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Summary  

   

Due to the inclusion of new loads and the predominant increase in electricity demand 

associated with the limitations of new environmental projects to minimize carbon emissions, 

such as pollution resulting from the energy generated by fossil fuels, the incorporation of 

electrical systems with distributed generation attributes to the energy planning, plans greater 

efficiency for various sectors of energy consumer groups worldwide. 

To maintain the effectiveness and reliable operation of the entire power system 

interconnected between grids and intelligent microgrids of electricity supply, standards must 

follow the established voltage levels in all terminals of the electrical power supply equipment 

supply, keeping them within limits. Both power utilities and distributed generation and 

consumers maintain the required design specifications for a reliable range of variation. The 

need to maintain a standardized voltage level is summed up in the treatment of possible 

failures that can occur when there is a voltage level acting beyond the limits established in 

extended equipment operating times. 

Due to the failure to maintain constant voltage levels along the electrical power grids 

several voltage control methods are applied, mainly controlling absorption, production and 

reactive power flow at all levels of the system, as well as when adverse system conditions 

where levels can achieve loss of system stability and voltage collapse. 

This research aims to characterize the appropriate methods for voltage correction and 

stability in active electrical networks under the influence of adverse conditions, whether 

natural influences or disasters, to influences related to the conditions of electrical energy 

systems, such as contingencies and distortions in other factors of the system that influence 

the level of voltage, to which some scientific publications relate [1-4], analyzing in an 

equationally calculated experimental way and simulations in MATLAB and ATPDRAW to 

prove the results.  

 

Index Terms – Voltage Control, Smart Grid, Microgrid, Statcom, Renewable Energy, 

Voltage Quality. 
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  1. Introduction  

   

About a hundred years ago when the first electricity systems were introduced the control 

systems used were still very old-fashioned and inappropriate. As these systems were very 

small, and the requirements regarding the quality standards of stability were less high as they 

appear today; thus, control system had manual resources in most cases. In a short time, end 

consumers have developed the ability to demand high demands on supply standards, that is, 

in the voltage and frequency profile provided. Therefore, automatic controllers and regulators 

had to be introduced into the power electrical system in order to meet these supply 

requirements. In addition, the stability margins of the systems were quite wide, and to ensure 

safety and reliability in most cases of operation no type of control was required.  

As soon as systems networks increased in their size, and installed load grew, stability 

safety margins decreased substantially, and automatic control systems had to be deployed in 

essential services in order to improve stability. The installation of high-gain controllers, 

which, brought instability to the system, aimed to resolve the consequence of higher demands 

of the system to maintain the effectiveness and quality of electricity services, so controllers 

had installed to restore the desired stability [5]. 

The main reason for voltage control is in load variation. Being attention influenced by 

system loading.  The daily load forecast makes up the basis for pre-dispatch of generators, in 

many current systems, through the price of selected markets, but the load variation must be 

balanced through automatic control. These control actions can also be obtained by a set of 

the auxiliary services market [6].  

Simultaneous control of the voltage profile and power flows can minimize losses in the 

system and, consequently, improve economic performance [7,8,9]. Thus, the main reasons 

for power control are: quality, safety and economy. 

Local controllers were the first controllers of electrical power systems. This means that 

a locally measured signal enters the controller, and the controlled quantity is also available 

in the same location. When systems grew in size, and interconnection lines between different 

subsystems were built, local controllers became obsolete for safe and cost-effective systems 

operation. 
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Currently in the world as a whole, the widely used electricity system presents itself with 

a serious of the problems of gradual depreciation of fossil fuel resources, inadequate energy 

efficiency and environmental pollution [10]. In order to operate the system in the face of 

these types of problems, there was the inclusion of locally energy generation at an acceptable 

level of distribution using generally unconventional energy sources or renewable energy, 

generation sources such as: natural gas, biogas, wind power, photovoltaic solar generation, 

fuel cells, cogeneration, microturbines and integration into the energy distribution network 

[11]. Thus, the term distributed generation was designated for this type of generation and the 

electrical energy sources called distributed energy resources (DERs).   

Around the world some strict and country-specific definitions have been developed and 

have availability for distributed generation at the technological level, depending on the plant 

generation system, generation voltage level, etc. However, the contribution of distributed 

generation to the power system remains unchanged, regardless of all different definitions.  

Recent research results have defined some universally recognized common attributes in 

distributed generation as: central planning by the electric utility does not occur or centrally 

dispatched; normally with installation power less than 50 [MW]; distributed generators are 

connected in most of the installations to the distribution system.  

The electricity system with distributed generation integration appears in the focus of 

technological research describing several characteristics in the face of the influencing 

diversity attributed to traditional energy systems, so the highlight of topics that lead to the 

constant development and integration of distributed generation energy systems, such as: 

technological innovation, better in scalability to the referred systems and the improvement 

of environmental certification. The concept of alternative energy sources is justified due to 

the need to implement electricity combined with the reduction of conventional energy 

resources already implemented.  

      With constant concern about environmental pollution and the growing threat of the 

greenhouse effect influencing climate change resulting in global warming the conclusions 

regarding the applicable resources tend to include sources of renewable energy with 

advantages over fossil fuels. The development of global environmental standards for 

reducing gas emissions and minimizing the greenhouse effect in order to stabilize climate 

change and global warming. The main work involves the creation of energy generation and 

use policies for the implementation of new energies and renewable sources. Thus, the 
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inclusion of distributed energy resources (DER) appear to generate clean and ecologically 

correct energy thus reducing environmental impact.  

Over the years in the past century, we have witnessed the development of technological 

innovation in the electric power system incorporating the generation of fossil fuel distant 

from its end users, complemented by high voltage transmission lines supplying the electricity 

demand needed to supply through a low voltage power distribution network to thousands of 

consumers. This aspect has supported several scientific and technological developments 

directed to the evolution of specific norms, imposing a diversification in the generation of 

electric energy with electric power plants destined to attend the decentralized or “distributed” 

(DG) generation. 

Distributed generation (DG) guides the production of electricity to places with a short 

supply distance from consumers, representing a significant and comprehensive improvement 

in terms of electricity produced in the expectations of several countries. As a result, the 

possibility of a total evolution in the electricity system has transformed the end users of 

electricity consumers into producers and managers. The term “Distributed Energy 

Resources” (“DERs”) recognizes that distributed assets are presented in various ways. This 

includes demand response (DR), all forms of distributed generation and even storage, if it 

can be reasonably priced, and commercially extended. This form of generation provides a 

better margin for the implementation of cogeneration, trigeneration or CHP plants for the use 

of residual heat in industrial, domestic, or commercial applications. DERs are generally 

presented as modular units of small capacity, a characteristic imposed by the lower energy 

density and dependence on the geographical conditions of a given region.  

Greater reliance on DER would be a significant deviation from the current structure of 

the electrical industry. DERs help the network by increasing the network’s reliability and 

resiliency, making the network less vulnerable to prolonged power outages. A more 

diversified, distributed, and renewable electric power system has widely known benefits, 

which influences the location of deployment and provides a reduction in construction time 

and capital investment. The load being close to the source reduces transmission and 

distribution [12] (T&D) losses. With electrical energy generated at low voltage (LV), it is 

possible to connect a DER separately to the distribution network of public services or they 

can be interconnected in the form of Microgrids. 

In recent years, there has been another important trend in the electricity sector: the 

emergence of the “Intelligent Network”. Broadly speaking, this involves two different 
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objectives: smart technologies [13] to reform the electrical system [14,15] and provide 

consumers with new applications [16] for the manufacture, use and conservation of 

electricity. The relationship between Smart Grid [17,18] and DERs involves all domains of 

the electricity transmission and distribution system [19]. 

Power plants with renewable energy sources appear as a magnificent idea that involves 

the aggregation of DERs to provide an amount of resources that can serve as a functional 

equivalent of a traditional power plant. The relationship with DERs makes plants with 

renewable energy sources a significant energy potential, acting as a resource equivalent to a 

conventional plant, and can reduce the demand for fossil fuel plants, a directive that avoids 

the generation of electricity or the purchase less economically attractive markets [20].  

The imposition that virtual power plants operate only to meet economic [21] 

requirements has been widely questioned. The virtual plants are referred to in two reference 

activities: technical and commercial plants [22], and those of the first type seek to meet the 

standardization of electrical energy systems, supplying the necessary energy demand for each 

load requested, implementing the quantitative and qualitative requirements imposed by 

incremental variations. To meet technical flexibility seeking scalability in the electric energy 

market, the concept of Plants with Renewable Energy Sources was also applied to 

microcogeneration clusters, overlapping massive electrical storage (MES) and providing 

benefits between systems and systems shareholders. 

The growing concern with environmental issues and the advancement of electronic 

energy technology has resulted in the rapid development of energy production using 

renewable energy sources (RES). These natural resources play an important role in the 

generation of aggregate energy systems for virtual plants and wind and solar energy stands 

out as one of the most promising energy resources today. Wind energy represents one of the 

optimistic sources of energy generation among all RES. Now, the daily demand for energy 

is increasing rapidly due to population growth and the economic development of the world, 

leading to a greater environmental impact in conventional power plants. Therefore, RES must 

be used to meet energy demand and have community development and prolong growth. 

One of the main systems directly related to distributed energy resources (DER) is formed 

with the implementation of energy systems with energy cogeneration, where it provides 

increased energy rationality, becoming a set of engaging aspects that constitute an alternative 

production in the generation plant. Having with one of the differential factors the economy 
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of energy resources directly influencing the feasibility of implementation. When defining the 

distributed generation systems of electricity, it has as greater conditions for the 

implementation of generation plants with the installation of cogeneration plants or 

cogeneration for use of residual heat (CHP) in installations with industrial, domestic, or 

commercial applications. Thus achieving a significant increase in the overall energy 

efficiency of the plant, as well as the reduction of thermal pollution of the environment, which 

brings extremely negative effects on the ecosystem, such as : decreased oxygen levels in 

water verified in reducing the solubility of oxygen (O2) in water, which causes a diffusion of 

gas into the atmosphere, thereby reducing availability in water. With the increase in 

temperature, algae, for example, grow on the surface of water, a determining factor in 

reducing oxygen in water from their plant respiration; there is also the loss of biodiversity 

provided by temperature changes in the environment and may cause the displacement of 

certain species to the destination of a more conducive environment, or certain species can 

move to the warmer environment.   

Properly planned and operated DG facilities have many benefits, such as savings due to 

reduced energy losses, greater reliability and better power quality. However, the increased 

penetration of DG without harmony between the generating units can lead to greater losses 

of energy from the grid, undesirable voltage profiles, unreliable operation of the protection 

devices and imbalance between actual consumption and production. Therefore, in order to 

achieve optimal economic operation of the main network, DER units must be visible to the 

system operator. According to the distribution and planning operations lines, where the local 

electricity utility has the defined function to maintain safety, quality and reliability for all 

customers, there is a spectrum between fully accommodating and integrating. The extent to 

which an energy distribution utility has a certain level of visibility, control and orientation of 

the location of the site determines the point in the spectrum that a specific resource will be. 

A resource in which an energy distribution utility guides the implementation and has a certain 

control visibility, such as a DER operating in coordination with a distribution operator 

through a DER management system, falls at the extreme of the spectrum integration.  

A customer-driven DER, over which the electricity utility has no visibility or control, 

resides in the final capacity with accommodation characteristic. A feature installed and 

controlled by a third party but visible to the utility, such as a storage unit connected to the 

distribution being employed for mass system services (e.g. frequency regulation), needs to 

be accommodated at the distribution level, but the distribution utility with visibility means 

that the resource would be slightly towards the end of the spectrum integration, in an 
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intermediate sector between accommodation and integration. The negative aspects of 

increasing the uncoordinated penetration of the DG are the basic motivation for the 

introduction of the concept of VPP [23,24]. VPP originates in the aggregation of DG units, 

controllable loads and storage devices connected to a given cluster in a single imaginative 

entity responsible for managing the flow of electricity within the cluster and in exchange with 

the main network. Previously, DER was installed with a “fit and forget” approach and they 

were not visible to system operators [25]. The VPP aggregated all DERs into a single entity 

through which the Distributed Energy Resources (DERs) [26] would have visibility and 

controllability of the system and impacts on the market as generators connected to the 

transmission. Different studies have analyzed the concept of VPP in three main directions: 

First direction related to the classification of DGs in the structure of the VPP according to 

their capacity and ownership. Another DG classification was presented according to its 

operational nature; stochastic or dispatchable. Second direction focused on the VPP structure, 

both technically and commercially; Technical VPP (TVPP) and Commercial VPP (CVPP) 

[27], and their functionalities. Inclined third direction for the optimization of VPP operation 

[28]. Some of these studies focused on optimizing the VPP structure, selecting the ideal size 

and location of the VPP components. On the other hand, other studies have highlighted the 

maximization of VPP profit [29]. 

In the quality aspect of electrical energy, the supply voltage stands out in relation to the 

level of harmonic distortion imposed on the electrical system, introspecting the energization 

procedure of the distribution transformers. 

The voltage waveform measured at any node in an electricity distribution network due 

to harmonic distortions is almost always a non-sinusoidal function. The degradation of the 

network voltage is generated mainly by the multiplicity of non-linear loads (industrial and 

domestic), which arise currents with a high level of harmonic distortion, as well as renewable 

energy sources with inverters. These non-linear load currents flow throughout the plant and, 

due to the finite (non-zero) value of the upstream network impedance, they also pollute the 

supply voltage waveform. This voltage affected by the harmonic distortion will be applied to 

any other device connected to this point in the installation network. 

In addition, during a highly demanding energy process (starting a motor, energizing a 

transformer or electric arc welding machine), the voltage waveform additionally suffers from 

severe harmonic distortion. Thus, power transformers are being affected by the presence of 

harmonics, but they also generate low power quality when connected to the grid. The 
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energization current consumed by a discharged power transformer, known as inrush current 

(IC), is characterized by high amplitude and harmonic level content in its waveform 

spectrum. 

