field of energy
and power engineering. It is anticipated that the readers have sufficient knowledge
in electric power engineering and also advanced mathematical background.

In total, the book includes theoretical background and case studies in reactive
electric power and voltage stability concepts. The editors have made efforts to cover
the essential topics of reactive electric power to balance theoretical and applicative
aspects in the chapters of this book. The book has been written by a team of
researchers from which use the dedicated intensive resources for achieving certain
mental attitudes for interested readers. At the same time, the application and case
studies are intended for real understanding and operation.

Finally, the editors hope that this book will be useful to undergraduate and
graduate students, researchers and engineers, trying to solve reactive electric power
problems using modern technical and intelligent systems based on theoretical
aspects and application case studies.

Tabriz, Iran Naser Mahdavi Tabatabaei
Zanjan, Iran Ali Jafari Aghbolaghi
Pitesti, Romania Nicu Bizon

Aalborg, Denmark Frede Blaabjerg
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Chapter 1
Electrical Power Systems

Horia Andrei, Paul Cristian Andrei, Luminita M. Constantinescu,
Robert Beloiu, Emil Cazacu and Marilena Stanculescu

Abstract The general description of architecture and classification of power sys-
tems are presented at the beginning of the first chapter. Afterwards the basic
concepts and analysis methods of electrical power systems are given, being
accompanied by many examples of calculation. Also the power flow between the
generators and consumers has been considered. In order to characterize the
parameters of power systems next section of the first chapter is dedicated to
measurement methods of power systems parameters. Electrical energy needed to
power industrial or household electric consumers, like any other product, should
satisfy specific quality requirements. In this respect the power quality aspects and
the standards for power systems parameters are presented. The flow of reactive
power and energy in power systems produces significant effects on the optimal
functioning of suppliers and customers which are connected. Therefore in the last
section of first chapter is defined the importance of reactive power in AC power
systems and on its various understandings. Usually the first chapter is closed with a
large list of bibliographic references.
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1.1 Chapter Overview

First part of this chapter is dedicated to an overview over all the topics presented in
its sections. Power generation, transmission and distribution systems—that can be
usually called electrical power systems—use almost exclusively AC circuits due to
economic and technical advantages they offer. In this respect the second section of
this chapter makes a general description of power systems. Generalities about the
linear AC circuits in steady state conditions when the parameters as currents
through and the voltages across the branches of circuits are sinusoidal are described
in section three. Also the flow of power between generator and customers is studied
by using the active, reactive, apparent and complex power like other important
energetically parameters of AC circuits in sinusoidal state.

In the complex and interconnected power system a large variety of the elec-
tromagnetic field occurrences are present. They influence, in any time and location,
the system parameters particularly his currents and voltages, one of the most
important parameters being the power quality (PQ). Therefore all those who are
interconnected and use the power system like power suppliers, distributors and
customers are interested to preserve the PQ quality in their nominal values or in
other words the electrical power as clean as possible.

Generally speaking the power quality term includes all the parameters which are
defined for power systems. In order to check the PQ state, the parameters of power
systems must be measured as accurately as possible. Herein in Sect. 4 of the chapter
is presented an overview of the most important measurement and instrumentation
methods of power systems parameters. In addition the parameters of PQ must be
compared with a set of nominal (technical reference) values, namely standards.
Particularly each country holds its own PQ standards and PQ instrumentation. On
the other hand the globalization of the energy generation, transmission and market
imposes general standards for common PQ parameters. A review of these inter-
national standards represents another purpose of this chapter which is allocated in
Sect. 5.

The circulation of reactive power in power systems produces significant effects
on the optimal functioning of suppliers and customers which are connected.
Therefore about the importance of reactive power in AC power systems and on its
various understandings refers the last section of the chapter.

This chapter is closed with a specific list of bibliographic references.

1.2 Introduction in Electrical Power Systems

Nowadays electrical power, together with natural resources, is becoming one of the
most technical, economic and political factors. Often the stability and development
of a region of the world depends on the respective countries’ energy systems and
resources among which the electricity plays a key role.
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The traditional architecture of Electrical Power Systems (EPS) is based on power
generation, transmission, distribution and usage interconnected subsystems [1, 2].
For the past century the rate of change about energy production, distribution and
customers is significant: on one hand the depletion of natural resources and envi-
ronmental protection measures have led to the use of renewable energy sources
(RES) such as wind turbines (WT), photovoltaic (PV) modules, geo-thermal
(GT) or bio-mass (BM) systems and to the penetration of sophisticated distributed
generation (DG) and Micro and Smart Grids (MG) systems; on the other hand
through the development of industry production is resulted diverse range of much
sensitive industrial and residential equipment [3, 4].

More efficient operation modes of distribution subsystems have been imple-
mented with the increasing of DG penetration rate. Thus the presence of a multitude
of energy sources leads to improving the continuity of power supply to the
industrial and residential consumers. One the other hand there are several technical
and economic issues that can be exceeded by introducing of new operation and
control concepts as MG paradigm. The MG is a complex flexible and system
control system of power flow between the generators and consumers. MG provides
real-time decisions and auxiliary services to networks (relieves congestions, aiding
restoration after faults e.a.). Also MG can provide to customers their thermal and
electric energy needs, enhance the PQ, reduce the pollution and the costs of con-
sumed energy e.a.

Nowadays complex and complicated technical, economic and political processes
of industry and residential consumers development influence the dynamics of EPS
[5-7]:

— globalization means the inter-country or inter-continental networks integration,
energy market and investment combination and technological integration;

— liberalization is associated with the development of regional or inter-regional
energy markets;

— decentralization assumes the development of small and large units power,
together with upgrading and renewal of transmission and distribution networks,
and introducing of DG concept;

— diversification means the increasing of multitude of energy sources (fuels,
renewable energy sources e.a.) and of types of power plants;

— modernization results from the development of old technologies and the
implementation of new and efficient ones.

Considering that EPS have different functions and nominal voltages, respec-
tively various constructive types, there are some criteria for their classification
[8-10]:

— criteria of nominal voltage is important because with its help is determine the
power and distance that can be transmitted, the cost of the transmission line and
its equipment e.a. EPS classification taking into account the nominal voltage is
presenting in Table 1.1.
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Table 1.1 Classification of Class of EPS Nominal voltage
EPS Low voltage (LV) 50-1000 V
Medium voltage (MV) 1-35 kV
High voltage (HV) 35-275 kV
Very high voltage (VHV) >300 kV

The nominal voltage means the rms value of a line voltage between phases; its
standardized values are recommended by the International Electrotechnical
Commission (CEI). For example the standardization values in kV are: 3; 3.3; 6; 10;
11; 15; 20; 22; 30; 45; 47, 66; 69; 110; 115; 132; 138; 150; 161; 220; 230; 287,
330; 345; 380; 400; 500; 700, and each country can adopt specific several such
values. The LV is used in indoor electrical installations to supply directly the low
voltage customers as well as the small urban and industrial networks, with power up
to tens of kVA. The MV is used in urban and industrial networks for supply
transformers with powers between tens and hundreds of kVA and also can supply
directly medium voltage equipment. Transmission and distribution lines for powers
between tens of MVA and 1-2 hundreds of MVA are carried out with HV.
The VHYV is used for transmission lines of powers between hundreds and thousands
of MVA.

— criteria of functions classify EPS in usage (utilization), distribution and trans-
mission networks.

— criteria of topology classify EPS in: (i) radial networks that means each cus-
tomer can be supplied from one side (source) only; (ii) meshed networks that
means each customer can be supplied from two sides; (iii) complex meshed
networks that means each customer can be supplied from of more than the two
sides.

— criteria of adopted power system classify EPS in AC respectively DC. Starting
from historical scientific insights of M. Dolivo-Dobrovolski and N. Tesla now
the widespread EPS system consists in 3 and 2-phases electrical AC networks.
But from struggle between AC and DC transmission systems is possible in the
near future that very high voltage DC systems to win.

1.3 Basic Concepts and Analysis Methods of Electrical
Power Systems

From theoretical point of view EPS are considering as symmetrical three-phase
systems, condition that is ensured through the symmetrization of transmissions and
distribution lines, and transformers. Starting from this ideal assumption the sym-
metrical three-phase transmission and distribution networks, including equipment
and transformers, can be analyzed by using symmetrical components method and
the decomposition in single phase circuits. The equivalent circuits of EPS contain
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non-linear passive elements, as resistances, inductances and capacitances.
Nonlinearity of these elements are neglected in most frequent calculations, con-
sidering that their values change relatively small according to the low and expected
limits of change of the voltage, current or frequency. For this reason the equivalent
circuits of EPS are considered linear and are disposed longitudinal and transversal
asin I', T or II scheme types [11-13].

A three-phase symmetrical and positive phase-sequence system in instantaneous
values is expressed as [14, 15]

var(t) = VV2sin(wr +7)

. 27
var (1) = V\/Esm(w“r“/—?) (1.1)
4 2
va3(t) = VV2sin(wr 47 — ?n) = VV2sin(wr + 7+ ?n)
respectively by the complex vectors
Vy=Ve' =V
V=Vl =ve s =2V (1.2)
V= Ve0t%) = vel¥ = qv
where a = &% = ¢ 7T = —% +j g is called phase operator. The representation of

instantaneous values (1.1) in time domain and of complex vectors (1.2) in complex
Cartesian coordinates are presented in Fig. 1.1a, b.

(a) (b) ,
4 +}
: 4
| e
1
1 2
! kut _2_11' 0 \\-3
t 3
v
o 2
3
v

3

Fig. 1.1 Representation of three-phase symmetrical and positive phase-sequence system: a Time
domain, b Cartesian coordinates
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A three-phase symmetrical and negative phase-sequence system in instantaneous
values is expressed as

vir(t) = VV/2sin(wr +7)
Vo (t) = VV/2sin(or +y + 2?71) (1.3)

2
vis(t) = V\/ésin(a)t+ y— ?n)

respectively by the complex vectors

Vi =Vel =V
=aV (1.4)

which have the representations in time domain and complex Cartesian coordinates
illustrated in Fig. 1.2a, b.

A three-phase symmetrical and zero phase-sequence system in instantaneous
values is expressed as

V()l(l) = Voz(l) = V03(l) = V\/Esin(wt—ky) (15)
and by the complex vectors
Vy=Vyp=Vs=V'=V (1.6)

The representation of values (1.5) and (1.6) is shown in Fig. 1.3a, b.

(a) (b) )
v [
|
2n
2o \\3
3
v
- Y3
3
v

Fig. 1.2 Representation of three-phase symmetrical and negative phase-sequence system: a Time
domain, b Cartesian coordinates
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(b) i

h :_’E £1 = =y3 +J

ﬁi L g : ¥
: : wi

v

Fig. 1.3 Representation of three-phase symmetrical and zero phase-sequence system: a Time
domain, b Cartesian coordinates

(a)

+1
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e i L j i 1
| ) e 1 1w —
I =) > i > I >— I I
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1 | LT i3G | s | iy —— | |
: e ] e ] ]
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Uoisiey oriamis o, e B Lo s e e i B -
Z,

Fig. 1.4 Star connection

Practically, two general connections are considered in EPS: star and delta
[16-18].

(i) Star connection. Let us consider an elementary EPS in which the generator
(G) and consumer (load, receptor—R) are arranged into a star connection. The
transmission line (L) links G with R. The star connection illustrated in Fig. 1.4
is defined in that all the phase terminals are connected together to form the
neutral point. The both neutral nodes of the generator “O” and of the receptor
“N” is linked by neutral wire. The electromotive voltages of generators ey, e,
e3, the voltages across the terminals of generators u,,, us,, us,, the voltages
between the transmission lines u,, U3, Uz, the currents in the transmission
lines iy, i, i3 and the voltages across the terminals of receptor ui,, ua,, u3,
there are three-phase systems.

For an adequate systematization of knowledge following definitions are useful:

o the triplets (er, ui,, i1,), (€2, Uz, i2;) and (es, us,, i3,) are called phase
signals of generators;
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e the doublets (uy,, i1,), (U2, f2,) and (uz,, i3,) are called phase signals of
receptors (consumers);

e the voltages (u1», un3, u3;) between of the three line wires are called line
voltages, also the line impedances have not been taken into account;

e the currents (iy, i5, i3) across the line wires are called line currents;

e the impedances Z;, Z,, Z; are called phase impedances of receptor.

Generally speaking the set signals (ey, u;,, i1, U1,, i1,,Z,) makes up phase 1 of
star connection and similar definitions are used for the other two phases. For star
connection the line currents are equal to the phase currents

I = I = lg; hg = I = p; I3g = I3 = i3 (1.7)
respectively in complex values
Le=1=1,;Le=5L=0L;13;=13=1;, (1.8)

and in rms values I; = L.

Also for the neutral wire are defined: iy or i,—the current, uyo or u,—the
voltage, and Z, or Zy—the impedance.

Considering the positive reference directions for line currents from generators to
receptors and for current across the neutral wire from neutral point of the receptors
to that of the generators, then by applying Kirchhoff laws following relations in
complex values are described the star connection

11 +lz +l3 = lo
Up=U, -U,

Uy = Uy, = Us,

Us =U;, - U,
Up+Uy;+Us; =0
U +Uno+U;p=0
Uy +Uno+ Uy =0
Us, +Uno + Uz =0

(1.9)

Another set of relations express Ohm’s law for receptor phases and for neutral
wire in complex values are expressed as

QlR :Zl 'l1
Uy, =2, 1, (1.10)
Q3R :Z3 '13

Uno =21
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Uz

Fig. 1.5 Delta connection

(i1) Delta connection. Let us consider an elementary EPS in which the generator
and receptor (consumer) are arranged into a delta (mesh) connection
(Fig. 1.5). The transmission line links generator with receptor. Symmetrical
cycling between the pairs of impedances leads so that the start terminal of one
phase impedance is connected to the finish terminal of another are used for
delta connection.

For an adequate systematization of knowledge following definitions are useful:

e the triplets (612, U1, i21c), (623, U3, i23G) and (631, U3, i31G) are called
phase signals of generators;

o the doublets (u12,, i12;), (U234, i23;) and (u3y,, i31,) are called phase signals of
receptors (consumers);

e the voltages (u1n, us3, uz;) between of the three line wires are called line
voltages, also the line impedances have not been taken into account;

e the currents (iy, iy, i3) across the line wires are called line currents;

e the impedances Z;,, Z,3, Z3; are called phase impedances of receptor.

Generally speaking the set signals (eja, U12g, f125, Y12, i1245Z12) Makes up
phase 1 of delta connection and similar definitions are used for the other two
phases. If the line impedances are not considering, for star connection the line
voltages of generators are equal to the line voltage of receptor

Ul = Uiz = W12, U3, = U3, = U3, U3, = U31, = U3] (1.11)

and in rms values V; = V.
Based on Kirchhoff’s current law (KCL) the following relations are true

Iy =1 — I3
Iy =1 —1Ip (1.12)
Iy =13 — I
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By summing (1.12) results
L+, +13=0 (1.13)

Also applying Ohm’s law on each phase of the receptor are obtained

Up =21
Uy =2y - I3 (1.14)
Us) = Z31 - I3

A three-phase system is called symmetrical if it is supplied by a symmetrical
voltages system (1.1), (1.3) or (1.5). Otherwise it is considered unsymmetrical. If all
the complex phase impedances of star or delta connection are equal the system is
balanced, otherwise is non-balanced. A symmetrical and balanced system produces
symmetrical lines and phases currents systems. In symmetrical and balanced sys-
tems all neutral points are the same potential and the current across the neutral wire
is null. On the other hand in symmetrical and balanced conditions for star con-
nection the rms value of line voltage is v/3 times the rms value of phase voltage
V= \/§Vph, respectively for delta connection the rms value of line current is V3
times the rms value of phase current I; = \/§I,,h.

