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Abstract

:

The current situation in world energy requires a new approach to the control of the power flow in power systems. On the one hand, regulations within the EU require the transition to renewable energy. On the other hand, there are no conventional sources available. Thus, there is a need to use known control tools in non-standard applications. One such example is the use of a regulating transformer inside the power grid to use it to shape the power flow in the system. This article presents a proposal of an algorithm for determining new locations for regulating transformers from the point of view of active power control. By analyzing the parameters of the power grid, it is possible to determine which branch of the grid is the most suitable for installing a regulating transformer in it. The use of a regulating transformer inside the grid improves the transmission capabilities of the national power system.
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1. Introduction


1.1. Planned and Unplanned Power Flows


The transformations in the power sector that have taken place in recent years have resulted in significant changes in the functioning of national power systems and cross-border connections in Central Europe. The reasons behind this lie in the liberalization of electricity markets and the large-scale integration of renewable sources. One of the main effects of these changes is the increase in unplanned compensatory flows of active power between interconnected systems (also known as loop flows). These flows primarily reduce the operational security of interconnected national power systems, reduce the transmission capacity of cross-border connections made available to electricity market participants, and increase transmission losses. All of this worsens the economics of UCTE operation.



Unplanned flows adversely affect not only the entire interconnected UCTE system but also national power systems (NPS). Specifically, NPSs not only experience an increase in transmission losses but above all they experience significant overloads on network elements such as transmission lines and power transformers. As a result, there are also large voltage drops and, consequently, an increase in reactive power flows in power systems in order to align the voltage levels.



The increasing number of cases in which the safe operation conditions of an NPS in Europe is not maintained increases the risk of accidents with a wide scope. Hence, it is increasingly important for power system operators (TSO) (including the Polish TSO [1]) to control active power flows.



One method of power flow regulation is the use of phase-shifting transformers (PSTs). These are special transformers installed in power grids (most often on cross-border lines) which adjust the load angle of the network. This angle is the difference of the nodal voltage arguments at the beginning and end of the branch. The change load angle is determined by adjusting the ratio of these transformers. As a result of regulating the angle, it is possible to change the active power flow in the power system. Such regulation influences not only the change in active power in the network branches in which they are installed but also the power flows in their closer and more distant network neighborhood. Ratio adjustment in this type of transformer is possible through the use of an on-load tap changer (OLTC). This element is subjected to significant operational stress during tap changes. This affects its failure rate and thus can increase the failure rate of the entire transformer unit. Nevertheless, over the years, a proper procedure has been developed that helps to verify the technical condition of transformers. Current technology allows for the ongoing monitoring of the operating parameters of these devices (e.g., voltage, load current, winding temperatures, etc.), and time periods have been established after which appropriate service activities should be performed (e.g., oil tests, the inspection of the tap changer, silica gel replacement, winding insulation measurements, etc.). All these factors affect the failure-free operation of transformers with OLTCs for many years. Thus, TSOs are more and more willing to install such devices not only on cross-border lines but also inside NPSs.



In the Polish power system, transformers are widely used to connect networks with different voltage levels (i.e., 400 kV/220 kV, 220 kV/110 kV, and 400 kV/110 kV). Regulation needs lead to the widespread use of transformers with on-load voltage ratio regulation. In addition, in power substations that have specific technical and operational conditions, phase shifters connected in series with autotransformers are also used. The oldest devices of this type still in use dates from 1970. Figure 1 shows seven locations of regulating transformers with voltage and phase angle regulation.



The use of this type of transformer unit allows for the availability of active power regulation in a wide range. By investigating their possibilities of use, the range of changes in power flows obtained by these transformers was obtained, with the results being shown in Figure 2.



The presented regulating possibilities (Figure 2) allows for the correction of power flows caused mainly by unscheduled flows, so-called transit and loop flows. The transformers reduce the risk of exceeding the long-term permissible load capacity and make it possible to limit the adjustments made to the work schedules of power plants.



Loop flows and transit flows cause significant problems and not only within national networks. The operational capacity of the cross-border exchange line is deteriorating due to a significant reduction in (or the exhaustion of its) transmission capacity. Market transmission capacities are deteriorating, but emergency imports and exports of energy are also becoming impossible. To improve this situation, phase shifters with OLTC regulations are used on an increasing scale in the UCTE region (Figure 3). The use of this type of equipment is considered the preferred cost-free remedy (it does not change the cost of generation). Using only countermeasures, such as using a DC loop or redispatching, will not solve the problem. Figure 3 shows the location of the current (black) and future (red) PST installations in international strings.




1.2. Organization of the Research Problem


The process of planning the placement of regulating transformers and their regu-lation is complicated. Taking into account the technical limitations of transformers using on-load tap changers, it is possible to use such devices in a modern power system. These devices can be a basic cost-free countermeasure for correcting the flow of active power and maintaining voltage parameters. Chapter 2 of this article contains information on the regulation of active and reactive power in the power system. The background of scientific research on the issue under consideration is presented (based on a literature review), and the network parameters responsible for the change in power flow as well as the types of regulation used in transformers are determined. The structure and principle of operation of a regulating transformer are also presented. By limiting the subject of research to a transformer unit using voltage magnitude and phase angle regulation, Chapter 3 presents the possible effects in terms of control of the use of regulating transformers. The analyses were carried out according to data from the Polish power system. Then, Chapter 4 presents a mathematical analysis of the parameters of the power system with the aim of obtaining an algorithm that determines the location of new regulating transformers in the NPS. Chapter 4 presents three examples that illustrate the control method and the effects of regulation in a test system. The parameters of the test system are first described, followed by subsequent cases with conclusions. Chapter 5 of the article contains an algorithm with which it is possible to determine the most advantageous location of a regulatory transformer in the system. The article ends with a summary.





2. Power Flow Regulation


The increasing number of renewable sources (RESs) [1,2,3,4,5] that depend on the weather conditions inside an NPS change the power balance structure and affect the geographical distribution of generation sources. In the case of Poland, most conventional generation sources are located in central or southern Poland. Such a system forces power flows from the south to the north of the country. The development of RESs changes the directions of power flow. On days with high RES generation, the transmission network operates in unfavorable conditions with a small safety margin. Moreover, on days with a large gradient of wind generation changes, the directions of power flow in the PS change in a way that is difficult to predict. This has a negative impact on compliance with the basic criterion of occupational safety of PSs, the so-called N-1 criterion [6,7,8]. This criterion ensures such a safety margin that in the event of switching off any of the PPS components (a line, transformer, busbar section, or generator, etc.), the remaining elements in operation can take the load of the switched-off element without violating technical limitations. Otherwise, cascading shutdowns of successive NPS elements may occur, leading in extreme cases to a catastrophic failure (blackout).



