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Abstract

:

A distribution network is one of the main parts of a power system that distributes power to customers. While there are various types of power distribution networks, a recently introduced novel structure of an aromatic network could begin a new era in the distribution levels of power systems and designs of microgrids or smart grids. In order to minimize blackout periods during natural disasters and provide sustainable energy, improve energy efficiency and maintain stability of a distribution network, it is essential to configure/reconfigure the network topology based on its geographical location and power demand, and also important to realize its self-healing function. In this paper, a strategy for reconfiguring aromatic networks based on structures of natural aromatic molecules is explained. Various network structures are designed, and simulations have been conducted to justify the performance of each configuration. It is found that an aromatic network does not need to be fixed in a specific configuration (i.e., a DDT structure), which provides flexibility in designing networks and demonstrates that the successful use of such structures will be a perfect solution for both distribution networks and microgrid systems in providing sustainable energy to the end users.
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1. Introduction


Extreme natural hazards such as hurricanes have led to severe damages to the existing power grid systems over the years [1,2,3]. A total of 16 such events were reported in 2017 alone (including the famous hurricanes Maria, Harvey and Irma), leading to over 300 billion-dollar damages [4]. The existing power system is exceptionally vulnerable to the disruptions due to such natural hazards. For instance, study [5] states that more than 80% of all long-term power outages have been caused by the extreme weather events. Hurricane Sandy in 2012 had a severe impact on the United States power grid leaving approximately eight million people without power across the 15 states [6]. Later in 2017, approximately a quarter of a million people in Texas were left without power due to hurricane Harvey [7]. According to study [8], the number of power outages and power system grid damages is expected to increase in future as the current situation of climate change has increased the frequency and intensity of extreme weather events. As a result, grid resilience is increasingly critical, providing a pressing need for power system researchers to develop a robust and resilient power grid system to minimize severe disruptions [9].



Furthermore, study [10] elaborates that the current power grids remain vulnerable and exposed to natural disasters, hence, many power system industries are focusing onto establishing effective methods of restoring the distribution systems quickly after the damages from disasters to make the power system grid resilient rather than protecting the power grids from disasters (such as storms) directly [6]. Restoration of distribution systems that aims at restoring critical loads after fault by modifying the topological structure (reconfiguring) of the distribution network has been comprehensively reviewed in the literature.



Civanlar et al. [11,12] conducted research on reconfiguring a primary distribution feeder to reduce losses using a scheme for planning and control with a heuristic method. A look-up table-based algorithm and a Pareto-optimization-based algorithm have been used to solve the network reconfiguration issues to achieve minimum power loss and maximum reliability of the distribution system [13]. A generic algorithm technique was used in [14,15] to reconfigure a distribution network. An optimum flow pattern was obtained by solving the Kirchhoff’s Voltage Law (KVL) and Kirchhoff’s Current Law (KCL) in [16], reconfigurations have been used to reduce resistive line losses in [17,18], and sensitivity, optimum power flow and heuristics techniques employed to reconfigure networks in [19,20]. Simulated annealing technique-based reconfigurations of distribution networks using methods for searching for an unacceptable non-inferior solution were proposed in [21,22,23]. The effectiveness of a network reconfiguration with shunt capacitors was highlighted by [24]. In [25], a time-varying load for reducing distribution losses through a network reconfiguration was considered. A generic algorithm-based fuzzy multi-objective methodology and evolutionary computation techniques for solving network reconfiguration problems in radial distribution networks were presented in [26]. Models for reconfiguring a network to minimize the energy supply cost and energy loss were proposed in [27,28]. To minimize the total loss, the problem of determining the state of switching devices in distribution networks was addressed in [29].



In online reconfigurations of active distribution networks conducted in [30], the computational burden of the optimization procedure was drastically reduced by exploiting the assessment of switching actions. In [31], an algorithm for an improved multi-agent particle swarm optimization (PSO) technique for overcoming distribution network reconfiguration problems was proposed. It combined the learning, competition and cooperation mechanisms of multi-agent technology and used the von Neumann topology in a PSO algorithm. Risk-based reconfigurations of electric distribution networks considering a reward/penalty scheme with load and generation uncertainties were presented in [32], with PSO and a scenario theory for solving optimization problems and modeling risk presented. To minimize power losses, deviations of nodes’ voltages and branches’ current constraint violations, reconfigurations of distribution networks considering harmonic loads were performed in [33]. A new fuzzy multi-criteria decision-making algorithm and software for the reconfiguration of a distribution network considering an analysis of the power losses of sub-transmission systems was developed in [34]. While the methods discussed above solved the problems of power and energy losses due to a fault, a straightforward robust optimization method for network reconfiguration considering load uncertainties was used in [35].



At times, natural disasters damage the substations as well which limits the main grid from supplying power to the distribution system causing blackout in isolated areas. In such a scenario, the traditional approach of restoring the distribution system does not guarantee continuous power supply to the customers after natural disaster. An alternative approach has been mentioned in [36] stating that the distributed generation (DG) units managed by microgrids can help in providing support to the critical loads after major fault occurs on main grid. However, it is a very difficult task which may also take a lot of time to efficiently form microgrids from several DGs in the distribution system especially in the case of damages done by a natural disaster.



In [37,38], dichlorodiphenyltrichloroethane (DDT), a chemical compound used as a pesticide in the early 1990s, was introduced recently for power distribution system (by our research team) with its network characteristics. The aromatic network was specifically designed to overcome the power outage issues during natural disasters making the distribution system more robust and resilient. In [37], various fault scenarios were tested on the aromatic network to verify its robustness and self-healing characteristics. However, how this aromatic structure could be configured, and reconfigured if necessary, during a fault was not explained. Hence, in this paper, a generalized method for configuring an aromatic network, which is applicable for reconfiguring various higher-order aromatic network structures, is explained. Due to the simplicity and effectiveness regarding uncertain loads of the method used in [35], this paper modifies it for the design of a generalized scheme for configuring a new aromatic network and then reconfiguring it using higher-order Aromatic structures.



The remainder of this paper is organized as follows. Section 2 describes the original aromatic network. Section 3 formulates the approach of configuring aromatic network and reconfiguring it to other various higher order network structures. Section 4 provides analytical results and discussion, and we conclude in Section 5.




