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Abstract

:

In this paper, a model and solution approach for minimizing internal power losses in Transformers Connected in Parallel (TCP) with tap-changers is proposed. The model is based on power chargeability balance and seeks to keep the load voltage within an admissible range. For achieving this, tap positions are adjusted in such a way that all TCP are set in similar/same power chargeability. The main contribution of this paper is the inclusion of several construction features (rated voltage, rated power, voltage ratio, short-circuit impedance and tap steps) in the minimization of power losses in TCP that are not included in previous works. A Genetic Algorithm (GA) is used for solving the proposed model that is a system of nonlinear equations with discrete decision variables. The GA scans different sets for tap positions with the aim of balancing the power supplied by each transformer to the load. For this purpose, a fitness function is used for minimizing two conditions: The first condition consists on the mismatching between power chargeability for each transformer and a desired chargeability; and the second condition is the mismatching between the nominal load voltage and the load voltage obtained by changing the tap positions. The proposed method is generalized for any given number of TCP and was implemented for three TCP, demonstrating that the power losses are minimized and the load voltage remains within an admissible range.
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1. Introduction


Power transformers represent vital equipment and their availability have a major impact on the reliability of a power system [1]. Being one of the key elements of a network, power transformers have been the focus of a great number of studies regarding several issues that include diagnostic methods [2], fault detection [3] and the effects of loads in their ageing [4]. In [3], the authors proposed an algorithm for fault detection as well as faulted phase and winding identification for power transformers based on the induced voltages in a power system. In [1], a reliability analysis and overload capacity assessment of power transformers is presented. The authors based their analysis on the hot-spot temperature of the winding as the most critical factor in measuring the overload capacity of power transformers. A review of the existing studies of the effect of loads and other factors on the ageing of power transformers is presented in [5]. However, a comprehensive review regarding the status and current trend of different diagnostic techniques for power transformers is presented in [2].



This current paper deals with the issue of power loss minimization for transformers operating in parallel. Parallel operation of transformers is a common practice in the electricity industry. This type of arrangement allows improving efficiency, availability, reliability and flexibility. Power transformers exhibit maximum efficiency when operating close to full load. Regarding availability, when transformers are connected in parallel one of them can be switched off for maintenance proposes without incurring in undesired loss of load (supposing that the remaining transformers have enough capability to supply the load). Similarly, as regards reliability a parallel connection facilitates the use of back up transformers in case of a fault. In addition, the parallel connection of transformers adds flexibility to attend the demand growth of an electrical system because new transformers can be incorporated in a modular fashion.



Transformers Connected in Parallel (TCP) with tap-changers are used for controlling power flows through voltage regulation in power grids and ensuring that the load voltage remains within an admissible range; therefore, most methods for coordinating TCP with taps are mainly designed to regulate voltage amplitude [6,7,8,9,10,11,12]. In [6,7], tap-changers of TCP are mainly used for reactive power control with the aim of minimizing power losses and therefore the construction features of transformers are neglected. In [8,9], TCP with tap-changers are used in the context of optimal power flow. In this case, the authors objective is to find the optimal tap positions with the aim of improving stability and minimizing generation fuel cost, respectively. In [10], the tap positions of power transformers are optimized for active and reactive power regulation, while in [11,12] the authors present a coordinated voltage control strategy for three-phase On-Load Tap Changer (OLTC) transformers with the aim of dealing with unbalanced networks and power loss minimization, respectively. A common feature of the aforementioned studies is the fact that they considered the TCP as being identical. However, this might not always be the case since given a set of power transformers operating in parallel, if a new one is to be added, it might not have exactly the same construction features. TCP with different construction features, without an adequate control, might exhibit internal circulating currents due to unbalanced voltages in their secondary sides. Circulating currents increase internal power losses since they are not used to supply loads. However, internal power losses of TCP can be reduced using taps and, at the same time, guarantying that the load voltage remains within an admissible range.