The overall complex powers absorbed by a receptor in star (including the neutral
wire) and delta connections are given by

Sew = Un Ly + Un I + Us I3 + Uyoly = ZiT; + 2,15 + Z515 + Zy [ (115)
= PR sar +jQR,star
respectively
S, e = Uinliy + Uss Loy + Uz I3, = Zilty + Zoslys + Zs Iy + Zol; (1.16)
= PR detta + JOR delta

where the real part represents the overall active absorbed power (Pr—dissipated in
the resistors) and the imaginary part represents the overall absorbed reactive power
(Qr—dissipated in the inductors minus in the capacitors). When symmetrical and
balanced conditions are verified then for any form of interlinkage (star or delta) the
overall active and reactive absorbed powers are given by

Pr = 3Vph1ph cos p = \/§V,Il cos ¢

(1.17)
Or = 3Vphlph singp = \/§VZII sin @
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where the angle ¢ is the phase displacement between the voltage and current
phases, or in other word, is the phase angle of the complex phase impedance. Also
the apparent (overall) power for star and delta connections is defined as

SR,SIW = \/ Plz?,star + Q12?,star; Sdeflm = \/ Plze,delta + QI%,delta (118)

According to the Eq. (1.17) in symmetrical and balanced conditions for both
connections the following expression is true

Sk = 3Vl = V3V, (1.19)

The calculation methods of EPS are based on the properties of three-phase
circuits with different types of supplying system’s voltages and on some properties
of various phase connections [19, 20]. Two elementary methods are presented
below.

(o) Calculation of symmetrical and balanced three-phase circuits. In this case we
assume that the voltage generators are symmetrical and know, and also the receptor
is balanced. Symmetrical three-phase circuits consisting of many star or delta
receptors are solved by the use of single-phase circuit, for example of phase 1.
Based on the principles of this elementary method have been developed software
programs for the analysis of three-phase circuits. This method contains following
steps [21, 22]:

(a1) The coupled inductances in phase 1 are replaced with equivalent inductance
—Z,,. Based on three-phase symmetrical currents property I; + I, + Is = 0, then the
voltage across the coupled inductance in phase 1 can be expressed as
Uni1=2,L + 2,15 = Z,(I, + ;) = —Z,1,, where the complex mutual impedance
is Z,, = joM, and M is the mutual inductance which can be considered in aiding
(+) or opposite (—) direction. Analogous equivalences are applied to couple
inductances of other two phases.

(«2) All the delta connections are replaced with equivalent star connections, by
using the relation Z, = Z, /3, where Zy and Z, are the phase impedances of star
respectively delta connections.

(«3) In a symmetrical and balanced three-phase star circuits all neutral points have
the same potential and I; + I, + I3 = Iy = 0. Therefore all neutral points can be
connected each other through a null resistance wire without modifying the
three-phase circuit voltages and currents. Such the single-phase circuit becomes a
closed-loop.

(04) The voltages and currents of phase 1 are calculated by using the Kirchhoff’s
laws in single-phase circuit. Finally on determine the other two phases voltages and
currents through the use of phase operator a, according to the type of
phase-sequences of the voltages generator system.

(«5) By using Egs. (1.17) and (1.19) the overall active, reactive, apparent and
complex absorbed power are calculated.



14 H. Andrei et al.

XL

Lia

Fig. 1.6 Symmetrical and balanced three-phase system

Example 1.1 Let us consider a symmetrical three-phase generator in star connec-
tion shown in Fig. 1.6. Its positive phase-sequence voltages system are
E, = 400v2, E, = 400y/2¢ 7% E; = 400v/2¢ */% supplying through a transmis-
sion line impedance Z; = 40 + 80j first star connection receptor R; = 40 Q,
X1 = Xc1 = Xan = 40 Q, neutral wire impedance Zpy; = 10(1—j) Q, and through
another transmission line impedance r; = 10 Q, the second delta connection
receptor R, = 90 Q, X;» = 150 Q and X;;, = 30 Q.

In order to calculate the generator line currents (I, l>;, I3;), the phase currents
(Iiy, Ly, Ly) and voltages (Uy, Usy, Usy) of star receptor, the phase currents
(I12a, I3a, I314) and voltages (Uioa, Usza, Usja) of delta receptor and the overall
absorbed powers, the above mentioned elementary method is applied:

(a1) The equivalences of coupled inductances of star and delta connections are
presented in Fig. 1.7;

(«2) Replacement of delta connection with equivalent star connection whose neutral
point is N, is shown in Fig. 1.8. There the values of equivalent impedances are

Ziy =R +j(Xu1 — Xu1 — Xc1) = 40(1 - j)Q

Z Ry +j( X, — X 90 + 1205
Zzy(:_TZA: ) +J( ;2 Mz): +3 ]:30+40j9
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Fig. 1.7 Equivalent three-phase circuit
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Fig. 1.8 Equivalence delta—star

(23) A null resistance wire is introduced in order to connect all the neutral points O,
N and N; (dash line in Fig. 1.8);

(04) The single-phase circuit of phase 1 is shown in Fig. 1.9. By using Kirchhoff’s
laws one obtains



16 H. Andrei et al.

N,

Fig. 1.9 Single-phase circuit of phase 1

E x +Z 5v2
I = z (11+Z p=SeA Ly =1 elol \z/_A
7 L1yl T Zay, Ziyv+r.+2Z
1 Ziy+11+ 2y, v ‘ e

The currents of other two phases of first star receptor are obtained by using the
phase operator

j2n 5\/_ ,,6 A 2 5\/_

Ly =1Iye’s = Ly =1yes = —eJ_

From KCL results the line 1 current of the second equivalent star
Iy =1y, = 5‘/5 e 2A. Then the other two phase currents are calculated as
o s /5 n s
Iy :lzhzlue e :Tfe A, Iy *I3Ye*1/lle] \/_ejf’A
If the properties of symmetrical systems are used thus the delta connection
receptor is crossed by the phase currents

x x 5vV6 _un
Lipp = Liy,V3e e = \/_‘37]3/\, Lysp = Ly, V3e e = T\/—e’J%A,

;T 5
Ly = Ly, V3e ™ = %‘A

First star receptor has the phase voltages

Uy = Zyylyy =200e 5V, U,y = Uyye ™ =200e 75V,
Usy = Uyyelt = 2006V
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and also the phase voltages of delta receptor are given by
_ _ '(72"+ arctunﬁ) _ —E '(74"+ arctamﬂ)
Uppa =Zialioa = 375663 WV, Upp =Uppe™ = 3756\ 73 3
\Y
Usia = Uppe® = 375766 (1) v

(«5) The overall absorbed active, reactive, apparent and complex powers by
receptors and transmission lines are respectively

Pups = 3Re[Z, ]I}, +3Re[Z,,| 1}, + 3r.I}, + 3Re[Zyp]17,, = 6000 W
Qups = 3Im([Z, 17, + 3Im[Z, ] I}, + 3Im(Z, ] 17,5, = 6000 VAr

Sabs = 312,13, +3IZL 1y 13, + 37 - I, 4312l 5 Fos = \ P + Qs = 6000V2 VA
S5 = P 40O = 6000 + 6000j
These powers are received from the generator whose overall complex power is

Sgen = Erlyy + Eoly, + Eslyy = 3E, 17, = 6000 4 6000;

hence the conservation of active and reactive powers is proved
Pgen = Re [ggm} = 6000 W = Pupy; Qgen = Im [ggm} = 6000 VAT = Qs

Due to the losses in transmission lines, the active power transmission efficiency
can be calculated as

_ 3Re[Zyy]. By + 3Re[Zy] s _
Pabs

n 0.68

Also the power factor (PF, also 4 or cos ¢) of the considered EPS is defined as
P
A=cos¢p = = 0.706

(B) Calculation of asymmetrical three-phase circuits by using the method of sym-
metrical components. In EPS two kinds of asymmetry transverse and longitudinal
may occur. Transverse asymmetry occurs when an unbalanced receptor is con-
nected to a symmetrical three-phase network. Such an unbalanced load may take
the form of asymmetrical short-circuits as line-to-line, one or two line-to-earth
short-circuits. Longitudinal asymmetry occurs when the phases of a transmission
line contain un-equal impedances (unsymmetrical section of transmission line) or
when an open-circuit occurs in one or two phases. By the elementary method of
symmetrical components an asymmetrical three-phase set of currents or voltages
can be decomposed into three symmetrical systems positive, negative and zero
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Fig. 1.10 Decomposition of an unsymmetrical system in three symmetrical systems

phase-sequence which are called symmetrical components [23]. Since it is based on
superposition theorem the decomposition can be applied only to linear circuits.

It is demonstrates that any asymmetrical three-phase system V,,V,, V,; can be
explained as the sum of three symmetrical systems: positive, negative and zero
phase-sequences [24, 25], so

Vi=V,+Va+V,
Vo=Vp+Vp+V, (1.20)
Vi=Vi+Vi+Vy

where
Va =V, Vo=V e =dV,, Vy =V, & =ay, (1.21)
Vi :Kz‘»Zn:Zi'ejz‘T":a'Kn Vi :Zi.eij’“%:a2.zi (1.22)
Z01 = XUZ = X()S = Ma (123)

Taking into account the relations (1.21)—(1.23), the decomposition
(1.21)—shown in Fig. 1.10—can be rewritten in the form

Vvi=V,+V,+Y;

Vy,=V,+a*-V,+a-V, (1.24)
Vi=V,+a-V,+a -V,

If it is considered know the asymmetrical system V,,V,,V,, then zero (V,),
positive (V) and negative-sequences (V) are calculated as
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1

v, 25(11"‘12 +Vs)
1

v, zg(zl +a-Vy,+a*-Vs) (1.25)
1

Vi=3(Vi+d -V, +a-Vs)

In order to evaluate the state of asymmetry, are defined two dimensionless

parameters: the coefficient of dissymmetry ¢; = %, and the coefficient of asym-

metry &, = %, where V,, V;, V; are the rms values of zero, positive and
negative-sequences. In real applications a system is considered symmetrical if &,
and ¢, have values lower than 0.05.

The calculation of three-phase systems operating under asymmetrical conditions
can be made based on the superposition theorem: are calculated separately each
symmetrical component, and finally these components gather.

Example 1.2 Let us consider a balanced star receptor supplied by an asymmetrical
system of phase voltages Uiy, Uyy, Ujy. The calculation of phase currents
1,, I,, I; is made by method of symmetrical components. Asymmetrical system
shown in Fig. 1.11a, is decomposed in three symmetrical systems positive
(Fig. 1.11b), negative (Fig. 1.11c) and zero-sequences (Fig. 1.11d).

Since the receiver is balanced, the current through the neutral wire is zero for
positive and negative component, and for zero-sequence component is 3 times the

(b)

1 1
Ua
A
2 1 =
Ugp 3202, =y N

Fig. 1.11 Decomposition of the a unsymmetrical system, b positive, ¢ negative, and
d zero-sequences
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(a) (b)
! z L z I
o— 1= o 1=
Uil Uil
o o—— —
(c) Z 101

Fig. 1.12 Single phases of a positive, b negative, and ¢ zero-sequence

phase current because the phase currents are equal. The reducing of the system to a
single phase is made by using the equivalent circuit shown in Fig. 1.12: single
phase of positive (Fig. 1.12a), negative (Fig. 1.12a), and zero-sequence
(Fig. 1.12¢).

Phase voltages corresponding to each circuit are respectively

Uy=21; Uy=Z1L; U, =(Z+3Z) 1, (1.26)

The two other phase currents for positive and negative sequence are calculated
by using the phase operator. Finally the phase currents of initial asymmetrical
system are calculated by summing of symmetrical current components as

U, U, U

I =1, +14 +1 :Z—ngo * Zl +7ll
U U U,

b=ttt =2 Yl )

£+ 34 Z Z
U U U.
Li=1, +1s +1;; = Z-T-(;‘IZ +a';i‘+a2'%“
<0 = 42

If the initial asymmetrical system contains coupled inductances Z,, then for
positive and negative-sequence is used the equivalent circuit where the equivalent
impedance is Z—Z,, and the voltages are U, = (Z—-Z2,,) - 1;; U, =(Z-Z2,,) - L.
Also for zero-sequence is obtained U, = (Z+2Z,,) - L,.

The delta connections are replaced by equivalent star connections considering
relation Z, = %—A Equations (1.15) and (1.16) are used to calculate the overall P and
0O powers.
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In conclusion, the elementary method of symmetrical components comprises the
following steps:

(i) asymmetrical supplied voltage system is decomposed in three symmetrical

components;

(i) after the equivalence of coupled inductances and of delta-star connections,
are calculated the impedances of positive, negative and zero-sequences;

(iii) symmetrical components of currents system are calculated by using single
phase circuit and phase operator;

(iv) asymmetrical currents of initial system are calculated by adding the sym-
metrical current components.

1.4 State of the Art: Measurement Methods of Power
Systems Parameters

In EPS systems it is important to measure its electrical characteristics [26]. In this
section are described and illustrated measurement methods of voltage, current,
active power and frequency.

Regardless of what parameter is measured, before the actual operation is done
there are some precautions to be considered:

o the level of the measured parameter
e the scale of the measuring apparatus

In order to have a safe measuring operation, the maximum value of the measured
parameter should not be higher than the maximum indication of the measuring
device. If this precaution is not carefully considered, it could lead to permanent
damage of the measuring instrument.

1.4.1 Voltage Measurement

(i) Mono-phase circuits. In mono-phase circuits, the voltage measurement con-
sists in connecting a voltmeter at the terminals of the voltage source [27] as
indicated in Fig. 1.13. Voltmeter V indicates the rms value of the voltage
source.

(ii) Three-phase circuits contain two types of voltages, as are described in
Sect. 1.3: line voltage—that is measured between two lines of the supply
system, and phase voltage—that is measured between one line and the com-
mon point.

In Fig. 1.14 is shown the measurement principle of line and phase voltages.
There voltmeter V| measures the line voltage between the phases U and V, while
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Fig. 1.13 Voltage
measurement in mono-phase
AC circuits

Fig. 1.14 Phase and line
voltage measurements
uj v W Vi Vs
CICICENOINO,
il i
==

voltmeter V, measures the phase voltage between the phases U and the common
point.

1.4.2 Current Measurement

The current appears in an electrical circuit when it is closed on a load. If the circuit
is open, so that no load is connected to the source’s terminals, there is no current
flow. The current is measured by connecting an ammeter in series with the load
[28].

(i) Mono-phase circuits. In mono-phase circuits the current in measured by
connecting in series an ammeter with the load. In Fig. 1.15 is indicated the
procedure to measure the rms value of current across the load Z.

(ii) Three-phase circuits. In three-phase circuits the current is measured in the
same way as in mono-phase circuits. The measuring of the current for each
phase of the circuit there will be used three ammeters, one for each circuit
phases. In Fig. 1.16 the ammeters A;, A, and A; measure the rms values of
current through the loads Z;, Z, and Z;, respectively.

If the loads are identical on all the three phases, they constitute a balanced
circuit, it is enough to connect in series only one ammeter on only one phase, as the
other rms values of currents are equals. This situation is displayed in Fig. 1.17.
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Fig. 1.15 Current
measurement in mono-phase
circuit

©

Fig. 1.16 Current y

measurement in three-phase A /D
circuit A Z

A
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=

Fig. 1.17 Current Al /\

measurement for a \éj
three-phase balanced circuit 2>
Z;

W
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1.4.3 Active Power Measurement

(1) Active power measurement in mono-phase circuits can be done with the
wattmeter. The wattmeter has two coils [29]: current and voltage. The voltage
coil of the wattmeter is connected in parallel with the load, while the current
coil is connected in series with the load, as displayed in Fig. 1.18.