2. Description of Aromatic Network


An aromatic network was designed to overcome the drawbacks of three existing power distribution networks (radial, ring and mesh) in [37] where two physical sub-structures with similar chemical structures to that of benzene are connected through a Point of Common Coupling (PCC) that form a DDT-shaped physical structure for an Aromatic distribution network, as shown in Figure 1. Each benzene structure contains six buses, each of which is associated with its two neighboring ones connected via overhead and/or underground lines.



These benzene structures are synchronized through the slack bus (at the PCC) that can be connected to a synchronous generator, renewable energy source (i.e., wind, solar, hydro, etc.) or utility grid. Additional benzene structures can be connected to the PCC as, at this point; the chemical structure of DDT has more than one chlorine atom.



An aromatic network is limited to connecting only one renewable energy source per benzene structure to improve its stability while other buses can be connected with distributed generation (i.e., synchronous generators, batteries, etc.) together with their respective loads.



Each bus consists of a control system known as an ‘agent’ that can communicate with the nearest adjacent bus of the benzene-shaped physical structures of the Aromatic distribution network. These agents can provide information to users regarding the status of the system’s voltage, frequency and other necessary parameters.



A global control system can be used at the PCC (slack bus) of an aromatic network to synchronize the two benzene structures which also provide the status of the grid (demand, generation, faults, etc.) to the national utility management system. This system contains wireless network technology for the agents to communicate and local and global control systems [39].



An aromatic network has an automatic self-healing mechanism that reconfigures its structure following any fault; for instance, if a fault occurs at a single-bond overhead transmission line, the benzene structure of an Aromatic network starts to behave like a radial network but, if a fault occurs at a double-bond lines, the overhead transmission lines are instantly substituted by the underground cables and the operation of the network remains normal. If a fault occurs between the slack bus and benzene structure or even if a fault occurs at the substation, a bus connected to a distribution generator (i.e., a diesel generator) acts as a slack bus for the benzene structure and automatically starts to operate as a micro grid. The implementation of aromatic networks will bring a new era to the power systems as it will increase the robustness and resilience of distribution system during natural disasters. A significant reduction in power outage time (blackout period) during natural disasters could be successfully achieved through an aromatic network.




3. Configuration of Basic Aromatic Network (DDT Structure)


The previous section has described the aromatic network and its importance on power system especially during natural disasters. In this section, the formulation of aromatic network configuration in DDT structure and its reconfigurations into higher-order aromatic networks based on other aromatic molecules are explained with reference to real time applications.



3.1. Aromatic Network—Configuration 1 (DDT)


An aromatic network with a DDT structure is the fundamental structure of this topology with two benzenes connected to it through the PCC, as shown in Figure 2. Each benzene structure has a maximum of six nodes identified by letters and numbers; for instance, in this configuration, as ‘a’ and ‘b’ sub-networks, with point Xi indicating the coupling point of the two, where i is the number of coupling points in each.



Spanning Tree for DDT Structure


For the configuration of the aromatic network with a DDT structure, it is essential to first configure its benzene structure considering that αl is a variable for the overall connection status of each benzene structure and a binary variable representing the connection between two adjacent nodes. The conditions for network radiality are based on the concept that every node, except the root (sub-station node), has exactly one parent node but, in ring, mesh and aromatic networks, there is more than one parent node. It is considered that, in the case of a fault, an aromatic network will work like a radial one which is expressed by the following constraints:


   α l  = (  a n   a m  +  a m   a n  ) ,             l = 1 , 2 .  



(1)







Equation (1) shows the generic configuration for a network where:


    ∑  m ∈ N ( n )     a  n m     =   ∑  m ∈ N ( n )     a  m n     = k  



(2)







Equation (2) indicates a network structure with a value of k. If this value is equal to 1, each node except the root one has exactly one parent which indicates a radial network and, if it is more than 1, the network is not a radial one. Therefore, when a benzene structure “a” is connected to a slack bus (CCP), Equation (1) will be:


   α 1  = (  a  n m   +  a  m n   ) + (  a n   x i  +  x i   a n  )  



(3)




where, the value of k is more than 1 and Xi represents the node of the slack bus. Figure 2 shows the structure of an Aromatic DDT network, the configuration of which is presented in Equations (4) and (5) based on Equation (1).


     α 1  = (  a 1   a 2  +  a 2   a 1  ) + (  a 2   a 3  +  a 3   a 2  ) + (  a 3   a 4  +  a 4   a 3  ) + (  a 4   a 5  +  a 5   a 4  ) + (  a 5   a 6  +  a 6   a 5  ) +     (  a 6   a 1  +  a 1   a 6  ) + (  a 1   x i  +  x i   a 1  )    



(4)






     α 2  = (  b 1   b 2  +  b 2   b 1  ) + (  b 2   b 3  +  b 3   b 2  ) + (  b 3   b 4  +  b 4   b 3  ) + (  b 4   b 5  +  b 5   b 4  ) +     (  b 5   b 6  +  b 6   b 5  ) + (  b 6   b 1  +  b 1   b 6  ) + (  b 1   x i  +  x i   b 1  )    



(5)




where ‘a’ and ‘b’ are the specific (sub-network) benzene structures and the suffixes their nodes, a1a2 is a binary variable that equals one if bus a2 is the parent of bus a1 and zero otherwise. Similarly, a2a3 is a binary variable equal to 1 if bus a3 is the parent of bus a2 and 0 otherwise, and so on, and Equation (6) is the overall configuration of an aromatic network (DDT) which connects two benzene structures through the coupling point (xi).



The overall connection status of the DDT configuration is then:


   α  F c o n 1   =  α 1  +  α 2   



(6)




where α1 and α2 are the configurations of benzene structures ‘a’ and ‘b’ which are connected to the coupling point xi. The real and reactive power balance of each bus is represented by:


   p n  −   ∑  m ∈ N ( n )      p n   p m    =  P n D            ∀ n ∈ N  



(7)






   q n  −   ∑  m ∈ N ( n )      q n   q m    =  Q n D            ∀ n ∈ N  



(8)




where    p n    is the real power injected at bus n (n = 1,2,…, 6),    P n    D    the forecast real power demand at bus n,    q n    the reactive power injected at bus n (n = 1,2,…, 6),    Q n    D    the forecast reactive power demand at bus n, N the set of buses and N(n) the set of buses connected to bus n.


   p n  ≤  P  m a  x n              ∀ n ∈  N s   



(9)






   q n  ≤  Q  m a  x n              ∀ n ∈  N s   



(10)







Equations (9) and (10) determine the capacity of the PCC (Xi), where    P  m a  x n      is the maximum real power allowed at the PCC,    Q  m a  x n      is the maximum reactive power allowed at the PCC and Ns is the set of sub-stations which is a subset of N.