Generally, TCP with taps are synchronized using Automatic Voltage Control (AVC) in systems with OLTC for tracking a voltage reference [13,14]. Adaptive Voltage Reference Setting (AVRS) is the most used AVC technique for controlling TCP with taps [15]. This technique is based on tracking a voltage reference using a master-follower controller; the main controller (master) imposes a voltage reference while the secondary controller (follower) tracks the reference changing taps positions [16]. In a master-follower scheme, one OLTC transformer is designed as the master, and all the other OLTC transformers in parallel are the followers. The master transformer monitors the voltage level and alters the tap positions in order to keep it within allowed limits. The other OLTC transformers mimic the same actions keeping all TCP in the same tap positions. The disadvantage of this scheme is the fact that circulating currents will appear if all TCP do not have exactly the same construction features. Other schemes for TCP are the true circulating current and negative reactance compounding, both described in [13]. Furthermore, improved voltage control schemes such as enhanced transformer paralleling package and intelligent AVC relays are the topic of on-going research [14]. In [15,16], the AVRS is used for controlling TCP with OLTC systems being the main function the load voltage regulation. This is carried out keeping all transformers in the same tap position. In [17], the authors proposed an OLTC with solid-state tap-changer using power electronics. Results showed reduction in frictional losses, size of components and operation cost; nevertheless, solid-state tap changer components are more expensive in comparison with mechanical OLTC currently used. It is noteworthy that the aforementioned papers do not consider the AVRS issues regarding power losses, different voltage ratio and different tap steps.



Technical literature lacks of a general method to minimize internal power losses in TCP with different construction features such as rated voltages, rated powers, voltage ratios, short-circuit impedances and tap steps. Hence, this paper proposes a novel mathematical model that allows finding the tap positions of TCP, that guarantee minimal power losses in TCP while keeping the load voltage within an admissible range. Furthermore, different construction features such as rated voltages, nominal powers, voltage ratios, short-circuit impedances and tap steps are taken into account. For this purpose, a non-linear system of equations with discrete variables (tap positions) obtained from the TCP equivalent circuit is solved. The following hypotheses were considered: (1) Transformers can be from different manufacturers. Then, all TCP have different short-circuit impedances; (2) transformers may have different voltage ratios or tap steps, this leads to current and voltage unbalances; (3) transformers have different percentage of tap steps, this causes internal voltages and current unbalances; (4) transformers have different rated powers, in this case, each transformer provides a different amount of power to the load.



The main features and contributions of this paper are as follows:




	(1)

	
A novel mathematical model for the optimal tap setting of TCP with the aim of minimizing power losses is provided, such model takes into account technical features that have not been considered in previous works.




	(2)

	
A fitness function that implicitly incorporates the nature of the apparent power without the use of phasors, and that also allows keeping voltages within a specified range is proposed.




	(3)

	
The TCP model is expressed as a non-linear discrete optimization problem, which is successfully solved through a meta-heuristic technique.









This paper is organized as follows. In Section 1, the introduction is presented. Section 2 presents the generalization of equivalent circuit and equations of TCP considering transformers with different construction features. In Section 3, power chargeability is defined and its applications to minimize power losses are explained. In Section 4, the proposed method is implemented in a set of three tap-changing TCP. Finally, the more relevant conclusions are presented in Section 5.




2. Tap-Changing TCP


Connection of transformers in parallel consists on connecting the primary windings of all transformers to the same power source and the secondary windings to the same load. Parallel operation of transformers is correct when: No transformer secondary current flows in the no-load state, transformers are loaded proportionally to their rated power and the respective currents of individual transformers are in phase with each other. These conditions are fulfilled if the following requirements are met:




	(1)

	
Rated voltages, both primary and secondary, should be the same (within an error of 0.5%).




	(2)

	
Transformers should have the same group of connections with the same hourly shift.




	(3)

	
Short-circuit voltages of the transformers should not differ by more than 10%.




	(4)

	
The operational power ratio should not be bigger than 1/3 of any transformer.









If some of these conditions are not complied, internal circulating currents appear due to voltage unbalances, which increase power losses in transformers. Therefore, TCP with different parameters produce an asymmetric distribution of currents between the windings of the TCP; each current depends on the voltage magnitude imposed in the secondary side of each transformer and the position of the taps.