The problem of power flow in power system is the basic problem of many scientific studies [6,9,10,11,12,13,14,15,16,17,18,19]. Due to economic and legal conditions in the field of renewable energy sources, there is a growing interest in the problem of unplanned power flows in the UCTE system. These flows were described in [19,20]. Unplanned power flows are called loop flows. They cause unplanned transfers of active power not only on international exchange lines but above all on internal lines of individual power systems included in the UCTE. In order to limit these power transfers, the operators of individual countries take a number of remedial measures. The undertaken remedial actions are described in [21]. One solution is the use of phase shifters connected in series in international lines [22]. Phase-shifting transformers are a special type of regulating transformer and are described in [11,23,24,25,26,27,28,29,30,31,32,33]. A description of the parameters of regulating transformers, their construction, and their principles of operation can be found in [9,11,23,24,25,32]. The literature on the subject is supplemented by a number of standards issued by the international scientific community of the IEEE Power and Energy Society. The most important publications describing the properties of power transformers for power flow control in NPSs are [15,24,25,26,34,35]. Most authors focus on presenting the issue of power flows in the context of the reduction in circular flows in the UCTE. The most important items on this topic include numerous publications by Jody Verboomen [12,13,27,36,37,38,39]. In [27], the authors provide an overview of existing technologies for phase-shifter transformers. The classification of PST devices is also introduced in [27], and a digital model is presented which makes it possible to demonstrate the advantages of PST in a real-time simulator. The authors of [36] provide a diagram of the PST control system which allows for the even loading of cross-border connections. In [20,37], the authors describe a method of optimizing the PST setting using the particle swarm method. Optimization leads to the achievement of specific operating points that fulfil the given objective function. This function determines the minimum balancing cost, the minimum circular flows, the minimum losses in the transmission network, and can ensure the largest possible margin in terms of permissible long-term load. Another important publication is [15]. That study defines the conditions for optimizing power flows assuming the high saturation of the grid with photovoltaic (PV) installations. The method demonstrates the possibility of calculating the LPS index that allows for the calculation of changes in the power flow on the line based on the PST phase shift angles. The most recent publications on this topic include [18]. This publication specifies methods for optimizing the tap settings of regulating transformers and estimates the costs of using PSTs in comparison to alternative methods. One alternative method to control the power distribution is the use of FACTS devices [40,41,42]. Thanks to the use of power electronics, these devices have much better dynamic properties (faster and smooth regulation), at the expense of increasing the complexity of the control system and the investment cost.



Most of the available publications define the method of optimizing PST settings installed on international exchange lines [12,13,14,15,16,17,27,28,36,37,38,43]. Due to the regional nature of the described loop flows and their impact on the Polish NPS, few people have noticed the described problem. For this reason, there is a lack of publications in the literature that define the behavior and methods for optimizing the arrangement of phase shifters installed “inside” the NPS. Therefore, there is a need to perform an algorithm for selecting the location of the regulating transformer to meet the selected optimization criterion.



2.1. Parameters of Power Flow Change


In transmission networks, the control of active power flows consists of changing the flow without changing the total generated power. The relationship is used here, which determines the flow of active power through a single inductive transmission line [23]:


   P  i j   =    U i   U j     X  i j     sin  (   δ  i j    )  ,  



(1)




where:




	
   P  i j    —the active power at the end of the line ij;



	
   U i  ,  U j   —the phase voltage modules at the beginning (i) and at the end (j) of the line;



	
   δ  i j    —the load angle (difference of the bus voltage arguments at the beginning and end of the line,    δ  i j     =    δ i  −  δ j   );



	
   X  i j    —the line reactance ij.








Equation (1) shows that the active power flowing in the transmission line can be changed by changing the nodal voltages Ui and Uj, the reactance value, Xij, and load angle, δij. The possibilities of changing the active power by changing the node voltages are small because these voltages must be close to the rated value and cannot be changed in a wide range. Much greater possibilities in terms of changing the active power flow are provided by changing the reactance of the transmission line by using so-called series compensation [23]. However, the most effective way of changing the active power (from negative to positive values) is by adjusting the load angle, δij.




2.2. Transformer Regulation: Voltage Magnitude and Phase Angle


One of the basic devices used to regulate the energy parameters is a transformer or a transformer set with transmission ratio regulation. The regulation is made by changing the position of the tap-changer. This results in a step change in the transmission ratio of the transformer/transformer set. In high-power transformers, the regulation is performed without disconnecting the transformer from the network, i.e., under load. Transformers equipped with systems for changing the transmission ratio under load are often called regulating transformers because the regulating process can be carried out by appropriate changes in the transmission ratio of these transformers. The types of regulation that can be carried out by means of a regulating transformer depend on the design properties of the transformer/transformer set (and its role in the power system). In practice, regulating transformers can be used in the process of regulating the voltage, reactive power, and active power [44].



The following types of control can be realized by transformers [45]:




	
voltage magnitude regulation (in-phase transformers, autotransformers);



	
phase angle regulation (phase-shifting transformers);



	
voltage magnitude and phase angle regulation (complex regulation).








Complex regulation enables the voltage module and the voltage phase angle to be adjusted. It can be implemented in two ways [20,23,25,46,47]:




	
separately—in the case of such solutions, voltage magnitude regulation is usually performed on the main unit (in-phase transformer or autotransformer) of the regulation transformer, while phase angle regulation is performed on the phase-shifting transformer; both types of regulation mentioned can be performed separately/independently (i.e., the regulation of a given voltage parameter–modulus or phase angle–does not change the second voltage parameter);



	
combined (dependent voltage magnitude and phase angle regulation)–voltage magnitude and phase angle regulation are performed on the in-phase transformer with q connected phase-shifting transformer on the third winding; both types of regulation are performed interdependently (i.e., the regulation of one voltage parameter–modulus or phase angle–changes the other voltage parameter).








The assignment of the presented types of regulation to electric power devices that enable the implementation of voltage magnitude regulation, phase angle regulation, and complex regulation is presented in Figure 4. The devices that perform voltage magnitude regulation (voltage module regulation) are transformers and autotransformers with the on-load adjustment of transformer taps. Phase-shifting transformers are designed to perform only phase angle regulation (the regulation of the voltage phase angle). On the other hand, voltage magnitude and phase angle regulation (the adjustment of the module and the phase angle of the voltage) is possible thanks to regulating transformer units consisting of a main unit (a transformer with the on-load adjustment of transformer taps) and a phase-shifting transformer.




2.3. Regulating Transformer


The types of regulation that can be implemented with a given transformer/transformer set depend, among others, on its design features [23,24,25]. In terms of construction, regulating transformers may differ, inter alia, in terms of the number of taps, the location and method of making the tap changer, the number of transformers included in the transformer unit, and the method of connecting these transformers.



Figure 5 shows exemplary schematic diagrams of regulating transformers (RT) enabling voltage magnitude and phase angle regulation. These transformers are most often made in the form of transformer units consisting of a main unit (MU) and a phase-shifting unit (PST). The main unit is a transformer (or auto-transformer) that interfaces networks with different voltage ratings. The extension transformer (ET), depending on the version, may consist of one or two transformers: a series transformer (SU) and an exciting transformer (EU).



The series unit is mainly responsible for adjusting the phase shift angle between the voltages at both ends of the entire assembly. The windings of the individual phases of the series unit (SU) on the high voltage side are neither star-connected nor delta-connected. They are included in the transmission system in series (hence the term series transformer). The low voltage windings can be supplied with phase or phase-to-phase voltages from the exciting unit or directly from the third main unit winding. The role of the exciting unit is to provide the series unit with a voltage of appropriate magnitude, a phase angle, and a phase sequence. The role of the exciting unit can also be played by the third winding of the main unit (Figure 5a). However, equipping the adding unit with an exciting unit (Figure 5b) is operationally more convenient. For example, in the event of a faulty tap-changer or phase-shifting transformer, SU and EU units can be by-passed. This will enable the operation of the transformer unit, then composed only of the main unit, so that damaged devices can be repaired without the long-term downtime of the entire unit. An example of a three-phase connection diagram of an exciting unit and a series unit is shown in Figure 6.