(i) Active power measurement in three-phase circuits is quite similar regardless of
load configuration as far as procedure [30]. This consists in connecting a
wattmeter in the circuit with the current coil in series with the load and with
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Fig. 1.18 Active power
measurement in mono-phase

circuits I

Fig. 1.19 Active power
measurement in three-phase
circuits with neutral line load

the voltage coil in parallel with the load. The three-phase circuits have some
particularities due to load configurations.

If the load has a neutral line, such as star connected loads, then the power can be
measured by using three wattmeters. The voltage coils of the wattmeters are con-
nected between each phase and the neutral point of the load and voltage source [4].
The current coils are connected in series with the load on each phase, as displayed
in Fig. 1.19.

If the load does not have an accessible neutral point or is delta connected, in
order to measure the power using three wattmeters, these are connected such as to
construct an artificial neutral point for them. This situation is indicated in Fig. 1.20.
Thus the active power absorbed by the load can be expressed by

P=P +P,+P3 (1.28)

If a neutral point is created, it is preferred that it has the same potential as one of
the source phase as indicated in Fig. 1.21. In this situation the indication of the third
wattmeter would be zero as its voltage coil would be connected at the same
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Fig. 1.20 Power
measurement in three-phase
circuits without neutral line
load

-
Fig. 1.21 Power
measurement in three-phase
circuits without neutral line
load using two wattmeters
uy vi w

potential. Because of this, it is eliminated from the circuit as not being useful. The
measured active power is the sum of the indications of each wattmeter, expressed as

P=P +P, (1.29)

A different situation is the case of balanced loads and symmetrical voltages on
each source phase. In this case it is enough to use one wattmeter as indicated in
Fig. 1.22. In this situation, the total power is determined by multiplying the indi-
cation of the wattmeter by three, as in expressed in Eq. (1.30)

P=3.P (1.30)

The situation presented in Fig. 1.22 is valid if the load has an accessible neutral
point. In case that the load does not have an accessible neutral point, or is delta
connected, then it is created an artificial neutral point by using two additional
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Fig. 1.22 Power
measurement for balanced
load and symmetrical source
voltage with natural neutral
point

Fig. 1.23 Power
measurement for balanced
load and symmetrical source
voltage with an artificial
neutral point
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resistors as indicated in Fig. 1.23. The values of the additional resistors R; and R,
are equal to the value of the resistance of the voltage circuit of the wattmeter.

1.5 State of the Art: Standards for Power Systems

Parameters

Electrical energy needed to power industrial or household electric consumers, as all
the products, should satisfy same quality demands. These demands, like good PQ
ensure the electrical equipment is to operate without errors and this is a responsively

of the supplier [17, 31].

On the other hand, an important part of the equipment in use today, in particular
electronic and computer devices generates distortion of the voltage supply in the
installation, because of its non-linear characteristics, i.e. it draws a non-sinusoidal
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current with a sinusoidal supply voltage. In this case the PQ is a responsively of the
electricity user.

In consequence, maintaining satisfactory PQ is a joint responsibility for the
supplier and the electricity user.

Standard IEC 60038 distinguishes “two different voltages in electrical networks
and installations” [32]:

— supply voltage, which “is the line-to-line or line-to-neutral voltage at the point
of common coupling (PCC), i.e. main supplying point of installation”;

— utility voltage, which “is the line-to-line or line-to-neutral voltage at the plug or
terminal of the electrical device”.

The main document dealing with demands concerning the supplier’s side is
standard EN 50160 [33] which characterize voltage parameters of electrical energy
in public distribution systems.

According with Standard EN 50160, “the main voltage characteristics of public
distribution systems are”:

Supply voltage—*"‘the root mean square (rms) value of the voltage at a given
moment at the PCC, measured over a given time interval”.

Nominal voltage of the system (U,)—“the voltage by which a system is desig-
nated or identified and to which certain operating characteristics are referred”.

Declared supply voltage (U.—"is normally the nominal voltage U, of the
system. If, by agreement between the supplier and the user, a voltage different from
the nominal voltage is applied to the terminal, then this voltage is the declared
supply voltage U.”.

Normal operating condition—"the condition of meeting load demand, system
switching and clearing faults by automatic system protection in the absence of
exceptional conditions due to external influences or major events”.

Voltage variation—*is an increase or decrease of voltage, due to variation of the
total load of the distribution system or a part of it”.

Flicker—“impression of unsteadiness of visual sensation induced by a light
stimulus, the luminance or spectral distribution of which fluctuates with time”.

Flicker severity—"“intensity of flicker annoyance defined by the UIE-IEC flicker
measuring method and evaluated by the following signals™:

— Short term severity (Py,) “measured over a period of ten minutes”;
— Long term severity (P;) “calculated from a sequence of 12 P,—values over a
two-hour interval, according to the following expression”:

(1.31)

Supply voltage dip—*“a sudden reduction of the supply voltage to a value
between 90 and 1% of the declared voltage U, followed by a voltage recovery after
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a short period of time”. Conventionally, the duration of a voltage dip is between
“10 ms and 1 min”. The depth of a voltage dip is defined as the “difference between
the minimum rms voltage during the voltage dip and the declared voltage”.
Supply interruption—is a condition in which “the voltage at the supply terminals
is lower than 1% of the declared voltage U.”. A supply interruption is classified as:

— “prearranged in order to allow the execution of scheduled works on the dis-
tribution system, when consumers are informed in advance”;

— “accidental, caused by permanent (a long interruption) or transient (a short
interruption) faults, mostly related to external events, equipment failures or
interference”.

Temporary power frequency over-voltages—“have relatively long duration,
usually of a few power frequency periods”, and originate mainly from switching
operations or faults, e.g. sudden load reduction, or disconnection of short circuits.

Transient over-voltages—‘are oscillatory or non-oscillatory, highly damped,
short over-voltages with a duration of a few milliseconds or less, originating from
lightning or some switching operations”, e.g. at switch-off of an inductive current.

Harmonic voltage—“a sinusoidal voltage with a frequency equal to an integer
multiple of the fundamental frequency of the supply voltage”. Harmonic voltages
can be evaluated:

— “individually by their relative amplitude U), related to the fundamental voltage
U,”, where h is the order of the harmonic;

— “globally, usually by the total harmonic distortion factor THD,,”, calculated
using the following expression:

(1.32)

Inter-harmonic voltage—‘is a sinusoidal voltage with frequency between the
harmonics”, i.e. the frequency is not an integer multiple of the fundamental.

Voltage unbalance—is a condition where rms value of the phase voltages or the
phase angles between consecutive phases in a three-phase system is not equal”.

Standard EN 50160 gives the main voltage parameters and their permissible
deviation ranges at the customer’s PCC in public low voltage (LV) and medium
voltage (MV) electricity distribution systems, under normal operating conditions
(Fig. 1.24). In this circumstances, LV signify that the phase to phase nominal rms
voltage does not exceed 1000 V and MV signify that the phase-to-phase nominal
rms value is between 1 and 35 kV.

The comparison of the EN 50160 requirements with those of the EMC standards
EN 61000, listed in Table 1.2 show significant differences in various parameters
[33-35].
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Fig. 1.24 Exemplification of a voltage dip and a short supply interruption, classified according to
EN 50160; U,—nominal voltage of the supply system (rms), Us—amplitude of the supply
voltage, U (rms)—the actual rms value of the supply voltage [3]

Table 1.2 Comparison of supply voltage requirements according to EN 50160 and the EMC

standards EN 61000

No | Parameter

Supply voltage
characteristics
according to EN

Low voltage

characteristics according

to EMC standard EN

50160 61000
EN 61000-2-2 Other parts
1 Power LV, MV: mean value |2%
frequency of fundamental
measured over 10 s
+1% (49.5-50.5 Hz)
for 99.5% of week
—6%/+4% (47-52 Hz)
for 100% of week
2 Voltage LV, MV: £10% for +10% applied for
magnitude 95% of week, 15 min
variations mean 10 min rms
values (Fig. 1.1)
3 Rapid voltage |LV: 5% normal 3% normal 3% normal
changes 10% infrequently 8% infrequently 4% maximum
P, < 1 for 95% Py, <10 Py <10
of week P, <038 P, < 0.65
MV: 4% normal (EN 61000-3-3)
6% infrequently 3% (IEC
P, < 1 for 95% 61000-2-12)

of week

(continued)
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Table 1.2 (continued)
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No | Parameter

Supply voltage

Low voltage

characteristics characteristics according
according to EN to EMC standard EN
50160 61000
EN 61000-2-2 Other parts
4 Supply voltage | Majority: duration urban: up to 30% for
dips <1 s, depth <60% 1-4 months 10 ms
Locally limited dips up to 60% for
caused by load 100 ms
switching on: (EN 61000-6-1,
LV: 10-50%, MV: 6-2)
10-15% (Fig. 1.1) up to 60% for
1000 ms
(EN 61000-6-2)
5 Short LV, MV: (up to 95% reduction for
interruptions of |3 min) 5s
supply voltage | few tens—few (EN 61000-6-1,
hundreds/year 6-2)
Duration 70% of them
<ls
6 Long LV, MV:
interruption of | (longer than 3 min)
supply voltage | <10-50/year
7 Temporary, LV: <1.5 kV rms
power MV: 1.7 U. (solid or
frequency impedance earth)
over-voltages 2.0 U, (unearthed or
resonant earth)
8 Transient LV: generally <6 kV, +2 kV,
over-voltages occasionally higher; line-to-earth
rise time: ms—s. +1 kV,
MYV: not defined line-to-line
1.2/50(8/20)
TJT;, ps
(EN 61000-6-1,
6-2)
9 Supply voltage |LV, MV: up to 2% for |2% 2%

unbalance

95% of week, mean
10 min rms values,
up to 3% in some
locations

(IEC 61000-2-12)

10 | Harmonic

LV, MV: (Table 1.2)

6%-5th, 5%-Tth,

5% 3rd, 6% 5th,

voltage 3.5%-11th, 5% Tth, 1.5% 9th,
3%-13th, 3.5% 11th,
THD <8% 3% 13th,
0.3% 15th,
2% 17th
(EN 61000-3-2)
11 | Inter-harmonic | LV, MV: under 0.2%
voltage consideration
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Harmonic emissions are subject to various standards and regulations [36, 37]:

— “Compatibility standards for distribution networks”;
— “Emissions standards applying to the equipment causing harmonics™;
— “Recommendations issued by utilities and applicable to installations”.

Currently, a triple system of standards and regulations is in force based on the
documents listed below.

“Standards governing compatibility between distribution networks and prod-
ucts” determine the necessary compatibility between distribution networks and
products:

— The harmonics caused by a device must not disturb the distribution network
beyond certain limits;

— Each device must be capable of operating normally in the presence of distur-
bances up to specific levels;

— Standard IEC 61000-2-2 is applicable for public low-voltage power supply
systems;

— Standard IEC 61000-2-4 is applicable for LV and MV industrial installations.

“Standards governing the quality of distribution networks” contain:

— Standard EN 50160 stipulates the characteristics of electricity supplied by public
distribution networks;

— Standard IEEE 519 presents a joint approach between utilities and customers to
limit the impact of non-linear loads. What is more, utilities encourage preventive
action in view of reducing the deterioration of PQ, temperature rise and the
reduction of power factor. They will be increasingly inclined to charge cus-
tomers for major sources of harmonics.

“Standards governing equipment” contain

— Standard IEC 61000-3-2 for low-voltage equipment with rated current under
16 A;

— Standard IEC 61000-3-12 for low-voltage equipment with rated current higher
than 16 A and lower than 75 A.

Maximum permissible harmonic levels

An estimation of typical harmonic contents often encountered in electrical dis-
tribution networks and the levels that should not be exceeded is presents in
Table 1.3.

Example 1.3 For an assessment of supply voltage, three-phase network,
240 V/400 V are presented the measurement values which was done with PowerQ
Plus MI 2392, a portable multifunction instrument for measurement and analysis of
three-phase power systems shown in Fig. 1.25. The basic measurement time
interval for: voltage, current, harmonics is a 10-cycle time interval. The 10-cycle
measurement is resynchronized on each interval tick according to the IEC
61000-4-30 Class B [38, 39]. Measurement methods are based on the digital
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Table 1.3 Maximum admissible harmonic voltages and distortion (%), h—order of harmonic [36,

37]
LV MV HV
Odd harmonics 5 6 5 2
non-multiples of 3 7 5 4 2
11 35 3 1.5
13 3 2.5 1.5
17<h<49 2427%70427 149%70.2 1.2%
Odd harmonics 3 5 4 2
multiples of 3 9 15 1.2 1
15 0.4 0.3 0.3
21 0.3 0.2 0.2
21 <h<45 0.2 0.2 0.2
Even harmonics 2 2 1.8 1.4
4 1 1 0.8
6 0.5 0.5 0.4
8 0.5 0.5 0.4
10<=h<=50 |025%+4+025 [025%+022 |0.19%+0.16
THD, 8 6.5 3

Fig. 1.25 a Power Q-meter, b Measurement stand

sampling of the input signals, synchronized to the fundamental frequency. Each
input (3 voltages and 3 currents) is simultaneously sampled 1024 times in 10 cycles

(Fig. 1.26).

The supply voltage, which is the line-to-line or line-to-neutral voltage at the PCC
[38] i.e. main supplying point of installation. The measured values of supply
voltage parameters without and with load (a three-phase asynchronous motor) are
presented in Tables 1.4 and 1.5, respectively.
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Fig. 1.26 Wiring diagram for U, I, f measurements
Table 1.4 The parameters values of supply voltage—without load
4 W L1 L2 L3 Unit of measurement
3 235.8 235.3 234.4 \%
THD, 2.5 2.6 2.3 %
hy 100 100 100 %o
hy 0 0 0 %o
h3 0.3 0.3 0.2 %
hy 0 0 0 %
hs 2.0 2.1 2.0 %
he 0 0 0 %
hy 1.2 1.3 1.2 %
hg—hyo 0 0 0 %
hyy 0.1 0.2 0.1 %o
hio 0 0 0 %
hi3 0 0.1 0 %
hys—hyg 0 0 0 %o
hio 0 0 0.1 %
hoo—hso 0 0 0 %
Iy 0 A
THD; 0 %
f 49.98 Hz
4 W L12 L23 L31 Unit of measurement
UL 410.3 407.7 405.7 \%
THD, 2.5 2.4 2.3 %
Iy 0.5 A
f 49.98 Hz
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Table 1.5 The parameters values of supply voltage—with load three-phase asynchronous electric
motor 240 V/400 V, 6.6A/3.8 A, 1.5 kW, 1405 rpm, 50 Hz

4 W L1 L2 L3 Unit of measurement
3 234.8 234.9 233.5 v

THD, 2.3 2.4 2.3 %

hy 100 100 100 %

hy 0 0 0 %

h3 0.2 0.2 0.2 %

I 0 0 0 %

hs 1.8 2.0 1.9 %

he 0 0 0 %

hy 12 1.1 1.2 %

hg-hiy 0 0 0 %

hys 0.1 0.0 0.0 %

hi6-hso 0 0 0 %

I 2.3 2.4 2.5 A

f 49.98 Hz

4 W LI12 L23 L31 Unit of measurement
U 409.3 407.0 404.0 v

THD, 2.3 2.6 2.5 %

I 0.6 A

f 49.98 Hz

In concordance with the measured values presented in Tables 1.4 1.5, then:

— voltage magnitude variations: =10%, means range [216—264 V]/[360—440 V];
— harmonic voltage: 6%-5th, 5%-7th, 3.5%-11th, 3%-13th, THD,, <8%;
— frequency mean value of fundamental measured over 10 s, 1% (49.5-50.5 Hz).

Thus the electric parameters of public distribution systems, in PCC and the
utility voltage satisfy the requirements of standards set.