The capacity to generate distributed energy resources (DER) has their quantitative 

formation influenced by the energy density linked to the means of generating electricity and 

defining available means related to the geographical conditions of the defined region. Thus, 

the aspects define the geographical diffusion of the installation, a factor that largely 

determines the most efficient location close to the load. The technical and economic viability 

of electric power generation plants depends entirely on these previous definitions. When 

analysing the cogeneration plants, it is verified that the effective deployment location is 

defined close to heat sources, avoiding the transport of residual heat over long distance, a 

factor that can economically derail the implantation. The reduction of deployment time, as 

well as capital investment, can be improved along with the location of local ideas through 

specific analysis.  

Losses in transmission and distribution of electricity, which can reach around 30[%] of 

the total energy generated by the source, are eliminated through the implementation of 

generation in physical proximity of the load. According to the voltage level generated, which 

usually has the low voltage level, a DER can be connected independently to the power 

distribution network of the power utility or being interconnected in the form of microgrids. 

The microgrid has the characteristic of being able to be connected back to the electricity 

utility network as a separate autonomous or semi-autonomous unit and, in some cases, to 

assign the form of distributed generation integrated to the electric utility’s main network, the 

which improves the overall quality and reliability of the electricity supplied. Completing the 

context, in a deregulated environment, where it practically revolutionizes the electricity 

industry in which it has electricity as part of a business, rather than public service, with the 

highlight of traditional monopolies being deregulated and fractionated in specific business 

units, with electricity supplied as a product and subject to competition, as well as open access 

to the distribution network can also provide greater connectivity factors for the integration of 

distributed generation. With regard to the specific characteristics of each country, the form 

of integration of distributed generation can be classified with valuable in places with intense 

diversity of energy generation, or in countries with economic growth where there is a 

shortage of electricity supply and it can enable numerous forms of generation to meet the 

demand required for the inclusion of the load.  
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  With the inclusion of more viable innovative technologies and with the improvement of 

the energy efficiency of the insigne electric power system, the definition of electricity 

networks contract the characteristics arising from the adaptation phase of distribution 

networks of Passive electric power stable with the conduction of directable electricity in a 

single direction in active distribution networks [30] with the conduction of electricity in both 

directions assigned in the electricity system. By definition, electricity distribution networks 

are considered passive if in their constitution, the installation of distributed generation 

systems has not been considered, therefore it is defined that the supply of electricity comes 

only network system. The same will be defined as active when the installation of distributed 

generation systems is integrated into the distribution system, thus driving the flow of 

electricity in both directions in the networks. In today’s global context, countries considered 

developing in technology [31] therefore aim to include in energy planning of networks the 

infrastructure needed for deployment, while countries that already demonstrate structural 

development in advancing the implementation of systems, focus efforts on effective the best 

operating conditions and better results due to the diversity of generation attributed and obtain 

more advantages over the systems of distribution of previous energy. The inclusion to the 

installation of the system of distribution of flexible and intelligent control systems in 

conjunction with distributed intelligent systems, as well as autonomous control and 

maintenance systems, become differentities in the evolution of active distribution networks.  

  With the tendency to increase energy efficiency by integrating renewable electricity 

generation sources, active networks also evolve to the inclusion of more advanced 

technological control systems in order to perform the said use of electricity, thus being 

defined with the characteristics of smart grids and microgrids. The dissemination of the 

system to active network management, where the incorporation of the distributed generation 

into distribution networks and in the management of the system to be supplied energy, results 

in greater possibility of distributed generation connections, characterizing greater advantage 

over systems without active management. As a fundamental distinctive quality in view of the 

upward inclusion of renewable energy generation as well as distributed generation in an 

electric power distribution system, Active Network Management (ANM) describes itself as 

a preference of considerable value for the control of the distribution system to develop the 

operations of the safe provenance system and imposing greater scalability on the 

development analysis set regardless of inclusion of systems for greater reliability quantitative 

network [32].  
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  This research has as main goals the characterization of voltage levels in electrical 

networks active under adverse conditions highlighted among external influences defined as 

disasters [33] of different types and distortions related to different sources and loads, as well 

as the variations of influences in the electrical power system parameters, specifying the 

appropriate methods for correction and voltage stability, using pre-defined resources and 

aiming at achieving acceptable levels of results in more economically attractive markets. 

     

   

2. Microgrid control systems  

   

  The microgrid appears as the main premise for future electricity distribution networks 

[34]. As the use of technologies for microgrid deployment expands in traditional electricity 

distribution networks will imply the adequacy of traditionally utilizing control systems 

employed [35]. The structure of microgrid control system formation is based on control 

doctrines being categorized into three fundamental methods:  

   

i.  Centralized control 

ii.  Decentralized control 

   iii.  Hierarchical control  

   

i. Centralized Control  

   

Characterized as common and traditional, centralized control represents a control 

method for microgrid. In centralized mode there are two types of control systems for 

microgrids. In the first form of control, a distributed generation system controls distributed 

energy (DER) resources. In the second form of control, a central unit of control and decision 

management controls the microgrid [36,37]. The centralized control system consists of all 

data from all instruments in the microgrid and determines the operation with databases in that 

data. Centralized control is convenient for the application of accurate optimization algorithms 
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[38,39,40] and a wider range of operation of the entire system. Some disadvantages stand out 

in centralized control, such as lack of flexibility and easy universality (not being a modular 

controller), as well as high costs of communication, design, and computing facilities.  

   

ii. Decentralized Control  

   

Uncoordinated control represents another control approach. Each unit performs a task 

independent of other drives in this type of control. In this mean, reducing interchangeable 

information will reduce demand for a high-cost communication network. In addition, its 

characteristic is to provide plug-and-play capacity for installing additional distributed power 

resource units and consumers on the microgrid. The probability of network instability 

increases in decentralized control because each inverter operates based on local 

measurements. In addition, your locations can change during the operation demand period 

and generation capacity. Because they operate independently of the system of the new 

network scheme, decentralized controllers make decisions that raise the likelihood of 

network instability. Therefore, decentralized control without cooperative control does not 

remain stable.  

   

iii. Hierarchical control  

   

As the electric power system receives improvement control system objects become less 

complicated at the operational point of view. The modes islanded and connected to the 

network in microgrid applications have always been considered by separate approaches. With 

this, there was a need to develop a microgrid operation system in both operating modes, 

connected to the network and islanded. The scalability and profitability of the micro-network 

became fundamental to the operation after deregulation. In this way, microgrid operations 

have changed completely [41]. It is necessary to implement hierarchical control as the best 

option in this situation, where its control objectives are organized in three levels:  

   



12   

   

a) Primary control  

Frequency adjustment and voltage amplitude are the focus of this control level which 

are placed as the input parameters for the internal control loops of current and voltage. 

Changes in supply for cargo supply and changes in power supply are attended with 

faster responses guaranteed by primary control. The provision of the operational 

scope of this regulation is established in milliseconds, being paramount to maintain 

the operational stability of the network. The continuity of the performance of energy 

storage systems, such as batteries, has its features assisted by the use of primary 

control. The power availability and battery charge level for supply define the mode 

of operation for this purpose. The ideal settings for primary regulation in island mode 

are defined by the battery charge state.  

In this respect, each inverter will have an external power loop based on a tilt control, 

defined as autonomous or decentralized control, whose purpose is to share active and 

reactive power between distributed generation units and impose the best system 

performance and stability, whose adjustments at the same time define the frequency 

and magnitude of output voltage.  

   𝜔 = 𝜔∗ − 𝑚 (𝑃 − 𝑃∗)                                                 (2.1)  

   𝐸 = 𝐸∗ − 𝑛 (𝑄 − 𝑄∗)                                         (2.2)    

Where 𝜔∗ e 𝐸∗ represent the frequency and amplitude of output voltage, and the 

coefficients m and n define the corresponding inclinations (angular coefficients). 𝑃∗ 

e 𝑄∗ are active and reactive power references, in connection island mode are set to 

zero value when connecting ups units in parallel autonomously. However, to share 

energy with constant energy sources, the active and reactive energy sources to be 

extracted from the units use the electricity grid. In this way, the performance of the 

system can be increased, allowing the autonomous operation of the modules. Thus, 

the amplitude and frequency output voltage can be influenced by P = Q sharing 

through a self-regulation system with active and reactive local energy provided from 

each unit.  
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                                                                       𝜔 = 𝜔∗ − 𝑚(𝑃 − 𝑃∗)                (2.1) 

 

 

 

                                                                          𝐸 = 𝐸∗ − 𝑛(𝑄 − 𝑄∗)                  (2.2)   

 

 

Figure 2.1. –  Voltage and frequency control. 

 

In order to obtain a good energy sharing, the output voltage amplitude and frequency 

of being adjusted in the control circuit, in order to compensate for the imbalance of 

active and reactive power. The inverter can inject the desired active and reactive 

energy into the main network, defining the output voltage regulation [42] and 

matching linear load changes.  

         

b) Secondary control  
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The bandwidth of the secondary control has a lesser amplitude than that of the 

primary control, because it thus dissociates the two dynamics, and also reduces the 

communication speed [43,44] and has sufficient time to perform all the necessary 

calculations [45,46]. Of course, it compensates for the voltage and frequency 

variations obtained by the primary control and performs network synchronization. In 

other overhand, secondary control can also act as the Power Management System, 

defining energy flow and energy quality within the microgrid, defining itself as the 

highest level of control when the microgrid is in island mode.  

   

c) Tertiary control  

   

In the third hierarchical control loop, the inverter references connected to the 

microgrid are adjusted  even to generator MPPTs so that power flows are optimized. 

Power references provided to secondary control can be calculated based on an 

economic analysis structured by market prices, weather forecasting (as sources with 

stochastic behavior are employed, such as panels photovoltaics) and the agreement 

between the customer and the network operator.  When deploying this level of 

control, some extra features can be obtained, with island detection or harmonic 

reduction of harmonic network voltage by harmonic injection. The implementation 

of the multilevel hierarchical approach will be related to communication 

infrastructure and future intelligent network codes [47,48]. 

   

  

3. Voltage Control Methods 

 

3.1. Voltage Control Methods in microgrids  

   



15   

   

The main function of voltage control on the network bus (including active network 

management) stands out in maintaining the stability and total reliability of the network. 

Maintaining a specific voltage control prevents reactive power fluctuations [49] mainly due 

to the high number of micro-generation sources in microgrids. The microgrid voltage control 

function focuses on reducing relatively large circulating reactive currents between micro-

sources components of the network, similarly to what happens in large synchronous 

generators. The problem of circulating current in the microgrid becomes relevant in because 

feeders are radially positioned in most interconnections, thus resulting in a small equivalent 

impedance between micro-sources, which occurs in a way that occurs differentiated in 

electricity utilities, where this circulating current is usually restricted by the great impedance 

between generators. Similarly, circulating currents in the networks may exceed the nominal 

currents of micro-sources in microgrid, although there are minimal discrepancies in their 

respective voltage adjustment points.  

Voltage and reactive power drop (V-Q) controllers with fall characteristics are used for 

effective control of circulating currents.  

In this type of controller stands out the characteristic of increasing the point of 

adjustment of the local voltage at the instant when reactive currents from micro-sources 

remain predominantly inductive and decrease the adjustment point when the current becomes 

Capacitive. Reactive power variation extremes have classification definition VA (VAR; S) 

inverter and active power output (P) micro-source according to the interface:  

                                                  𝑄  =     √(𝑆2  −  𝑃2 )                                               (3.1.1)    

 

                 3.2. Voltage Control Methods in networks  

  

   

The control of voltage levels has been performed by control of production, absorption, 

and reactive power flow at all levels of the system [50,51,52]. Generating units provide basic 

means of voltage control; Automatic voltage regulators control the field excitation to 

maintain a scheduled voltage level at the generator terminals. Some additional means are 

required for voltage control in the system [53]. 
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a) Reactive energy sources or absorbers, such as shunt capacitors, derivation 

reactors, synchronous condensers and static var compensators (SVCs);  

b) Line reactance compensators, such as serial capacitors;  

c) Transformer regulators, such as tap slat transformers and boosters;  

d) Active Network Management;  

   

Parallel capacitors and reactors, and series capacitors promote passive compensation. 

They permanently connected to the transmission and distribution system or are disconnected. 

Contributing to voltage control with the modification of network characteristics.  

Synchronous compensators and SVCs promote active compensation; the reactive power 

absorbed/supplied by them has been automatically adjusted to maintain the voltages on the 

bars on which they are connected. Together with the generating units, they establish voltages 

at specific points of the system. Voltage levels at other system locations are determined by 

active and reactive power flow through various circuit elements, including passive 

compensating devices.  

   

        3.2.1. Shunt capacitors 

   

The main advantage of using shunt capacitors is represented in low deployment cost and 

installation and operation flexibility. These are readily available at various points in the 

system, resulting in a contribution to the transmission of energy distribution. However, the 

reactive output power is proportionally related to the voltage square, appearing as the main 

disadvantage of using shunt capacitors. Consequently, the reactive output power is reduced 

to low voltages when it is probably most needed.  

Shunt capacitors are used extensively in distribution systems for power factor correction 

and voltage control in feeders. Distribution capacitors are generally switched by automatic 

controls or current and voltage sensitivity. 

The goal of power factor correction is to provide reactive power near the point where it 

is being consumed, rather than being supplied by remote sources. Most loads absorb reactive 

energy; that is, they have delayed power factors. Switched shunt capacitors are also used 
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extensively for feeder voltage control. They are installed in appropriate locations along the 

feeder length to ensure that voltages at all points remain within the maximum and minimum 

limits allowed as loads vary.  

Shunt capacitors are used to compensate for XI2 losses in transmission systems to 

provide satisfactory voltage levels during heavy load conditions. They are typically 

distributed through transmission systems to minimize losses and voltage drops.    

   

        3.2.2. Shunt Reactors  

   

Shunt reactors are used to compensate for the capacitance effects of the line, in particular 

to limit increased voltage in open circuit or light load.  