The power flow equations and their convex relaxations are expressed as:


   p n   p m  =  2   G L   u n L  −  G L   r L  −  B L   t L   



(11)






   p m   p n  =  2   G L   u m L  −  G L   r L  −  B L   t L   



(12)






   q n   q m  = −  2   B L   u n L  +  B L   r L  +  G L   t L   



(13)






   q m   q n  = −  2   B L   u m L  +  B L   r L  +  G L   t L   



(14)






   r L 2  +  t L 2  ≤ 2  u n L   u m L   



(15)




where    p n   p m    and    q n   q m    are the real and reactive power flows from bus n to bus m respectively,    G L    is the conductance of line L,    u n L    and    u m L    are the auxiliary variables introduced in the convex relaxations of the equations for the ac power flow,    r L    is a variable introduced in the convex relaxations of the ac power flow equations which corresponds to    v n   v m  c o s (  θ n  −  θ m  )  , where    v n   v m    are voltages and    θ n  ,  θ m    the voltage angles of the two terminal buses (n and n + 1) of line L and    t L    a variable introduced in the convex relaxations of the ac power flow equations which corresponds to    v n   v m  s i n (  θ n  −  θ m  )  .


  0 ≤  u n L  ≤    V  m a  x n   2     2     α  F c o n i    



(16)






  0 ≤  u m L  ≤    V  m a  x m   2     2     α  F c o n i    



(17)






  0 ≤  u n  −  u n L  ≤    V  m a  x n   2     2    ( 1 −  α  F c o n i   )  



(18)






  0 ≤  u m  −  u m L  ≤    V  m a  x m   2     2    ( 1 −  α  F c o n i   )  



(19)







Equations (16)–(19) link the network configuration variable (   α  F c o n i    ) to the auxiliary variables (   u n L  ,  u m L   ) while Equations (20)–(25) determine the limits of the current and voltage flows.


   u n L  +  u m L  −  2   r 1  ≤    I  m a x , L  2     2  (  G 1 2  +  B 1 2  )    



(20)






   P n  ≥ 0 ;           ∀ n ∈ N  



(21)






  O ≤  r 1  ≤  V  m a  x n     V  m a  x m     



(22)






  −  V  m a  x n     V  m a  x m    ≤  t 1  ≤  V  m a  x n     V  m a  x m     



(23)






     V  m i  n n   2     2    ≤  u n  ≤    V  m a  x n   2     2    ;           ∀ n ∈ N  



(24)






   u n L  ,  u m L  ≥ 0  



(25)




where    V  m a  x n      is the maximum voltage allowed at bus n,    V  m i  n n      is the minimum voltage allowed at bus n and    I  m a x , L  2    is the maximum current flow allowed on line L.



The aforementioned equations provide the load flow of an aromatic network which, in the case of a fault, needs to be reconfigured. In this paper, a case scenario has been considered that the network will work like a radial network with multiple faults in the structure when the faults occur in single-bond overhead lines and the respective lines will be disconnected. Open circuit faults considering broken conductors are applied to lines connecting nodes a1 and a6 for benzene “a” and line connecting nodes b1 and b2 for benzene “b” as shown in Figure 3.



Therefore, this DDT network’s reconfiguration can be expressed by modifying Equations (4)–(6) as (26).


     α  F c o 1   = (  a 1   a 2  +  a 2   a 1  ) + (  a 2   a 3  +  a 3   a 2  ) + (  a 3   a 4  +  a 4   a 3  ) + (  a 4   a 5  +  a 5   a 4  ) +     (  a 5   a 6  +  a 6   a 5  ) + (  a 1   x i  +  x i   a 1  ) + (  b 2   b 3  +  b 3   b 2  ) + (  b 3   b 4  +  b 4   b 3  ) + (  b 4   b 5  +  b 5   b 4  ) +     (  b 5   b 6  +  b 6   b 5  ) + (  b 6   b 1  +  b 1   b 6  ) + (  b 1   x i  +  x i   b 1  )    



(26)







However, if a fault occurs in double-bond lines, these overhead lines will be replaced by underground cables with the modified Aromatic configuration shown in Figure 3 (self-healed network) represented by Equations (27)–(29).


     α ′    1  = (  a ′    1   a ′    2  +  a ′    2   a ′    1  ) + (  a 2   a 3  +  a 3   a 2  ) + (  a ′    3   a ′    4  +  a ′    4   a ′    3  ) + (  a 4   a 5  +  a 5   a 4  ) +     (  a ′    5   a ′    6  +  a ′    6   a ′    5  ) + (  a 6   a 1  +  a 1   a 6  ) + (  a 1   x i  +  x i   a 1  )    



(27)






     α ′    2  = (  b 1   b 2  +  b 2   b 1  ) + (  b ′    2   b ′    3  +  b ′    3   b ′    2  ) + (  b 3   b 4  +  b 4   b 3  ) + (  b ′    4   b ′    5  +  b ′    5   b ′    4  ) +     (  b 5   b 6  +  b 6   b 5  ) + (  b ′    6   b ′    1  +  b ′    1   b ′    6  ) + (  b 1   x i  +  x i   b 1  )    



(28)






   α ′     F c o n 1   =  α ′    1  +  α ′    2   



(29)




where    a ′    1   a ′    2   ,    a ′    3   a ′    4    and    a ′    5   a ′    6   , and    b ′    2   b ′    3   ,    b ′    4   b ′    5    and    b ′    6   b ′    1    represent the underground cables in benzene structures ‘a’ and ‘b’ respectively.