The basic types of regulation that can be implemented with a series unit are presented with the use of phasor diagrams in Figure 7 [23,24,25]. The voltages introduced to the individual phases of the transmission system through the series unit (additional voltages ΔUA’, ΔUB’, and ΔUC’) are proportional to the voltages with which the primary windings of this transformer are supplied (the vectors of supply voltage: UA, UB, and UC). The phasor diagrams of the phase voltage vectors and the interphase voltage vectors (Figure 7b) show that the phase voltage vectors are shifted by π/2 in relation to the interphase voltage vectors of adjacent phases. The use of this fact, when supplying an additional or excitation transformer, allows for the shift in the voltage, ΔU, to be obtained (Figure 7d).



In the case of supplying the series transformer from the exciting transformer with phase voltages of an unchanged phase sequence (UA, UB, UC), the additional voltages are obtained in the form of: ΔUA’ = βUA, ΔUB’ = βUB, and ΔUC’ = βUC, where β is the complex ratio of the exciting transformer and the series transformer. Then (Figure 7c), the voltage vectors UA’, UB’, and UC’ at the output of the serial winding of the series unit are in phase with the voltage vectors UA, UB, and UC supplying (at the input of the series winding) the series unit. In such a case, the transformer set serves only to change the voltage value in the transmission system (the voltage phase angle value remains unchanged). This type of regulation is called voltage magnitude regulation. The effect of implementing this kind of regulation in a transformer set is equivalent to that achieved in conventional transformers and autotransformers by tap regulation. As a result, both the transformer ratio and the voltage magnitude change.



Another effect of regulation is obtained when supplying the second voltage side of the series transformer with the inter-phase voltages of adjacent phases (or phase voltages with a changed phase sequence). In such a case, additional voltages are obtained in the form of: ΔUA’ = γUBC, ΔUB’ = γUCA, and ΔUC’ = γUAB, where γ is the complex ratio of the exciting transformer and the series transformer. The vectors of these voltages are shifted in phase by π/2 in relation to the voltage vectors UA, UB, and UC before the series unit. The π/2 angle is obtained for the case of supplying the series transformer with phase-to-phase voltages of the respective adjacent phases. In the case of supplying with phase voltages with a changed phase sequence, the angle value depends on the phase sequence. As a result, the voltage vectors at the output of the serial winding of the series unit (UA’, UB’, and UC’) are out of phase by the angle δ in relation to the voltage vectors of the series unit (UA, UB, and UC). It should be noted that the value of the angle δ depends on the length of the additional voltage (ΔUA’, ΔUB’, and ΔUC’). Thus, a change in the length of the vectors (module) of the boost voltages enables the adjustment of the voltage phase angle downstream of the transformer unit. This method of regulation is called combined regulation.





3. The Effects of Regulation with the Use of Transformer Units


When examining the validity of the regulation carried out with the use of transformer units with complex regulation, analyses were carried out in which the network effects of the performed regulation were examined. For this purpose, the models of regulatory transformers were parameterized so that they reflected real systems. The analyses took into account the model of the transformer unit with combined regulation. The model of such a unit was defined as an integrated object representing the main unit and the extension unit of the real transformer unit.



3.1. Analysis of the Possibility of Regulation in the Polish National Power System


The work of transformer units was analyzed in a meshed system of 400 kV and 220 kV of the Polish national power system model. The network system was analyzed, as were the structure and set of the network elements which reflect the current state of the NPS at the winter peak load. The reference system was the base system without complex regulation, hereinafter referred to as the base scenario S0. The calculations focused on determining the value of active power flows on the NPS elements. Figure 8 shows the power flows in the direct network environment of the substation with an installed transformer set with a regulation (the transformer is highlighted with a gray background). The transformer A1, installed in the Joachimów bus, was selected in the analysis.



Four work scenarios were analyzed while examining the effects of the transformer unit with complex regulation (Figure 9):




	
scenario S1: regulation angle δ = −120°, tap 1;



	
scenario S2: regulation angle δ = −120°, tap 19;



	
scenario S3: regulation angle δ = 120°, tap 1;



	
scenario S4: regulation angle δ = 120°, tap 19.
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Figure 9. Scenarios for setting the regulation parameters of a regulating transformer. 






Figure 9. Scenarios for setting the regulation parameters of a regulating transformer.
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Figure 9 shows the parameters of the voltage vector used in the regulation.



By analyzing the obtained results, the changes in the value of active power flows were calculated, dictated by the change in the scenario for the settings of the transformer regulating parameters. Changes in the values of the observed quantities were determined in relation to the given value of the specific quantity for the S0 scenario (base scenario) in accordance with Equations (2) and (3):


  Δ  P T  =    P T  S x   −  P T  S O      P T  S O     ,  



(2)




where:




	
   P T  S O    —the active power flow through the transformer for the S0 scenario;



	
   P T  S x    —the active power flow through the transformer for the Sx scenario (x = 1…4);










  Δ β =  β  S x   −  β  S O   ,  



(3)




where:




	
   β  S O    —the transformer load ratio for the S0 scenario;



	
   β  S x    —the transformer load ratio for the Sx scenario (x = 1…4).








Table 1 shows the power flows and load levels as well as the change in these values as a result of changing the settings of the JOA-A1 transformer (corresponding to the given scenario).



Figure 10 shows the dependence of the number of network elements affected by the change in operating conditions (expressed in the level of power flow) as a result of a change in the scenario of setting the regulating parameters of the considered transformer unit with complex regulation as well as the range of the flow change. Only elements for which the change in flow exceeded 10% were taken into account in the chart.



Apart from the analysis of power flow in normal states for the NPS, a variant analysis was carried out taking into account the outages of network elements. The calculations took into account the regulation scenarios S1 and S2 as well as the base scenario S0. While analyzing the influence of complex regulation performed with the JOA-A1 400/220 kV transformer, the following variants in the network operation were considered:




	
W0—normal grid topology;



	
W1—220 kV Joachimów-Huta Częstochowa line outage;



	
W2—400 kV Płock-Rogowiec and 400 kV Rogowiec-Ołtarzew lines outage.








Figure 11 shows the change in the load degree of the selected transmission line (220 kV Joachimów-Rogowiec) as a function of the scenario of setting the JOA-A1 transformer regulating parameters.




3.2. Summary of the Analysis


	
The implementation of phase-angle regulation by transformer units with complex regulation allows for control over active power flows through these transformers. Thus, it is possible to control the power flow in the network environment of the place where these units are installed. In the Polish national power system, this applies in particular to the 400 kV and 220 kV networks. The main effect of this regulation relates to the amount of power (load) flow in the transformer set.



	
The capacity of the considered regulating transformers depends on their design parameters (range of changes in the regulation angle ratio δ, values of equivalent impedance, etc.) and their place of installation in the national power system (including the short-circuit power and the structure of the network environment on both sides of the transformer). It is advisable to use such a control solution for the distribution of power flows between 220 kV and 400 kV transmission lines.



	
For transformers with combined regulation, the change in the regulation angle ratio is accompanied by a change in the voltage ratio (for a regulation angle δ different from 0°). Then, simultaneously with the change in the phase shift angle of the nodal voltages, the voltage module changes. The interdependence that occurs is disadvantageous because it limits the possibilities of freely controlling the operating conditions of the network. In particular, it may refer to the emergency states of the NPS.



	
For transformer sets with combined regulation installed in the NPS, changing the regulation angle requires not only switching off the entire transformer set but also changing the phase connection sequence between individual components of this set. This makes it impossible to quickly control power flows in the emergency states of the NPS that require immediate reactions. Therefore, it should be assumed that for this type of unit, uninterrupted operation is determined by the system of connections between the main unit and extension unit.








4. Mathematical Model of Regulation Optimization with the Use of Transformer Units


The effects presented in Chapter 3, resulting from the ability to regulate active power in the NPS using transformer units, may be used as planned by the TSO to regulate power flows within the system. The scale of the effects can be enhanced by optimizing the location of transformer units and selecting their parameters.