1.6 Importance of Reactive Power

Reactive energy and reactive power represent basic signals which are present in all
alternating voltage installations, due to their nature and specificity, although they do
not produce directly useful effects (light, heat, mechanical work etc.). Most of the
time, the realization of useful effects is not possible without reactive energy con-
sumption, taking into account the magnetization processes that take place in motor
drives iron cores and in electrical transformers. Also, the leakage fluxes corre-
sponding to the electric lines and to the coils determine reactive power consump-
tion. The resistors, used as electrical energy receivers, consume only active energy,
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but its transfer through the installations placed upstream reactive determines energy
and reactive power losses.

In general, one can say that, in nowadays electrical systems, the active energy
and active power management take place only in the presence and with a big
consumption of reactive energy and reactive power. From here it results also the
concern that, the problems corresponding to producing and management of reactive
power and reactive energy to be examined simultaneously with those related to
active power and under higher efficiency taking into account their corresponding
specificity. At the same time, one should notice also the signal that expresses the
correlation between the two powers and energies categories that is the power factor
PF, as a main signal for guiding the corresponding problems analysis.

As a general aspect for reactive power and reactive energy management in
electrical installations, one considers as necessary, to underline the essential dif-
ference between the process required to produce active power and active energy
that takes place, in principal, in electric power plants, belonging to the energetic
system and the one corresponding to producing reactive energy and reactive power.
This is due to that active energy production implies primary energy consumption,
which is not the case of the reactive energy, excepting the case for covering some
active energy losses, reduced as signal.

The necessity to have a reactive power flow control arises from the fact that,
practically, in each station, for solving sinusoidal states, the adopted solution is that
of using capacitor banks. These are installed, usually, on LV mains power supply of
the transformer power, where are connected the consumers from all or from a part
of the enterprise. The purpose, with priority, is to obtain an overall power factor, at
least equal to the neutral value (imposed by the electrical energy provider contract),
in the point used for measuring the active and reactive energy consumption of the
electrical installations placed downstream, avoiding the overcompensation situa-
tions. In general, for the energy provided to the consumers, the values obtained for
the overall power are in 0.93 ... 0.97 range.

Many factories use also automatic multi-step power factor correction systems
(MSPFC), to maintain constant value for the power factor. This is the situation for
long-term functioning in industrial installations, on the occasion of the current jobs.
One can affirm this solution contributes to a rational management of the reactive
energy and reactive power, representing a priority in the electrical energy sector.

The analysis of this aspect is done, in general, at the enterprises level, because
the electrical energy consumers from this one, and especially the operation, with
very large nominal power range, sometimes due to over-sizes, as well as the cor-
responding low-loaded functioning, have the biggest weight from the general re-
active power consumption, sometimes up to 60-70%.

The transformers from the electroenergetical system take around 20% out from
the reactive power, the rest of the consumption belonging to the other installations.

The solution of placing a capacitor bank in the transformer power substation
under the name of global compensation, presents advantage only for upstream
installations, exterior to the enterprise, respectively for generating, transport and
distribution installations. Using this type of compensation, the advantage
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represented by reactive and active power and energy losses, does not appear also for
enterprise’s installations. From this point of view the installations from the enter-
prise do not benefit from the advantage given by reactive power local production.

Taking into account the importance of the contribution, given by reactive power
compensation measures, also to the losses reduction in distribution installation
inside the enterprise, is indicated that, for on-going processes, to examine also the
possibilities to de-centralize the banks in proper installations, that is to use with
more economical compensation types, respectively, the individual or by sector
consumers.

It is necessary to notice that, a special importance for consumers and elec-
troenergetical system reactive power management, the apparition of new types of
receivers, with non-linear electrical characteristics critically influence the reactive
power management. The presence of the harmonic state, in many cases, determines
practically the total revision of the compensation used currently, by exclusively
installing the capacitor banks. This fact is determined by the reciprocal influence of
these two aspects, the reactive power compensation and the harmonic, implying the
application of a unique measure, respectively that of using filters that include also
the existing capacitor banks.

Due to the complexity of the two problems and especially to the necessity and of
the urgency of solving a phenomena assembly, one will examine, as follows, the
most important theoretical and technical-economical specific aspects, that can be
used to establish the on-going processes. In all cases, one should analyze, together,
the two problems, taking into account that practically all modern electrical energy
consumers present a nonlinear characteristic.

1.6.1 Reactive Power Flow Effects Evaluation

Electric devices are designed at a certain apparent power S that is proportional to
the product between the rms values corresponding to the voltage U and to the
current I. The power flow in the electroenergetical system is accompanied, function
of the electric energy consumer structure, by the active power flow P, reactive
power flow Q and distorted power flow D. The only useful one is the active power
flow and its corresponding share from the apparent power necessary is computed
using the power factor PF defined as [40]:

P P
PF="= (1.33)

S P+ +D?

The weights corresponding to the reactive and distorted powers are estimated
using the reactive factor p and the distorted factor t for the permanent harmonic
state, according to the relationships



1 Electrical Power Systems 37

Fig. 1.27 Significance of
phase-shifts ¢ and

\ 4
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where the phasors P, Q, D form a three-orthogonal reference system, and the
phase-shifts ¢ and  have the significance given in Fig. 1.27.

So, one obtains a new expression for the power factor k = cos ¢ - cos . If one
considers a sinusoidal permanent single-phase circuit, then: D = 0(¢y = 0) and
k = cos ¢ so the power factor is numerically equal to the cosine of phase-shift angle
between the voltage and the current.

For three-phase equilibrium circuits, linear and sinusoidal voltage powered, the
power factor has exactly the same mathematical expression and significance as for
single-phase circuit case. If the electric circuits are slightly asymmetrical, then the
voltage-current phase-shifts are different from a phase to another ¢, # @, # @3
and the power factor will be:

P +P,+P
PF = 1t (1.35)

\/(Pl +Py+P3)* +(Q1+ 02+ 03)°

where P; and Q; are the active, respectively the reactive powers corresponding to
each one of the phases (j = 1, 2, 3).

The relationships above define the instantaneous power factor that corresponds
to a certain moment form the consumer’s installation functioning. Because the load
presents fluctuations, the current legislation recommends the determination of the
weighted overall power factor based on the active and reactive energy consumption
E,, E, from a certain period, in the hypothesis that the receivers behave as a linear
three-phase load, in equilibrium, working in sinusoidal permanent state:
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E,
VE:+E?

Related to the weighted overall power factor, this can be neutral when is being
determined without taking into consideration the reactive power compensation
installations, and general, when one takes into account the powers provided by
these installations. The value of the general weighted overall power factor from
which the reactive energy power consumption is no longer charged, is called
neutral power factor and for the national energetic system is cos; = 0,92.

For electrical installations inside the consumer: the power factor decreasing
causes, the effects of a reduced power factor, means and methods for power factor
mitigation, a technical-economical computation for placing the reactive power
sources etc.

The irrational and big reactive power consumption, that generates a reduced
power factor, presents a series of disadvantages for the electric installation, among
which we mention [25]: the increase of active power losses in the passive elements
of the installation, the increase of voltages’ losses, installation’ oversize and the its
electric energy diminished transfer capacity.

cos @ = (1.36)

1.6.2 Harmonic State Indicator—Specific PQ Parameters

Electrical installations that contain non-linear consumers absorb non-sinusoidal
electric current even in the theoretical case of a perfect sinusoidal voltage supply.
The non-sinusoidal electric current flows through the impedances corresponding to
these electrical installations determine non-sinusoidal voltage drops that, super-
posed over the initial sinusoidal voltage signals, determine their distortion (shown
in Fig. 1.28). This determines a supplementary solicitation of the electrical
installations.

According to Fourier theory [3, 7] the periodic distorted signals can be
decomposed in sinusoidal components whose frequencies are integer multiple of
the frequency corresponding to the analyzed signal period. The sinusoidal signal
with reference frequency (that corresponds to the analyzed period signal) is called
fundamental signal, and the sinusoidal signals with frequency integer multiple of
the fundamental frequency are called harmonics.

u=Uy+ Z V2U, sin(kw 1+ oy);

M~ (1.37)
i=l+ Y V2lsin(kot+ )

k=1
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Fig. 1.28 Fourier series decomposition of a periodic distorted voltage signal

where: U, and I represents the DC components of the input voltage and current, Uy
and [; are the rms values of harmonic voltages, respectively of the harmonic cur-
rents, ; pulsation corresponding to the fundamental frequency, oy, fi—
phase-shifts corresponding to the harmonic voltages signals, respectively to har-
monic currents signals with respect to a reference axis.

To define the main indicators of harmonic state, we consider, as a reference
periodic signal, the electric wave shape through the load i(r) developed in Fourier
series. The following definitions are valid for any periodic signal [41, 42].

e Harmonic level—is defined as the ratio between the rms value of the harmonic
of rank k and the rms value of the fundamental harmonic (rank 1):

vel%] = %‘ 100[%] (1.38)

This factor is an important indicator for evaluating the distortion level, its
maximum admitted values is being indicated in the voltage or current signal.

e DC—component of the signal is defined as the integral on a variation signal
period:
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1y =pC=1 / i)t = Io (1.39)

~

The mean value of a signal different from zero indicates the presence of a DC
component in its spectrum.

e (rest factor—CF—defined as the ratio between the maximum value (amplitude
iy of the periodic non-sinusoidal signal) and its rms value Igs:

k, = CF; = M

= 1.40
Trus ( )

e for a pure sine wave, k, = 1.41;
e for periodic “shaped-top” distorted waveform signal k, > 1.41;
e for a periodic “flat-top” distorted waveform signal &, < 1.41.

The voltage signals characterized by a crest factor k,; > /2 can present in time
dangerous thermal solicitations.

e Form Factor—is the ratio between the rms value of the signal and the mean
value corresponding to half a period 1,,,.41/5:

I Trus
! Imed1/2 ! o+ T ( )

+ J li(o)|de

fo

For the signals met in electrical installations the form factor can take the values:

e for a sinusoidal signal, k= 1.11;
for a periodic signal shaper than a sinusoid k> 1.11;
e for a sinusoid flatter than a periodic signal k; < 1.11.

Root Mean Square—rms Value:

Trus =

~| -

T
~/i2~dt0rIRM5: B+B+B+... =Y I (1.42)
0
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Remarks:

e For signals containing harmonics one uses the terminology True rms Value. To
compute it, one should take into also the high-order harmonics (usual up to 50!).

e Not all measuring equipment can correctly measure the rms value of a
non-sinusoidal signal (True rms Value), many of them displaying only the rms
value corresponding to the fundamental (first harmonic)!

® Residual component (I;)—is computed as the rms value of the harmonics cor-
responding to the analyzed signal:

Io=\/Bys — =2 \JR+ BB+ .. (1.43)
The distortion residue is a measure if the thermal effect determined by the
distorted signal harmonic components.

e Total Harmonic Distortion—THD—is the ratio between the distortion residue of
the signal and the fundamental rms value:

n

2 2 2 2 2 ZII%

L VB I JVEiEiET . |2
rep, < 14— Vs =1 _ VBB 100(%]  (1.44)

L L I -

The THD is one of the indicators used to evaluate the distortion level, the
maximum admitted values in the electrical network nodes being tabled [43].

o Distortion Factor—DF—is defined as the ratio between the distorted residue of
the signal and the rms value of the signal:

R
1 12 _12 12 12 12 =2
DF; =~ :\/RMS 1:\/2+3+3+ = 100 (%] (1.45)

Irus Irus Irus Irus

The DF is much closed as value to THD and it is used also as a principal
indicator for appreciating the distortion level.
Remark:

e In literature [44, 45], THD is also denoted by THD-F (distortion related to the
fundamental) and DF can be found denoted by THD-R (distortion related to the

rms value)
I 1

® One can easily prove the relationship: ;- = NiESir
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o The derating factor KF of the transformer’s apparent power—is defined (only
for electric current) as follows:

> (ki)
KF=%L_ 5 (1.46)
I
2

where I is the rms value of the harmonic of rank k of the electric current that flows
through the transformer’s windings. KF (defined only for the current) allows an
evaluation of the supplementary heating of the transformers circulated by distorted
currents that imply derating its installed power [46, 47].

In order to evaluate the energetic indicators of harmonic state, one defines the
following types of powers:

e Single-phase active power P (active power) for harmonic state is:

t+mT t+mT

1 1 =
P=——. / pdt = / uidt = Z Ul cos ¢, [W] (1.47)
' h=1

T T

where ¢ = o — fi; is the phase-shift between the signals corresponding to the
voltage and to the current, in the plan of harmonic of rank k.

e Active energy W, in harmonic state is:

Wa:/P~dt[Ws] (1.48)

T

e Single-phase reactive power Q (reactive power) is given by the expression:

Q = Udsin g, [VAT] (1.49)
k=1



1 Electrical Power Systems

43
o Single-phase reactive energy W, in harmonic state is:
T+t
W, = / Q - dt[VArs] (1.50)

T

e Single-phase apparent power S (apparent power) is defined by the expression:

S:URMSIRMSZ\/U§+U12+U§+...-\/I§+112+I§+...

; ; (1.51)
— UZ_ 12
V& 2

e Single-phase apparent energy W is defined by:

T+t

W:/ S-di[VAS]

T

(1.52)

e Distorted power—is defined as a complement of active and reactive power
related to the apparent power:

D=+/8>—P2— Q%> [VA(] (1.53)
Remark:

e Most modern measuring equipment designed for measuring electric energy and
electric power can measure instantly each of the 4 defined powers (energies).

e Power Factor—PF—is defined as the ratio between the active power P and the
total apparent power S:
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o0
> Uiy cos ¢y,
=1

)= PF = (1.54)

UrmsIrus

e Displacement Power Factor—DPF—is defined as the ratio between the active
power P, and the apparent power S;, corresponding to the fundamental har-
monic (k = 1):

Py Uilicoso,
M =DPF =—=———"- = ¢os 1.55
1 S s, (1.55)

Remarks:

e The two definitions for PF and DPF leads to different values displayed sepa-
rately by modern measuring equipment. Moreover, the value of the angle ¢, and
its tangent tan ¢, are also displayed.

e The equality 1 = g = cos ¢ (PF = DPF) is valid only for a single-phase circuit
and only in a pure sinusoidal state (ideal case), so the interpretation of the power
factor function of voltage-current phase-shift should be avoided!

e If, it’s necessary, the dimensioning of a capacitor bank for reactive power
compensation can be done only based on power factor cosp,; = DPF and not on
PF!

: : . _ _cs¢, _ __DPF o
¢ One can easily prove the relationship: PF = JITTHDE = VT THDE (valid in the

case of negligible voltage distortion THD,, < 5%).

Most of the above mentioned parameters are nowadays commonly indicated by
high accuracy measurement devices such PQ analyzers. They are able to perform a
complete Fourier analysis for the three-phase current and voltage signals up to the
50 harmonic. Figure 1.29 illustrates these parameters measured with a Chauvin
Arnoux 8335 device for a low-voltage industrial load.

General solutions for reducing the reactive power consumption are [48-50]:

e adopting, if possible, some technological processes, aggregates and technolog-
ical and functioning schemes, characterized by a high power factor;

e judicious choice of the type and powers for the electric motor drives, for the
transformers, avoiding over-sizing; introducing the synchronous motor instead
of the asynchronous one will be justified from economical point of view con-
sidering the asynchronous motor individually compensated with derivation
capacitors.
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Fig. 1.29 Current signals, harmonics and various PQ parameters measured for a low-voltage
industrial load

The principal means used especially in existing installations are the following:

power transformers running in parallel, following the minimum reactive losses
graph, when the exploitation conditions allow it;

exploitation of synchronous motors at the maximum limit of producing reactive
power;

limiting the unloaded running of asynchronous motors, of special transformers,
if the technological process allows it;

using Y-A switches for low-voltage asynchronous motors, systematically loaded
under 40% from its nominal load, for a long-term functioning in Y connection;
replacing asynchronous motors and of the over-sized transformers, based on
technical-economic analysis using the updated total spending method.