Figure 1 represents the one-line diagram equivalent circuit for three-phase TCP with load. The subscript   k   is used to denote the position for each transformer (    t k    ). Then,    k = 1 ,   2 ,   3 ,   … , x   ; being   x   the total number of TCP.     V p     is the primary voltage,     a k     is the voltage ratio according to tap position,     V  s _ k   =  V p  /  a k     is the secondary voltage for each transformer,     Z  s h _ k      is the short-circuit impedance, and     I k     is the current provided for each transformer to the load. Finally,     n  m _ k      is the tap number of each transformer, so    m = 1 ,   2 ,   3 ,   … , q   ; being   q   the last tap position of transformer     t k    .



Equation (1) is obtained when Kirchhoff’s voltage law is applied in the transformer secondary sides (   l o o  p 1    ,    l o o  p 2    , …,    l o o  p k    ), the last row in Equation (1) is obtained by applying Kirchhoff’s current law in node   A  .


    [       V p  /  a 1         V p  /  a 2       ⋮       V p  /  a k       ⋮       V p  /  a x       0     ]  =  3  ·  [       Z  s h _ 1      0   …   0   0   0     Z l       0     Z  s h _ 2      …   0   0   0     Z l       0   0   ⋱   0   0   0   ⋮     0   0   0     Z  s h _ k      0   0     Z l       0   0   0   0   ⋱   0   ⋮     0   0   0   0   0     Z  s h _ x        Z l         1   3         1   3       …     1   3       …     1   3        −  1   3         ]  ·  [       I 1         I 2       ⋮       I k       ⋮       I x         I l       ]    



(1)







In Equation (1), voltage ratios (    a 1    ,     a 2    , …     a k    , …     a x    ) are represented by each nominal voltage ratio (    a  N _ 1     ,     a  N _ 2     , …     a  N _ k     , …     a  N _ x     ) and tap step percentage (   t s  p 1    ,    t s  p 2    , …    t s  p k    , …    t s  p x    ) of each transformer as follows.


    a k  =  a  N _ k   ·  (  1 +  n  m _ k   ·   t s  p k    100    )    



(2)







Equation (2) allows calculating voltage ratio according to the transformer tap position. As it is aforementioned, the main goal of this paper is to find     n  m _ k      of each transformer such as power losses in TCP are minimized. To achieve this, it is necessary to solve the system of equations formed by Equations (1) and (2). Equation (1) is nonlinear with discrete variables, because the discrete voltage ratios are considered according to Equation (2). The solution of the equation system allows obtaining the currents, which each transformer provides to the load.




3. Power Chargeability in TCP and Problem Description


3.1. Problem Description


Figure 2 shows the apparent power phasors for TCP     (   S 1  ,     S 2  ,    … ,    S k  ,   … ,    S x   )     and the power load phasor     (   S l   )     demanded by the load. It is considered that the load demands a resistive-inductive power. Each     S k     phasor can be decomposed in direct and quadrature components taking     S l     as a reference. The direct components     (   S   l 1    ,     S   l 2    ,    … ,    S   l k    ,    … ,    S   l x     )     are in phase with     S l     and are considered in this paper as efficient since they produce currents that directly flow from TCP to the load. The quadrature components     (   S  l o s  s 1    ,     S  l o s  s 2    ,    … ,     S  l o s  s k    ,    … ,     S  l o s s _ x    )     are in quadrature with     S l     and are considered in this paper as inefficient since they produce recirculating currents between the TCP; in other words, the sum of all quadrature components is zero (    ∑  k = 1  x   S  l o s s _ k     ) yielding to undesirable energy interchange between the TCP. Equation (3) can be used to quantify such undesirable energy interchange presented in Figure 2; it is observed that the load consumes less power than the one provided by the transformers due to the quadrature components of     S k    .