   

3.2.3. Active Network Management  

   

Active Network Management helps balance floating generation capabilities for a reliable 

power supply [54], especially when the amount of renewable energy in your energy portfolio 

increases. Through a range of analysis and evaluation functions, active network management 

provides reliable voltage regulation (figure 3.1) and helps to avoid overload situations, in 

addition to efficiently informing the direction of the load flow and providing updated load 

values [55,56,57,58].    
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Figure 3.1. –  High efficiency and reliable supply (smart microgrid).  

   

   

3.2.4. Static var systems  

   

   

Variable static var compensators (SVCs) are connected-parallel static generators and/or 

absorbers whose outputs are varied according to the specific controls of the parameters of the 

electrical power system [59].  

The main differential aspects of Variable static var compensators (SVCs) devices include, 

among others, the ability to control line voltages reliably and effectively. Voltage regulation and 

control to the required set point under normal steady-state [60] and contingency conditions stands 

out as a characteristic of the SVC, thus providing dynamic reactive energy and effective 

resolution after system contingencies (such as, network short circuit, line ad generator 

disconnections). As well as, it contributes to increase the capacity [61] of transferring electric 

energy, reducing losses in the lines, mitigating oscillations of active power and avoiding voltage 

oscillations with over-voltages in the loss of load. 

A var static system (SVS) consists of an aggregation of mechanically keyed SVCs and 

capacitors (MSCs) or reactors (MSRs) whose outputs are coordinated.  
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SVCs Types:   

i. Saturated Reactor (SR)  

ii. Thyristor Controlled Reactor (TCR)  

iii. Capacitor keyed by tiristors (TSC)  

iv. Reactor keyed by tiristors (TSR)  

v. Thyristor Controlled Transformer (TCT)  

vi. Auto or online switched converter (SCC/LCC)  

vii. Harmonic filter (FC) 

 

Static var systems have the ability to control the individual phase voltages of the bars to 

which they are connected. They can therefore be used to control negative sequence and 

sequence-positive voltage deviations. However, this type of systems focuses on problems in 

balanced fundamental frequency performance systems.  

a) Features of an ideal SVS  

From the point of view of operation of electrical power systems, an SVS is equivalent 

to a shunt capacitor and a shunt inductor, both of which can be adjusted for voltage control 

and reactive power in their terminals (or at a nearby point) in a prescribed way. 

   

Figure 3.2. –  Static var system (SVS).  

This analysis considers an SVS composed of a controllable reactor and a fixed capacitor. 

Therefore, the resulting characteristics are sufficiently general and apply to a wide range of 

practical SVS configurations.   
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                  Figure 3.3. –  Composite characteristics of an SVS[62].   

            

b) Composite SVS - Characteristics of the power system  

System characteristics can be expressed as:  

                                                    𝑉 = 𝐸 − 𝑋 𝐼                                         (3.2.4.1) 

        The characteristics of the SVS, in the control range defined by tilt reactance, are given 

by:  

                                   𝑉 = 𝑉 + 𝑋 𝐼                                       (3.2.4.2) 

        For voltages outside the control range, the V/IS ratio has a value equal to the slope of 

two extreme segments of Figure 3.4. These are determined by the ratio of the inductor and 

capacitor. The Solution of the SVS and the characteristic equations of the power systems are 

graphically illustrated in the figure below.   
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Figure 3.4.  –  Graphical solution of the SVS point of operation for system conditions.  

The Figure 3.4. considers three characteristics of the electric power system, corresponding to 

three values of the source voltage. The central characteristics describe the nominal conditions 

of the system and it is assumed that they intercept the characteristics of the SVS at point V-

V0 and IS = 0. If the system voltage increases by ∆Eth (due to a decrease in the system load 

level), V will increase to V1, without an SVS. With the inclusion of SVS, however, the 

operational point changes to B; absorbing the inductive current I3, the SVS maintains the 

voltage in V3. Similarly, if the source voltage drops (due to an increase in the system’s load 

level), SVS maintains the voltage in V4, instead of in V2 without SVS. If the slope KS of the 

SVS characteristics were zero, the voltage would be maintained at V0 in many cases 

considered. 

  

3.2.5. Storage of electricity for voltage control  
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The storage of electricity has as its objectives to support a feeder with excess charging, 

provide power factor correction, reduce the need to restrict distributed generation, minimize 

operations to change tap under load (OLTC) and mitigate flicker, voltage sag and swells [63].  

Voltage control using the ratio of real and reactive energy export voltage sensitivity is 

based on the optimization of the actual and reactive energy export of electricity storage, so 

that the size of the storage unit electricity can be minimized.  

Conventionally, renewable energy sources are connected to the Distribution Network 

(DN) through electronic power converters and are responsible for modifying voltage profiles 

at the end of the customer. The voltage at the customer’s connection point depends on the 

voltage drop along the grid, which, in turn, is related to the active and reactive energy 

exported from the renewable energy source connection bus (RES) to the bulk supply point 

(BSP).  

The preferred mode of operation of the distributed generation is established in power 

factor control (PFC) mode, so that the P/Q ratio is maintained almost constant and the reactive 

power is proportional to the variation of the active power.    

This requirement allows voltage profiles to be kept within legal limits, but with a high 

penetration of distributed generation, this mode of operation may tend to increase the voltage 

variation, especially in rural areas, and the increased voltage if makes a significant restriction 

for distribution network operators (DNO) and distributed generation owners (DG) in terms 

of network safety and reliability and maximization of production and energy, respectively.   

The storage of electricity has as its function of local use the mitigation of increased 

voltage due to a wind generation park, absorbing reactive energy. 

  

   

3.2.6. Current and emerging coordinated voltage control schemes  

   

The latest voltage control devices have control performed locally to obtain a passive 

coordinated voltage control scheme on distribution networks. This passive coordinate voltage 

control scheme is characterized as the most suitable for most cases in current distribution 

networks.  
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   Coordinated and optimized voltage control uses heuristic or metaheuristic algorithms 

and particle swarm optimization or PSO optimization [64,65]. The voltage control system is 

developed in with formulation in a mathematical optimization system, thus defining the 

control objectives and constraints [66,67,68]. The reduction of losses in the network and the 

leveling of the voltage profiles represent the control objectives, while the constraints may 

present the thermal and voltage limits in the network. In these types of control systems, it is 

necessary to analyze the online load flow structured by the network model to find the 

optimized solution. Organized skills for database-based control form the primary basis for 

having an application in coordinated voltage control schemes. In such schematics, the 

coordinated voltage control solution forms in a database, which contains historical operation 

control solutions or previously completed offline studies. The goal of deploying a database 

is to improve the overall performance of the controller and avoid risks of nonconvergence of 

load flow analysis resolution. However, there is a need for a database of solutions, developed 

from offline analysis, and intelligent algorithms [69] of self-learning database. In these 

control systems, only permanent regime voltage level problems at medium voltage level are 

considered [70].   

 

   

4. Voltage control in adverse conditions  

   

   4.1. Voltage control for interconnected microgrids under cyberattack 

   

   

   The operation of electricity networks, specifically, microgrids currently face several 

challenges, thus, to touch the operation more effectively, making it safe and reliable, these 

need to be faithfully coupled to control systems supervision and data acquisition that monitor 

in real time and operate the entire electrical power system, gathering data from specific 

electrical installations and remote smart meters, as well as sending control and supervision 

commands. Among the new challenges, these systems act under susceptible malicious cyber 

threats through communication infrastructure connections. Thus, the safe and stable 

operation of electricity grids needs to be guaranteed under normal operating conditions and 

cases where cybersecurity is under constant threat of malicious attacks.  Thus, it is essential 
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to analyze possible vulnerabilities of the electricity system, through modeling and studies of 

different threats to this system, attributing the results for the development of resilient schemes 

with the objective mitigate security threats at high risk.  

   Some security systems propose threat detection algorithm to mitigate sparse attacks. 

Using the electrical power adjustment points to change the power inverter devices or even 

for deactivation, the objectives of cyber attacks can be achieved, in order to attribute this 

possibility in the attack scenario considered, cyber opponents build a specialized tool to 

perform intermediate attacks and manipulate sent to photovoltaic energy inverter, thereby 

affecting the physical energy system. In the specific attack, each subsection starts by 

determining the opposing model and thereby affects the tilt controller.   Therefore, based on 

the properties of the linearized system stipulates the impact of the attack, such as stability 

and induced inlet and output standard. The sets of nodes attacked that produce possibly higher 

impacts have identification established through these characterizations, determining which 

threats pose risks to the system and the level of action.  

  a) Voltage reference attack  

  For this type of attack the current system considers for analysis an adversary that injects 

false data into the communication network that operates the control system.  

  In the clearance of a reference signal attack on bus j, the correlation of the reference 

signal occurs in the j bar, taking into account the analysis of the load flow for the electricity 

system in question, have:  

                                                                      𝑉 ∗(𝑡) = 𝑢 (𝑡),                                             (4.1.1) 

Where the value 𝑢 (𝑡) was defined as an opponent. Therefore, the resulting control signal 

in the j bar under an attack on the reference signal will be:        

                                                                                                                                     (4.1.2) 

 

In Figure 4.1.(a), when a false data of u1
a,1 = 3 [V] is injected on the voltage sensor in 

agent I during event A, leads to an increase in the voltage observer output. Consequently, the 

voltage of agent II also increases from 48.1 [V] to 51.6 [V]. This results in an increase in C1 

from 0 to 0.2 [V], which guarantees the attack vector on agent I. After a certain moment, 

when the agent I link is deactivated, which interrupts the transmission of false data during 
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event B, the agent II voltage returns to 48.1 [V]. However, the injected false data is still 

effective, which is evident from C1 in Figure 4.1.(a). In the most critical case, the attacker 

can try to manipulate C1 in the negative region so that the disabled link is restored. In event 

C, another attack vector u1
a,2  = -1.2 [V] is injected into C1, which does not affect its detection 

philosophy, as it is strategically oriented in the control system of each agent using the cross-

coupling methodology. 

Similarly, in Figure 4.1.(b), a sneak attack is modelled injecting a balanced set of zero 

sum vectors uf
i = ±3 [V] in voltage sensors of both agents before event A. After the transient 

instant, both voltages return to their respective set points before the attacks.   However, C1 

and C2 increase from 0 to 0.2 [V], which suggests that the two agents are attacked. To avoid 

further damage, a corrective action disabling cyber links during event B in Figure 4.1.(b) 

results in local operation for each agent. 

   

Figure 4.1. – (a) Experimental validation and (b) stealth attack on the voltage sensor (s) in a 

DC microgrid with M = 2 agents [71].  

   

4.2. Voltage stability to Major disturbances  

   

Among the main characteristics of electric power systems, the ability of this electricity 

systems to maintain voltages on a permanent basis soon after a major disturbance occurs, 

such as a lack, loss of generation or circuits. This capacity is related to and determined by the 

characteristics of the system and load, and also by the interactions of the various control 

systems (discrete and continuous), as well as the respective protections [72].  



26   

   

The dynamic behavior examination of the system determines the analysis of voltage 

stability at a great disturbance, in which it requires a sufficient period of time for capturing 

interactions and actions of devices such as engines, LTC and current limiters of generator 

field. Thus, the need for a nonlinear analysis of the system is formed in a period of time of 

interest for the complete definition of studies, ranging in a few seconds to a few minutes, and 

also the realization of simulations in the field of time, and modeling may be classified as 

transient or long-term.   

   

4.3. Voltage stability to Minor disturbances  

   

The voltage stability analysis to minor disturbances (small signals) is directly related to 

the system’s ability to control voltages after minor disturbances, such as gradual changes in 

load. This form of stability has a direct influence with the determinations of permanent 

approximations using the linearization of the dynamic equations of the system in a given 

operating instant, allowing valuable sensitivity information in the identification of factors 

that influence voltage stability.  

   

4.4.  Long-Term Voltage Stability  

   

Long-term stability analysis assumes that power fluctuations between synchronizations 

and power have attenuated, resulting in a uniform frequency of the system. The focus is on 

the slowest and smallest phenomena that accompany large-scale system disturbances and 

sustained disagreements resulting from the generation and consumption of assets and 

reactives. Long-term voltage stability involves in its characteristics the slow dynamics of 

certain equipment, for example, LTCs, thermostatic loads and actuations of generator current 

limiters. The period of interest may extend from some to many minutes and long-term 

simulations are required to evaluate dynamic system performance. Static analyses can be 

used to identify estimates of stability margins, as well as influence factors and examine 

different system conditions and many scenarios. 
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4.5. Short-Term Voltage Stability  

   

Short-term stability presents characteristics related to the variation between transient 

responses and long-term responses. In the short-term stability the focus is on synchronizing 

the power fluctuations between machines, as well as on the effects of some of the slower 

phenomena. It also involves the dynamics of some loads, for example induction motors, 

electronically controlled loads and continuous current system converters. Dynamic load 

modeling is essential, and the study interest period is contained from the instant of a few 

seconds and the analysis requires the solution of differential equations related to the system, 

similarly the solution of the transient stability problem [73].  

   

4.6. Severe weather conditions in microgrids  

   

This analysis considers the load variation of the electricity system in a reduced way from 

some kind of untimely action with damage to the electrical power generation structure caused 

due to the insufficient time required for restoration of equipment, thus having to reorganize 

the types of loads demands in order to keep the microgrid operating in a defined mode of 

safety until the power generation is fully restored and with this the total storage established 

for a system with high reliability and higher economic return. The impacts caused by the 

damage of the structure are initially classified according to the installation site within the 

electrical power system, differentiated between the points of electricity generation and 

electricity distribution network connecting the generation system to differentiated consumer 

load systems.  

Listing of loads to be included from the feeders of the electricity distribution system in 

the escalation of supply priorities:  
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a) Load 1: Consumption units directly related to the supply of electricity, which are not 

being attended by distribution and transmission networks and own generation of 

electricity; 

b) Load 2: Facilities related to maintenance organizations of human health care units;  

c) Load 3: Units specifically linked to Safety Systems, firefighting, health support, and 

emergency commercial transport;  

d) Load 4: Service to the supply of commercial and industrial consumers;  

e) Load 5: Residential Units and other consumers;  

f) Load 6: Educational and Research Institutions.  