When looking for a place in the NPS to install a new transformer set with complex regulation, an analysis should be made using the network model and the relevant procedure.



4.1. Nodal Admittance Matrix


Based on the nodal potential method, the power grid equations can be written in admittance (4) or impedance form (5).


   I  W Z   =  Y  W Z    U  W Z    



(4)






   U  W Z   =  Z  W Z    I  W Z    



(5)




where:




	
   U  W Z   —  the nodal voltage vector;



	
   I  W Z   —  the nodal current vector;



	
   Y  W Z   —  the nodal admittance matrix;



	
   Z  W Z   —  the nodal impedance matrix.








The nodal admittance matrix    Y  W Z     is created by definition, while the nodal impedance matrix    Z  W Z     is obtained by inverting the nodal admittance matrix (6):


   Z  W Z   =  Y  W Z   − 1    



(6)







The node admittance matrix reflects the topology of the considered power network. Diagonal elements of     Y _   i i     (7) are complex quantities and are equal to the eigenvalues of nodes,     y _   i i     (the eigenvalue of a node is the algebraic sum of all admittances connected directly to a given node), while the non-diagonal elements,     Y _   i j     (8), of the nodal admittance matrix are also the quantities complex and are equal to the mutual admittance (the mutual admittance of two nodes is the series admittance of the branch connecting these nodes with the opposite sign) of pairs of nodes (series admittance with a minus sign).


    Y _   i i   =   ∑       j = 1       i ≠ 1      w   (      y _   i j  ′   2  +   y _   i j    )  =   y _  i ′  +   ∑       j = 1       i ≠ 1      w    y _   i j       i = 1 , 2 , … ,   w  



(7)






     Y _   i j   = −   y _   i j                                       i = 1 , 2 , … ,   w   ;     i ≠ j   



(8)




where:




	
      y _   i j  ′   2   —the one-side shunt admittance;



	
    y _  i ′   —the ground admittance;



	
    y _   i j    —the series admittance.









4.2. Admittance Parameters of the Transformer Set


Transformer units with complex regulation are modeled separately in the steady state calculations as transformers with complex transmission [48]. Transformers with an extra-nominal complex ratio are represented as an equivalent model, consisting of an ideal transformer with a complex ratio,     t _   i j   =  t  i j    e  j  δ  i j      , and a series-connected equivalent longitudinal admittance,     y _   i j    ( T )      (Figure 12a).



Transformers are modeled on the Π-type four-pole equivalent (Figure 12b), whose parameters are a function of the transformer’s complex ratio,     t _   i j    , and its equivalent series admittance,     y _   i j    ( T )      (Figure 12b). However, since the shunt parameters of the resulting Π-equivalent are not the same,     y _   i j  ′  ≠   y _   j i  ′   , the direction of connection must be taken into account.



If a transformer set with the parameters shown in Figure 12a is connected between two nodes, i and j, then in the elements of the nodal admittance matrix, new values are calculated from the equation:


    Y _   i i   =   Y _   i i    ( u )    +     y _   i j    ( T )       t  i j  2     



(9)






    Y _   j j   =   Y _   j j    ( u )    +   y _   i j    ( T )     



(10)




where:




	
    Y _   i i    ( u )     —diagonal elements of the admittance matrix in node i before connecting the transformer set;



	
    Y _   j j    ( u )     —diagonal elements of the admittance matrix in node j before connecting the transformer set,



	
while non-diagonal elements take values calculated from the equation:










    Y _   i j   = −     y _   i j    ( T )        t _   i j      



(11)






    Y _   j i   = −     y _   i j    ( T )        t _   i j     *     



(12)




where:     t _   i j     *  =  t  i j    e  − j  δ  i j     —  the conjugate complex transformer ratio.




4.3. New Locations for the Installation of Regulating Transformers


The choice of the location for the transformer set in terms of obtaining the broadest possible regulatory scope is one of the key issues for the TSO. Looking for the dependencies linking the transformer control parameters with the power grid parameters, three network systems were analyzed: (a) example 1—a single-mesh simple network model, (b) example 2—an IEEE 5-bus single-voltage network system, and (c) example 3—a 14-bus dual-voltage IEEE network. In all examples, the voltage phase angle regulation was used, that is, only phase-angle regulation. Calculation examples were made using the PowerWorld program.



4.3.1. Example 1


The idea of the method that allows for the adjustment of the load angle by means of the PST is presented in the Figure 13.



It was assumed that two parallel transmission lines I and II (Figure 13) have the same parameters, and, as a result of the power flow that was formed in the entire network, the voltages at the beginning and at the end of the transmission system in question assume the value of    U i    and    U j   , with the difference being arguments (load angle) being    δ  i j    . The reactance of the line between two nodes i and j is    X  i j    . Under the assumptions made, branch I carries active power determined by the equation:


   P I  =    U i   U j     X  i j     sin  (   δ  i j    )   



(13)







In branch II, the PST is installed, which introduces the add-on voltage,   Δ U  , perpendicular to the voltage at the beginning of the line,    U i   . As a result, the resultant voltage,    U k   , behind PST (   U k  =  U i  + Δ  U k   ) is shifted in phase with respect to the voltage,    U i   , by the angle    δ  P F    , and the load angle for branch II is equal to (   δ  i j   +  δ  P F    ). Now the reactance    X  i j     consists of the reactance of line between nodes k and j (   X  k j    ) and the reactance of the PST between nodes i and k (   X  P F    ).



Power flows through branch II, determined by the formula:


   P  I I   =    U k   U j     X  k j   +  X  P F     sin  (   δ  i j   +  δ  P F    )   



(14)







Using the phase shifter control, the total power introduced to the system as well as the output power from the considered network system is equal to the sum of the branch powers (  P =  P I  +  P  I I    ). It is a simplified relationship without losses.



Using the superposition method, the following relationship can be written:


   P g  =  P g 0  + Δ  P g   



(15)




where:




	
   P g   —the power flow through the network branch “after” shifter control;



	
   P g 0   —the power flow through a network branch in a given network without the use of regulation;



	
  Δ  P g   —the power flow through the network branch as a result of the application of regulation.








Using the Equation (15) to describe the power flows    P I    and    P  I I    , it is possible to obtain:


   P I  =  P I 0  + Δ  P I  =    U i   U j     X  i j     sin  (   δ  i j    )  =    U i   U j     X  i j     sin  (   δ  i j  0   )  + Δ  P I   



(16)






   P  I I   =  P  I I  0  + Δ  P  I I   =    U k   U j     X  k j   +  X  P F     sin  (   δ  i j   +  δ  P F    )  =    U k   U j     X  k j   +  X  P F     sin  (   δ  i j  0   )  + Δ  P  I I    



(17)




where:




	
   δ  i j  0   —phase angle of the voltage between nodes i-j without the regulation;



	
   δ  i j    —phase angle of the voltage between nodes i-j after the regulation;



	
   δ  P F    —phase angle entered by the PST.