The original DDT based aromatic network has been designed considering the Institute of Electrical and Electronics Engineers (IEEE) 13 bus test system. However, it has not been justified if the original aromatic network could be scaled to a larger network to be implemented in a real environment. To justify this, another level of benzene network has been added to the DDT network forming a triphenylmethanol structure as shown in the following section.





3.2. Aromatic Network—Configuration 2 (Triphenylmethanol)


Triphenylmethanol contains three benzene structures and an alcohol group bound to a central tetrahedral carbon atom. Therefore, to connect an additional benzene structure to configuration 1 (DDT), a triphenylmethanol structure is used. The schematic of this configuration as shown in Figure 4, which has another set of benzene structures (c) added to the network as expressed in (30) and (31):


     α 3  = (  c 1   c 2  +  c 2   c 1  ) + (  c 2   c 3  +  c 3   c 2  ) + (  c 3   c 4  +  c 4   c 3  ) + (  c 4   c 5  +  c 5   c 4  ) + (  c 5   c 6  +  c 6   c 5  )     + (  c 6   c 1  +  c 1   c 6  ) + (  c 1   x i  +  x i   c 1  )    



(30)






   α  F c o n 2   =  α 1  +  α 2  +  α 3   



(31)




where    c 1   c 2   ,    c 2   c 3   ,    c 3   c 4   ,    c 4   c 5    and    c 5   c 6    represents overhead connections of benzene structure ‘c’.



As this research is conducted based on considering that faults will occur and the configuration of the aromatic network will be like that of a radial one, three different faults are applied in this triphenylmethanol structure (configuration 2) to make it radial (considering that these damages have been done due to the natural disaster), as shown in Figure 5. A fault at each benzene structure has been introduced by disconnecting the lines between nodes a1 and a6 for benzene “a” b1 and b2 for benzene “b” and c1 and c2 for benzene “c”



The overall configuration of this triphenylmethanol network during a fault is expressed as (32).


      α ′   F c o 2   = (  a 1   a 2  +  a 2   a 1  ) + (  a 2   a 3  +  a 3   a 2  ) + (  a 3   a 4  +  a 4   a 3  ) + (  a 4   a 5  +  a 5   a 4  ) + (  a 5   a 6  +  a 6   a 5  )     + (  a 1   x i  +  x i   a 1  ) + (  b 2   b 3  +  b 3   b 2  ) + (  b 3   b 4  +  b 4   b 3  ) + (  b 4   b 5  +  b 5   b 4  ) + (  b 5   b 6  +  b 6   b 5  ) +     (  b 6   b 1  +  b 1   b 6  ) + (  b 1   x i  +  x i   b 1  ) + (  c 2   c 3  +  c 3   c 2  ) + (  c 3   c 4  +  c 4   c 3  ) + (  c 4   c 5  +  c 5   c 4  ) +     (  c 5   c 6  +  c 6   c 5  ) + (  c 6   c 1  +  c 1   c 6  ) + (  c 1   x i  +  x i   c 1  )    



(32)








3.3. Aromatic Network–Configuration 3 (Acenaphthylene)


Acenaphthylene is a polycyclic aromatic hydrocarbon in which every atom in the ring is conjugated and in a form of a flat planner molecule. An additional overhead line and an underground cable are added to the Aromatic DDT network to obtain this acenaphthylene structure for a power distribution network. This structure is suitable for small islands with high load demands where the utility grid is not available, the slack bus will be supported by the DGs. The acenaphthylene structure can effectively handle high load demands with minimum or no voltage profile issues with the help of an extra overhead and transmission line connecting a3 and b3 of the original DDT structure. Figure 6 shows that a3 and b3 are connected to achieve this structure which is represented as:


   α  F c o n 3   =  α 1  +  α 2  +  α 4   



(33)




where    α 4  = (  a 3   b 3  +  b 3   a 3  )  



This network is capable of handling more than one fault until it achieves a minimum radial structure. In this case, the worst-case scenario is considered by applying three broken conductors (between nodes a1 and a3 for benzene “a”, b1 and b2, b3 and b4 for benzene “b”) on the acenaphthylene structure, as shown in Figure 7, to obtain a so-called radial system.



The expression for the final configuration of the acenaphthylene network with faults is represented using (34).


      α ′   F c o 3   = (  a 3   a 4  +  a 4   a 3  ) + (  a 4   a 5  +  a 5   a 4  ) + (  a 5   a 6  +  a 6   a 5  ) + (  a 6   a 1  +  a 1   a 6  ) + (  a 1   a 2  +  a 2   a 1  )     + (  a 1   x i  +  x i   a 1  ) + (  b 2   b 3  +  b 3   b 2  ) + (  a 3   b 3  +  b 3   a 3  ) + (  b 4   b 5  +  b 5   b 4  ) + (  b 5   b 6  +  b 6   b 5  ) +     (  b 6   b 1  +  b 1   b 6  ) + (  b 1   x i  +  x i   b 1  )    



(34)







A summary based on the above equations of all aromatic network configurations and reconfigurations have been shown in Table 1. The decision parameters “1” and “0” represent the connection status to determine how the network is configured (“1” signifies connect while “0” disconnect).





4. Analysis and Discussion


The three configurations were set up in a simulation environment using the Electrical Transient and Analysis Program (ETAP) software, load flow and harmonics analyses were conducted, and the results presented in this section. The reconfigured networks (faulted networks) were also simulated at various fault scenarios as described in Section 3. The load flow of the original and the faulted structures were done to determine the impact of faults on each network, whereas harmonics analysis was done to determine the quality of each structure. The results of the aromatic network configurations are then compared with the existing radial, ring and mesh networks in this section to justify the performance of each aromatic network configuration.



4.1. Load Flow Analysis


To evaluate the load flows of different configurations for the aromatic distribution networks, the aforementioned equations for load flow were used. Both a configuration’s normal operating and faulty conditions (radial structure) were used to determine its load flow in order to understand the network’s performances in these situations.



4.1.1. Load Flow of Configuration 1 (DDT)


The basic configuration of aromatic network (DDT structure) was set up in an ETAP software environment as configuration 1, as shown in Figure 8. Its design is a modified version of an IEEE 13-bus radial distribution network [37,38,40]. Although the buses were renumbered from 100 to 112 and follow a unique numbering pattern, their ratings are similar to those of the IEEE 13-bus radial network. The basic aromatic network was implemented to compare its performance with the traditional networks (radial, ring and mesh from the previous research in [38]) and other aromatic configurations (based on triphenylmethanol and acenaphthylene structures).