Thus, a priority escalation system is defined due to the type of load in relation to the 

essential condition to maintain the quality of life of users, according to the type of service 

provided in each consumer the load falls into a concept of economic sociability, maintaining 

the essential and normal conditions in the purpose of maintaining a favorable environment 

until it has been returned to a state of normality of the grid’s electricity system.   

Load escalation settings due to the type of operation of the microgrid:  

   

Type of operation  Priority  Supplied load  

   

Critique  

   

 High  

Load 1   

Load 2   

Load 3   
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Emergency  

   

   

Average  

Load 3   

Load 4   

Load 2   

Load 1   

Load 5    

Load 6   

   

   

Normal   

   

   

Low   

Load 1   

Load 6   

Load 5    

Load 2   

Load 3   

Load 4   

   

   

5. Quality control of voltage levels 

 

5.1. Harmonic Power Flow 

 

Three-phase systems with nonsinusoidal and unbalanced conditions [74,75]. 

For each time interval i, the effective voltage and current are recorded; moreover, the 

fundamental component is separated from the total harmonics components [76,77,78], that 

is: 

𝑉𝑒𝑖
2=𝑉𝑒1𝑖

2 +𝑉𝑒𝐻𝑖
2  and  𝐼𝑒𝑖

2 =𝐼𝑒1𝑖
2 +𝐼𝑒𝐻𝑖

2                                                               (5.1.1) and (5.1.2) 
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Where 𝑉𝑒𝐻𝑖=√∑ 𝑉𝑒ℎ𝑖
2∞

ℎ≠1   and 𝐼𝑒𝐻𝑖=√∑ 𝐼𝑒ℎ𝑖
2∞

ℎ≠1                                         (5.1.3) and (5.1.4) 

The total effective apparent Power squared is: 

𝑆𝑒
2= 9𝑉𝑒𝐼𝑒= 

9

𝑣2
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2𝑣
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𝑖=1 =

9
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+ )2𝑣
𝑖=1 ∑ (𝐼𝑒1𝑖

+ )2𝑣
𝑖=1 + ∑ (𝑉𝑒1𝑖

+ )2𝑣
𝑖=1 ∑ 𝐼𝑒𝐻𝑖

2𝑣
𝑖=1 +

∑ 𝑉𝑒𝐻𝑖
2𝑣

𝑖=1 ∑ (𝐼𝑒1𝑖
+ )2𝑣

𝑖=1 + ∑ 𝑉𝑒𝐻𝑖
2𝑣

𝑖=1 ∑ 𝐼𝑒𝐻𝑖
2𝑣

𝑖=1 ]                                                              (5.1.5) 

The first term is due to the contributions of the fundamental voltage and current and has 

exactly the same terms as Equation. 

9

𝑣2
∑ (𝑉𝑒1𝑖

+ )2𝑣
𝑖=1 ∑ (𝐼𝑒1𝑖

+ )2𝑣
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+̅̅ ̅̅ )
2
+(𝑄1

+̅̅ ̅̅ )
2
+(𝑆1𝑢

̅̅ ̅̅ )2+𝐷1𝑅
2                                             (5.1.6) 

The second term is due to the interaction between the fundamental voltages and the 

harmonic currents, 

9

𝑣2
∑ (𝑉𝑒1𝑖

+ )2𝑣
𝑖=1 ∑ 𝐼𝑒𝐻𝑖

2𝑣
𝑖=1 =(𝐷𝑙

̅̅̅)2+𝐷1𝑅
2                                                                            (5.1.7) 

With: 

𝐷𝑙
̅̅̅=

1

𝑣2
∑ 3𝑣

𝑖=1 𝑉𝑒1𝑖𝐼𝑒𝐻𝑖  and  𝐷𝑙𝑅 = √
9

𝑣
∑ (𝑉𝑒1𝑚𝐼𝑒𝐻𝑛 − 𝑉𝑒1𝑛𝐼𝑒𝐻𝑚)2𝑣

1≤𝑛<𝑚≤𝑣                  (5.1.8) 

Being the current distortion power and the randomness current distortion power, 

respectively. The third term is due to the interaction between the harmonic voltages and the 

fundamental currents, 

9

𝑣2
∑ 𝑉𝑒𝐻𝑖

2𝑣
𝑖=1 ∑ 𝐼𝑒1𝑖

2𝑣
𝑖=1 =(𝐷𝑣

̅̅ ̅)2+𝐷𝑣𝑅
2                                                                                (5.1.9) 

With: 

𝐷𝑙
̅̅̅=

1

𝑣2
∑ 3𝑣

𝑖=1 𝑉𝑒𝐻𝑖𝐼𝑒1𝑖  and  𝐷𝑉𝑅 = √
9

𝑣
∑ (𝑉𝑒𝐻𝑚𝐼𝑒1𝑛 − 𝑉𝑒𝐻𝑛𝐼𝑒1𝑚)2𝑣

1≤𝑛<𝑚≤𝑣               (5.1.10) 

Being the voltage distortion power and the randomness voltage distortion.  

The fourth term is due to the interaction between the harmonic voltages and the harmonic 

currents, 
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9

𝑣2
∑ 𝑉𝑒𝐻𝑖

2𝑣
𝑖=1 ∑ 𝐼𝑒1𝑖

2𝑣
𝑖=1 =(𝑆𝐻

̅̅ ̅)2+𝐷𝐻𝑅
2                                                                           (5.1.11) 

With: 

𝑆𝐻
̅̅ ̅=

1

𝑣2
∑ 3𝑣

𝑖=1 𝑉𝑒𝐻𝑖𝐼𝑒𝐻𝑖  and  𝐷𝐻𝑅 = √
9

𝑣
∑ (𝑉𝑒𝐻𝑚𝐼𝑒𝐻𝑛 − 𝑉𝑒𝐻𝑛𝐼𝑒𝐻𝑚)2𝑣

1≤𝑛<𝑚≤𝑣          (5.1.12) 

The harmonic active power 𝑃𝐻
̅̅̅̅  and the non-active harmonic power 𝑁𝐻

̅̅ ̅̅  make up the total 

harmonic apparent power 𝑆𝐻
̅̅ ̅. 

Finally, the apparent power squared can be resolved using the expression: 

𝑆𝑒
2 = (𝑆1

+̅̅̅̅ )
2
+(𝑆1𝑢

̅̅ ̅̅ )2+(𝐷𝑙
̅̅̅)2+(𝐷𝑉

̅̅̅̅ )2+(𝑆𝐻
̅̅ ̅)2+𝐷𝑅

2                                                     (5.1.13) 

Where, 

𝐷𝑅 = √𝐷1𝑅
2 + 𝐷𝑙𝑅

2 + 𝐷𝑉𝑅
2 + 𝐷𝐻𝑅

2                                                                            (5.1.14) 

In the total randomness power. 

        The harmonic generating loads impose a parameter of harmonic power flow formulation 

[79] that differs from the fundamental load flow [80]. Line switching circuits and nonlinear 

resistors are the focus of the detailed load models that are included. These models relate the 

non-linear load currents defined with the respective terminal voltages represented by their 

series [81].  

Current sources connected to the power distribution system serve as the basis for the 

analysis of non-linear loads. From the model data based on specified loads and sources, the 

generation of harmonic distorted power generation for an initial prediction of injected 

currents and terminal voltages for non-linear loads [82] is defined. The dependence of the 

frequency on the reactances develops in the energy system autonomy and mutuality for the 

fundamental and also for each harmonic frequency of the injected current. The current 

injected at a different frequency may affect the system voltage response at a harmonic 

frequency, although these admittance matrices only relate the currents at a given frequency 

at the same frequency. 

In addition, an iterative solution is required when it is verified that the distortion caused 

by harmonic currents will affect the injected current. The Newton-Rapson reformulated 
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iterative method includes frequencies [83]. The resolution of the harmonic node voltages 

requires additional equations. Kirchhoffs’ current law and conservation of apparent power, 

when appropriate, serve as the basis for equations. 

These equations are extended by the harmonic power flow formulation to include non-

linear devices and non-linear resistors, a variety of parameter combinations for line-switched 

circuits [84]. 

The general results are hereby stated by completeness, considering that the detailed 

formulation of the equations is beyond the scope of this study. The linear buses are numbered 

from a to m-1, for a node system n with non-linear buses. The oscillating bus represents the 

numbered linear bus. Numbered from m to n, the non-linear buses appear. The odd harmonics 

do not triple from five to L are considered. 

The active and reactive power balance is: 

 [ΔW]=[J(1) J(5) ... J(L)][ ΔV (1) ΔV (5) ... ΔV (L)]T                                                     (5.1.15) 

Where [ΔW]=[
∆𝑃
∆𝑄

] , [∆𝑉(𝑘)] =[
∆𝛿(𝑘)

∆|𝑉(𝑘)|
], and the superscript k indicates harmonic order. 

The Jacobian fundamental, J(1), is the same as the square matrix in equation.  

𝑃𝑛 = ∑ |𝑉𝑛𝑉𝑘𝑌𝑛𝑘|cos (𝜃𝑛𝑘 + 𝛿𝑘 − 𝛿𝑛)𝑁
𝑘=1                                                                (5.1.16) 

𝑄𝑛 = −∑ |𝑉𝑛𝑉𝑘𝑌𝑛𝑘|sin (𝜃𝑛𝑘 + 𝛿𝑘 − 𝛿𝑛)𝑁
𝑘=1                                                            (5.1.17) 

   Partial derivatives of equations (5.1.16) and (5.1.17) evaluated with kth harmonic the 

values of the frequency components are used to construct the Jacobian harmonic J(k) [85].  

   The non-linear device models use two state variables, 𝛼 and β. The change in state 

variables to an iteration are defined to be: 

[Δ ]=[Δαm Δαm+1 ...  Δαn | Δβm Δβm+1 ...  Δβn]                                                        (5.1.18)                    

     The kth harmonic current injected at node t has real and imaginary parts 𝑔𝑡,𝑟
(𝑘)

 and  𝑔𝑡,𝑖
(𝑘)

, 

respectively, where m≤t ≤n. The partial derivatives of nonlinear device currents with respect 

to nonlinear device state variables at the kth harmonic are: 



33   

   

H(k) = diag [

𝜕𝑔𝑡,𝑟
(𝑘)

𝜕𝛼𝑡

𝜕𝑔𝑡,𝑟
(𝑘)

𝜕𝛽𝑡

𝜕𝑔𝑡,𝑖
(𝑘)

𝜕𝛼𝑡

𝜕𝑔𝑡,𝑖
(𝑘)

𝜕𝛽𝑡

]                                                                                         (5.1.19) 

The harmonic jacobian that relates the kth and Jth harmonics is indicated by YG( k,j) and 

is defined as: 

𝑌𝐺(𝑘,𝑗) = {
𝑌(𝑘,𝑘) + 𝐺(𝑘,𝑘), 𝑘 = 𝑗

𝐺(𝑘,𝑗), 𝑘 ≠ 𝑗
                                                                            (5.1.20) 

where Y(k,k)  is an array containing partial derivatives of the kth harmonic of injection currents 

with respect to the kth harmonic bus voltages derived from the system admittance matrix. The 

partial derivatives of the kth harmonic device currents with respect to the Jth harmonic applied 

voltages are derived from the nonlinear device models and form the matrix:  𝐺(𝑘,𝑗) =

[
 
 
 
 
 
𝑂2(𝑚−1),2(𝑚−1) 𝑂2(𝑚−1),2𝑛

𝑂2𝑛,2(𝑚−1) 𝑑𝑖𝑎𝑔

[
 
 
 
 

𝜕𝑔𝑡,𝑟
(𝑘)

𝑉𝑡
𝑗
𝜕𝜃𝑡

(𝑖)

𝜕𝑔𝑡,𝑟
(𝑘)

𝜕𝑉𝑡
(𝑖)

𝜕𝑔𝑡,𝑖
(𝑘)

𝑉𝑡
𝑗
𝜕𝜃𝑡

(𝑗)

𝜕𝑔𝑡,𝑖
(𝑘)

𝜕𝑉𝑡
(𝑗)]

 
 
 
 

]
 
 
 
 
 

                                                                  (5.1.21) 

where, 𝑉𝑡
(𝑘)

 and 𝜃𝑡
(𝑘)

 are the 𝑘𝑡ℎ harmonic voltage magnitude and phase angle at the tth  bus, 

Oi,j is an ixj matrix of zeros, and m≤ 𝑡 ≤n.  

If h harmonics in addition to the fundamental are considered, the set of 2n(l+h) + 3m 

nonlinear equations in matrix form is: 

[
 
 
 
 
 
 
∆�̅�
∆𝐼(̅1)

∆𝐼(̅5)

...

.
∆𝐼(̅𝐿)]

 
 
 
 
 
 

=

[
 
 
 
 
 
 

𝐽(̅1) 𝐽(̅5) …                𝐽(̅𝐿) 0

𝑌𝐺̅̅ ̅̅ (1,1) 𝑌𝐺̅̅ ̅̅ (1,5) …       𝑌𝐺̅̅ ̅̅ (1,𝐿) �̅�(1)

𝑌𝐺̅̅ ̅̅ (5,1)
.
...

𝑌𝐺̅̅ ̅̅ (𝐿,1)

𝑌𝐺̅̅ ̅̅ (5,5)

..

..
𝑌𝐺̅̅ ̅̅ (𝐿,5)

…
.
..

     
𝑌𝐺̅̅ ̅̅ (5,𝐿)

..

.

�̅�(5)

..

.…
…

     .
     𝑌𝐺̅̅ ̅̅ (𝐿,𝐿)

.
�̅�(𝐿) ]

 
 
 
 
 
 

[
 
 
 
 
 
∆�̅�(1)

∆�̅�(5)
.
...

∆�̅�(𝐿)

∆𝜙 ]
 
 
 
 
 

                                    (5.1.22) 

The resolution of the fundamental equations of charge flow of the previous section has 

the same form as the resolution of these equations. An initial guess is made at harmonic 

voltages and state variables of non-linear devices. From estimated values, power and currents 

are evaluated. Voltage changes and state variables are calculated from equation (5.1.22). 