In the considered example, the DC model was used, assuming no voltage drop,    |   U i   |  =  |   U j   |  =  |   U k   |  = U  . In such a case, after appropriate transformations, the power forced in the system by the phase shifter amounts to:


  Δ  P I  =    U i   U j     X  i j     sin  (   δ  i j    )  −    U i   U j     X  i j     sin  (   δ  i j  0   )  =    U 2     X  i j      (  sin  (   δ  i j    )  − sin  (   δ  i j  0   )   )   



(18)






  Δ  P I  =    U 2     X  i j     2 cos    δ  i j   +  δ  i j  0   2  sin    δ  i j   −  δ  i j  0   2   



(19)




and


   Δ  P  I I   =    U k   U j     X  k j   +  X  P F     sin  (   δ  i j   +  δ  P F    )  −    U k   U j     X  k j   +  X  P F     sin  (   δ  i j  0   )     Δ  P  I I   =    U 2     X  k j   +  X  P F      (  sin  (   δ  i j   +  δ  P F    )  − sin  (   δ  i j  0   )   )    



(20)






  Δ  P  I I   =  (     U 2     X  k j   +  X  P F      )  2 cos  (     δ  i j   +  δ  P F   +  δ  i j  0   2   )  sin  (     δ  i j   +  δ  P F   −  δ  i j  0   2   )   



(21)







To sum up, Equations (19) and (21) determine the power change in the considered network system, which is introduced by the phase shifter. Note that the total power injected into the system does not change. Only the flows    P I    and    P  I I     are changed with the same power, because in this particular example,   Δ  P I  = Δ  P  I I    . Power changes are presented in Figure 14.



The phase shifter control introduces a linear change in power and the ratio of the power introduced into the system as a result of the regulation to the angle    α  P F     being constant. This ratio was defined as the regulation factor:


  w r =   Δ  P g     δ  P F      



(22)




where:




	
  Δ  P g   —the power flow change in the network as a result of using phase shifter control;



	
   δ  P F    —the phase shifter adjustment angle at which the power change   Δ  P g    occurs;








Based on the Equations (19), (21), and (22), a correlation between the value of the coefficient   w r   and the branch reactance can be seen. The greater the branch reactance, the lower the regulation coefficient   w r   will be, while the lower the branch reactance, the greater the regulation coefficient will be   w r  .




4.3.2. Example 2


Another example is based on data published in [9] concerning a 5-bus IEEE test system (Figure 15). The branch and nodal data of this system are given in Table 2 and Table 3. The relative units refer to the base power 100 MVA.



Based on the parameters listed in Table 2, all the series and shunt admittances of the lines as well as the ground admittances of the nodes were determined and summarized in the Table 4.



The system nodal admittance matrix has the following general form:


   Y  w z   =  [            Y _       11         Y _       12      0        Y _       21         Y _       22         Y _       23        0      Y _       32         Y _       33                    0      Y _       15        0      Y _       25           Y _       34      0             0   0      Y _       43           Y _       51         Y _       52      0                    Y _       44         Y _       45           Y _       54         Y _       55            ]   



(23)







The nodal admittance matrix of the 5-bus IEEE system at the neutral tap (regulation angle PF = 0°) takes the values:


   Y  w z   =  [          1.05 − j 4.18     − 0.59 + j 2.49    0      − 0.59 + j 2.49     1.6 − j 5.95     − 0.46 + j 1.15      0    − 0.46 + j 1.15     0.9 − j 3.01                  0    − 0.46 + j 1.69      0    − 0.55 + j 2.31       − 0.44 + j 1.86    0             0   0    − 0.44 + j 1.86       − 0.46 + j 1.69     − 0.55 + j 2.31    0                  0.91 − j 3.98     − 0.47 + j 2.12       − 0.47 + j 2.12     1.48 − j 6.12          ]   



(24)







Certain modifications were made to the 5-node IEEE test system modeled in PowerWorld. The modification of the test system consisted of introducing a phase shifter with admittance parameters equal to the parameters corresponding to the line to each branch. The modification allows for the observation of changes in the flow of active and reactive power in the system, regulating only the change in the load angle within ±30°. The range of changes in the load angle results directly from the activities carried out by the TSO. The power flow was calculated using the Newton–Raphson method.



The following parameters were observed in the system: active power flow in the branch, reactive power flow in the branch, active power losses, reactive power losses, and changes in the admittance matrix parameters during regulation.



The amounts of received power and the amounts of generated power were not changed; only the balancing bus covered the current increase in losses in the considered system.



On the basis of the obtained results, the dependencies of changes in active power losses (Figure 16) and reactive power losses (Figure 17) were plotted in the system as a function of the load angle. These charts clearly show that any change in the load angle significantly increases the power losses in the system.



The admittance matrix of the tested network system changes only in those matrix elements that are directly related to the complex ratio of the transformer. The change concerns only non-diagonal elements corresponding to the parameters of the branch in which the phase shifter is installed. The values of these elements can be determined from Equations (11) and (12). The diagonal elements of the nodes do not change.




4.3.3. Example 3


While confirming the conclusions from the previous examples, the test system was developed to include a larger number of nodes and two voltage levels. The 14-bus IEEE (14 W) test system was used. Figure 18 shows a schematic of the test system.



The complete branch and nodal data of this system are given in Table 5 and Table 6. The relative units refer to a basic power of 100 MVA.



Based on the parameters listed in Table 2, all the series and shunt admittances of the lines as well as the ground admittances of the nodes were determined (Table 4).



Finding the optimal operating point of the tested system is much more complicated and must take into account a number of factors influencing its changes. The system should meet the conditions of the basic N-1 criterion with the least possible impact on the increase in power losses. When the phase shifter is in a neutral position (tap 0°), natural flow takes place. Changing the shifter’s catch, which requires a change in the load angle, artificially changes the operating point of the system and removes it from the “natural” flow, introducing an increase in active and reactive power losses. The power losses in the 14 W system are shown in the Figure 19 and Figure 20.



The 14 W IEEE diagram is based on two subsystems with different rated voltages: 220 kV and 110 kV. Due to this fact, the influence of both of the control components of the transformer set on the parameters of the system can be noticed. The 14 W model uses regulating transformers with separately complex regulation. This regulation affects the flow of reactive power in the system and the flow of active power independently of each other. By changing both parameters, it is possible to achieve a compromise consisting of minimizing the power losses in the system, which is a desirable feature.




4.3.4. Summary of Test Analyses


	
Transformer units with complex regulation are a very simple method of controlling active and reactive power flows in the power system. The regulation is based on the change in network admittance.



	
Each change in the complex ratio of the transformer (both the voltage magnitude and the phase angle) generates an increase in power losses in the system. The settings should therefore be a compromise between increasing losses and the need to obtain new regulatory capacity.



	
The transformer unit with complex regulation is modeled as an asymmetric ∏-equivalent. The complex ratio, depending on the selected taps, changes the series and shunt parameters, affecting only the change in admittance of the non-diagonal branches in which such a unit is installed.



	
When analyzing the search for new locations for this type of devices, one should take into account the maximization of the regulatory capacity while minimizing network losses.









5. Algorithm of Searching for New Locations for Regulating Transformers


When choosing the optimal location to install a transformer set with separately complex regulation in the network, a number of technical and economic factors should be taken into account. For safety reasons, the goal is to find a bus in the network where the effects of regulation will allow for a wide range of regulation to be achieved. An important factor is also the minimization of network losses, that is, taking into account the economic effects of regulation.



5.1. Algorithm for Searching for New Locations


The developed algorithm taking into account these factors is shown in Figure 21 and described in the Table 7. The results needed to execute the algorithm were obtained from the analyses carried out in the PowerWorld program, based on the above examples.




5.2. Summary of the Algorithm


The proposed algorithm is used to determine new locations for regulating transformers. The algorithm easily locates the parameters of the power grid responsible for changes in flows in the grid. On this basis, the network node with the most favorable effects is determined. The features of the proposed algorithm are listed in the Table 8.