The main specialized reactive power sources are synchronous compensators and

derivation capacitors.

Reactive power control has a significant role in role in supporting the power

transmission systems.
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Reactive power is required to deliver active power through transmission lines at
a certain voltage level. Motors, transformers and other power loads, intrinsically
require reactive power in order to maintain their functionality. Either the lake or the
excess of reactive power may lead to numerous PQ disturbances, which adversely
affect both the loads and the supply network [16].
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Chapter 2
Fundamentals of Reactive Power in AC
Power Systems

Horia Andrei, Paul Cristian Andrei, Emil Cazacu
and Marilena Stanculescu

Abstract The fundamentals of reactive power in AC power systems are discussed
in the second chapter. The chapter presents basic theory of AC circuits including
two-ports linear elements, basic equations and definition of powers in AC circuits.
The phasor diagrams and power measurement techniques in AC networks are also
presented. The chapter also investigates the effects of reactive power as well as
power factor compensation in consumers. The end part of the chapter is related to
minimum active and reactive absorbed power in linear AC circuits and also
non-sinusoidal conditions. All of the parts include some practical examples and
case studies. The chapter is closed with a large list of bibliographic references.

2.1 Chapter Overview

The chapter opens with an overview. Starting on the Kirchhoff’s laws expressed in
terms of symbolic (complex) form the basic theory of AC circuits is summarized in
first section of chapter two. The impedance and admittance are used in order to
characterize the behavior of two-ports linear elements. Also a review about the
analysis methods of AC circuits is absolutely necessary to emphasize the equations
systems that are commonly used. Then are introduced the definitions and physical
interpretation of powers in AC power systems: the active, reactive and apparent
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power, the power, reactive and deforming factor, the overall harmonic distortion of
voltage and current, the harmonic level. Several examples put in evidence the
theoretical aspects presented below. General problems about energy and power in
AC power systems is intuitive and lead to a better understanding of the definitions
of these energetic parameters. Accompanied by presentation of some modern
measurement methods of these parameters and calculation examples for studied
cases of power systems, all of them are the subjects exposed in the third section of
this chapter.

The next section has as a main objective the reader’s assimilation of the fun-
damental problems of reactive power consumption automated management in
power systems and of some methods used to limit the negative effects due to a
reduced power factor. On this line, there has been elaborated a selection of the
equipment for power factor correction based on the analysis of the customer’s
electric energy quality. There are also presented the notions needed to design some
simple systems used to compensate the reactive power for different levels of the
installation. Several examples have been studied separately in this section.

The qualitative and quantitative aspects related to the active and reactive power
circulation in AC networks are presented in section four of this chapter. In this way
the recent Principles of Minimum Absorbed Active and Reactive Power (PMARP)
in AC Power Systems are demonstrated and formulated. For AC circuits under
sinusoidal and non-sinusoidal conditions the PMARP proves, on one hand, that the
active power absorbed by all the resistances of the AC power system is minimum
and, on the other hand, that the reactive power absorbed (generated) by all the
resistive-inductive (resistive-capacitive) elements is minimum.

Also one demonstrates that (i) this principle is verified by the currents which
satisfy Kirchhoff current law (KCL) and nodal method (NM), and (ii) the
co-existence (CEAPP) of PMARP and of maximum active power transfer theorem
(MPTT). Several examples presented hereinafter demonstrate the PMARP and
CEAPP for classical linear and reciprocal AC circuits under sinusoidal and
non-sinusoidal signals and prove the originality of the new theoretical concepts
introduced by authors. The second chapter is closed with a specific list of biblio-
graphic references.

2.2 Basic Theory of AC Circuits

2.2.1 Two-Port Linear Elements

(1) Sinusoidal signals—Characterization, symbolic representation

By definition, a sinusoidal signal is that signal whose time variation is described by
an expression of the following form [1-4]
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x(1) = Xmax sin(of 4 @) = X2 sin(wt + ¢) (2.1)

In Eq. (2.1) the signals have the following significance:

— Xmax—is the amplitude or the peak value of the sinusoidal signal and it repre-
sents the maximum positive value of x(¢) variation during one period.

— X—is the effective (root mean square—rms) value of the sinusoidal signal.
Between amplitude and rms value there is a relationship as it can be deduced
from (2.1), which is the dependence: Xy,,x = X v/2. The rms value X is the value
indicated by the measuring equipment.

— w—angular frequency. For a given signal, between the angular frequency and
its frequency (or period—T) there is the following relationship

_2n

o = 2nf T

(2.2)
— o = wt + p—represents the phase at a given moment in time (¢ arbitrary). For
t = 0 one obtains the initial phase ¢ of the sinusoidal signal.

To illustrate better the physical significance of these signals we represent
graphically the time variation of a sinusoidal signal in Fig. 2.1.
By definition, the mean value of a periodic signal is given by:

to+T
1
()= | x(ndi=0 (2.3)
fo
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Fig. 2.1 Signals and values characteristic for a sinusoidal variation
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From Eq. (2.3) for a sinusoidal signal its corresponding mean value is zero.
A zero mean value periodic signal is called alternative signal. The rms value of a
signal is the square root of the mean value of the square of its corresponding
variation.

(2.4)

For two signals having the same angular frequency w one defines the phase shift
¢ as being the difference between the phases corresponding to the two sinusoidal
signals—i.e. the difference between their initial phases.

x1(t) = X V2 sin(wt + @)
) = X,V 2 sin(wr + ¢,) (2.5)
¢ = (wt+ 1) = (O1+ Q) = 1 — ¢,
In Fig. 2.2, is presented the phase-shift between two signals having different
amplitudes and different initial phases.
(i) Complex representation of sinusoidal signals

For any sinusoidal signal x(f) of an angular frequency w, one can bi-univocally
associate a complex number X called its complex or the complex image of x(t), of

f T
00125 00150

o
2 Q= @1 — 0,
@

Fig. 2.2 The phase-shift between two sinusoidal signals
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modulus equal to its rms value and the argument equal to the initial phase of the
sinusoidal signa

x(t) = XV2sin(wt + ¢) & X = Xe’* = X(cos ¢+ sin @) (2.6)

In Eq. (2.6) one denoted by j = v/—1 the complex number of modulus equal to
one and the phase equal to 7/2. This analytical representation used for sinusoidal
signals is called complex representation. This representation allows also a repre-
sentation in the complex plan of the sinusoidal signals (Fig. 2.3).

This representation is very useful because it allows the computation of AC
sinusoidal electrical circuits easier and allows also a better interpretation of the
obtained results.

As a consequence, during the first step, the sinusoidal signals will be expressed
using complex numbers. Then, after computation, using in principal the same
equivalence theorems and the same solving methods as in DC, one will came back
to time domain using bi-univocal properties of complex transformation.

(iii) Two-ports linear circuits’ elements
Passive circuit elements

In principal, these circuit’s elements are represented by: resistor, coil, capacitor and
mutually connected coils, each of these elements being characterized by a single
constant parameter: the resistance R, the inductivity L, the capacity C, respectively
the mutual inductance M, that is a parameter apart from the parameters corre-
sponding to the two magnetic coupled coils.

In Fig. 2.4 are presented the analytical equations characterizing each element.
For magnetic coupled coils the sign between the two terms is + if #; and i, have the
same direction with respect to the polarized terminals and the sign is — if i; enters
the polarized terminal and i, exits the polarized terminal, or vice versa. As it is
shown in the figure for the direction of the currents and for the terminals position
marked in the figure, the sign is positive.

+3

I

+1

Fig. 2.3 Complex representation of sinusoidal and complex signals
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Fig. 2.4 Passive circuit’s elements
Fig. 2.5 Ideal current ad e(f) 2
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Active circuit elements

These elements are: the ideal voltage generator and the ideal current generator. The
ideal voltage generator is characterized by that no matter what the value of the
current intensity i(7) is, this gives at its terminals a constant voltage u(f) equal to the
value of the voltage generator e(f). The ideal current generator is characterized by
that no matter what the value of the voltage u(¢) at its terminals is, this gives to the
circuits a constant current i(¢) equal to the value given by the current generator j(z).

The symbols and the functioning equations corresponding to the ideal voltage
generator and to the ideal current generator are presented in Fig. 2.5.

For real voltage and current generators, there is also another component called
inner resistance placed in series with the voltage generator and in parallel with the
current generator.

(iv) Complex imittances

The computation of periodic AC electrical circuits can be done in a systematic way
by using the notions of complex impedance respectively complex admittance named
using the common name of complex imittances.

To do this, one considers a passive linear two-port system, whose constitutive
inductive elements do not present magnetic couplings with the exterior.

The voltage and the current at its terminals have a sinusoidal variation Fig. 2.6.
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Fig. 2.6 Passive linear two-port system magnetically not coupled to the exterior

The time variation of the voltage and current at two-port system’s terminals:

u(t) = UV2sin(ot+¢y), U= U™ = U(cos oy +j sin py) (2.7)

i(t) = IV2sin(wt + @;), I =1 = I(cos ¢; + sin @) '

By definition one calls the complex impedance corresponding to the two-port

system as being the ratio between the complex images of the voltage at its terminals
and the absorbed current (Ohm’s law)

%:%ej(‘”U"”’) = 7% = Z(cosp +jsing) = R+jX (2.8)

The modulus Z [€] is called the two-port system’s real impedance and its
argument ¢ = @, — @, is called the two-port system’s phase and

R = Re{Z} = Z cos ¢ — two-port system equivalent inner resistance [Q] (2.9)
X = Qm{Z} = Z sin ¢ — two-port system equivalent inner reactance [Q] '

Obviously one can determine the relationships

z-Y_rix (2.10)

1

By definition Y [S] one calls complex admittance of the two-port system the ratio
between the complex images of the current and of the voltage at its terminals:

1 . .
= ¢ P9 = yeJ? = Y(cos p — j sinp) = G — jB (2.11)

In Eq. (2.11) one identifies G—the equivalent conductance and B—the equiv-
alent susceptance as the real, respectively the changed sign coefficient of the
imaginary part from Y.
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G =Re{Y} =Y cos ¢ — two-port system equivalent inner conductance[S]
B =Sm{Y} =Y sin ¢ — two-port system equivalent inner susceptance [S]
(2.12)

As for the impedance case, for the admittance we have the relationships

1 B
Yzﬁz VG*+B2 ¢ :arctana (2.13)

We notice that the admittance (real or complex) represents the inverse of the
impedance (real or complex). As a consequence, between the parameters shown
above one can determine a series of relationships

1 G B
Y=- R=—=G7) X=—=B7Z
V4 Y2 Y2
0 R X ¥ X (2.14)
-~ G=—=RY’? B=—=XY
Y 7 72 72

Taking into account the Eqs. (2.10) and (2.13) we notice that it is possible to
build two right triangles generically called the impedances’ triangle and the
admittances’ triangle (Fig. 2.7).

The linear not-coupled with the exterior two-port system should compulsory
satisfy the condition

T ﬂ] (2.15)

cl-3 3
P12 2

The condition (2.15) is equivalent to Re{Z} = R>0. If Sm{Z} >0 o0r ¢ >0
the regime is inductive. In this case we can equate the whole two-port system either
in series or in parallel (depending on the way in which one works: either in
impedance or in admittance) with a resistor in connection to an inductor.

For series connection For parallel connection

R = Re{Z} G = Re{Y} (2.16)

X, 1
Xdem{z};»ngL Br=Sm{Y} = L=

Fig. 2.7 Imittances’ triangles
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If Sm{Z} <0 or ¢ <0 the regime is capacitive. In this case we can equate the
whole two-port system either in series or in parallel (depending on the way in which
one works: either in impedance or in admittance) with a resistor in connection with
a capacitor.

For series connection For parallel connection

R = Re{Z} G = Re{Y} (2.17)

1 Be
Xc = Z}=C=— = —2¢
c = Sm{Z} oXe Bc=Sm{Y} = C >

2.2.2 Basic Equations: Kirchhoff’s Laws in Complex
Representation [2-5]

For circuits containing resistors, coils, capacitors and ideal sinusoidal electromotive
sources (emfs), the Kirchhoff’s Currents (KCL) and Voltage Laws (KVL) in
instantaneous values are given below

D =0 (2.18)

ZkEn,-
di di
Z(Rklk+Lk_k +Mkh h+—/lkdl Zek (219)
l€b; dt l€bi
k i k
where: j=1,...,n— 1 are the n — 1 nodes of the circuit that can be expressed

using n — 1 independent KCL equations, i = 1,...,/ —n+1larethe b=1—-n+1
loops of the circuit that can be expressed using / —n+1 KVL independent
equations, and k = 1,..., [ are the [ branches of the circuit, eventually coupled with
other h = 1,...,1, h # k, branches of the circuit.

Using the properties of the symbolic method, the equations in complex form
corresponding to Kirchhoff’s laws are obtained

Y L=0 j=12..n-1 (2.20)
Ixen;

> (R L +joly - I +jo My, - Ih+— L)=> E

1[(€b I ebi (221)

withi =1,2,...,l-n+1

The solutions I, of the complex Egs. (2.20) and (2.21) are therefore the sinu-
soidal particular solutions of the integral-differential Eqs. (2.18) and (2.19).
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The resistive, inductive and capacitive voltages from the left side of Eq. (2.21)
can be written in complex form having a common representation that is Z.I with the
complex impedance defined according to its corresponding branch. Using this
convention, KVL is compactly expressed as follows

Z VAR ISS ZEk (2.22)

Ix€b; Ii€b

So, the statements of the two theorems are:

— KCL in complex form: “the sum of the currents’ complex representations in a
node n; is zero”;

— KVL in complex form: “the sum of the voltages’ complex representations
computed at the terminals of /; branches along a loop b;, is equal to the sum of
the complex representation corresponding to the emf from the branches
belonging to the same loop”.

In this way, the Egs. (2.20) and (2.21) or (2.22) represent—for a circuit in
sinusoidal state having n nodes and / branches—the complete Kirchhoff indepen-
dent equations system with a number of / = (n—1) + (I-n + 1) equations and with
! unknowns.

There is a formal analogy between AC (sinusoidal state) and DC circuits, both
regarding the DC equations system and the AC circuits’ complex equations sys-
tems, as well as regarding the signals that characterize and describe the DC circuits
functioning and the AC circuits’ complex signals. as the following

DC AC
Il I
Us U
Re  Z
Es  E

The only difference between the two functioning states (DC and AC), is rep-
resented by circuits with magnetic couplings in sinusoidal state that have no cor-
respondent in DC state. That’s why, the computation, analysis methods and the
theorems established for DC state can be used without any modification for sinu-
soidal state circuits with no magnetic couplings.

The algorithm for AC circuit computation using Kirchhoff’s laws is:

— compute the circuit’s impedances, the complex emfs and the complex current
sources;

— draw the equivalent complex scheme of the circuit using the corresponding
complex;

— express Kirchhoff’s equations in complex form and solve the system (either in
currents unknowns, or in voltages unknowns);
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— determine the corresponding instantaneous values form previously computed
complex values.

2.2.3 Definitions of Powers in AC Circuits [1, 6, 7]

To define the powers in sinusoidal periodic regime we consider again the case of
the linear, passive and inductive not-coupled with the exterior two-port system
(Fig. 2.6).

The instantaneous power—p is defined as the received power at each instance of
time at its terminals and is the product between the instantaneous values of the
voltage and current, having the following expression

p(t) = u(1)i(t) = Ulfcos(py — @;) — cos(2wt + @y + ¢;)] (2.23)

As one can notice from Eq. (2.23) the instantaneous power contains two terms: a
constant term that characterizes the average power exchange of the two-port system
and an alternative term that has the angular frequency twice as much as the fre-
quency of the applied voltage.