    S l  <   ∑   k = 1  x   S k    



(3)








3.2. Condition 1: Operation of Transformers in Similar Power Chargeability


The situation illustrated by Equation (3) and Figure 2 can be solved when there are not quadrature components of     S k    , being all     S k     phasors in phase with     S l    . This is an ideal situation where     S l    =  ∑  k = 1  x   S k    , (see Figure 3); to approximate to this case, condition 1, operation of transformers in similar power chargeability, presented in Equation (4) is proposed to minimize quadrature components. Condition 1 allows carrying out all TCP to similar power chargeability minimizing the mismatching between the TCP chargeability and the desired chargeability (    S  c _ l   =  S l  /  S  N _ t     ); where     S  N _ t      is the total nominal power available from all transformers (sum of all TCP nominal powers     S  N _ t   =  ∑  k = 1  x   S  N _ k     ). The losses minimization is obtained when all transformer powers are delivered to the load, then power flows are not recirculating between transformers. This condition is fulfilled when all TCP are in equal power chargeability. Power chargeability     S  c _ k      of a transformer is defined as the ratio between the apparent power provided by the transformer (    S k    ) and its nominal power (    S  N _ k     ) where (    S  c _ k   =  S k  /  S  N _ k     ).


       min   ∑   k = 1  x     (   S  c _ k   −  S  c _ l    )   2   ⏟    condition   1     



(4)








3.3. Condition 2: Load Voltage into Admissible Range


Condition 2, load voltage into admissible range, given by Equation (5), is used to keep the load voltage within an allowed range. Note that in this case, condition 2 is zero when the deviation of the load voltage    (  V l  )    with respect to the nominal load voltage    (  V  N _ l   )    is less than 5%; otherwise, it is greater than zero. Figure 4 shows the condition 2 delimiting an admitted zone where the voltage is in the allowed range and a penalization zone where the voltage is not in the permitted range.


       max  (   |  1 −    V l     V  N _ l      |  − 0.05 ,     0  )   ⏟    condition   2     



(5)








3.4. Methodology


The objective consists on finding the tap positions of all TCP so that transformers operate with similar power chargeability and the load voltage is kept within the allowed range. To achieve this, the embedded Genetic Algorithm (GA) routine of Matlab [18] is used in order to obtain the best tap positions for the TCP. It is worth to mention that any other meta-heuristic technique can be applied for this purpose. The main aim of this paper is not the solution method but the model for power loss minimization in TCP. A GA is a meta-heuristic technique that mimics the process of natural selection. It starts with a set of randomly generated set with candidate solutions, then these solutions or individuals go through a process of selection, crossover and mutation in which the algorithm explores the search space and gradually improves the quality of the initial set of solutions [19]. GAs belong to the larger set of evolutionary algorithms which have been widely used in engineering applications [20,21]. The main advantage of GA lies in the fact that they are able to provide high-quality solutions for non-convex, non-linear optimization problems. In this case, the default parameters of the Matlab GA were used, providing adequate results. The decision variables for the optimization process are the tap positions (    n  m _ k     ) of each transformer. A vector represents a candidate solution, as it is indicated in Figure 5. Every entry of such vector indicates the tap position of the corresponding transformer.



3.4.1. Fitness Function


The GA is used to minimize the fitness function given by Equation (6); subject to the constraints given by Equations (1) and (2). Constants     C 1     and     C 2     are used to weigh the contribution of each condition in the fitness function. In this way, it is possible to focus the optimization process to obtain a better result in power chargeability balance or load voltage regulation according to the constant magnitudes.


   minimize  {       C 1  ·   ∑   k = 1  x     (   S  c _ k   −  S  c _ l    )   2   ⏟    condition   1   +      C 2  · max  (   |  1 −    V l     V  N _ l      |  − 0.05 ,     0  )   ⏟    condition   2    }    



(6)







Condition 1 implies that all TCP are in similar power chargeability guaranteeing the reduction of circulating currents and power losses minimization, while condition 2 is used to keep the load voltage within an admissible range. Condition 1 can be modified when it is necessary to select the best chargeability in a period divided in several load conditions. In this case, condition 1 is weighed with the load energy     (   S k  · ∆  T k   )     for each load condition as illustrated in Equation (7), being    ∆  T k     the load duration time.