6. Conclusions


Regulating transformers can be used in network control measures by each transmission system operator. Increasingly frequent unscheduled power flows caused by the variability of RES generation and the volatility of international exchange balances force TSOs to look for new regulatory possibilities. Regulating transformers can not only mitigate unfavorable active power flows caused by the displacement of current generation (e.g., wind power) but also help to regulate the voltage in the grid nodes with a sudden increase in photovoltaic generation and with significant unscheduled transmission. Thanks to the use of inverters configured in such a way that they increase the voltage at the grid terminals, photovoltaic generation contributes to the generation of inductive reactive power in a stepwise manner and, consequently, increases the voltage at all voltage levels. A sudden increase in international exchange balances causes an increased load on system components, which leads to significant voltage drops in the transmission grid. Thanks to regulating transformers, there is an additional possibility of correcting the voltage of the transmission grid in various conditions and the possibility of correcting the load distribution in the transmission network. The use of transformers with OLTC regulation, thanks to the universality of the solution, reduces investment costs, and refined operating procedures reduce the risk of failure of the transformer unit. Thus, the economics of the solution is very attractive, especially when compared to the costs of congestion. Therefore, there is a need to develop algorithms that would allow for the assessment of grid conditions, the assessment of regulatory possibilities, and changes in the operating points of regulating transformers in a coordinated manner. The result of these activities should be the safe operation of the power grid, ensuring the certainty of electricity supply to the end user.
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Figure 1. Locations of control transformers in the Polish power system. 
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Figure 2. Maximum changes in the power flow of regulating transformers in the Polish NPS. 
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Figure 3. Locations of working and planned PSTs to be installed in the UCTE. 
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Figure 4. Types of regulation and transformer devices implementing them [48]. 
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Figure 5. Examples of schematic diagrams of a regulating transformer: (a) power supply of the series transformer from the third winding of the main unit; (b) powering the series transformer from the exciting transformer. 
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Figure 6. Schematic diagram of a regulating transformer exciting unit, where S1–S3 means three-phase source terminals and L1–L3 respectively means load terminals. 
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Figure 7. The idea of regulating transformer regulation: (a) series transformer winding; (b) phase voltages and phase-to-phase voltages supplying the series unit; (c,d) phase voltages at the output of the series unit (Figure (c)—for voltage-magnitude regulation; Figure (d)—for phase-angle regulation). 
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Figure 8. Power flows in the substation with the JOA-A1 transformer and in its network vicinity. 
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Figure 10. Dependence of the number of PPS elements on the direction and range of power flow change for various control scenarios of the JOA-A1 transformer. 
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Figure 11. Changes in the load level on the 220 kV line on the Joachimów–Rogowiec relation for various variants of the PPS operation and scenarios for the transformer control settings. 
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Figure 12. Replacement scheme: (a) with an autotransformer, (b) ∏-type four-pole equivalent. 
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Figure 13. Single circuit: branch I without PST, branch II with PST, voltage vector diagram. 
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Figure 14. Graph of the dependence of the branch power as a function of the phase shifter adjustment angle. 
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Figure 15. IEEE 5-node test system. 
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Figure 16. Relative active power losses as a function of the control angle PF. 
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Figure 17. Relative reactive power losses as a function of the control angle PF. 
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Figure 18. Test 14-node IEEE system. 
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Figure 19. Relative changes in the active power of the 14 W system as a function of the regulation angle PF. 
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Figure 20. Relative changes in the reactive power of the 14 W system as a function of the regulation angle PF. 
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Figure 21. Algorithm for determining the optimal location of the regulating transformer. 






Figure 21. Algorithm for determining the optimal location of the regulating transformer.



[image: Energies 16 01548 g021]







[image: Table] 





Table 1. Active power flows, JOA-A1 transformer load stages, and changes in these quantities for various scenarios setting the transformer control parameters.






Table 1. Active power flows, JOA-A1 transformer load stages, and changes in these quantities for various scenarios setting the transformer control parameters.





	
Value

	
Values of Individual Quantities Depending on the Adopted

Scenario Setting the Transformer Regulation Parameters




	
Scenario

	
S0

	
S1

	
S2

	
S3

	
S4






	
PT

	
MW

	
120.2

	
−255.9

	
411.4

	
496.7

	
−175.1




	
β

	
%

	
46.0

	
83.0

	
158.0

	
156.0

	
109.0




	
Scenario Difference

	
-

	
S1–S0

	
S2–S0

	
S3–S0

	
S4–S0




	
ΔPT

	
%

	
-

	
−312.8

	
242.1

	
313.0

	
−245.6




	
Δβ

	
%

	
-

	
37.0

	
112.0

	
110.0

	
63.0
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Table 2. Branch data of the 5-node IEEE test system [9].






Table 2. Branch data of the 5-node IEEE test system [9].





	Node No.

(Starting)
	Node No.

(End)
	Rij

pu
	Xij

pu
	     y -   i j  ′  / 2   

pu





	1
	2
	0.090
	0.380
	j0.020



	1
	5
	0.150
	0.550
	j0.030



	2
	3
	0.300
	0.750
	j0.025



	2
	5
	0.097
	0.410
	j0.020



	3
	4
	0.120
	0.510
	j0.015



	4
	5
	0.100
	0.450
	j0.020
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Table 3. Branch data of the 5-node IEEE test system [9].






Table 3. Branch data of the 5-node IEEE test system [9].





	
Node

	
Type

	
Voltage

U

	
Phase

Angle

	
Generator

Pi

	
Generator

Qi

	
Load

Pi

	
Load

Qi




	

	

	
pu

	
deg.

	
MW

	
MVar

	
MW

	
MVar






	
1

	
Uδ

	
1.1

	
0

	
72.18

	
47.03

	
0

	
0




	
2

	
PQ

	
0.981

	
−6.335

	
0

	
0

	
−50

	
−10




	
3

	
PQ

	
1.048

	
3.773

	
65

	
16.79

	
0

	
0




	
4

	
PQ

	
0.937

	
−6.896

	
0

	
0

	
−35

	
−10




	
5

	
PQ

	
0.946

	
−8.098

	
0

	
0

	
−45

	
−15
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Table 4. Series and shunt line admittance and nodal ground admittances [9].






Table 4. Series and shunt line admittance and nodal ground admittances [9].





	
Line

Number

	
Series Line

Admittance

	
One-Side Shunt

Line Admittance

	
Node No.

	
Ground

Admittance




	

	
      y _   i j      

	
      y _   i j  ′  / 2    

	

	
      y _  i ′     




	
i–j

	
pu

	
pu

	
i

	
pu






	
1–2

	
0.590163–j2.491803

	
j0.020

	
1

	
j0.050




	
1–5

	
0.461538–j1.692307

	
j0.030

	
2

	
j0.065




	
2–3

	
0.459770–j1.149425

	
j0.025

	
3

	
j0.040




	
2–5

	
0.546511–j2.309742

	
j0.020

	
4

	
j0.035




	
3–4

	
0.437158–j1.857923

	
j0.015

	
5

	
j0.070




	
4–5

	
0.470588–j2.117647

	
j0.020
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Table 5. 14-node IEEE test system branch data.






Table 5. 14-node IEEE test system branch data.





	
Node No.

	
Type

	
Voltage

U

	
Phase

Angle

	
Generator

Pi

	
Generator

Qi

	
Load

Pi

	
Load

Qi




	

	

	
pu

	
deg.