Until the change in power and currents decay to the specified tolerance, with each iteration, 

the voltage and state variable estimates are updated with the calculated values [86,87,88].  
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Due to the large number of sparsely matched arrays, the speed of the solution and the 

memory requirements are highly system dependent.   

 

5.2.  Behavior of the transformer core under surge conditions 

 

For an initial analysis, we almost ignore the transformer core [89], treating it as an 

equipotential earth surface, in which the winding has some capacitance. This is an excellent 

initial approximation because the parasite currents will initially prevent magnetic flux from 

penetrating the iron. However, we emphasize that, over time, the flux accumulates in the 

iron, and when this happens in the core of the transformer, we can expect it to modify our 

previous conclusions about the behavior of the winding under the conditions of the surge. 

A problem of this type is solved in the solution of the Maxwell equations for the 

appropriate stimulus - a voltage surge applied to the winding in this case - consistent with 

the contour writhings applied by the lamination thickness. Christoffel [90] considers a 

waveform of step function and approaches the opposite end to what we have used so far. That 

is, it considers only the inductance of the winding and ignores all capacitances. When a 

voltage step function is applied to an inductance, we expect it to rise to a linear current ramp, 

to neglect the resistance, the inductive emf must balance the applied voltage. If the voltage 

is V0, we would write: 

𝑉0 = 𝐿
𝑑𝑙

𝑑𝑡
                                                                                                                    (5.2.1) 

Or, 

𝐼(𝑡) =
𝑉0

𝐿
𝑡                                                                                                                  (5.2.2) 

Initially L will have a low value since the flux is all airborne. It will correspond to the 

inductance we have been using in our work so far. But as time passes and the magnetic flux 

penetrates the laminations, the inductance will increase considerably to some much higher 

value, 𝐿∞. In practice, of course, the core would ultimately sature and the inductance would 

fall again. The expression that Christofell derives for the current is an infinite series: 

𝐼(𝑡) =
𝑉0

𝐿∞
{𝑡 +

𝜋2

3
𝑇1

[1−∑ (
1

𝑛2)𝜖−𝑛2𝑡/𝑇1𝑛=∞
𝑛=1 ]

∑ (
1

𝑛2)𝑛=∞
𝑛=1

}                                                                  (5.2.3) 
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T1 is a time constant, which gives a measure of the rate at which the flux moves into the iron. 

It is given by: 

𝑇1 =
𝜇

𝜌
[

𝑑

2𝜋
]                                                                                                                  (5.2.4) 

   Where 𝜇  and 𝜌  are the absolute permeability and resistivity of the core material, 

respectively, and d is the thickness of the laminations. 

Equation (5.2.3) has been plotted in a dimensionless form in figure 5.1. It is seen that 

the current slope is initially high when the inductance is small but becomes asymptotic to a 

line of slope t/ 𝑇1  as time increases. Typically, the following values might apply for 

transformer steel: 

𝑑 = 0.35 𝑚𝑚 𝑜𝑟 3.5 × 10−4𝑚 

𝜇 = 103 × 4𝜋 × 10−7 = 4𝜋 × 10−4 

𝜌 = 6 × 10−7𝑜ℎ𝑚 𝑚𝑒𝑡𝑒𝑟 

Substituting these numbers in Eq. 5.2.4 𝑇1 = 6.5 [𝜇𝑠𝑒𝑐] , indicating that the core will 

influence the transient behavior of the winding in a relatively short time. 

 

Figure 5.1. – Flux penetration into transformer core under surge conditions. 

 

5.2.1. Inrush Current  
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During their operating time, the transformers undergo numerous switching processes. 

Consequently, the predetermination of the IC’s resources is necessary in order to properly 

consider its instantaneous effects both on the transformer installation (normal operation of 

protection devices, overloading nearby equipment and other power quality problems). 

For a better illustration of the procedure suggested by the calculation of the IC, a 

particular class of power transformers, commonly found in low voltage applications, is used 

for analysis.  

The evolution of the current inrush time i(t) immediately after switching the transformer 

can be derived from the instantaneous equations of the electric circuit along with the law of 

the Ampère circuit applied to the magnetic core device. Thus, taking the primary winding 

with resistance R1 and turns number N1, and the magnetic mean path length lm of a central 

cross-sectional area Ac, the inrush current i(t) and induction of magnetic induction time B(t) 

can be expressed: 

{
𝑢(𝑡) = 𝑅1𝑖(𝑡) + 𝑁1𝐴𝑐

𝑑𝐵(𝑡)

𝑑𝑡

𝑁1𝑖(𝑡) = 𝐻(𝑡)𝑙𝑚, 𝐻 = 𝑓(𝐵(𝑡))
   (5.2.1.1)                         where u(t) is the supplied non-

sine wave voltage and H (t) is the magnetic field measurement of the core. 

To solve the system of equations above, a representation of the characteristic of the 

magnetic core in terms of H-B ratio is imposed. Various approach functions can be selected. 

Since the description of the accuracy of the heavy saturation core area is important for the IC 

generation phenomenon, Brauer’s expression was selected here: 

𝐻 = 𝑚𝐵 + 𝑛𝐵𝑒𝑥𝑝(𝑝𝐵2)                                                                                          (5.2.1.2) 

where m, n and p constants are determined for any kind of steel rolling of the core by a simple 

assembly procedure (restricting the expression to pass through at least three of the data points 

provided by the electric steel). 

        Finally, the system of nonlinear differential algebraic equations described by (5.2.1.1) 

is solved numerically using the method of Rosenbrock [91]. 

        The magnetic flux density of the core before the energizing process Br0 represents the 

required initial value parameter, which is always taken as the remaining magnetization. Thus, 

the worst case scenario is considered. 
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Many transformer equipment protection devices discriminate the IC from different 

internal fault currents (e.g., short circuits) by investigating the current transient harmonic 

spectrum of the first cycle (over a period of time from the fundamental voltage source 

waveform T = 2π / ω). This principle is also known as the second harmonic restriction 

procedure [ 92, 93]. In this regard, a harmonic analysis on the first cycle waveform IC, which 

is based on the Fourier series [94, 95, 96], is also performed. Thus, the spectrum of the first 

cycle of the IC is evaluated according to [97] along with each level of harmonic percentage 

(Hh) with respect to the fundamental and its total harmonic distortion (THDI): 

𝑖(𝑡) = ∑ [𝐴ℎ cos(ℎ𝑤𝑡) + 𝐵ℎ sin(ℎ𝑤𝑡)],𝑚
ℎ=0                                                              (5.2.1.3) 

𝐴0 =
1

𝑇
∫ 𝑖(𝑡)𝑑𝑡,

𝑇

0
                                                                                                       (5.2.1.4)                               

𝐴ℎ =
2

𝑇
∫ 𝑖(𝑡) cos(ℎ𝑤𝑡) 𝑑𝑡, 𝐵ℎ =

2

𝑇
∫ 𝑖(𝑡) sin(ℎ𝑤𝑡) 𝑑𝑡,

𝑇

0

𝑇

0

 

𝐼ℎ = √𝐴ℎ
2 + 𝐵ℎ

2, 𝐻ℎ[%] =
𝐼ℎ

𝐼1
∙ 100, 𝑇𝐻𝐷𝐼 =

√∑ 𝐼ℎ
2𝑚

ℎ=2

𝐼1
∙ 100.                                      (5.2.1.5)  

             

In order to quantitatively describe the level of harmonic pollution of the supply voltage, the 

THDU indicator of total harmonic distortion was also adopted (derived from the Fourier 

series decay voltage signal): 

𝑇𝐻𝐷𝑈 =
√∑ 𝑈𝑘

2𝑛
𝑘=2

𝑈1
∙ 100, 𝑢(𝑡) = ∑ 𝑈𝑘√2 sin(𝑘𝑤𝑡) ,𝑛

𝑘=1                                           (5.2.1.6) 

with k the harmonic order of the effective value Uk and angular frequency kω. 

The IC evaluation described above can be easily implemented in any general-purpose 

computing environment, since all necessary data (for transformer voltage and applied) are 

available. The distorted voltage applied must be investigated before starting the energizing 

process. This can be achieved by using a high-performance metering and monitoring device 

such as a modern power quality analyzer capable of delivering a complete harmonic signal 

profile up to the 51st harmonic. This valuable information can lead to precise IC pre-

determination parameters. In the following section, a case study will illustrate the flexibility 
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of the computation procedure of the suggested IC. In addition, the influence of the harmonic 

voltage spectrum of the IC characteristics is revealed by the realization of specific 

quantitative parametric estimates.  

   

       6. Simulations  

   

6.1. Fuzzy Controller for Smart Grid  

   

The fuzzy smart grid controller has the ability to make automatic decisions [98] to define 

resource allocation [99,100,101]. It uses some predefined entries, and then relies on the 

parameters provided, selects the best font where it connects to a collector [102,103]. First, 

diffuse variables become identified. In the Smart-Grid model definition, the power generation 

capacity of the source, the price to generate the power unit, and the distance between the 

source-sink are defined as inputs for the fuzzy model [104,105]. These three parameters have 

their definition as power, price, and distance. After that, the junction functions are 

constructed. The junction functions are based on trapezoidal and triangular functions. The 

input parameters are described below [106,107,108].    

 

Power: The power supply capacity represents the first input parameter. The power of the 

source was divided into three categories: Low, Medium and High (figure 6.1.1). The low 

power value starts at 0 and goes up to 500 units, starting at 300 units and continues to overlap 

the middle. Similarly, the medium starts at 300 and overlaps with high 500 units. After 700 

units, all values are considered high. The power unit is represented by megawatts (MW), but 

the unit can also be designated as something else as well. All input power values are defined 

using the participation function in the range from 0 to 1. In order to maximize the amount of 

energy use, therefore, for power generation, a higher energy value will have more priority.  
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Figure 6.1.1. – Input variable Power.  

 

Price: The second variable is represented by the energy generation price and is divided into 

three categories: low, medium and high (Figure 6.1.2). The low value starts at 0 and goes up 

to 6 units; starting in 3 units, begins to overlap in the middle. Similarly, the medium starts at 

3 and overlaps with high in 6 units. After 9 units, all values are considered high. The unit is 

dollars/day. All input power values are set using this function in the range from 0 to 1. By 

prioritizing the source that is offering energy at a lower price, so that a lower price receives 

more priority.  
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Figure 6.1.2. – Input variable Price.   

 

Distance: The last diffuse variable is represented by the distance between the source and the 

collector. It is also divided into three categories: low, medium and high (figure 6.1.3). The 

low value starts at 0 goes to 5 units, starting in 3 units and begins to overlap in the middle. 

Similarly, the medium starts at 3 and overlaps with high in 5 units. After 10 units, all values 

are considered high. The unit is represented by miles. Power input values are defined using 

this function in the range from 0 to 1. Thus, a higher priority should be given to the source 

that is closer to the demand area, so that the shorter distance takes more priority.  

   

Figure 6.1.3. – Input variable Distance. 

 

Inference mechanism: As there are three Fuzzy variables and because, for each variable, there 

are three different results, the total number of rules is 27. Table 6.1.1 lists all rules. These 

rules have the If-then feature. The result of the rules is considered between priority levels. 

This linguistic result captured the notion of entry in a complete and clear way. The high 

priority output would probably be preferred at low or medium priority. Detail the decision-

making system, considering a situation where, based on user input, rule 1 is triggered; then 

the model would interpret the model as follows: if the power capacity is low, the price is low 

and the distance is low, the result is a low priority when signing that power source with the 

collector. Computational results were generated by the Matlab program [109].  
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Table 6.1.1. – Fuzzy Rule base.   

 

The surface chart shown in figures 6.1.4. and 6.1.5. demonstrates how the fuzzy smart 

grid controller can make automatic decisions to define resource allocation. It uses some 

predefined inputs: power and distance in figure 6.1.4. and power and price in figure 6.1.5, 

then it counts with the supplied parameters, selects the best source in which it connects to a 

collector described in the chart output. 

   

Figure 6.1.4. – Power and distance output graph. 
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Figure 6.1.5. – Power output and price graph. 

   

   

     6.2. Simulation of the electricity system with SVC (Static Var Compensator)  

   

In this simulation (MATLAB) a var static compensator (SVC) is being used to regulate 

the voltage at 500[KV], a system of 3000[MVA]. When the system voltage is low, the SVC 

generates reactive power (capacitive SVC). When the system voltage is high, absorbs reactive 

power (inductive SVC). The SVC is evaluated + 200 capacitive [Mvar] and 100 inductive 

[Mvar]. Var’s static compensating block is a fasor model representing the static and dynamic 

characteristics of SVC at the fundamental frequency of the system. 
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Figure 6.2.1. – SVC (Phasor Model). 

  

   
Figure 6.2.2. – Voltage variation. 

   

The programmable three-phase voltage source has the function of varying system voltage 

and observing the performance of the SVC. Initially the source is generating nominal voltage. 

Then, the voltage is successively decreased (0.97 pu in t = 0.1 s), increase (1.05 pu in t = 

0.4s) and finally returned to nominal voltage (1 pu in t = 0.7 s).  
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Figure 6.2.3. – Variation of voltage and reactive current.   

In this type of controller stands out the characteristic of increasing the point of 

adjustment of the local voltage at the time when reactive currents from the sources remain 

predominantly inductive and decrease the adjustment point when the current becomes 

Capacitive.  

   

      6.3. Voltage stability analysis  

  

   

    When varying the load power factor (through the variation of the reactive energy 

installed in the load bar) the variation in the voltage stability margin is noted (figure 6.3.1.), 

increasing or decreasing due to the required need in the load variation of the system, that is, 

the direct influence of the load power factor on the voltage stability margin, determining one 

of the main alternatives of maintaining the stability of the system’s voltage that is 

summarized in maintaining the load power factor,  as well as, the inclusion of close to 

consumption.  
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Figure 6.3.1. – Voltage stability margin.  
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     6.4. Voltage control with STATCOM  

 

The power control and reactive voltage system by shunt compensation is constantly used 

in active electrical networks. In this electrical power system analyzed (Figure 6.4.1), the 

modeling of a type of shunt compensation device widely found in updated networks: multi-

level modular STATCOM (MMC).   