Active power—P is by definition the average function of time of the instantaneous
power

to+T

1
=7 p(t)dt = UI cos(py — @) = Ul cosp  [W] (2.24)

fo

P=(p)

Taking into account the Eq. (2.24), the active power is always positive so it is
received by the passive linear two-port system.

Taking into consideration the relationships stated for the linear two-port system
case, the active power consumed by this one, can be also expressed function of its
resistance, respectively its conductance

P =RP =GU? (2.25)

The active power is consumed by the active elements from a circuit (the resis-
tances) its unit measure being the watt (W).
The reactive power—Q received by the two-port system is defined in a similar
manner as the active power

Q=Ulsing [VAr] (2.26)

This power changes its sign together with the phase shift ¢ between the voltage
and the current, such that it can be both positive and negative, therefore consumed
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and generated by the two-port system. As in the active power case, the reactive
power can be expressed function of reactances or susceptances

Q = XI* = BU? (2.27)

The reactive power is “consumed” by the circuit’s reactive elements (coils,
capacitors and magnetic coupled coils), its unit measure being volt-ampere reactive
(VAr).

The apparent power—S is by definition the product between the rms values of
voltage and current

S=UI [VA] (2.28)

As in the previous cases we can express the apparent power function of the
passive linear two-port system’s imittances as

S =2z* = YU? (2.29)

The apparent power is an indicator upon the circuit’s functioning, being the
maximum of the active power for ¢ = 0, respectively of the reactive power for
¢ = n/2. Its corresponding unit measure is (VA). Taking into account the defini-
tion procedure of these powers one can also introduce, as for the imittances’ case, a
triangle corresponding to the three powers: active, reactive ad apparent. In Fig. 2.8
there is represented the powers’ triangle as well as the computation relationships for
the active and reactive power, function of apparent power.

A very important signal from an energetic point of view is the power factor (PF)
defined as the ratio between the two-port system’s consumed active power and the
apparent power

P
PF=cosp == 5€ [0 1) (2.30)

A synthesis of the powers defined above is the complex power S, defined as the
product between the complex image of the voltage applied to the two-port system
and the complex conjugated complex image of the absorbed current

S=UI" = S’ = S(cos ¢ +j sinp) = P+jQ (2.31)

Fig. 2.8 Powers’ triangle

S o STP+0
P=Scos¢g
O=Ssing
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As one can notice the modulus of the complex power is represented by the
apparent power, its real part can be identified with the active power and the
coefficient of the imaginary part can be identified with the reactive power defined
for the two-port system. Equation (2.28) states these remarks.

S| =S
P = Re{S} (2.32)
0 = Sm{S}

For these reasons, when computing the powers, one proceeds directly to com-

pute the complex power after which one identifies the active and reactive powers by
separating its components.
Reactive circuits elements—energy sources (voltage sources, respectively current
sources) that generate complex power in the circuit. For the voltage sources’ case it
is given by the product between the complex image of the voltage at its terminals
and the complex conjugated image of the supplied current that circulates the source.
For the current source, the complex apparent power is given by the product between
the complex image of the voltage at its terminals and the complex conjugated image
of the source current. For both sources the relationships are taken with the plus sign
if the directions chosen for voltage and the current obeys the generator rule,
otherwise the complex powers present minus sign in front of the above expressions
(Fig. 2.5).

One should emphasize that the direction of the voltage at the current source
terminals should be chosen from the extremity indicated by the arrow at the base.
The total complex power for a circuit consists of a sum between all the complex
powers corresponding to all energy sources (voltage and current) from that circuit;
its real part should be equal to the active power, and its imaginary part should be
equal to the reactive power of the circuit.

S = ;Ekrﬁ ;le;z =P+j0

P= ZRkII% (2.33)
=1
n n 1 n m
0=> oLl - Z—Cl,f £ oMiRe{1, 17}
k=1 =1 Pk =1 =1

If one computes separately the active, respectively the reactive power, the fol-
lowing identities exist P = Re{S}, O = Sm{S}, respectively. The power balance
mainly validates the computed currents values of a specific AC circuit.
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2.2.4 Examples

Example 2.1 Let us consider the passive circuit from Fig. 2.9. The following
parameters of the circuit elements are known: R; =2Q, f=50Hz,
L, =40/n mH, Ls =20/n mH, Ly = 60/7mH, C; =5/nmF, C4 = 10/n mF,
uag(t) = 128 - sin(wt + n/4) [V].

Find:

(1) the instantaneous voltages at the terminals of each passive element from the
given circuit (using the voltage divider rule);

(2) the instantaneous electric currents for each passive element from the given
circuit (using the current divider rule).

We build the equivalent scheme in Fig. 2.10a. The passive elements are char-
acterized by impedances, and the source is characterized by a voltage phasor.
In the equivalent scheme we have

ZC] :_2j7ZC4 = :_jasz :J(UL2:4J

:jw~C1 Jo - Cy
Z,,=jo-Ls=2,Z; =jo-Ls=06j,Zr, =R3=2

Uy = %-ef% = 64v/2- [cos () +jsin(3)| =64+ (1+))

where w = 2nf = 1007.

(1) Determination of the electric voltages at the circuit’s elements terminals. In
order to use the relationships from the voltage divider rule one should have the
impedances placed in series. Notice that the impedances Z¢, and Z,;_ are connected

: . . . Ze,Z
in parallel and the equivalent impedance between these two is: Z, = > = " ZLS LIt
Lcy T

results: Z, = —2j. The impedances Zp and Z, are connected in series
(Fig. 2.10b), so the equivalent impedance between these two is: Z, = Zg +Z,,. It
results: Z, =2 — 2j.

Fig. 2.9 AC circuit with 6
branches
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Fig. 2.10 The equivalent AC circuit

Notice the impedances Z,, and Z;, are connected in parallel (Fig. 2.10c), and the

zZ Z
=20 It results:

equivalent impedance between these two is: Z, =317
X Ze | =

Z, =4-(1—)).
ey

We obtained three impedances in series connection. We can apply the rela-
tionships from the voltage divider rule (Fig. 2.10d).

U, = L U
=C Ze, t2.,+2,, ~AB

VA
U == 23 [
T T Loty L —AB

U =-—" .U
e T Ze +Z,+2, —AB

Results:

Ue, =32-(1—j)=32v2- ¢
U, =128=128-¢"
U, =96 (—1+j) =96V2-é*

Because U,, is the voltage from the equivalent impedances’ terminals, we’ll

compute the voltages for each realized equivalence. The impedances Z,, and Z;,
are connected in parallel. It results: U, =U, =U, .U, =128 =128 - .
The impedances Zg, and Z, are connected in series, so we can use the rela-

tionships corresponding to the voltage divider rule
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U, = 2 U
=R; T Z, L2, =@
U, = Z”‘ -U
Ze Tz, vz, Fe

It results:

{UR364( +j) = 64V2 - €l
=64-(1-))

The impedances Z., and Z; are connected in parallel. It results:
Qel = QC4 = QLS’

We obtain:

Up, =64-(1—j)=64v2- ¢
Uy, =64-(1—j)=64V2- ¢

Therefore, there are determined all the voltages at the terminals corresponding to
each passive element in the complex domain. The instantaneous values of the
voltages determined above are

uc, (f) = 64 - sin(wt —Z) [V];  ur,(f) = 128v/2 - sin(wt) [V]
ug, () = 128 - sméwt—l— DVl uc,(t ) =128 - sin(wr — %) [V]
up, (1) =128 - sin(wt — %) [V];  ug, (1) = 192 - sin(wt + 3F) [V]

(1) Determination of the currents across the circuit’s elements. We should deter-

mine the current /5 from the Fig. 2.10,e. Because the impedances Z,, Z,, and
. . . P _ QAB
Z,, are in series connection the current across them is : /5 = Z.7Z.7Z, and

it results [yp = I, = I,, = I;, = 16 - (1 4). So we have

Ie, =16 (1+j) = 16V2 - ¢
I, =16 (1+j) =162 ¢t

Because the impedances Z,, and Z;, are connected in parallel, we use the
relationships from the current divider rule to determine the currents /;, and /,,,

I, Ty, +Y g

Y
l :_—EZ'ZAB
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It results

I, =16-(1—j)=16V2- ¢
1, =32j

The impedances Zg, and Z,, are connected in series, so it results: [, = I, = 1,,.
So: Ig, =32j=32- . Because the impedances Zc, and Z;  are connected in
parallel, we determine the currents I, and I, using the relationships from the
current divider rule

I L g
“Ls T Y, +Y,, “e
I Yo g
=G XLS +Y, "

We obtain:

I, =—32j=32-¢7%
I, = 64j = 64 . ¢/

The instantaneous values of the electric currents for each element are

ic,(t) =32 sin(wt+ %) [A]; i, (1) =32 sin(wr — %) [A]
i, (1) = 32v2 - sin(wt+ Z) [A];  ic,(r) = 642 - sin(wt + Z) [A]
ir;(t) = 32v2 - sin(ot — &) [A]; i (f) =32 sin(wt+ %) [A]

Example 2.2 In the circuit given in Fig. 2.11 we have: R| =2Q, oL, = ﬁ =
3Q, w0l =2Q, ==1Q, e (t)=20-sin(wr+5) [V], 1) =10v2-
sin(wt + Z) [A].

(1) solve the circuit using Kirchhoff’s laws;

(2) solve the circuit using the superposition principle;
(3) power balance.

Fig. 2.11 AC circuit with (a) @ (by 4
two energy sources Y o3

1,

1S

L‘w()};
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The computation of AC circuits is done using the complex representation. In
complex domain, the passive elements are characterized by impedances and the
energy sources by phasors. For the passive circuit elements, the impedances are
computed as follows

Ly, =R =2, 2, =jo L1 =3j, Z¢, = =32, =jo-Lr =1,

jo - C
r— 1 j—
Cjo-C3

Zc, =J

The voltage source is represented in complex domain by the phasor E; =

% - /i =10 - (1 4) and the current source is represented in complex domain by

the phasor J; = % - €3 = 10j. Grouping all the impedances from a branch in an

equivalent impedance one obtains (Fig. 2.11b), in which: Z, =Zp +Z; +Z,
=2,2,=2;, =2jand Zy =Z;, = —j.

(1) Kirchhoff’s equations method

The topological elements are: 2 nodes, 3 branches and 2 loops. KCL and KVL are
expressed as

KCL(A) : —I, + 1, +J; =0

KVL(by):Z,-1,+2, -1, = E,
KVL(by) : Z3-J3 =2, 1, —U;; =0
We obtain
11 = 5j
I, = —=5j
st =0

These values are transformed in time domain

i1(r) = 5V2 - sin (a)t + g) [A]
ir(f) = 5V2 - sin (wt - g) [A]
w()) =0 [V]

(2) Superposition principle

The initial circuit (in complex domain) contains two ideal energy sources and so
we’ll have to compute two cases
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Case 1

In this circuit the ideal voltage source is reduced to its inner resistance, and the ideal
current source is characterized by the phasor J; (Fig. 2.12, a). We determine the
currents using the relationships from the current divider rule:

We obtain:

To determine the voltage Q;} we apply KVL for the loop “b” such that:
(b) :Z3-J3 —Z, - I, — U; =0, and results: U} = 10j.

Case 2

In this circuit the ideal current source is reduced to its inner resistance) and the ideal
voltage source is characterized by the phasor E; (Fig. 2.12b). Applying KVL for
the loop “b” such that: (b):Z,-I]+Z, I, =E,. We take into account that
I! =1,, and results I/ =) = 5. One notices that QJ’Q = —Z,-I;. We obtain:
QJ’Q = —10j.

The final results are obtained by superposing the results obtained independently
in each of the two cases. Taking into account the directions of the determined
signals for each case compared to the directions from the initial circuit

L =L+
L=0L+1
Uy = Uy, + U

— — 3

Fig. 2.12 Superposition principle
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So, the final results are

I, =5
I, =-5j
Q.is =0

The results obtained using the superposition principle are identical with the
results obtained using the Kirchhoff’s method.

(3) Power balance

The active power consumed in the circuit is: P, = R ~112 =2-25=50W. The
reactive power consumed in the circuit is computed as follows:

0. =1Im(Z)) - [} +Im(Z,) - 3 +1m(Z3) - I§
=0+X,, 25— Xc, - 100 = —50 VAr

The apparent complex power generated is computed as follows

Sy =Ey LU, -5 =10 (14)) - (=5) +0 - (=10)
=50 — 50j = P, +,jQ,

We extract the generated active power as being: P, = Re{§g} = 50W. In the

same way we proceed for the generated reactive power: Q, = Im{gg} = —50 VAr.

We notice that P. = P,, O. = Q,. Therefore, it is verified the power balance
corresponding to the active and reactive powers consumed, respectively generated.
Implicitly, the consumed, respectively the complex apparent powers balance is
verified: S, = S,.

Example 2.3 A mono-phase receiver (AC electric drive shown in Fig. 2.13, has the
following nominal data: the voltage U, = 230 V, f= 50 Hz, the active power
P,=1KkW and the power factor cos ¢ = 00.86 (inductive). The consumer is
connected using two copper conductors having the conductivity ¢ = 56.87 - 10°
S/m = 56.87 m/Qmm?> and the section A = 1.5 mm® The conductors have the
length [ = 50 m. Determine the following:

Fig. 2.13 A simple
installation for an AC electric
drive
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(1) The current absorbed by the receiver (the corresponding rms and complex
values) under nominal conditions.

(2) The reactive power, O, the apparent power, S, corresponding to the receiver.

(3) The rms value U’ of a voltage source such that at the consumers’ terminals one
finds its nominal voltage.

(1) From the expression of the active power one can determine the computation
relationship for the absorbed current

by
=505A

L, =1=——
U, cos ¢

The complex value of the current (taking into account the inductive character)
can be expressed as follows

[ =1¢/? = I(cos @ — j sin @) = 4.34 — 2.57j

sing, = /1 — cos? ¢, = 0.51

(2) The reactive power is

V1 —sin®
0 =P tang :P%(;(P:ﬁ}% VAr

The apparent power
P
S=+P2+0Q>?=—=1162.79 VA = 1.16 kVA
cos ¢

(3) The rms value U’ of the voltage needed to power the system, such that at the
consumer one has the nominal value, can be determined, using the simplest mode,
from the computed power balance. Therefore

(P+2RP)* + Q*

S =UT=\/(P+2RP}+Q> = U = ;

where
R= L_ 0.586 Q
A
As a consequence, the rms value of the voltage at the end of the line is

(P+2RI2)* + Q?
U = 1 =23545V
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Yy I~
A CY

%

F. cosg, F,, cosg, P, cosg, F,. cosg,

Fig. 2.14 The electric equipment in the mechanical work-place

Example 2.4 Let us consider a mechanical work-place, where there are mono-phase
electric drives shown in Fig. 2.14, with the specifications given below (nominal
electric power and the power factor (inductive)

Py =1kW,cos¢p; =0.60,U =220V
P, =4kW,cos¢p, =0.70,U =220V
P3; =5kW,cos p; =0.76,U =220V
Py =10kW,cos o, = 0.80,U =220V

All drives are powered in parallel with a sinusoidal voltage having the rms value
U = 220 V and the frequency 50 Hz.
Find:

(1) The currents absorbed by the receivers and the total current for its corre-
sponding power line (rms and complex values);

(2) The installation total power factor;

(3) The value of the capacitors’ battery that should be placed in parallel with
respect to the drives, such that the power factor of the entire installation to be
cos @' =0.92;

(4) The rms value of the current absorbed by the installation after introducing the
capacitors’ battery;

(5) The current drop and the losses on the power line after introducing the power
factor compensation system (given in percentage).