It can be seen from Table 2, that only one marginal voltage bus (under the normal operation of the DDT structure) had an operating voltage of 102.67% indicating that Bus 100 (the slack bus) had an over-voltage. The marginal and critical voltage limits used in this section are those considered in [38] and all the buses are rated as 4.16 kV. Table 2 shows the real and reactive power loadings of each bus, with the maximum ones of the slack bus 3.031 MW and 1.455 MVar respectively. It was observed that the network performed well in both the DDT and radial structures (reconfigured network). However, the voltage profile in the reconfigured one was slightly poor considering variations in its voltage level and lower-end voltages, with Buses 109, 110 and 111 having slightly lower voltages.




4.1.2. Load Flow of Configuration 2 (Triphenylmethanol)


The software setup for configuration 2 is shown in Figure 9, in which another set of benzene structure was connected to the aromatic DDT network at the PCC (Bus 100) to obtain a triphenylmethanol structure, the performance of which was evaluated. Since the buses in this structure follow the same pattern as in the DDT one, they were numbered from 100 to 118.



A load flow analysis of the normal and reconfigured Triphenylmethanol structures was conducted and the results presented in Table 2.



These results show that the number of marginal buses remained the same as in the DDT network under normal operation. This indicates that adding another level of benzene structure does not significantly affect the voltage profile of the aromatic network operating normally as a triphenylmethanol structure. However, the number of marginal buses increased for the faulty triphenylmethanol structure operating as a radial network.




4.1.3. Load Flow of Configuration 3 (Acenaphthylene)


The acenaphthylene-based structure of an aromatic network in the simulation environment is shown in Figure 10 in which the DDT one had additional transmission lines (both underground and overhead) to connect Buses 104 and 109.



A load flow analysis of the acenaphthylene configuration shows that the only marginal bus for the acenaphthylene structure is the slack one under normal operating conditions. The acenaphthylene structure was much better under normal than reconfigured conditions (radial structure made from acenaphthylene) when the number of marginal buses increased to 5. Buses 100, 107, 108, 111 and 112 suffered from over-voltage issues with operating voltages of 102.67%, 102.6%, 102.58%, 102.4% and 102.46%, respectively. Voltage drops were observed at the lower-end buses of the radial configuration (Buses 103, 104, 109 and 110), as shown in Table 2.



Table 3 presents load flow results of the existing distribution networks [38]. The results from classical networks (radial, ring and mesh) have then been compared to the aromatic network configurations (Table 2) and it have been found that the voltage profile of each aromatic network configuration is more stable in terms of critical bus number and voltage level in the network.



A distribution network operates directly with its load and suffers from power quality issues [41]. Configuration of the network has an impact on power quality. One indicator of power quality is the presence of harmonics in the network. The next section discusses the harmonics analyses conducted to understand the power quality in the aromatic networks with the various configurations previously designed.





4.2. Harmonic Analyses of Aromatic Configurations


Two major indicators of harmonic distortions used in this research are the total harmonic distortion (THD) and the individual harmonic distortion (IHD).



The THD is the ratio of the rms of all the harmonics to the fundamental component and IHD the ratio of the given harmonics to the fundamental one, as defined in Equations (35) and (36), respectively.


  T H D =       ∑ 2 ∞    F 2    i         F i     



(35)






  I H D =    F i     F 1     



(36)







Harmonics analyses of the DDT configurations and radial conditions are performed with the results presented in Table 4 and Table 5 for Voltage IHDs (VIHDs) and Voltage THDs (VTHDs), respectively.



The VIHDs of the aromatic DDT structures (configuration 1 to 3) are presented in Table 4 in which the voltage distortions and their corresponding harmonic orders are given for both the normal DDT structure and the reconfigured one operating as a radial network. These networks have an impact on the 5th, 7th and 11th order harmonics.



The VTHD results for the voltage distortion fundamentals and VTHD percentages of the aromatic and reconfigured structures are presented in Table 5. In most of the cases, the aromatic structures are better than the reconfigured (radial) network in terms of VIHDs and VTHD. The voltage distortion fundamental is within the limits for aromatic and for reconfigured configurations, however, a slight voltage drop has been observed for the reconfigured configurations.



In this work, various aromatic distribution networks were analyzed. Firstly, one based on the concept of DDT was configured and a load flow analysis conducted. It was determined that, using the configuration method defined in Equations (1)–(38), its load flow could find acceptable levels of the operating voltage and power while a harmonics analysis found that it has marginal 5th order harmonics.



Configuration 2 is similar to configuration 1 but with an additional benzene structure at the slack bus. The load flow results were within the limits which indicate that the DDT based aromatic network could be scaled and implemented in larger suburbs/communities without having any voltage issues.



Similarly, for configuration 3 (acenaphthylene), the load flow shows that the system operated with an over-voltage at the slack bus (Bus100) while the harmonics levels of all the buses were within acceptable limits.





5. Conclusions


In this paper, constructing aromatic distribution networks using a configuration technique is explained. As in previous work, it is observed that an aromatic network with a DDT structure is more efficient and attractive than other existing ones, with reconfigured aromatic networks and analyses of their load flows and harmonics analysis included in this work. The simulation results are promising and prove that structures based on an aromatic network are flexible and provide the freedom for utility companies to reconfigure from one aromatic structure to another without reducing a system’s performance. The computational results demonstrate that an aromatic network could be the best option for future designs of smart grids in proving sustainable energy. The aromatic network designs have been presented to few companies who have shown interest; however, it will take few years to implement a new aromatic network in real time as more validation apart from voltage stability and power quality is required. Hence, a great deal of research for the implementation of aromatic networks is essential. Several issues, including economic viability, optimization of generation, energy storage and control technique, could be interesting topics for future work.
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Figure 1. Aromatic network [37]. 