	
MW

	
MVar

	
MW

	
MVar






	
1

	
Uδ

	
1.06

	
0.86

	
1.6

	
44.98

	
0

	
0




	
2

	
PQ

	
1.04

	
0

	
120

	
−4.1

	
21.7

	
12.7




	
3

	
PQ

	
1.02

	
−0.52

	
95

	
0

	
94.2

	
19




	
4

	
PQ

	
1.02

	
−1.88

	
0

	
0

	
47.8

	
−3.9




	
5

	
PQ

	
1.02

	
−1.91

	
0

	
0

	
7.6

	
1.6




	
6

	
PQ

	
1.07

	
−2.37

	
25

	
7.03

	
11.2

	
7.5




	
7

	
PQ

	
1.06

	
−3.66

	
0

	
0

	
0

	
0




	
8

	
PQ

	
1.09

	
−4.41

	
20

	
16.29

	
0

	
0




	
9

	
PQ

	
1.05

	
−5.39

	
0

	
0

	
29.5

	
16.6




	
10

	
PQ

	
1.05

	
−5.28

	
0

	
0

	
9

	
5.8




	
11

	
PQ

	
1.05

	
−5.11

	
0

	
0

	
3.5

	
1.8




	
12

	
PQ

	
1.05

	
−5.44

	
0

	
0

	
6.1

	
1.6




	
13

	
PQ

	
1.05

	
−5.55

	
0

	
0

	
13.5

	
5.8




	
14

	
PQ

	
1.03

	
−6.42

	
0

	
0

	
14.9

	
5











[image: Table] 





Table 6. Branch data of the 14-node IEEE test system.






Table 6. Branch data of the 14-node IEEE test system.





	
Line

Number

	
Series Line

Admittance




	

	
     y _   i j     




	
i–j

	
pu






	
1–2

	
5.00–j15.26




	
1–5

	
1.03–j4.23




	
2–3

	
1.14–j4.78




	
2–4

	
1.69–j5.12




	
2–5

	
1.70–j5.19




	
3–4

	
1.99–j5.07




	
4–5

	
6.84–j21.58




	
4–7

	
–j4.89




	
4–9

	
–j1.86




	
5–6

	
–j4.26




	
6–11

	
1.96–j4.09




	
6–12

	
1.53–j3.18




	
6–13

	
3.10–j6.10




	
7–8

	
–j5.68




	
7–9

	
–j9.09




	
9–10

	
3.9–j10.37




	
9–14

	
1.42–j3.03




	
10–11

	
1.88–j4.40




	
12–13

	
2.49–j2.25




	
13–14

	
1.11–j2.31
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Table 7. Description of the algorithm.






Table 7. Description of the algorithm.









	Algorithm Step
	Step Description





	1
	Start—the beginning of the analysis;



	2
	Enter branch data—the parameters of R, X, B, and G network system elements are taken into account. The analysis assumed the full model of network elements in the form of a ∏-equivalent;



	3
	Determine the Y matrix—on the basis of the given elements, the nodal admittance matrix of the tested network system is determined. This matrix is created from definition (1) by summing up the parameters of the previously prepared Π-equivalents, respectively;



	4
	Max|Yii|—the diagonal element of the nodal admittance matrix with the largest absolute value is selected;



	5
	i—the index of the element with the highest absolute value that specifies the location of the transformer connection node;



	6
	j = k … l—the index of the node adjacent to the i-th node. The branch in which the extension transformer (ET) is analyzed is determined;



	7
	Insert ETij—a ET transformer is inserted into the selected branch “ij”. One should model ET as a ∏- equivalent on the basis of the dependence from Chapter 4.2;



	8
	δ = δmin … δmax—this determines the range of the regulation angle analysis. This angle may vary depending on the design of the transformer used or the guidelines of the power system operator;



	9
	Pg(δ) i ΔP(δ) flow—perform power flow using the Newton–Raphson method and calculate branch flows and total power losses in successive loops as a function of control angle δ;



	10
	Matrix Pg(δj), ΔP(δj)—matrices of the results obtained in step 9 are created;



	11
	Find     ∂  P g   ( δ )    ∂ δ     and      ∂ 2  Δ P  ( δ )     ∂ 2  δ    —using the values determined in step 10 and determine the first derivative of the branch flows with respect to the control angle δ and the second derivative power loss in relation to the control angle δ;



	12
	Find     max  j    ∂  P g   (   δ j   )    ∂ δ   ;     min  j     ∂ 2  Δ P  (   δ j   )     ∂ 2  δ    —for the results of step 11. The maximum change in branch flows among the considered ones, and the minimum value of the loss factor are determined.



	13
	Assume α—the weight between power flow flexibility and losses should be assumed:



	
α > 0.5—the power flow flexibility is crucial;



	
α < 0.5—the economics of power losses is crucial;








	14
	Determine    w j   —the required regulation coefficient should be determined, determining the suitability of a given location for the transformer for regulation while maintaining the weight of both component parameters according to the dependence:

     w j  = α ·    a j     a  m a x     +  (  1 − α  )  ·    b j     b  m a x      

where

   a j  =   ∂  P g   (  δ ,   j  )    ∂ δ    ,    a  m a x   =   max  j     a j   ;

   b j  =    ∂ 2  Δ P  (  δ ,   j  )     ∂ 2  δ   ;    b  m a x   =   max  j     b j   ;



	15, 16
	Determine  w  —determine the control factor with the highest value in accordance with the relationship:

    w =   max  j     w j   



	17
	Determine node j—on the basis of the selected regulation coefficient, define node j. The selected node is also the end of the branch (branch ij) in which the regulating transformer should be connected. There is therefore a selected branch, ij, in which installing the ET meets the purpose of the algorithm. The goal is to maximize the transmission capacity of the system while keeping power losses at a low level.



	18
	Stop—end of analysis.
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Table 8. Features of the proposed algorithm.






Table 8. Features of the proposed algorithm.





	Features
	Analytical

Premises
	Algorithmic

Implementation





	Versatility
	It is necessary to keep the analysis simple and to standardize the calculations as much as possible.
	The simplicity of the analysis results from the use of well-known calculation methods, such as the Newton-Raphson method for calculating power flows and power losses. The use of relative units also deters the algorithm from different voltages in the analyzed network.



	Accuracy
	It is necessary to apply the appropriate accuracy in calculations because, as a result of the implementation of the algorithm, a specific network branch in which ET should be used can be obtained.
	The accuracy of the analysis is carried out by means of a detailed model of network elements, and thus an accurate mapping of the network topology is achieved using the admittance matrix, Y.
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
_series unit SU

exciting unit EU





media/file4.png





media/file30.png
MW Losses: 8.67 MW

745MW Mvar Losses: 32.10 Mvar
40|§]Mvar 50@ MW
515.00 pu g . 0.89 o0 10@ Mvar
.27 De 46.97 Deg

1 38.98 MW 2
: Sdea E
= —_— =
KRN — —_——— x

=
22.54 MW

3

655MW
27RMvar

>

0.86 pu 0.86 pu

45.42 Deg

44.37 Deg 57.56 Deg

355MW
108Mvar

45 MW
15 Mvar






media/file39.jpg
Relative change in reactive power losses in

the system

13

1

10

20

30

40

—e—L120F
——L 150
——L235F
—e—L240F
—e—L250F
—e—L3ap
—e—Laser
—e—TRa7 PF
—e—TR49PF
—e—TR56PF
—e—Le11pE
—e—Le12F





media/file18.png
0051
:

95.6+24.4

855+804

ANI—

£'1L+p'86

68v+9LL






media/file35.jpg





media/file21.jpg
——Wo
—_—w1
— W2

s1 S0 s2





media/file26.png
(_].
f:' Branch I
P
> au
~ P Branch 11
Uy

P=H+h






media/file27.jpg
Branch power [MW]