  

  

Figure 6.4.1.  –  STATCOM. 
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Multilevel STATCOM consists of a structure formed by serially connected power modules. The 

main objective of the use of these structural formations linked in submodules is to develop a 

better use of components, such as semiconductors. With this, the energy available with 

semiconductors will imply a new MMC to be developed to attend the new converter 

specifications.  The number of modules is determined through the required output. The sum of 

all output voltages of the power module forms terminal attention. The reactive power supplied 

has established control through the amplitude of the converter voltage.  

Among some advantages of the MMC is the continuity of the operation, where the MMC 

submodules are serial, so if some submodules stop working, the general MMC may remain 

functioning. Through its modular structure, the MMC has the characteristic of being sized to 

different levels of power and voltage. The MMC also has high efficiency.  

  

  

  

  

Figure 6.4.2. – Current path in full-bridge. (a) when the current is in the positive direction; (b) 

when the current is in the negative direction.  
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Figure 6.4.3.  – Voltages and powers in the statcom. 

 

 

 

Figure 6.4.4 describes the result of the measurement of the network voltage and current 

when the power and reactive voltage control system by shunt compensation (multilevel 

modular STATCOM (MMC)) operates in the active electrical network.  

 

 

Figure 6.4.4.  –  Voltage and current in the network. 
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Figure 6.4.5.  –  Voltages in capacitors. 
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Figure 6.4.6.  – Voltages at the exit of the statcom. 
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With the analysis of the responses presented, it can be verified that STATCOM can absorb or 

generate reactive energy. The recurrent phase reactance proportional to reactive power transfer. 

The converter generates a voltage in sync with the voltage of the network. When the voltage 

amplitude of the converter has a value lower than the voltage of the network, STATCOM acts 

as a reactive power that absorbs inductance. When the voltage amplitude of the converter has a 

higher value than bus voltage, STATCOM acts as a capacitor that generates reactive energy.  

 

      6.5. Voltage quality with incorporation of renewable generation 

 

The impact of harmonic distortions [110] due to the integration of renewable energy 

generators (Figure 6.5.1.) with harmonic injection level equated to potentially disturbing 

loads that participate in the analysis of the harmonic flow of power and influences the 

evaluations considered in the management algorithm formation variables of the integrated 

electric power system, the virtual power plant can be measured at 13.8 [kV], which is a 

function of the connection of a new generation of renewable energy to an electric power 

system, considering the representation of the main connected loads to the Interconnected 

Distribution System (IDS) at 13.8 [kV] [111,112,113].  

 

Figure 6.5.1. – Wind Turbines connected to the distribution system. 
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The figure 6.5.2. shows, respectively, the harmonic spectrum that results in the current shown 

in figure 6.5.3., observing the characteristic harmonic components, especially in the 

condition of full wind generation. The results of the simulation presented were performed by 

the electromagnetic transient program (system described in the figure 6.5.1. and simulated in 

ATPDRAW). 

 

Figure 6.5.2. – Harmonic spectrum. 

 

Figure 6.5.3. – Wind turbine harmonic current. 

 

 

Figure 6.5.4. – PCC harmonic current. 
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The harmonic power flow analysis shows the variation of the harmonic distortion propagated 

at the common coupling point, which can reflect as the main influence of the wind turbines 

to be coupled in the virtual plant, being able to be quantified in function of variables and 

parameters available in the operations of the entire electric power system composed of 

various sources of harmonic distortion, such as these presented energy sources and inverters 

of energy in other renewable energy sources, allowing to include in the managers of computer 

systems the improvement through the best aspects of the quality of the available energy 

[114,115,116].  

 

6.6. Voltage quality at power transformer energization under harmonic distortion 

 

 

 

A single-phase, low-voltage transformer with nominal power of  2 [KVA], shall be 

energized at a given grid point of an electrical installation of the electricity distribution grid 

supplied by wind power generation sources potentially impacting the supply voltage 

demanded with a harmonic distortion spectrum (Figure 6.6.1.). 

 

Network power supply

Upstream

network

impedance

Distorted current

waveform

Investigated Energized

Transformer

Loads

E

 

Figure 6.6.1. – The network energy degradation process and the transformer connection 

network point. 
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    In this specific network node, several non-linear loads are already active (adjustable 

speed inverters, switched sources, unloaded lamps and others), but the focus of harmonic 

analysis is on distinguishing the impact of renewable sources. The characteristics of the 

supply voltage were investigated with an electromagnetic transient simulation software 

called ATPDRAW. 

 

Figure 6.6.2. – Current harmonic distortion spectrum. 

 

Figure 6.6.3. – Current harmonic distortion waveform. 

 

Figure 6.6.4. – Waveform of the harmonic distortion supplied in the inrush current. 
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Figure 6.6.5. – Inrush current when energizing the transformer 

 

 

   

7. Conclusions  

   

   

The variation in the voltage profile characterizes the action scenario of appropriate 

methods for the correction and stability of voltage. The low and inappropriate voltage profile 

characterizes the voltage collapse [117] as a set of changes that precede voltage instability in 

the electrical power system. One with corrective measures is necessary to maintain an 

acceptable level of voltage in the networks and microgrids of the systems. The use of shunt 

capacitors in voltage control stand out with low deployment cost and installation and 

operation flexibility. These are readily leased at various points of the system, result in a 

contribution to power transmission and distribution. Shunt reactors are used to compensate 

for the capacitance effects of the line, in particular to limit increased voltage in open circuit 

or light load. Active network management appears as a very reliable solution for operation 

with network and microgrid stability, as the system remains constantly in terms of demand 

for electricity supply with the use of sources of renewable generation in a distributed manner 

implying a set of stabilization measures. Several adverse conditions can be created during 

the oscillations in the power provided to the feeders of the networks, and the concept of better 

use of the available potential, disturbances or overload situations of the electricity grid is 

designed. Today’s networks more completely manage electricity demand, effectively 

including generation from renewable sources.  
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Large-scale disasters, from natural disasters such as earthquakes and tsunamis, to 

disruptions caused by humanity, such as cascading supply failures, generate enormous cost 

to local communities, businesses and societies in general. These costs are often caused by 

electrical interruptions often associated with widespread disasters. Unfortunately, the number 

of widespread electrical interruptions constantly grows. With the great modern dependence 

on electricity, it is clear that the current state of things needs to change. This is the case to 

create a way to strengthen the supply of electricity against disasters and, on the worst 

occasions, provide a rapid restoration of supply. The microgrid appears as a technology that 

can perform an important role in planning more resilient and reliable electricity supply 

systems, which is based on the principles of distributed generation. Distributed generators 

now stand out as an accepted means to improve the reliability of electricity supply on your 

site, acting as uninterrupted power supplies. As a recent technology, microgrids are not 

challenge-free. There is often a lack of standards that specify common control interfaces 

between microgrid devices, and other nontechnical challenges, such as appropriate business 

models to support the microgrid development system.  

The study of the impacts of the penetration of renewable energy sources on the voltage 

buses, the values of harmonic distortion voltage and harmonic order are investigated for a 

virtual plant using the Newton Raphson method based on the harmonic energy flow. From 

the studied method, it can be observed that the addition of RES in the network directly affects 

the RMS value of the voltage, harmonic order and harmonic distortion factor. The 

fundamental voltage is improved and depends on the energy penetration of the RES system; 

also, the injection of RES has a significant impact on the harmonic evaluation and the value 

of the harmonic distortion.  

Other research related to various renewable energy sources connected to the grid and 

added to the virtual plant are currently under investigation and preparation for future 

improvements in electrical energy systems that seek reliability and, above all, quality of 

electrical energy, to interact directly with the conditions of economic variation of the 

generating structures to be incorporated into the system, defining real parameters expressed 

in editable variables and adhering to the general algorithm of the system’s control system a 

higher level of economic growth potential and with greater reliability to the generation 

system with energy quality plant formed by the Virtual Plant.  



57   

   

The exploration of the influence of the inrush current completes the main objective of 

analyzing an analytical procedure that predicts the IC parameters of a single-phase power 

transformer under a condition of distorted voltage. The evaluation method is based on the 

solution of the system of nonlinear differential algebraic equations derived from the 

transformer circuit model and on the characterization of the magnetic core. As the harmonic 

voltage content can now be accurately measured, the voltage distortion is modeled according 

to the Fourier series. The variations in IC resources corresponding to the level of harmonic 

voltage pollution (THDU) are the main reasons for this analysis. Thus, the amplitude of the 

IC and its zero harmonic component of the waveform of the first cycle are increasing along 

with the degradation of the voltage, while the distortion of the IC (THDI) and the amplitude 

of the second harmonic decrease. 

These parameters are particularly important because they generate the thermal and 

electrodynamic voltages experienced by the transformer during the switching process (IC 

amplitude) and also lead to the appropriate selection of the equipment or protection method 

(for example, harmonic frequency discrimination procedure between the IC and short 

circuit). The level of voltage distortion that can be measured at different nodes in the common 

low voltage grid does not generate critical values for the transformer IC parameters. 

However, the constant demand for energy efficiency, operational flexibility and high levels 

of performance for home appliances requires the large-scale use of electronic energy 

equipment. Consequently, voltage distortion is expected to increase steadily. These harmonic 

distortions, especially when they influence the supply voltages in a power monitoring system 

integrated with the virtual plant, are characterized by being different in terms of monitoring 

the quality of the energy to be generated with the integration of the injected sources and loads 

in the energy system formed by this virtual plant, in order to minimize these harmonic 

distortions and, consequently, improve the system stability, economic viability and countless 

other advantages for the analyzed energy generation. 

Cyber-attacks, currently defined as cyberterrorism, clearly describe an option for 

“modern” terrorists, who use anonymity, extreme potential to inflict massive damage, impose 

psychological impact and appeal from media sources. Cyber-attacks on key components of 

national infrastructure (electricity systems) may not be uncommon, but do not fit as attacks 

conducted by terrorist groups and are not defined as the types of damage in which terrorist 

qualification. But even though the fear of cyberterrorism has sometimes been manipulated 
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and exaggerated by inopportune interests acquired, it is clear that one should not deny or 

ignore it.  

Even if a reliable safety standard is determined based on autonomous voltage controls, 

electric power systems are always evolving and include new consumption loads and modern 

forms of electric power generation, thus, the development of research and technology to 

guarantee that all technical standards of safety and quality are fulfilled should remain ahead 

of this evolutionary time, whether with the inclusion of high computational performance 

systems to reduce response times and prompt contingency assistance, that is, including in 

future projects more next, the adaptation for the assembly and maintenance with robotic and 

autonomous systems aiming at greater economic growth and increasing the quality of the 

electric lines, activities planned for next research and technological incorporations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



59   

   

 

8. Bibliography   

 

[1] Tiburcio dos Santos Junior, Vicente; Zambroni, Antônio Carlos de Souza;  Ribeiro,  

P. F.; “Technical and economic considerations of harmonic studies with renewable 

sources,” 2018 13th IEEE International Conference on Industry Applications 

(INDUSCON), São Paulo, Brazil, 2018, pp. 1244-1251, doi: 

10.1109/INDUSCON.2018.8627192.  

[2] Tiburcio dos Santos Junior, Vicente; Bonatto, B. D.; Ferreira, C.; Zambroni, A. C. de 

Souza, “Impact of Harmonic Distortion on the Energization of Energy Distribution 

Transformers Integrated in Virtual Power Plants,” 2018 15th International 

Conference on Control, Automation, Robotics and Vision (ICARCV), Singapore, 

2018, pp. 1252-1256, doi: 10.1109/ICARCV.2018.8581063. IEEE Control Systems 

Society. 

[3] Tiburcio dos Santos Junior, Vicente; “Artificial neural networks in the 

methodological approach of artificial intelligence for diagnosis of breast cancer by 

means of multilayer perceptrons systems evidenced by the advent of genome editing,” 

INTERNATIONAL JOURNAL OF ENHANCED RESEARCH IN SCIENCE 

TECHNOLOGY & ENGINEERING., ISSN: 2319-7463, Vol. 8 Issue 1, January -

2019. 

[4] Tiburcio dos Santos Junior, Vicente; “Harmonic Power Flow and the operating 

characteristics of the Virtual Power Plants,” INTERNATIONAL JOURNAL OF 

ENHANCED RESEARCH IN SCIENCE TECHNOLOGY & ENGINEERING., 

ISSN: 2319-7463, Vol. 8 Issue 2, February -2019.  

[5] Kannberg, L. D.; Chassin, D. P.; GridwiseTM: Benefits of a transformed energy 

system. Website (http://arxiv.org/ftp/nlin/papers/0409/0409035.pdf), Last retrieved 

in  Septermber  2011.     

https://ieeexplore.ieee.org/author/37086604728
https://ieeexplore.ieee.org/author/37274835000


60   

   

[6] Exposito, Antonio Gómes; Conejo, Antonio J.; Cañizares, Claudio; Sistemas de 

energia elétrica: análise e operação; tradução e revisão técnica: Antonio Padilha 

Feltrin, José Roberto Sanches Mantovani, Rubén Romero. Rio de Janeiro: LTC, 2011.    

[7] Souza, A.M. de; Belati, E.A.; Bezerra, U.H.; Costa, G.R.M. da; Análise de 

Sensibilidade Aplicada no Planejamento da Operação de Sistemas Elétricos de 

Potência, IEEE LATIN AMERICA TRANSACTIONS, VOL. 4, NO. 5, 

SEPTEMBER 2006.    

[8] Grainger, John J.; Power system analysis / John J. Grainger, William D. Stevenson. 

Singapore -McGraw-Hill, 1994.    

[9] Mas-Colell, A.; Whinston, M.; Green, J. R.; Microeconomic Theory, Oxford 

University Press. 1995.    

[10]  Vadde, S.; Zeid, A; Kamarthi, S.. Pricing decisions in a multi-criteria setting for 

product recovery facilities. Omega International Journal of Management Science, 39, 

186-193, 2011.     

[11] Kang, Hyun-Koo; Chung, Il-Yop; Moon, seung-Il; “Voltage Control Method using 

Distributed Generators based on a Multi-Agent System,” Received: 21 September 

2015; Accepted: 3 December 2015; Published: 11 December 2015 Academic Editor: 

Ying-Yi Hong, Energies.   