Figure 1. Aromatic network [37].
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Figure 2. Aromatic network—Configuration 1 (DDT). 
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Figure 3. Aromatic network as radial network—Configuration 1. 
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Figure 4. Aromatic network—Configuration 2. 
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Figure 5. Aromatic network as radial network—Configuration 2. 
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Figure 6. Aromatic network—Configuration 3. 
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Figure 7. Aromatic network as radial network—Configuration 3. 
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Figure 8. Aromatic network—Configuration 1 (DDT) in ETAP. 
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Figure 9. Aromatic network—Configuration 2 (triphenylmethanol) in ETAP. 
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Figure 10. Aromatic network—Configuration 3 (acenaphthylene) in ETAP. 
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Table 1. Connection status of aromatic network configurations and reconfigurations.
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	Decision Variable
	DDT Structure
	Reconfigured DDT Structure
	Triphenylmethanol Structure
	Reconfigured Triphenylmethanol
	Acenaphthylene Structure
	Reconfigured Acenaphthylene Structure





	a1a2
	1
	1
	1
	1
	1
	1



	a2a1
	1
	1
	1
	1
	1
	1



	a2a3
	1
	1
	1
	1
	1
	0



	a3a2
	1
	1
	1
	1
	1
	0



	a3a4
	1
	1
	1
	1
	1
	1



	a4a3
	1
	1
	1
	1
	1
	1



	a4a5
	1
	1
	1
	1
	1
	1



	a5a4
	1
	1
	1
	1
	1
	1



	a5a6
	1
	1
	1
	1
	1
	1



	a6a5
	1
	1
	1
	1
	1
	1



	a6a1
	1
	0
	1
	0
	1
	1



	a1a6
	1
	0
	1
	0
	1
	1



	a1xi
	1
	1
	1
	1
	1
	1



	xia1
	1
	1
	1
	1
	1
	1



	b1xi
	1
	1
	1
	1
	1
	1



	xib1
	1
	1
	1
	1
	1
	1



	b1b2
	1
	0
	1
	0
	1
	0



	b2b1
	1
	0
	1
	0
	1
	0



	b2b3
	1
	1
	1
	1
	1
	1



	b3b2
	1
	1
	1
	1
	1
	1



	b3b4
	1
	1
	1
	1
	1
	0



	b4b3
	1
	1
	1
	1
	1
	0



	b4b5
	1
	1
	1
	1
	1
	1



	b5b4
	1
	1
	1
	1
	1
	1



	b5b6
	1
	1
	1
	1
	1
	1



	b6b5
	1
	1
	1
	1
	1
	1



	b6b1
	1
	1
	1
	1
	1
	1



	b1b6
	1
	1
	1
	1
	1
	1



	xic1
	0
	0
	1
	1
	0
	0



	c1xi
	0
	0
	1
	1
	0
	0



	c1c2
	0
	0
	1
	0
	0
	0



	c2c1
	0
	0
	1
	0
	0
	0



	c2c3
	0
	0
	1
	1
	0
	0



	c3c2
	0
	0
	1
	1
	0
	0



	c3c4
	0
	0
	1
	1
	0
	0



	c4c3
	0
	0
	1
	1
	0
	0



	c4c5
	0
	0
	1
	1
	0
	0



	c5c4
	0
	0
	1
	1
	0
	0



	c5c6
	0
	0
	1
	1
	0
	0



	c6c5
	0
	0
	1
	1
	0
	0



	c6c1
	0
	0
	1
	1
	0
	0



	c1c6
	0
	0
	1
	1
	0
	0



	a3b3
	0
	0
	0
	0
	1
	1



	b3a3
	0
	0
	0
	0
	1
	1
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Table 2. Load flow of aromatic networks.
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Bus ID