—e—Branch power 1
—e—Branch power 2
—e—tp1

—a—tp2
—e—ap1/s
—e—1p2/6





media/file3.jpg





media/file22.png
e W0

8 B 8§ R

(%] 19A3] peo

— W2

SO S2

Scenario

S1





media/file19.jpg
00t<
06<
08<
oL
09<
0s<
o<
0f<
oz<
ot

or->
0z->
oe->
or->
05->
09->
oL
08>
| 06>
) o00t->
$JUBWAIS Sdd JO JPqUINN

The percentage of power flow change





media/file7.jpg





media/file28.png
Branch power [MW]

1000

800

600

400

200

-200

-400

-600

-800

-1000
-15

—10

—@&— Branch power 1
—&— Branch power 2
—8— AP1

—8— AP2

—8— AP1/6

—8— AP2/6





media/file10.png
Transformer Regulation

/ \

Single-
parameter CVoItage-Magnitude Regulation Phase-Angle Regulation)
control
Two-
parameter ( Voltage-Magnitude and Phase-Angle (Complex) Regulation )
control

SN

Separately Regulation Combined Regulation

______________________________________________________________________

Regulating Regulating

Transformer Phase Shiftin

/ Transformer with Transformer with g

Autotransformer i . i Transformer
separately regulation combined regulation

Types of regulation

Device





media/file40.png
Relative change in reactive power losses in

the system

13

11

40

—e—L.1-2 PF
—e—L.1-5PF
—e—L.2-3PF
—e—L.2-4 PF
—e—L.2-5PF
—e—L.3-4PF
—e—L.4-5PF
—e—TR.4-7 PF
—e—TR. 4-9 PF
—e—TR. 5-6 PF
—e—L.6-11 PF
—e—L.6-12 PF





media/file33.jpg
change
losses in the system

g

1.90
180
170
160
150
140
130
120
110
100

L1-2PF
2 L15PF
o _L23pF
e L25PF
21340
2 Laser





media/file32.png
Relative change of active power losses

in the system

1.90
1.80
1.70
1.60
1.50
1.40
1.30
1.20
1.10
1.00
0.90

@
8 | 0
-30 -20 -10 0 10 20 30

40

2 12°PF
£ __|.1-5PF
& __|2-3PF
8—.2-5PF
2 134PF
£ __ | 45PF





media/file14.png
ol
OI_2
ol,

T T R I P I

SECE TR R R T R R CE

exciting unit EU





media/file11.jpg
my

(a)

My

e

(b)





media/file6.png
P [MW]

500

450

400
350

300

250

200 -
150 -
100 -
50 -
0 -
-50

—-100
-150

—200

—250

DUN-A1

GRU-A3

JOA-A1

MIK-APF1

MIK-APF2

MIL-A3

PEL-A2

WIE-A3






media/file36.png
Bus 13

Bus 14

6.19 MW
1.71 MW .15 Mvar
(f.GZ Mvar 1)
§ : Bus 11
[ ] = us i
—ﬂus 12 g‘!g —
T' 1 o g2z1mw 1T T a7zimw
7.88 MW .54 Mvar .74 Mvar
2.37 Mvar
1.60 MW i ]
44.98 Mver : Bus 6 Bus 10
25.00 §M
=3LS 1 @ @
i
18.96 MW MW Losses: 2.60 MW

20.57 MW
13.55 Mvar

1§.21 Mvar

-32.77 Mvar

17.36 MW

-
-l L

MVar Losses: 11.97 Mvar

11.93 MW

Bus 8

20.00 fMW

20.00 MW
16.28 Mvar

15.46 MW

20.42 MW
-2.77 Mvar
29.87 MW > > A . 16.11 MW
1.18 Mvar ) -9.13 Mvar
N N N N N N r'y
34.89 MW
2.08 Mvar

120.00 MW

13.50 Mvar

-

» Bus 3

95.00 gMW





media/file15.jpg
(a)

B AU, ®

(b)

Use

>





media/file41.jpg
P5)  0P(@E)
L0, i &)

9Py 94PE)
%






media/file37.jpg
§ " —e—L12PF
H —e—L15PF
R —e—L2:3PF
8cn —e—L2:4PF
§ P —e—L2SPF
5 é ) —e—L34PF
) —e—L4-5PF
s —e—TR.47 PF
2 s —e—TR.4-9PF
g —e—TR.5-6PF
—e—L611PF

3 20 0 0 10 20 30 40
F. —e—L612PF





nav.xhtml


  energies-16-01548


  
    		
      energies-16-01548
    


  




  





media/file16.png
(a) (b)






media/file2.png
| A






media/file20.png
o 47 001<

@E]) 06<

508 08<

$ o4m| oL<

olo <0l 09<

© B | 0s<

D1 01| op<

.m__.hd | 0f <

OKDO - 0Z<

. .gl.. | OHA
aowm 0 F 7 T 01->
ab0o | 0z->
QP | oe->

ap O | or->

< OO | 05>
0 <ol 09->
4 0| oL->
Mo/ 08->
0| 06->
e 00T->
SIUSWI|D Sdd 10 JIqWINN

"

The percentage of power flow change





media/file23.jpg
(b)

(a)





media/file5.jpg
an

500
450
400
350
300
250
200
150
100 -
50
-50
—100
—150
—200
—250

o

£v-3IM

ov-13d

V1IN

C4dV- AN

LAV AIN

Wvor

EV-NYO

W-NNQ





media/file24.png
A I ij
A
L
U,
U
L
A
U,

(_]_/'
T)

1)Xi(j

(1‘5

L} }i
L 4
(T)
1)%j
t

(a)





media/file29.jpg
MW Losses: 8.67 MW
7MW Mvar Losses: 32.10 Mvar S0gMW

et boi
2
2 2
3 F
e 5 s 4 = 3
. 3sBw 5w





media/file1.jpg
ve






media/file31.jpg
Relative change of active power losses

in the system

190
180
170
160
150
140
130
120
110
100
090

40

2 L12pF
A L15PF
o L23pF
—L2SPF
2 L34pF
2 aspr






media/file25.jpg





media/file12.png
MU

SU

(a)

MU

ET

(b)

EU

SU






media/file9.jpg
\

Transformer Regulation

\

Single-

parameter (Voltage Magnitude Reguiation Phase Ange egulaion)
control
Two-

parameter (_ Voltage-Magnitude and Phase-Angle (Complex) Regulation P
control

Transformer /
Autotransformer

<N

Separately Regulation Combined Regulation

Regulating Regulating
Transformer with  Transformer with
separately regulation  combined regulation

Phase Shifting
Transformer

Types of regulation

Device





media/file0.png





media/file42.png
Find the matrix

Y

10

11

Power flow

AP (8)

Matrix

P, (5)
AP (&)

Find

dP,;(6;) : azAPj(é‘j)
as 926

Find
dP,(8;) . 0%AP(5)
026

max » min
Ji a5 '

=
Ea

—

=
-

12

14

15

16

17

18





media/file38.png
Relative change of active power losses in

the system

1.7

15

13

11

—e—L.1-2 PF
—e—L.1-5PF
—e—L.2-3PF
—e—L.2-4PF
—e—L.2-5PF
—e—L.3-4PF
—e—L.4-5PF
—e—TR.4-7 PF
—e—TR. 4-9 PF
—e—TR.5-6 PF
—e—L.6-11PF
—e—L.6-12 PF





media/file8.png





media/file34.png
Relative change in reactive power

losses in the system

1.90
1.80
1.70
1.60
1.50
1.40
1.30
1.20
1.10
1.00

=3(J

-20

20

30

2 __12PF
£ __|1-5PF
& | 2-3PF
8—L.2-5 PF
L 1 34PF
£ __|4-5PF





media/file17.jpg
7760489

i

84558

775001
%4013

o8

A