Solution:

(1) From the expressions corresponding to the active power and to the power factor
(inductive for all consumers), one can determine the electric currents absorbed by
the drives (in complex and rms value), as well as the reactive power absorbed by
these ones
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P .
L =———=757A, I, = L& =I(cos p, —j sing,) = 4.54 — 6.06]
U cos ¢,
/1 — sin?
sing, = /1 —cos?g; = 0.8, 01 = Pytan g, = P, Y0 1 _ 1 33 kVAr
cos @
P .
L=—""=2597A, I, =5Le" = L(cos p, — j sinp,) = 18.18 — 18.54;
U cos ¢,
V1 —sin’
sin @, = /1 —cos? ¢, =0.71, Q) = Pytan ¢, = Pzw = 4.08 kVAr
COS 0y
P A
L=——2—=2990 A, I, = /" = I(cos @3 — j sin 3) = 22.72 — 19.43]
U cos ¢,

\/1 — sin? @5
sin @3 = y/1 — cos? p3 = 0.64, Q3 = Pytan ¢p; = P3——— = 4.27 kVAr

COS (3
Py ; . .
L = U cos g =56.81 A, I, = [,¢/" = Ii(cos ¢, — j sin @ ) = 45.45 — 34.09j
V1 — sin?
sin @y = /1 —cos? ¢, = 0.60, Q4 = Pytan ¢, = P4& = 7.50kVAr

COS (4

The value of the total current absorbed by the installation is:

with the rms value

I=119.873 A

An alternative method for determining the value of the rms current absorbed by
the whole installation is used in the power balance formula. Therefore, the rms
value of the total apparent absorbed power can be expressed function of the values
corresponding to the voltage and to the current

S=Ul=+/P>+Q?

where

P=P +P,+P3+Py
O0=01+0>+03+ 04

S = \/ (20000)* + (17189.95)* = 26372.23 VA

S 26372.23
=—=——=119.8734
! U 220
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(2) The installation power factor is

= 5 = P = 20000 = 00.758
PTST e m637223
0
tanp = < = 00.85
ang =

(3) The value of the capacitors’ battery necessary for power factor correction at
cos ¢’ = 0.92 can be determined taking into account that the active power remains
constant after connecting the capacitors. After connecting the capacitors, the
reactive consumed power is

Q' = P tan ¢’

where

V1 — sin? ¢/
tanq)’:wzo.%
cos ¢’

On the other hand
Q =Ptan¢’ =P tan @+ Qc = P tan ¢ — oCU* = 9.68 kVAr
From where it results

P(tan ¢ — tan ¢')

C =
wlU?

= 493.48 uF

(4) The new value of the current absorbed by the installation after connecting the
capacitors’ battery can be determined by either applying the KCL or one takes into
account the active power conservation.

— Applying the KCL, it results

I'=0L+L+1L+1L+1c
where
I- = joCU = j34.10

with rms value I’ = 101.01 A.
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— If we take into account the active power conservation

P =Ul cos ¢
respectively,
P = UI'cos ¢
From where
r=1%9 _119873%7% _ 10101 A
cos @ 0.9

(5) The percentage reduction of the current computed on the power line and of the
active power losses can be evaluated as follows:
The current percentage reduction

I—r r
A% = -100:(1—)-100:(1—C°S‘p>-100:15.73%
1 1 co

s ¢’

The percentage reduction of the active power losses

AP — AP
AP

'\ ? cos @ 2
_ 1_<_> -100 = 1_< /) 100 = 29.10 %
1 cos @

where AP’ = 2R, I and AP = 2R, I?, represents the losses on the power line after
and respectively before connecting the capacitors’ battery, where the resistance
corresponding to one power line is denoted by R;.

AP% = 100

2.3 Intuitive Understanding of Powers in AC Power
Systems

2.3.1 Energy and Power in AC Power Systems

Let’s consider a two-port circuits source (generator) and receptor—shown in
Fig. 2.15-having at the terminals the voltage u; and across it the current i. The
instantaneous power defined as in Eq. (2.23) at the two-port terminals of the
generator and receptor is:
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——0 o— ,
Two-port ”bD (H Passive 1\\'0—p(?1'l
Source b receptor (Z, Y.,
—) o— R, Go, X, B.)
Po=lipi
generator = receptor

Fig. 2.15 Convention of the directions for defining the power at terminals

Fig. 2.16 The current and voltage signals of the instantaneous power

Py = upi = 2U,I sin(wt + ) sin(wt + y)
= Upl cos ¢ — Upl cosQut+2f — ¢)
up = UpV2sin(wr 4 ), i=1V2sin(ot+ f — @)

This power is a periodic signal having a constant component and a sinusoidal
one, of double frequency (Fig. 2.16).

The energy received (or generated) by a two-port system, in a time t = n7 or
much bigger than a period T >> T, is obtained by multiplying the active power with
the corresponding time. Indeed, for the energy, we obtain the following successive
expressions [2—4, 7]:

T nT T
W, = dt = dt =n dt = nTP
O/Pb O/Pb O/Pb (2.34)

= tUpl cos ¢ = RI* = 1G,U?
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where R, and G, are the equivalent resistance respectively conductance of the
passive two-port receptor. The active power P received by a passive two-port
receptor is always positive or at least zero (for non-dissipative circuits). The
expression of the instantaneous power shows that even if the circuit is passive, so it
is a receiver (P > 0), there are moments in time when it is negative, so the circuit
gives energy. In those time moments, the energy accumulated in the coils’ magnetic
field or in the capacitors’ electric field is partially returned to the power source.

The apparent power (2.28) of the considered passive two-port receptor can be
expressed also using the equivalent impedance Z. or admittance Y. of passive
two-ports receptor S = U, = Z,I* = \/R2 + X2I* = Y,U? = /G2 + B2U3, where
X, and B, are the equivalent reactance respectively susceptance.

The apparent power does not have the same important energetic significance, as
the active power, but it represents an important computation quantity, because it
represents the maximum possible value of the active power at different not-variable
values of the voltage and current and for variable phase. Because the machine
drives, the electric transformers and the electric pieces of equipment are charac-
terized by maximum admitted limit values of the current (such that the losses
caused by Joule effect in conductors don’t determine excessive heating) and of the
voltage (such that the magnetic circuit doesn’t saturate and the isolation is not
damaged etc.), the apparent power characterizes their functioning limits and is
usually written on the nameplate of the respective device [7, 8].

The power factor (at receivers) defined in (2.30) as a positive and subunitary
ratio between the active power and the apparent power 1 = PF = P/S, then for
two-ports receptor in sinusoidal state is always A = cos ¢. In order that a given
apparent power installation to function with a maximum active power, the corre-
sponding power factor should be maximum (or as close as possible to the unit) that
is in sinusoidal state the phase-shift to be as small as possible.

The reactive power Q defined as in (2.26) is for the considered two-port receptor
in sinusoidal state Q = S sin ¢ = U,/ sin ¢ = X,I?> = B,U;. The reactive power of
the resistive circuit is zero, also the coils consume reactive power, and the capac-
itors generate reactive power.

The reactive power has been introduced based on the definition relationship built
in analogy with the active power expression, parallelism that can be found also in
other relationships. The reactive power does not correspond to an average energy
contribution at the terminals. However it has a practical significance for the fol-
lowing reasons:

— the power factor (2.30) can be written as

Ve P 1- (P)2 (2.35)

P
)L:PF:—:
S S

— the last expression emphasizes the fact that power factor improvement is
equivalent to the reactive power (compensation) reduction problem;
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— as it will be shown, the reactive power has conservation properties and it will be
used for computing the power balance, as if it will correspond to certain specific
energy forms (different from the usual energy, that conditions the active power
balance);

— the reactive power received by a passive network is proportional to the differ-
ence between the average value of the magnetic field energy of the network’s
coils and the average value of the electric field energy of the network’s
capacitors.

— the reactive power measures the un-compensation of the internal energy
exchange between the magnetic and electric field.

2.3.2 Case Studies

Example 2.5 The instantaneous energetic balance of an RLC series circuit where
the equation of the voltage of the circuit is u = ug + u; + uc. Then by multiplying
this equation with 7, one obtains the equation corresponding to instantaneous power
[6-9]

. . . ) iy, du, s dWe+wy)
= =Ri*+Li— +Cu.—S =Ri*+ —< "
Pb = URl +uri+uct "+ ldz + Cu ” i+ ”

To simplify the expressions, one chooses the current as phase origin. Then it results
up = Ub\/ZSin(thr @), i= I\/2 sin wt

The voltage can be written as the sum between the active and reactive
components

U, = Ub\/icosq) sin wt + Ub\/zsinq) COS Wt = Up + Uy

With this decomposition, the instantaneous power can be written as the sum
between two components

pr = pr+px = Upl cos ¢(1 — cos2mt) + Uyl sin ¢ sin 2wt

The first term corresponds to current multiplication with the active component of
the voltage and it represents the power developed in the circuit’s resistance

Pr = ugi = Ri* = RI*2 sin* wt = UI cos ¢(1 — cos 2w1)

This power is always positive (or zero), and it is called pulsating power and it
has the average value equal to the active power.
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The second term

d(Wy +we)

r = pp — pr = Ul sin ¢ sin 2wt

Px = uxl = (ML+ucl) =
is the instantaneous power resulted from multiplying the current with the reactive
component of the voltage and is called harmonic instantaneous power, having zero
average value and the amplitude equal to the reactive power modulus. The har-
monic instantaneous power is equal to the variation speed of the total instantaneous
energy (electric w, and magnetic w,,) of the circuit.

So, the reactive power (in modulus) is equal to the amplitude of the variation
speed of the energy accumulated by the circuit electromagnetic field.

Another interpretation can be as follows. The reactive power is written in suc-
cessive forms [10-14] as

12
Q=XI*= (Xc —X,)I* = Lol* - Cos 20(LI* — CUY)

The magnetic energy average value is

Finally, we have the relationship
0 =20, —w,)

The reactive power is proportional to the difference between the average mag-
netic energy and average electric energy of the circuit. It results the reactive power
is zero when w, —w, = 0. This relationship corresponds to a zero phase-shift
¢ = 0 and defines the resonance condition of the circuit.

2.4 Effects of Reactive Power on the Power System
Parameters

The irrational and big reactive power consumption, that generates a reduced power
factor, presents a series of disadvantages for the electric installation, among which
we mention [15]: the increase of active power losses in the passive elements of the
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installation, the increase of voltage losses, installation oversize and its diminished
electric energy transfer capacity.

(a) Power losses in the installation’s conductors, having the resistance R are given
by the following relationship:

R RP2
AP =3R[> = —§* =
UZ U2&2

We notice that it varies inverse proportional to the square of the PF at P = cte.
and U = cte. Therefore, if the same active power P is transported using different
power factors Ay </,, then the power losses AP; and AP, are inter-dependent

2
according to the relationship: AP, = AP, (;—l) from where it results that, by

improving the power factor, the power losses diminishes.
(b) Rms value voltage alternations

If PF is an inductive one, for the sinusoidal state, it takes place a voltage
reduction on the power mains, and if the power factor is a capacitive one, the
voltage in the installation increases. In the sinusoidal state, for an inductive power
factor, the longitudinal voltage drop AU = U; — U, is given by the relationship:

R-P+X-Q

AU =RI cos o+ XI sinp = T
2

=AU, + AU,

where U, is the phase voltage at the power source terminals, U, is the phase voltage
at the power bars, R and X—the electric resistance and, respectively, the reactance
of the line that connects the source to the receiver, P and Q—active power and,
respectively, the reactive power transported on a phase of the electric installation,
and AU, and AU,—the voltages drops determined by the circulation of the active
and, respectively reactive power. As a consequence, it results for Q = 0, that is
without a reactive power circulation, one obtains: AU = AUy, = AU,,.

(¢) Diminishing the installation’s active power loading capacity due to a reduced
power factor.

So, for the same apparent power S, it corresponds many active powers

P, = S,21, P, = S,/ function of power factor’s value. If A, <A, then we have:
P, = %Pl from where it results active power reduction P, < P; increasing the
reactive power consumption.
(d) Electric installations oversize (implies supplementary investment) that functions
at a low power factor is explained by that the energy conductors (the electric line)
are dimensioned function of the admissible voltage loss and is being verified for
heating in a long enough time state. Therefore, if we take into account the
admissible voltage losses expression (in a sinusoidal state) AU,, = AU, + AU,,
whose quantity is normalized, then for given P and Q it results
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AU, =X-Q/U, =cte

that leads to

LP
AUa:AU[,d—AU,.zp;E:cte. or S:'OA_UaFH

where

L the length of the line;

s the phase conductor’s section;

p the resistivity of the conducting material;
P the active power flow.

For a given active power, the investment in electric energy sources is inverse
proportional to the square of the power factor, and the installed apparent power
varies inverse proportional to the power factor.

2.4.1 Investigating the Powers Flow Process in AC Systems

In AC electric installations, characterized from the electric point of view, by a
scheme containing active and reactive elements, in general, it takes place a transfer
of active power P from the source to the receiver, in correlation with the consumers’
requirements, as well as a transfer of reactive power Q and of distortion power D.

An objective energetic characterization of a consumer is done using the apparent
power S that connects the above mentioned powers [16, 17].

Lately, due to the large-scale use in all domestic and industrial installations of
power electronics and due to numerous non-linear receivers, practically we cannot
talk about receivers for which the voltage signals and especially the signal of the
absorbed current to be pure sinusoids. So, the weight of the distortion power
becomes more significant. Therefore, one defines the following: apparent, active,
reactive and distortion power. For a single-phase consumer, these become

S=Ul= ZU,% zn:I,f
k=0 k=0

o0
P = Uil cos
;; R (2.36)

o0

0= ZUka sin @y,
k=1

D= /SZ_PZ_QZ
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where U, I represent the rms value of the voltage respectively of the current and ¢y
is the phase shift between the voltage and the current, corresponding to the har-
monic of rank &, with k = 1 + n. The unit measures for the four types of powers are
given in their definition order: VA, W, VAr and VAd. Most of modern measuring
pieces of equipment designed for measuring the electric power and energy can
measure instantly each of the 4 powers (energies) previously defined.

The reactive power of the total load of an electric energy consumer has, usually,
an inductive character, the load current being phase-shifted behind the voltage; in
this case, one considers, conventionally, that the reactive power is positive (Q; > 0)
and the receivers represent reactive power consumers. For other receiver, the
absorbed current is phase-shifted before the voltage; these receivers are considered,
conventionally, reactive power sources, and the corresponding power in taken in
computation with minus sign (Q¢ < 0). The total reactive power is: Q = Q;—Qc.

In electric installations, the Power Factor (PF) defined in (2.30) can be rewritten
as:

0
> Uil cos ¢,
o P S0
A=PF=—=——" (2.37)
S Ul
In a similar manner, the Displacement Power Factor (DPF) is defined as the
ratio between the active power P, and the apparent power S}, corresponding to the
fundamental harmonic (k = 1)

p Uil
Jy=DPF =-'= TILEBPL _ o 0, (2.38)
Sy UL

We mention that the two definitions for the power factor (PF and DPF) lead, in
general, to different values and the equality A = § = cos ¢ (PF = DPF) is valid
only in single-phase circuits and only for pure sinusoidal state (ideal case). As a
consequence, the interpretation of the power factor function of the phase-shift
between the current and the applied voltage signals should be carefully taken into
consideration.

To characterize the high order harmonics loading degree corresponding to the
voltage wave shape or to the consumer’s absorbed current, one can use several
indicators, the most used one being the Total Harmonic Distortion (THD) defined
in percentage as the ratio between the distortion residue of the signal and the rms
value of the fundamental harmonic. So, for current

1 n
THD; = — I - 100 [% 2.39
1 \/; f [%] (2.39)
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where [ represents the rms value corresponding to harmonic k and I; is the one
corresponding to the fundamental harmonic. Using the value of the total harmonic
distortion, one can easily prove the relationship

cos ¢ DPF

PF = =
V1+THD?> \/1+THD?