   minimize  {       C 1  ·   ∑   k = 1  x     (   S   c k    −  S   c l     )   2  ·  (   S k  · ∆  T k   )   ⏟    condition   1   +      C 2  · max  (   |  1 −    V l     V  N _ l      |  − 0.05 ,     0  )   ⏟    condition   2    }    



(7)








3.4.2. Input and Output Data of the Proposed Method


The input data to optimize TCP are: Primary voltage     V p    , transformer short-circuit impedances     Z  s h _ k     , load impedance     Z l    , nominal voltage ratios     a  N _ k     , maximum tap value of each transformer     n  q _ k      and transformer tap step percentages    t s  p k    . The GA output data are: each tap step position     n  m _ k     , each transformer chargeability     S k     and the load voltage     V l    .






4. Tests and Results


In this section, the proposed method is implemented with three TCP feeding a load with power variations in an operation period. The optimization was done in two common cases as follows: (1) The control is an OLTC system, such as, tap positions are automatically set according to the variation of the power demanded by the load; (2) the control is manual and taps are set in a fixed position for all operation during a time frame.



Figure 6 shows three load profiles with lagging power factor (   p f   ), which are used to feed the three tap-changing TCP. In profile 1, the load demanded is     S l  = 100   kVA    with    p f = 0.92    for three hours; in profile 2, the load demanded is     S l  = 130   kVA    with    p f = 0.96    for four hours; finally, in profile 3, the load demanded is     S l  = 150   kVA    with    p f = 0.91    for three hours.



Table 1 shows the characteristics of the three tap-changing TCP. Note that transformers with different construction features (nominal power     S  N _ k     , short-circuit impedance     Z  s h _ k     , primary nominal voltage     V  N p _ k     , secondary nominal voltage     V  N s _ k     , maximum tap position     n  q _ k      and tap step percentage (   t s  p k    ) were considered.



4.1. Optimization with an OLTC System


An OLTC system is a controller used to changing tap positions automatically during load state changes without transformer disconnections. In this case, the OLTC system sets the tap positions for each load profile of Figure 6. Table 2 shows the results obtained for the three load profiles; so for each transformer is obtained: Tap position, power chargeability, mismatching voltage in the load and the wanted chargeability. Note that for load profile 1, there are different tap positions for all transformers (    n  m _ 1   = 2   ,     n  m _ 2   = 3    and     n  m _ 3   = 1   ); however, transformers 1 and 2 have equal power chargeability (    S  c _ 1   =  S  c _ 2   = 66.05 %   ) being the chargeability of transformer 3 less than the ones of     S  c _ 1      and     S  c _ 2      (    S  c _ 3   = 56.62 %   ). However, transformer 3 has the major tap step yielding a major chargeability mismatch between     S  c _ l     ; therefore, the optimization process sets the tap in position 1 of transformer 3 so that     S  c _ 3      does not surpass the wanted chargeability (    S  c _ l   = 61.16 %   ). The load voltage mismatch is 4.22%, fulfilling the load voltage constraint of 5% with respect to the nominal load voltage.



In load profile 2, all tap positions are different (    n  m _ 1   = 3   ,     n  m _ 2   = 4    and     n  m _ 3   = 1   ); nevertheless, all transformers present similar chargeability (    S  c _ 1   = 72.82 %   ,     S  c _ 2   = 78.34 %    and     S  c _ 3   = 81.92 %   ) close to     S  c _ l   = 78.29 %   . In this case, transformer 2 has the closest chargeability to     S  c _ l     , yielding minimum circulating currents in the system due to transformer 2. However, it is guaranteed the best operation point for transformers 1 and 2 (    S  c _ 1      and     S  c _ 3      are close to     S  c _ l     ) with the load voltage mismatch within the admissible range (4.95%) according to tap step restrictions.