	
MW Loading

	
MVar Loading

	
Voltage at Aromatic Configuration

	
Voltage of Reconfigured Networks




	
Con. 1

	
Con. 2

	
Con. 3

	
Con. 1

	
Con. 2

	
Con. 3

	
Con. 1

	
Con. 2

	
Con. 3

	
Con. 1

	
Con. 2

	
Con. 3






	
Bus 100

	
3.031

	
3.776

	
3.031

	
1.455

	
2.261

	
1.455

	
102.67

	
102.67

	
102.67

	
102.67

	
102.67

	
102.67




	
Bus 101

	
1.218

	
0.201

	
1.218

	
0.88

	
0.094

	
0.88

	
101.93

	
101.89

	
101.93

	
101.78

	
101.78

	
100.7




	
Bus 102

	
1.033

	
0.5

	
1.033

	
0.797

	
0.082

	
0.797

	
101.6

	
101.92

	
101.6

	
101.83

	
101.83

	
100.43




	
Bus 103

	
0.792

	
0.126

	
0.792

	
0.759

	
0.104

	
0.759

	
101.08

	
101.91

	
101.08

	
101.85

	
101.85

	
99.82




	
Bus 104

	
1.29

	
0.126

	
1.29

	
0.757

	
0.058

	
0.757

	
100.8

	
101.88

	
100.8

	
101.84

	
101.84

	
99.5




	
Bus 105

	
1.284

	
0.133

	
1.284

	
0.752

	
0.11

	
0.752

	
100.28

	
101.88

	
100.28

	
101.85

	
101.85

	
101.29




	
Bus 106

	
1.154

	
1.261

	
1.154

	
0.659

	
0.864

	
0.659

	
99.95

	
101.93

	
99.95

	
101.93

	
101.93

	
101.33




	
Bus 107

	
1.696

	
0.27

	
1.696

	
0.551

	
0.468

	
0.551

	
101.93

	
101.94

	
101.93

	
101.7

	
101.7

	
102.6




	
Bus 108

	
0.392

	
1.258

	
0.392

	
0.209

	
0.689

	
0.209

	
101.88

	
101.99

	
101.88

	
101.99

	
101.99

	
102.58




	
Bus 109

	
0.219

	
0.812

	
0.219

	
0.291

	
0.481

	
0.291

	
101.9

	
101.54

	
101.9

	
99.81

	
99.81

	
99.14




	
Bus 110

	
0.045

	
0.843

	
0.045

	
0.561

	
0.462

	
0.561

	
101.95

	
101.38

	
101.95

	
99.87

	
99.87

	
99.2




	
Bus 111

	
0.1

	
0.369

	
0.1

	
0.27

	
0.176

	
0.27

	
101.88

	
101.48

	
101.88

	
100.3

	
100.3

	
102.4




	
Bus 112

	
0.46

	
0.769

	
0.46

	
0.3

	
0.467

	
0.3

	
101.75

	
101.67

	
101.75

	
100.97

	
100.97

	
102.46




	
Bus 113

	
-

	
0.312

	
-

	
-

	
0.137

	
-

	
-

	
101.93

	
-

	
-

	
101.89

	
-




	
Bus 114

	
-

	
0.173

	
-

	
-

	
0.185

	
-

	
-

	
101.92

	
-

	
-

	
101.8

	
-




	
Bus 115

	
-

	
0.1

	
-

	
-

	
0.418

	
-

	
-

	
101.97

	
-

	
-

	
101.81

	
-




	
Bus 116

	
-

	
0.5

	
-

	
-

	
0.29

	
-

	
-

	
101.91

	
-

	
-

	
101.67

	
-




	
Bus 117

	
-

	
0.1

	
-

	
-

	
0.115

	
-

	
-

	
101.94

	
-

	
-

	
101.61

	
-




	
Bus 118

	
-

	
1.255

	
-

	
-

	
0.683

	
-

	
-

	
101.99

	
-

	
-

	
102

	
-
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Table 3. Load flow of existing networks.






Table 3. Load flow of existing networks.





	
Bus ID

	
MW Loading

	
MVar Loading

	
Voltage at Classic Networks




	
Radial

	
Ring

	
Mesh

	
Radial

	
Ring

	
Mesh

	
Radial

	
Ring

	
Mesh






	
Bus 632

	
3.528

	
2.547

	
2.520

	
1.467

	
1.472

	
1.378

	
102.56

	
102.67

	
102.67




	
Bus 633

	
0.405

	
0.585

	
1.222

	
0.300

	
0.424

	
0.668

	
102.31

	
102.31

	
102.01




	
Bus 634

	
0.400

	
0.574

	
0.592

	
0.290

	
0.404

	
0.344

	
100.28

	
99.41

	
101.69




	
Bus 645

	
0.424

	
1.846

	
1.187

	
0.217

	
0.970

	
0.637

	
102.34

	
101.69

	
102.04




	
Bus 646

	
0.240

	
1.652

	
0.339

	
0.138

	
0.876

	
0.202

	
102.21

	
100.80

	
101.85




	
Bus 652

	
0.128

	
0.126

	
0.132

	
0.086

	
0.085

	
0.089

	
100.26

	
99.29

	
101.72




	
Bus 671

	
2.569

	
0.598

	
1.584

	
0.796

	
0.717

	
0.719

	
100.44

	
98.55

	
101.69




	
Bus 675

	
0.843

	
0.843

	
0.843

	
0.603

	
0.683

	
0.662

	
100.24

	
98.41

	
101.56




	
Bus 680

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
100.44

	
98.55

	
101.69




	
Bus 684

	
0.299

	
1.734

	
0.500

	
0.086

	
0.743

	
0.089

	
100.32

	
99.34

	
101.78




	
Bus 685

	
0.170

	
1.415

	
0.173

	
0.101

	
0.832

	
0.169

	
100.27

	
100.05

	
101.79




	
Bus 692

	
1.015

	
0.844

	
0.830

	
0.151

	
0.220

	
0.199

	
100.44

	
98.55

	
101.69
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Table 4. VIHDs of aromatic networks.
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Bus ID

	
VIHD at Aromatic Configuration (%)

	
VIHD at Reconfigured Configuration (%)