(2.40)

valid for the case when the voltage distortion is negligible THD, < 5% (frequently
enough for low-voltage installations). Therefore, if DPF = 0.92 but THD; = 30%
the value of the power factor is only PF = 0.88.

The previous relationships define the instantaneous power factor that corre-
sponds to a certain moment from the consumer’s installations functioning.

Because the electric charge presents fluctuations, the current legislation rec-
ommends the determination of the weighted mean power factor based on the
consumption of:

— active energy

— reactive energy

W, = /Q'dl (2.41)
0
— distortion energy
t
Wy = /Q - dt
0

— for a certain period ¢ (month, year)

Wa

VW24 W2+ W3

PFpeq =

From an energetic point of view, this is useful to characterize the consumer’s
installation and to charge its consumed electric energy. The weighted average
power factor can be natural—when is determined without taking into consideration
the reactive power compensation and general—when considering its evaluation one
takes into account the losses corresponding to this installation. The value of the
general weighted mean power factor from which the reactive energy consumption is
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no further charged is called neutral power factor. This value is being determined
using technical-economical computation for minimizing the active power losses and
is a local quantity that depends on the position of the consumers in the electric
network. At international energetic system level the established value is equal to
0.92 [18, 19].

2.4.2 Reactive Power Consumers

The main reactive power consumers are the asynchronous motors and the electrical
transformers which consume around 60% respectively 25% from the installation’s
total reactive power due to producing alternating magnetic fields [20-25]. At
industrial consumers’ level the weight is around 70% for asynchronous motors and
around 20% for transformers. The difference between the reactive power con-
sumptions for asynchronous motors and transformers, at the same active power and
the same magnetic stress, comes from the fact that the magnetization reactive
power, that constitute the most important component of the reactive power, depends
on the volume of the magnetic circuit to which, for asynchronous motors’ case, one
adds also the volume of the air-gap (not existent for transformers). Another com-
ponent of the reactive power for the asynchronous motors and for transformers is
the reactive power dependent on load, called also dispersion reactive power.
(A) For asynchronous motors case, the magnetization reactive power (or the no
load power) represents the most part from the motor’s reactive power, function of
motor’s loading and function of the air-gap. Taking into account the exploitation
average loading: f < 0.5 (evaluated using the loading factor as the ratio between
the mechanical shaft power P and mechanical nominal power P, of the motor
B = P/P,), one can approximate the reactive power of an asynchronous motor as
being constant and independent of the load, while the active power depends on the
motor’ load. Also, the motors’ active power remains practically constant for small
deviations of the voltage compared to the nominal voltage, while the reactive power
depends essentially on the voltage’s variation. Asynchronous motors functioning
with a load factor ff < 1 due to an inappropriate technological exploitation, deter-
mines the power factor reduction under its nominal value.

The reactive power Q absorbed by asynchronous motor for any load P, is
determined using the relationship [26, 27]

Q=00+04= 0o+ (1 —a)f] = Qo+ (Qn — Qo)

where oo = Qy/Q,, is the ratio between the reactive power Q, for unloaded running
(f=0) and the reactive power Q, absorbed at nominal load (ff =1);
Q4 = (1 — ) - f*Q,—dispersion reactive power. Considering the definition of PF
in sinusoidal state, for a symmetrical loading of the three-phase network, it results
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B
\/ﬁz + [+ (1 - oc)ﬁz]ztan2 o,

l=cosp = (2.42)

For values # < 0.5 the reduction of the PF under its nominal value is highly
accentuated. If in exploitation, the power voltage of the asynchronous motors
increases, it results an increase of the absorbed reactive power, having undesired
consequences upon PF—Fig. 2.17a. This is due to the increase of the magnetiza-
tion current in the saturated area. In Fig. 2.17b is presented, as a rough guide, the
dependence of the absorbed reactive power function of the nominal one (Q/Q,,) for
asynchronous motors of low and high power function of the relative value of the
power voltage for different loading factor’s values [28, 29].

(B) For transformers the absorbed reactive power is computed using the relation-
ship [26, 27, 30, 31]

0=00+0u :i (lO+kf 'ﬂz : usc)
100

where S, is the nominal apparent power, ip—the current for unloaded running
(expressed in percentage function of nominal current), k—the form factor of the
load signal (defined as the ratio between the mean square value and the mean value,
of the load current, computed for a given time interval), § = S/S,—the transformer
load factor, us.—the voltage short-circuit voltage (expressed in percent).

As for asynchronous motors case, the transformers functioning at a power under
the nominal one determines the reduction of PF. In real exploitation conditions the
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Fig. 2.17 Power factor variation function of asynchronous motor’s loading and the reactive
power consumption for small and big power motors function of the relative power voltage
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transformers’ total reactive power can be evaluated to 10% of the nominal power
(8% unloaded running power and 2% dispersion power).

(C) Electric ovens installations (arc or induction) consume reactive power from the
oven’s power supply transformer, the oven adjustable autotransformer and the
power supply circuit of the oven from the transformer. Therefore, for a three-phase
arc oven, the PF of the installation is, usually, sufficiently big (0.8 <+ 0.9) but the
absolute reactive power consumption is big, compared to the oven’s power (that can
reach a value of 80 MW for a capacity of 400 t).

(D) Electric Distribution Lines can determine reactive power consumption Q; that
can be computed using the relationship O, = wLI* where L is the line’s equivalent
inductivity, m—the voltage pulsation on the line, and I—the electric current that
circulates the line. On the other hand, the electric lines generate reactive power Q¢
due to their capacity C against the ground: Q¢ = wCU?. For electric lines case, the
resulting reactive power can have positive or negative values function of the values
of the two components Q; and Q¢ the first one depending on the square of the
electric current that circulates the line and the second one depending on the square
of the voltage.

(E) Power Controlled rectifying installations supplied by a transformer represent
also an important reactive power source. The schemes adopted for controlled rec-
tifiers can lead also to a small power factor [32-37]. Lately, the consumer con-
taining power electronic circuits represent, due to their large scale use, the main
distortion power source from installations. As a consequence, the power factor of
the whole installation containing such receivers is diminished.

(F) A contribution to the reactive power flow is given by electric discharge lamps
in metallic vapours when they are connected in an uncompensated inductive ballast
schemes.

The PF monitoring is very important for the producer, the transporter, the dis-
tributer, the provider and the final user of electric energy, because it influences the
performance characteristics of all these services, it determines the availability
capacity of the energy transfer for electro-energetic pieces of equipment and
imposes the final electric energy providing costs [29-31].

2.4.3 Power Factor Compensation in AC Power Systems

The means to improve the PF are grouped into natural means and special means.
Natural means derive from a rational and correct choice and exploitation of the
existing machinery in installations and consists of technical and managerial mea-
sures (replacing the low-loaded transformers and motors, nonlinear loads aggre-
gation, reducing the unloaded functioning time of the machineries etc.) and the
special ones assume the introduction in installation of some pieces of equipment
generating reactive power and/or limiting the distorted state (installation of some
capacitor banks, of active filters networks conditioners etc.).
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As a consequence, PF improvement includes, on a first stage, operations for
mitigation the high harmonics’ attendance from the wave shapes of the voltage and
the absorbed current, and, on the second stage, the limitation of reactive power flow.
Any method dedicated to reducing the reactive power absorbed by a consumer is
efficient only if the power voltage is practically sinusoidal.

(1) The use of capacitors banks as a reactive power source

This way for improving the power factor, even it’s highly spread, it’s efficient

only if the signals corresponding to the current and to the voltage are close to a
sinusoid (the contribution of the distorted state is modest). The placement of the
capacitors in a low voltage installation represents the compensation procedure that
can be [36-38]: global (placement in a single point for the entire installation), by
sector (group with sector), local or individual (at each equipment) or a combination
between the last two. Generally speaking the ideal compensation is applied at the
consumption place and it has the level in concordance with the instantaneous power
values, but in practice the choice is decided by economical and technical factors—
Fig. 2.18.
(2) Individual compensation is applied, firstly, in the big reactive power loads
(asynchronous motors, electric ovens etc.) and with continuous functioning,
ensuring the reactive power compensation at the consumption place and unloading
the remaining of the network from the reactive power flow, with all the advantages
deriving from this one—Fig. 2.19.

For individual compensation of asynchronous motors, the capacitors bank is
usually directly connected to the motors’ terminals and the decoupling from the
network taking place at the same time as the motor, using the same switching
device. To avoid the overcompensation that occur for the no loaded and the
auto-excitation (when the motor’ breaks), around 90% from the unloaded func-
tioning power is compensated, ensuring a power factor of around 0.9 at normal
loading and approx. 0.95 at incomplete loading or unloaded functioning. The
reactive power Q. necessary to compensate three-phase asynchronous motors is
determined by the motors’ unloaded operating current value I, (given in theirs
catalogue data)

Oc = Qo = 0.9V3U,I, (2.43)

For motors having powers bigger than 30 kW one can choose a covering value
Qc = 0.35P, [39].

For power distribution transformers’ case, the compensation bank is placed on
the low voltage part and very often consists of a fixed step (necessary to com-
pensate the unloaded absorbed reactive power) followed by a step that covers the
necessary reactive power at nominal load: the bank’s dimensioning takes place
using the relationship
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Qc=00+0s=
where iy [%] respectively uy. [%] represent the percent values corresponding to the
unloaded running current and to the short circuit voltage of the transformer (given
in its catalogue data) and 5 = S/S,, is the load factor rate. Usually, one can consider:
Oc = (0.1 +0.2)S, + (0.5 = 0.6)S,,.

The individual compensation is applied also to illumination lamps’ with metallic
vapours electric discharge, the capacitors’ values is being mentioned by the pro-
ducer as a function of the lamp’s rated power.

(3) Compensation on receivers’ groups (by sector) is applied when the reactive
power consumers are grouped, the capacitors’ banks being connected to the mains
from the distribution panels corresponding to the receivers’ groups. The bank’s
power and the operating mode are established as a function of the receivers’
uncompensated reactive power signal. This compensation mode limits also the
reactive power circulation in the network above the setting place.

(4) Centralized compensation can be realized by connecting the capacitors bank at
the mains (coupling points) from the general electric distribution panel from the
transformer power substation. The bank is executed in commutation steps, usually
automated, function of the reactive power that should be compensated, corre-
sponding to powered receivers running. The bank can be connected also to the
intermediate high voltage of the transformer power substation. For a centralized
compensation, intermediate high voltage, the positive technical effects are not
present at low voltage installations belonging to the consumer (downstream to the
installing place). But, the big consumers powered directly in intermediate high
voltage, use the centralized compensation that provides a general power factor
bigger than the neutral power factor value such that the electrical energy con-
sumption to be billed only for active energy.

(5) Mixed compensation uses all the procedures presented before for reactive power
compensation. The solution is applied in steps or, when there are certain conditions
specific to the respective consumer.

The power Q) corresponding to the capacitors bank is determined such that, to a
certain given active power P, absorbed under a power factor cos ¢, to obtain an
improved power factor cos ¢, > cos ¢,. The reactive power consumed by these
capacitors will be: 0, = —3wCU?. The receiver consumes a reactive power before
adding the bank, Q; = Ptg¢,. The necessary power from the network after adding
the capacitors will be O, = Q| + Q,, from where

Qp = Q1 — Q> = P(tan ¢, — tan ¢,) (2.45)

where Q> = P tan ¢, represents the reactive power received from the network after
introducing the capacitors bank—the active power P remains constant, and cos ¢,
is the new power factor that should be realized. As a consequence, the value of the
capacity for one capacitor from the triangle bank will be
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P(tan ¢, — tan ¢@,)

C =
3wlU?

(2.46)

In Fig. 2.20 the connection possibilities for the capacitors that form the bank in
single and three phase installations are presented. If one takes into account the
power loss APc¢ in the capacitors’ dielectric the power necessary for the bank
becomes

O, =P -tanp, — (P+APc) - tang, = 01 — O withAPC—p—d~

=100 0, (2.47)

where p; = 0.25 + 0.35%, represents the losses from the dielectric expressed as a
percent function of the capacitors bank power Q. These depend on the tangent of
the material’s losses angle g6 after the relationship: AP = oCU? tan § and can be
considered (especially in low voltage) negligible.

One can note that for Y bank’s connection result capacitors having a capacity
three times bigger, because instead of U, is the voltage Uy = U / V/3. Results

Cp/Cy = (Uf / Ul)2: 1/3 and, as a consequence, the power factor compensation is
an economical and technical problem, taking into account that, in low voltage, the
cost of the capacitors is proportional to their capacity. This is the reason why A
connection is preferred. The Y assembly is advantageous for intermediate high
voltage networks, because nominal voltage of the capacitors is then reduced. One
can notice that the maximum voltage for A connection capacitors is over 580 V
compared to Y connection where the voltage is only 320 V. The capacitors bank
power depends on the network voltage variation. So, if the network voltage varies
from U, to U,, the capacitors bank power modifies from Q, to the value
Qb2 = Qb(UnZ/Un)z-

The time variation signal corresponding to the reactive power consumption Q in
an electrical installation is, in general, not a linear one. The necessary reactive
power depends on the way in which the electric energy is being used in various
technological processes, fact emphasised by the load variation. Therefore, the
absorbed reactive power can vary slowly or rapidly in very large limits. In this

P U,
cosg,. .,

n

o

a

Il
Ll

Fig. 2.20 Connections possibilities for capacitors bank
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situation, the adoption of some capacitor banks with fix value can determine over
and under compensations regimes. To avoid such a major inconvenient, the
problem is solved by realizing a capacitor bank from several sections (stages) of
fixed power. Each section consists of automatic controlled commutation pieces of
equipment, following several criteria, for example, function of the mains voltage,
the load current, and the direction of the reactive power change with the energetic
system or function of the running time corresponding to different loads—Fig. 2.21.

The selection of the number and of the values for the capacitors bank sections
should take into account that the control efficiency increases with the number of
steps, making possible to follow very closely the load reactive power signal. On the
other hand, an excessive fractioning of the bank becomes at a certain point not
viable from economical point of view because it implies the use of a complex
commutation apparatuses. Usually, the capacitor banks use a number of 4 = 12
sections having the powers between 5 + 25 kVAr [34, 38, 39].

For the scheme presented in Fig. 2.21, the control block CB establishes the value
of the power factor (cos ¢) and knowing the capacities corresponding to the bank’s
sections, connects the elements necessary to realize the prescribed power factor.
Exceeding the prescribed power factor leads to disconnect the capacitors bank
sections.

Systems’ selection for reactive power compensation in non-sinusoidal state. To
select a system for power factor correction in an installation where there are present
high-order harmonics in the current and voltage waves shape, function of the user’s
data, one uses the following methods [35-40]:

Current sensor Low vgltage
mains
0.4 kV
SF) F2 ) F3
1] Q)] a3 : . R (RS S S
—_——tm = Ay = =i — =| BC |e
/1 . Control and c1 c2 c3
T =T T\ : command :
: block
Multiple step power " Multiple loads supplied
correction system from a common LV
(MSPFCS) coupling point

Fig. 2.21 The principle scheme for an automated controlled power factor in an installation
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Fig. 2.22 Connecting the power factor correction system in a non-sinusoidal state system

(A) Distorted installed power procedure, whose principle is described in Figs. 2.22
and 2.23. The following notations are used:

— G is the sum of apparent powers taken for all pieces of equipment that generate
harmonics (power static converters, inverters variable speed drives, etc.) con-
nected to the mains where the capacitors bank is also connected. If, for some
equipment the active power is given, to compute the apparent power one should
take into consideration the covering PF.

— S, is the sum of apparent powers taken for all system’s power transformers to
which the distribution mains belong.

The above method can be applied o