In load profile 3, the effect of different tap steps in transformers 1 and 2 is observed, both transformers have the same tap position (    n  m _ 1   =  n  m _ 2   = 1   ) but different chargeability (    S  c _ 1   = 85.60 %    and     S  c _ 2   = 94.14 %   ). In this case, transformer 2 has the closest chargeability to     S  c _ l     . This minimizes the circulating currents in the system since transformer 3 is approximately charged at its maximum (    S  c _ 3   = 99.65 %   ). The optimization process sets all transformers in an operation point where the chargeabilities are close to the desired chargeability (    S  c _ l   = 94.67 %   ) and the mismatching voltage is less than 5% in this profile (2.70%).



The transformers considered in this test exhibit different short circuit impedances, tap numbers, tap steps and rated powers; therefore their tap adjustments do not allow the chargeability to be equal to     S  c _ l     . However, the tap setting obtained thorough the GA guarantees an operation point where power losses are minimal and the load voltage remains within an admissible range (0–5%).




4.2. Optimization without OLTC System


In this case, an automatic controller is not available and transformer taps must be adjusted only one time for the operation period (10 h) during the three load profiles (Figure 6). This condition exhibits a more challenging task since the taps must be kept fixed in a position for all load profiles; in consequence, it is necessary to find the best operation point where power losses are minimal throughout the operation period. In this case, the optimization process is performed considering the fitness function given by Equation (7).



Table 3 shows the results for the three load profiles, obtaining tap position, power chargeability, mismatching voltage, the wanted chargeability and duration time of each profile. The tap positions     n  m _ 1   = 1   ,     n  m _ 2   = 1    and     n  m _ 3   = 0    obtained are kept fixed throughout the operation period. In load profile 1, every transformer exhibits a different power chargeability (    S  c _ 1   = 54.70 %   ,     S  c _ 2   = 61.48 %    and     S  c _ 3   = 71.42 %   ). The load voltage mismatch is 1.97%, fulfilling the load voltage constrain of 5% with respect to the nominal load voltage. In comparison with load profile 1 of the OLTC case, the voltage mismatch is lower; however differences in the chargeability of transformers are greater and further form the desired value (    S  c _ l   = 61.16 %   ), being the chargeability of transformer 2 the closest to     S  c _ l     .



In load profile 2, every transformer also has a different power chargeability (    S  c _ 1   = 76.97 %   ,     S  c _ 2   = 82.89 %    and     S  c _ 3   = 87.21 %   ) and the load voltage mismatch is 2.12%. In comparison with the load profile 2 from OLTC case, the chargeabilities are more sparse of     S  c _ l   = 83.03 %   . However, the obtained tap settings guarantee a voltage mismatch lower than the one obtained with the OLTC system, and chargeabilities closer to     S  c _ l   = 83.03 %   .



In load profile 3, the results are the same as those reported in Table 2 with OLTC system. This is because load profile 3 is the one that demands the highest power. Therefore, load profile 3 presents the major power losses and the optimization process prioritizes this profile. Nevertheless, load profiles 1 and 2 also comply with conditions 1 and 2, guaranteeing the best power chargeability balance and load voltage in the admissible range.




4.3. Optimization Performance


Figure 7 and Figure 8 depict the best and mean value of the fitness function versus the number of generations, for the two cases under study: with and without OLTC system, respectively. Note that from the beginning of the optimization process (approximately within the first five generations), the best value of the fitness function quickly reaches values close to zero (the optimal solution). According to the objective function given by Equation (6), this means that after a few generations, among the current population of competing solutions there is at least one that minimizes power losses of the TCP and keeps the voltages within established limits. Despite of this fact; in each iteration, the GA continues to explore the search space to try to find better solutions, in this way the mean value of the fitness function quickly reduces as the algorithm iterates.





5. Conclusions


In this paper, a method for minimizing power losses in tap-changing TCP was proposed and implemented. The proposed method allows setting all TCP in one operation point where all transformers have similar power chargeability. The power chargeability balance allows reducing the quadrature components from transformer powers given to load due to circulating currents between TCP, guaranteeing power losses minimization. Furthermore, the optimization process takes into account load-voltage constraints; hence, transformers taps are obtained so that the load voltage remains within the admissible range. The optimization process delivers the transformer tap positions in the best operation point taking into account the constraints in power chargeability balance and load voltage; in consequence, the proposed method can be used for changing tap positions in conventional OLTC systems with different load profiles. In addition, the proposed method can be used in manual controllers without OLTC system. In this case, the tap positions must be fixed throughout the operation period.