[12] Grigsby, Leonard l., Electric Power Generation, Transmission, and Distribution, LLC 

CRC Press is an imprint of Taylor & Francis Group, an Informa business.  © 2012 by 

Taylor & Francis Group. 

[13] Pipattanasomporn, M.. Multi-agent systems in a distributed smart grid: Design and 

implementation. IEEE PES 2009 Power Systems Conference and Exposition 

(PSCE09), Seattle, WA,2009.     

[14] Stevenson, William D. JR., Elements of Power System Analysis, British Issue of first 

edition, 1955, published in London, 1955, by McGraw-Hill Publishing Ltd, by 

arrangement with McGraw Hill Book Company Inc, New York. Copyright in U.S.A. 

1955, by the McGraw-Hill Book Company Inc., New York. Printed in the United 

States of America.   



61   

   

[15] Dong, Zhaoyang; Zhang, Pei. Emerging Techniques in Power System Analysis. 

Springer Heidelberg Dordrecht London New York, 2010.   

[16] Berger, Lars Torsten; Iniewski, Krzysztof (kris); Smart Grid: applications, 

communications, and security. All rights reserved. Published by John Wiley Sons, 

Inc., Hoboken, New Jersey. Copyright © 2002 by John Wiley & Sons. 

[17] Sioshansi, Fereidoon P.; Smart Grid: integrating renewable, distributed & efficient 

energy, Academic Press is an imprint of Elsevier. 225 Wyman Street, Waltham, MA 

02451, USA. The Boulevard, Langford Lane, Kidlington, Oxford, OX5 1GB, UK. 

2012. 

[18] ELBERG, RICHELLE; LAWRENCE, MACKINNON; “FROM SMART GRID TO 

NEURAL GRID,” WHITE PAPER | PUBLISHED 1Q 2018, Navigant Research.   

[19] Brown, M.; R. Sedano; Electricity transmission a primer. Website 

(http://www.raponline.org/Pubs/ELECTRICITYTRANSMISSION.) , Last retrieved 

in July 2011. 

[20] Clastres, C. D.. Smart grids: Another step towards competition, energy security and 

climate change objectives. Energy Policy, 39, 53995408, 2011.     

[21] KOK, Koen; “SHORT-TERM ECONOMICS OF VIRTUAL POWER PLANTS”;           

ECN –The Netherlands. C I R E D, 20th International Conference on Electricity 

Distribution Prague, 8-11 June 2009.    

[22] Pudjianto, D.; “Virtual power plant and system integration of distributed energy 

resources,” Renewable Power Generation, vol.1, issue 1, 10-16, 2007.  

[23] Othman, Mahmoud M.; Hegazy, Y. G.; Abdelaziz, Almoataz Y.; “vpp,” International 

Electrical Engineering Journal (IEEJ) Vol. 6 (2015) No.9, pp. 2010-2024, ISSN 2078-

2365.    

[24] Andersen, Peter Bach; Træholt, Chresten; Marra, Francesco; Poulsen, Bjarne; 

Binding, Carl; Gantenbein, Dieter; Jansen, Bernhard; Sundstroem, Olle; “Electric 

Vehicle Fleet Integration in the Danish EDISON Project A Virtual Power Plant on 

http://www.raponline.org/Pubs/ELECTRICITYTRANSMISSION


62   

   

the Island of Bornholm,” IEEE Power &amp; Energy Society General Meeting. 

Technical University of Denmark. Published in: 2010. 

[25] Dragičević, Tomislav; Škrlec, Davor; Delimar, Marko; “Modelling Different 

Scenarios of Virtual Power Plant Operating Possibilities”; IEEE MELECON 2010 - 

2010 15th IEEE Mediterranean Electrotechnical Conference, At Valletta, Malta; DOI: 

10.1109/MELCON.2010.5476233.   

[26] XIA, Yuhang; LIU, Junyong; “Optimal Scheduling of Virtual Power Plant with Risk 

Management”; Journal of Power Technologies, 96 (1), (2016), 49–56.         

[27] Othman, Mahmoud M.; Hegazy, Y. G.; Abdelaziz, Almoataz Y.; “A Review of  

Virtual Power Plant Definitions, Components, Framework and Optimization,” 

International Electrical Engineering Journal (IEEJ) Vol. 6 (2015) No.9, pp. 2010-

2024, ISSN 2078-2365.  

[28] Ranganathan P.; Nygard, K.. An optimal resource assignment problem in smart grid. 

Future Computing: The Second International Conference on Future Computational 

Technologies and Applications, 28-34, Lisbon,2010.     

[29] Pasetti, Marco; Rinaldi, Stefano; Manerba, Daniele; “A Virtual Power Plant 

Architecture for the Demand-Side Management of Smart Prosumers”; Applied 

sciences, Received: 29 January 2018; Accepted: 12 March 2018; Published: 13 March 

2018.    

[30] Rventausta, J.; Repo, S.; Rautiainen, A.; Prtanen, J.. Smart grid power system control 

in distributed generation environment. Annual Reviews in Control, 34, 277286, 2010.     

[31] Ekanayake, Janaka; Smart Grid: technology and applications. John Wiley & Sons Ltd. 

Registered office John Wiley & Sons Ltd. The Atrium, Southern Gate, Chichester, 

West Sussex, PO19 8SQ, United Kingdom. © 2012.   

[32] Karnouskos, S. T.; Holanda, N.. Simulation of a smart grid city with software agents. 

European Modeling Symposium (EMS) 2009, Athens, Athens,2009.     



63   

   

[33] International electrotechnical Commission, “Microgrids for disaster preparedness and 

recovery, with electricity continuity plans and systems,” Copyright © IEC, Geneva, 

Switzerland 2014.   

[34] Roberts, M.. The plan to build the next electric grid. Article, Last retrieved in August 

2011. http://www.popsci.com/environment/article/2009-06/next-grid.     

[35] Chowdhury, S.; Chowdhury, S.P.; Crossley, P.; “Microgrids and Active Distribution 

Networks,” Published by The Institution of Engineering and Technology, London, 

United Kingdom. the Institution of Engineering and Technology.  © 2009. 

[36] Greco, S.; Matarazzo, B.; Slowinski, R.; Rough sets theory for mulicriteria decision 

analysis. European Journal of Operation Research, 129(1), 1-47, 2001.     

[37] Kryszkiewicz, M.; Rough set approach to incomplete information systems. 

Information Sciences, 112(4), 39-49, 1998.     

[38] Kagan, Nelson; Métodos de otimização aplicados a sistemas elétricos de potência – 

São Paulo: Blucher, 2009. 

[39] Caldon, Roberto; Patria, Andrea Rossi; Turri, Roberto; “Optimal Control of a 

Distribution System with a Virtual Power Plant”; Bulk Power System Dynamics and 

Control - VI, August 22-27, 2004, Cortina d’Ampezzo, Italy. 

[40] Dimitras, A. I.; Slowinski, R.; Susmaga, R.; Zopounidis, C.; Business failure 

prediction using rough sets. European Journal of Operational Research, 114(2), 

263280, 1999.     

[41] Palizbana, Omid; Kauhaniemia, Kimmo; Guerrero, Josep M.; “Microgrids in Active 

Network Management - Part I: Hierarchical Control, Energy Storage, Virtual Power 

Plants, and Market Participation”; Renewable and Sustainable Energy 

Reviews,Volume 36, August 2014, Pages 428-439.         

[42] Shafiullah, GM; Oo, A. M.; Stojcevski, A.; “Voltage regulation in renewable energy 

integration into thy distribution network,” Proceedings of the Australasian 

Universities Power Engineering Conference (AUPEC), Hobart, Tasmania, Australia, 

29 Sep. – 3 Oct., 2013.    

https://www.sciencedirect.com/science/journal/13640321
https://www.sciencedirect.com/science/journal/13640321
https://www.sciencedirect.com/science/journal/13640321/36/supp/C


64   

   

[43] Starynets, Oleksandr; “Communication in microgrids and virtual power plants”; 

Department of Electrical Engineering; Master thesis in Electrical Engineering, June 

2016.    

[44] Wissner, M.. The smart grid: A saucerful of secrets? Applied Energy, 88, 25092518, 

2011.     

[45] Green, Robert C., II; Wang, Lingfeng; Alam, Mansoor; “Applications and Trends of 

High-Performance Computing for Electric Power Systems: Focusing on Smart Grid,” 

IEEE TRANSACTIONS ON SMART GRID VOL.4, NO.2, JUNE2013.    

[46] Stott, B.; Alsaç, O.; “AN OVERVIEW OF SPARSE MATRIX TECHNIQUES FOR 

ON-LINE NETWORK APPLICATIONS,” Power Computer Applications 

Corporation, 1930. S. Alma School Road, Suite C-204, Mesa, AZ 85202, USA. 

Copyright © IFAC Power Systems and Power Plant Control. Beijing. 1986.    

[47] Russel, Stuart J., Peter Norvig; Inteligência Artificial. Rio de Janeiro, Elsevier, 2013.    

[48] Lopes, Isaias Lima; Santos, Flávia Aparecida Oliveira; Pinheiro, Carlos Alberto 

Murari; Inteligência artificial - 1. ed. - Rio de Janeiro: Elsevier, 2014.       

[49] Shafiullah, GM; Oo, Amanullah M. T.; Ali, S.;  Wolfs, P.; “Integration of roof-top 

solar PV systems into the low voltage distribution network,” vol. 6, issue 3, 2014, 

Journal of Renewable and Sustainable Energy, AIP.     

[50] Vale,M.H.M.; Chaves,F.S.; Silva, B.A.C.; Mariano, L. Jr., UFMG, Valadares, J.R., 

CEMIG. Critérios e Procedimentos para Compensação Reativa e Controle de Tensão, 

Projeto P&D intitulado Critérios e Procedimentos para Compensação Reativa e 

Controle de Tensão, desenvolvido numa parceria entre a UFMG - Universidade 

Federal de Minas Gerais e a CEMIG – Companhia Energética de Minas Gerais.2001.    

[51] Ishida, Masato; Nagata, Takeshi; Power System Voltage and Reactive Power Control 

by means of Multi-agent Approach, Hiroshima Institute of Technology, 2-11, 

Miyake, Saeki-ku, Hiroshima, 731-5139, Japan. 2nd International Conference on 

Advances in Energy Engineering (ICAEE 2011).   



65   

   

[52] Xue, Ying; Zhang, Xiao-Ping, Senior Member, IEEE. Reactive Power and AC 

Voltage Control of LCC HVDC System With Controllable  Capacitors, IEEE 

TRANSACTIONS ON POWER SYSTEMS, VOL. 32, NO. 1, JANUARY 2017 753. 

[53] Monticelli, Alcir. Introdução a sistemas de energia elétrica / Alcir Monticelli e 

Ariovaldo Garcia. 2a ed.- Campinas, SP: Editora da Unicamp, 2011. Fluxo de carga 

em redes de energia elétrica / Alcir J. Monticelli – São Paulo: Edgard Blucher, 1985.    

[54] Noorian, Z.. An autonomous agent-based framework for self-healing power grid.  

Proc. IEEE Conference on Systems, Man and Cybernetics, 18-22, San Antonio,      

TX,2009.    

[55] Netto, Roberto S.; Ramalho, Guilherme R.; Bonatto, Benedito D.; Carpinteiro ,Otavio 

A. S.; Zambroni, A. C. de Souza; Oliveira, Denisson Q.; Braga, Rodrigo A. S.;  “Real-

Time Framework for Energy Management System of a Smart Microgrid Using 

Multiagent Systems,”  Energies. Received: 11 January 2018; Accepted: 2 March 

2018; Published: 15 March 2018.    

[56] Kok, K.; “Power Matcher: multiagent control in the electricity infrastructure,” Proc. 

4th conf. on Autonomous Agents and Multiagent Systems, ACM Press, industry track 

vol., 75-82, 2005.     

[57] Member, IEEE, Cecati, Carlo; Fellow, IEEE, Yu, Hao; Student Member, IEEE, 

Kolbusz, Janusz; “Real Time Operation of Smart Grids via FCN Networks and 

Optimal Power Flow Pierluigi Siano,” IEEE TRANSACTIONS ON INDUSTRIAL 

INFORMATICS, VOL.8, NO.4, NOVEMBER 2012.   

[58] Siemens, Spectrum Power™ Active Network Management - Stable grid operation 

through targeted monitoring and fast control; Energy Management Division 

Freyeslebenstrasse 1 91058 Erlangen, Germany; Article-No. EMDG-B10104-00-

7600 Printed in Germany Dispo 06200 gb 160642 DB 08160, Published by Siemens 

AG 2016 

[59] Devandra, M. P. Sharma Saini; Sarfaraz, Swati Harsh Nawaz; “APPLICATION OF 

SVC FOR VOLTAGE CONTROL IN WIND FARM POWER SYSTEM,” 

INTERNATIONAL JOURNAL OF ELECTRICAL ENGINEERING & 

TECHNOLOGY (IJEET), Volume 4, Issue 3, May - June (2013), pp. 95-114 © 



66   

   

IAEME: www.iaeme.com/ijeet.asp, Journal Impact Factor (2013): 5.5028 

(Calculated by GISI). 

[60] Machowski, Jan; Bialek, Janusz W.; Bumby, James R.; Power system dynamics: 

stability and control. Registered office, John Wiley & Sons Ltd. The Atrium, Southern 

Gate, Chichester, West Sussex, PO19 8SQ, United Kingdom. – 2nd ed. @ 2008 John 

Wiley & Sons, Ltd.    

[61] Oliveira, Tiago E. C. de; Carvalho, Pedro M. S.; Ribeiro, Paulo F.; Bonatto, Benedito 

D.; “PV Hosting Capacity Dependence on Harmonic Voltage Distortion in Low 

Voltage Grids: Model Validation with Experimental Data,” Energies 2018, 11(2), 

465; https://doi.org/10.3390/en11020465.Received: 29 January 2018; Accepted: 

19 February 2018; Published: 23 February 2018.    

[62] Kundur, Prabha. Power Stability and Control. EPRI Editors,1993. Copyright @ 1994 

by McGraw-Hill.    