The main contribution of the paper is a model for minimizing power loses in TCP that considers different parameters such as: short-circuit impedance, rated power, rated primary voltage, rated secondary voltage, tap step percentage and tap numbers. Therefore, a general method is proposed for optimizing the TCP operation even if transformers have different construction features. Several tests performed with three TCP showed the applicability of the proposed approach, being able to minimize power losses and keep voltage profile within an admissible range.



The test results show consistence between the two applications presented: with and without OLTC system. In the former application, the tap positions are obtained for each load profile setting the transformers in similar chargeability, guaranteeing power loss minimization; in the latter application, the tap positions are obtained for the most critical load profile; however, guaranteeing the best possible power chargeability balance while keeping load voltage within the admissible range for all load profiles. In the optimization performed considering the OLTC system, three different sets of tap positions were obtained (one for each load profile). However, without the OLTC system only one set of tap positions is obtained for all load profiles. It was found that despite of the flexibility provided by the OLTC system, lower voltage mismatches were obtained when a single set of tap positions is considered for all load profiles.
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Figure 1. One-line diagram equivalent circuit of transformers connected in parallel (TCP) with load. 
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Figure 2. Load and TCP power phasors in the non ideal case. P (W), Q (VAr), S (VA). 
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Figure 3. Load and TCP power phasors in the ideal case where     S l  =  ∑  k = 1  x   S k    . 
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Figure 4. Load voltage constrain (condition 2), load voltage into admissible range. 
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Figure 5. Codification of candidate solutions. 
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Figure 6. Load profiles in the operation period. 
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Figure 7. Optimization processes with OLTC system: best and mean value of the fitness function versus number of generations. 
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Figure 8. Optimization processes without OLTC system: best and mean value of the fitness function versus number of generations. 
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Table 1. Tap-changing transformers data.
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	     t k     
	     S  N _ k         (kVA)
	     Z  s h _ k       (%)
	     V  N p _ k       (kV)
	     V  N s _ k       (kV)
	     n  q _ k      
	    t s  p k      (%)





	    t 1    
	30
	3.0
	13.2
	240
	6
	1.5



	    t 2    
	45
	3.0
	13.2
	240
	6
	1



	    t 3    
	75
	3.5
	13.2
	240
	7
	3
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Table 2. Optimization results for TCP with an OLTC system.
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Load Profile

	
Transformer 1

	
Transformer 2

	
Transformer 3

	
Voltage Mismatch (%)

	
     S  c _ l       (%)




	
     n  m _ 1      

	
     S  c _ 1       (%)

	
     n  m _ 2      

	
     S  c _ 2       (%)

	
     n  m _ 3      

	
     S  c _ 3       (%)






	
1

	
2

	
66.05

	
3

	
66.05

	
1

	
56.62

	
4.22

	
61.16




	
2

	
3

	
72.82

	
4

	
78.34

	
1

	
81.92

	
4.95

	
78.29




	
3

	
1

	
85.60

	
1

	
94.14

	
0

	
99.65

	
2.70

	
94.67











[image: Table] 





Table 3. Optimization results for TCP without OLTC system.
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Load Profile

	
Time (h)

	
Transformer 1

	
Transformer 2

	
Transformer 3

	
Voltage Mismatch (%)

	
     S  c _ l       (%)




	
     n  m _ 1      

	
     S  c _ 1       (%)

	
     n  m _ 2      

	
     S  c _ 2       (%)

	
     n  m _ 3      

	
     S  c _ 3       (%)






	
1

	
3

	
1

	
54.70

	
1

	
61.48

	
0

	
71.42

	
1.97

	
64.06




	
2

	
4

	
76.97

	
82.89

	
87.21

	
2.12

	
83.03




	
3

	
3

	
85.60

	
94.14

	
99.65

	
2.70

	
94.67
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