[63] Kennedy, Barry W.; Power Quality Primer, by The McGraw-Hill Companies, Inc. All 

rights reserved. Manufactured in the United States of America, Copyright © 2000.    

[64] Sun, M.; Aronson, J. E. ; Mckeown,  P. G.; Drinka, D. A tabu search heuristic 

procedure for the fixed charge transportation problem. European Journal of 

Operational Research, 106, 441-456, 1998.      

[65] Belfares, L., Klibi, W., Lo, K., Guitouni, A.. Multi-objectives tabu search based 

algorithm for progressive resource allocation. European Journal of Operational 

Research, 177, 1779-1799, 2007.     

[66] Dua, D.; Dambhare, S.; Gajbhiye, R. K., Soman, S. A.. Optimal multistage scheduling 

of power measurement unit placement: An integer linear programming approach. 

IEEE Transaction on Power Delivery, 23(4), 1812-1820, October,2008.     

[67] Hennebry, A.; Kamel, M. J.; Nygard, K.. An integer programming model for 

assigning unmanned air vehicles to task. Recent Development in Cooperative Control 

and Optimization, 2003.      

http://www.iaeme.com/ijeet.asp
https://doi.org/10.3390/en11020465


67   

   

[68] Barnes, J.; Wiley,W.; Moore, D.; Ryer, M.. Solving the aerial fleet refuelling problem 

using group theoretic tabu search. Mathematical and Computer Modelling, 39, 617-

640, 2004.    

[69] Skowron, A.; Suraj, Z.; A parallel algorithm for real-time decision making: A rough 

set approach. Journal of Intelligent Information Systems, 7(1), 5-28, 1997.      

[70] Arroyo, J.E.C.; Armentano, V. A.; Genetic local search for multi-objective flowshop 

scheduling problems. European Jounal of Operational Research, 167, 717738, 2005.     

[71] Sahoo, Subham; Mishra, Sukumar; Peng, Jimmy Chih-Hsien; Dragičević, Tomislav; 

“A Stealth Cyber Attack Detection Strategy for DC Microgrids,” November 2018, 

IEEE Transactions on Power Electronics PP (99):1-1. 

[72] Zambroni, Antônio C. de Souza; Discussion on some voltage collapse indices. 

Received 9 December 1998; accepted 10 March 1999, Electric Power Systems 

Research 53 (2000) 53–58. 

[73] Jenkins, N.; Allan, R.; Crossley, P.; Kirschen, D.; Strbac, G.; “Embedded 

Generation,” IET Power and Energy Series, published by IET, London, United 

Kingdom, 2008.    

[74] Acha, E.; Madrigal, M.; “Power Systems Harmonics,” published by John Wiley & 

Sons, USA, 2001.     

[75] Fuchs, E.; Masoum, M. A. S.; “Power Quality in Power Systems and Electrical 

Machines,” Elsevier Academic Press, 2008.     

[76] Gedo, Christopher N.; “Computer Analysis of Harmonic Distortion in Electrical 

Power Distribution Systems,” Thesis, United Sates Navy, Naval Postgraduate School, 

December,1991.    

[77] Ribeiro, Paulo F.; “Time-varing waveform distortions in power systems,” Printed in 

Great Britain by CPI Antony Rowe, Chippenham, Wiltshire. 2009.    

[78] Murnane, Martin; HAE — Harmonic Analysis in Solar Applications. ADSP-CM403. 

Solar PV Systems, Analog Devices. ©2011.     



68   

   

[79] Yabe, K; “Power differential method for discrimination between fault and 

magnetizing inrush current in transformers,” in IEEE Transactions on Power 

Delivery, vol. 12, no. 3, pp. 1109-1118, July 1997, doi: 10.1109/61.636909. 

[80] Romero, A.A.; Zini, H.C.; Rattá, G.; Dib, R.; “Harmonic Load-Flow Approach based 

on the Possibility Theory,” IET Generation, Transmission & Distribution, Vol. 5, No. 

4, pp. 393-404, 2011.    

[81] Xu, W.; Marti, J.R.; Dommel, H.W.; “A Multiphase Harmonic Load Flow Solution 

Technique,” IEEE Trans. on Power Systems, Vol. 6, No. 1, February 1991, pp. 174– 

182.        

[82] Jesus, Nelson C.; Cogo, João R.; Duarte, Luiz M.; Barbosa, Edmilson P.; Aquino , 

Rodrigo A.; Ahn, Se Um; Torrezan, Ricardo; Minamizaki, Gislaine M.; Bonatto , 

Benedito D.; “Análise do Comportamento Harmônico de Sistema de Distribuição 

Através de Medições e Simulações,” CBQEE 2011- IX Conferência Brasileira sobre 

a Qualidade da Energia Elétrica, Cuiabá-MT, 2011.     

[83] Madrigal, M.; Acha, E.; “A New Harmonic Power Flow Method based on the 

Instantaneous Power,” The University of Glasgow, Scotland, UK. Instituto 

Tecnológico de Morelia, Mexico. 10th International Conference on Harmonics and 

Quality of Power, 2002., Volume: 2, DOI: 10.1109/ICHQP.2002.1221513. IEEE 

Xplore.   

[84] Arruda, Elcio F. de; Kagan, Nelson; Ribeiro, Paulo F.; “Harmonic Distortion State 

Estimation Using an Evolutionary Strategy,” IEEE TRANSACTIONS ON POWER 

DELIVERY, VOL. 25, NO. 2, APRIL.    

[85] Shokri, S.M.M.; Zakaria, Z.; “A Direct Approach Used for Solving the Distribution 

System and Harmonic Load Flow Solutions,” IEEE 7th International Power 

Engineering and Optimization Techniques (PEOCO), La ngkawi, Malaysia, 3-4 

March 2013.     

[86] KRAIMIA, Mohamed Nassim; ZELLAGU, Mohamed; BOUDOUR, Mohamed; 

“Impact of Renewable Energy Source Penetration on Total Harmonic Distortion 

Using Harmonic Power Flow”; Conference: 1st National Conference on Renewable 



69   

   

Energy Technologies and Applications(NCRETA); University of Guelma – Algeria, 

December 2014.   

[87] Arrillaga, J.; Bradley, D.A.; Bodger, P.S.; Power system harmonics, Wiley, 

Chichester, 1985.    

[88] Arrilaga, Jos; Smith, Bruce C.; Watson, Neville R.; Wood, Alan R.; Power System 

Harmonic Analysis; University of Canterbury, Christchurch, New Zealand; John 

Wiley & Sons, 1997.     

[89] Greenwood, Allan; Electrical Transients in Power Systems 1971 by John Wiley & 

Sons, Inc. 

[90] Christofell, M.; “The Effect of Current Copping in Circuit breakers on Networks and 

Transformers, Part I. Theoretical Considerations,” Trans. AIEE, Vol. 79(1960), p. 

535. 

[91] Schneider, C.; “Rosenbrock - Type Methods Adapted to Differential-Algebraic 

Systems, Mathematics of Computation,” 56, 193, pp. 201–213, 1991. 

[92] Patel, S. P.; “Fundamentals of transformer inrush,” The 64th Annual Conf. for 

Protective Relay Engineers, Texas, USA, 11–14 Apr. 2011, pp. 290–300. 

[93] Hunt, R.; Schaefer, J.; Bentert, B.; “Practical Experience in Setting Transformer 

Differential Inrush Restraint,” The 61st Annual Conf. for Protective Relay Engineers, 

Texas, USA, 1–3 Apr. 2008, pp. 118–141. 

[94] Ling, P. C. Y., Basak, A.; “Investigation on Magnetizing Inrush Current in Single-

phase Transformer,” IEEE Trans. Magn., 24, 6, pp. 3217–3222, 1988. 

[95] Lin, C. E.; Cheng, C. L.; Huang, C.L.; Yeh, J.C.; “Investigation of magnetizing inrush 

current in transformers – II. Harmonic analysis,” IEEE Trans. Power Delivery, 8, 1, 

pp. 255–263, 1993. 

[96] Jamali, M.; Mirzaie, M.; Gholamian, S. A.; “Calculation and Analysis of Transformer 

Inrush Current Based on Parameters of Transformer and Operating Conditions,” 

Electronics and Electrical Engineering, 109, 3, pp. 17–20, 2011. 



70   

   

[97] Arrillaga, J.; Watson, N. R.; Power System Harmonics, John Wiley and Son, 2nd  ed., 

2003.     

[98] Komorowski, J.; Pawlak, Z.; Polkowski, L.; Skowron, A.; Rough sets: A tutorial, in: 

Rough fuzzy hybridization: A new trend in decision making. (S.K. Pal and A. 

Skowron, Eds.), 3-98, Singapore: Springer,1999.     

[99] Oliveira, D.Q.; Zambroni, Antônio C. de Souza; Santos , M.V.; Almeida, A.B.; Lopes 

, B.I.L.; Saavedra, O.R.; “A fuzzy-based approach for microgrids islanded operation”; 

August 2017;Electric Power Systems Research 149:178-189. 

DOI: 10.1016/j.epsr.2017.04.019. 

[100] Cordón, Oscar; Herrera, Francisco; Hoffmann, Frank; Magdalena, Luis; “Genetic 

Fuzzy Systems: Evolutionary Tuning and learning of Fuzzy Knowledge Bases,” 

World Scientific Publishing Co, Pte. Ltd. Copyright © 2001.     

[101] Polkowski, L.;  Skowron, A.; Rough mereology: A new paradigm for approximate 

reasoning. International Journal for Approximate Reasoning, 15(4), 333365, 1996.     

[102] Zadeh, L. A.; Fuzzy sets. Information and Control, 8, 338-353, 1965.    

[103] Zadeh, L. A.; A fuzzy-algorithmic approach to the definition of complex or imprecise 

concepts. International Journal of Man-Machine Studies, 8, 249-291, 1976.    

[104] Fanti, M. P.; Mainone, B.; Naso, D., Turchiano, B.; Genetic multi-criteria approach 

to flexible line scheduling. International Journal of Approximate Reasoning, 19, 521, 

1998.     

[105] Zadeh, L. A.; Outline of a new approach to the analysis of complex systems and 

decision processes. IEEE Transactions of Systems, Man and Cybernetics, SMC3(1), 

2844, 1973.     

[106] Jensen, R.; Shen, Q.; “Fuzzy-rough attribute reduction with application to web 

categorization,” Fuzzy Sets and Systems, 141(3), 469-485, 2004.     

[107] Polkowski, L.; Skowron, A.; Towards adaptive calculus of granules. Computing with 

Words in Information/Intelligent Systems 1: Foundations (L.A. Zadeh and J. 

Kacprzyk, Eds.), 201-228, Heidelberg: Physica-Verlag,1999.     

https://www.researchgate.net/journal/0378-7796_Electric_Power_Systems_Research
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.epsr.2017.04.019


71   

   

[108] Baqui, Muhammad Niamul; “FUZZY DECISION MODEL FOR A SMART GRID,” 

Paper Submitted to the Graduate Faculty of the North Dakota State University of 

Agriculture and Applied Science In Partial Fulfillment for the Degree of MASTER 

OF SCIENCE Major Department: Computer Science February 2012; Fargo,North 

Dakota.     

[109] Schinitman, L.; Felippo, J. A. M. de Souza. Takagi-sugeno-kant fuzzy structures in 

dynamic system modelling. IASTED International Conference on Control and 

Application, 34-38, Vancouver,2001.      

[110] Dugan, Roger C.; McGranaghan, Mark F.; Santoso, Surya; Beaty, H. Wayne; Electric 

Power Systems Quality; Third Edition; McGrawHill. 2012.      

[111] Arghandeha, Reza; Onenb, Ahmet; Jung, Jaesung; Broadwater, Robert P.; “Harmonic 

interactions of multiple distributed energy resources in power distribution networks,” 

Electric Power Systems Research 105 (December 2013):124-

133;DOI: 10.1016/j.epsr.2013.07.018. 

[112] Shafiullah, GM; Oo, Amanullah MT; “Analysis of Harmonics with Renewable 

Energy Integration into the Distribution Network”; DOI: 10.1109/ISGT-

Asia.2015.7387191, 2015 IEEE Innovative Smart Grid Technologies - Asia (ISGT 

ASIA).    

[113] Burch, Ron; Chang, Gary; Ribeiro, Paulo F.; “Impact of Aggregate Linear Load 

Modeling on Harmonic Analysis: A Comparison of Common Practice and Analytical 

Models Task Force on Harmonic Modeling and Simulation,” IEEE Power Eng. Soc. 

T&D Committee. July 2002.   

[114] Smith, J. (US), Convenor, S. Ronnberg (SE), Secretary, A. Blanco (DE), Bollen,  M. 

(SE), Emin, Z. (GB), Chairman, D. Ilisiu (RO), Koo, L. (GB), Meyer, J. (DE), 

Mushamalirwa, D. (FR), Ribeiro, P. F. (NL), Wilmot, N. (AU).; “POWER QUALITY 

ASPECTS OF SOLAR POWER,” Cigré. Copyright © 2016.   11 

[115] Latheef, A. A.; Robinson, D. A.; Gosbell, V. I.; Smith, V.; “Harmonic impact of 

photovoltaic inverters on low voltage distribution systems,” Proceedings of the 12th 

International Conference on Harmonics and Quality of Power, Lisbon, Portugal, 1 – 

5 October 2006.      

https://www.researchgate.net/journal/0378-7796_Electric_Power_Systems_Research
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.epsr.2013.07.018


72   

   

[116] Eltawil, M. A.; Zhao, Z.; “Grid-connected photovoltaic power systems: Technical and 

potential problems – A review,” International Journal of Renewable and Sustainable 

Energy Review, ELSEVIER, 14, 112-129, (2010).     

 

[117] Bourgin F., Testud G., Heilbronn B., and Verseille J., Present practices and trends on 

the French power system to prevent voltage collapse. IEEE Transactions on Power 

Systems, 8(3), 778-788, 1993.   

 

 