	
Order




	
Con1

	
Con2

	
Con3

	
Con1

	
Con2

	
Con3






	
Bus100

	
2.92

	
4.75

	
2.93

	
2.91

	
4.78

	
2.92

	
5




	
Bus101

	
3.58

	
5.38

	
3.61

	
4.42

	
6.22

	
3.72

	
5




	
Bus102

	
3.71

	
5.51

	
3.75

	
-

	
6.23

	
3.94

	
5




	
Bus103

	
3.44

	
5.41

	
3.64

	
4.06

	
5.89

	
3.97

	
5




	
Bus104

	
3.53

	
5.33

	
3.57

	
3.86

	
5.69

	
3.97

	
5




	
Bus105

	
3.44

	
5.24

	
3.47

	
3.61

	
5.45

	
3.32

	
5




	
Bus106

	
3.32

	
5.13

	
3.35

	
3.30

	
5.16

	
3.32

	
5




	
Bus107

	
3.63

	
5.52

	
3.61

	
3.66

	
5.60

	
3.69

	
5




	
Bus108

	
3.43

	
5.30

	
3.42

	
3.41

	
5.32

	
3.43

	
5




	
Bus109

	
3.55

	
5.42

	
3.52

	
4.04

	
5.94

	
3.97

	
5




	
Bus110

	
3.62

	
5.48

	
3.58

	
4.04

	
5.94

	
3.97

	
5




	
Bus111

	
3.69

	
5.56

	
3.66

	
4.04

	
5.94

	
4.07

	
5




	
Bus112

	
3.89

	
5.75

	
3.86

	
4.04

	
5.95

	
4.07

	
5




	
Bus113

	
-

	
5.45

	
-

	
-

	
5.66

	
-

	
5




	
Bus114

	
-

	
5.74

	
-

	
-

	
6.25

	
-

	
5




	
Bus115

	
-

	
5.88

	
-

	
-

	
6.55

	
-

	
5




	
Bus116

	
-

	
5.94

	
-

	
-

	
6.91

	
-

	
5




	
Bus117

	
-

	
5.49

	
-

	
-

	
6.91

	
-

	
5




	
Bus118

	
-

	
5.31

	
-

	
-

	
5.36

	
-

	
5




	
Bus100

	
-

	
2.79

	
1.65

	
-

	
2.81

	
1.65

	
7




	
Bus101

	
-

	
3.04

	
1.99

	
-

	
3.36

	
2.03

	
7




	
Bus102

	
-

	
3.09

	
2.06

	
-

	
3.37

	
2.13

	
7




	
Bus103

	
-

	
3.07

	
2.03

	
-

	
3.26

	
2.17

	
7




	
Bus104

	
-

	
3.04

	
1.99

	
-

	
3.18

	
2.17

	
7




	
Bus105

	
-

	
3.00

	
1.93

	
-

	
3.08

	
1.84

	
7




	
Bus106

	
-

	
2.94

	
1.86

	
-

	
2.96

	
1.84

	
7




	
Bus107

	
-

	
3.28

	
2.06

	
-

	
3.32

	
2.13

	
7




	
Bus108

	
-

	
3.13

	
1.94

	
-

	
3.15

	
1.97

	
7




	
Bus109

	
-

	
3.19

	
1.98

	
-

	
3.41

	
2.17

	
7




	
Bus110

	
-

	
3.22

	
2.00

	
-

	
3.41

	
2.17

	
7




	
Bus111

	
-

	
3.25

	
2.05

	
-

	
3.41

	
2.29

	
7




	
Bus112

	
-

	
3.34

	
2.15

	
-

	
3.42

	
2.29

	
7




	
Bus113

	
-

	
3.26

	
-

	
-

	
3.40

	
-

	
7




	
Bus114

	
-

	
3.47

	
-

	
-

	
3.80

	
-

	
7




	
Bus115

	
-

	
3.57

	
-

	
-

	
4.00

	
-

	
7




	
Bus116

	
-

	
3.51

	
-

	
-

	
4.10

	
-

	
7




	
Bus117

	
-

	
3.26

	
-

	
-

	
4.10

	
-

	
7




	
Bus118

	
-

	
3.16

	
-

	
-

	
3.20

	
-

	
7




	
Bus100

	
-

	
-

	
1.88

	
-

	
-

	
1.97

	
11




	
Bus101

	
-

	
-

	
2.13

	
-

	
-

	
2.16

	
11




	
Bus102

	
-

	
-

	
2.17

	
-

	
-

	
2.21

	
11




	
Bus103

	
-

	
-

	
2.23

	
-

	
-

	
2.30

	
11




	
Bus104

	
-

	
-

	
2.21

	
-

	
-

	
2.30

	
11




	
Bus105

	
-

	
-

	
2.14

	
-

	
-

	
2.06

	
11




	
Bus106

	
-

	
-

	
2.06

	
-

	
-

	
2.06

	
11




	
Bus107

	
-

	
1.72

	
2.45

	
-

	
1.61

	
2.72

	
11




	
Bus108

	
-

	
1.61

	
2.26

	
-

	
1.52

	
2.47

	
11




	
Bus109

	
-

	
-

	
2.25

	
-

	
-

	
2.30

	
11




	
Bus110

	
-

	
-

	
2.25

	
-

	
-

	
2.30

	
11




	
Bus111

	
-

	
-

	
2.29

	
-

	
-

	
2.73

	
11




	
Bus112

	
-

	
-

	
2.40

	
-

	
-

	
2.73

	
11
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Table 5. VTHDs of aromatic networks.






Table 5. VTHDs of aromatic networks.





	
Bus ID

	
Voltage Distortion Fundamental at Original Config.

	
VTHD (%) at Original Configuration

	
Voltage Distortion Fundamental at Reconfigured Config.

	
VTHD (%) at Reconfigured Configuration




	
Con1

	
Con2

	
Con3

	
Con1

	
Con2

	
Con3

	
Con1

	
Con2

	
Con3

	
Con1

	
Con2

	
Con3






	
Bus100

	
-

	
102.67

	
102.67

	
-

	
5.70

	
3.94

	
-

	
102.67

	
102.67

	
-

	
5.72

	
3.98




	
Bus101

	
-

	
101.89

	
101.75

	
-

	
6.33

	
4.72

	
-

	
101.78

	
100.70

	
-

	
7.20

	
4.82




	
Bus102

	
-

	
101.92

	
101.76

	
-

	
6.46

	
4.87

	
-

	
101.83

	
100.43

	
-

	
7.21

	
5.05




	
Bus103

	
101.79

	
101.91

	
101.71

	
4.64

	
6.38

	
4.82

	
101.85

	
101.85

	
99.82

	
5.15

	
6.87

	
5.14




	
Bus104

	
101.75

	
101.88

	
101.67

	
4.55

	
6.30

	
4.74

	
101.84

	
101.84

	
99.50

	
4.92

	
6.66

	
5.14




	
Bus105

	
101.56

	
101.88

	
101.73

	
4.44

	
6.21

	
4.61

	
101.85

	
101.85

	
101.29

	
4.63

	
6.40

	
4.39




	
Bus106

	
101.48

	
101.93

	
101.81

	
4.31

	
6.09

	
4.43

	
101.93

	
101.93

	
101.33

	
4.29

	
6.10

	
4.39




	
Bus107

	
-

	
101.94

	
102.07

	
-

	
6.68

	
4.97

	
-

	
101.70

	
102.60

	
-

	
6.75

	
5.22




	
Bus108

	
-

	
101.99

	
102.11

	
-

	
6.39

	
4.65

	
-

	
101.99

	
102.58

	
-

	
6.41

	
4.80




	
Bus109

	
-

	
101.54

	
101.74

	
-

	
6.52

	
4.74

	
-

	
99.81

	
99.14

	
-

	
7.04

	
5.14




	
Bus110

	
-

	
101.38

	
101.61

	
-

	
6.58

	
4.78

	
-

	
99.87

	
99.20

	
-

	
7.04

	
5.14




	
Bus111

	
-

	
101.48

	
101.69

	
-

	
6.66

	
4.88

	
-

	
100.30

	
102.40

	
-

	
7.04

	
5.53




	
Bus112

	
-

	
101.67

	
101.84

	
-

	
6.87

	
5.14

	
-

	
100.97

	
102.46

	
-

	
7.05

	
5.53




	
Bus113

	
-

	
101.93

	
-

	
-

	
6.63

	
-

	
-

	
101.89

	
-

	
-

	
6.87

	
-




	
Bus114

	
-

	
101.92

	
-

	
-

	
7.03

	
-

	
-

	
101.80

	
-

	
-

	
7.65

	
-




	
Bus115

	
-

	
101.97

	
-

	
-

	
7.23

	
-

	
-

	
101.81

	
-

	
-

	
8.05

	
-




	
Bus116

	
-

	
101.91

	
-

	
-

	
7.19

	
-

	
-

	
101.67

	
-

	
-

	
8.35

	
-




	
Bus117

	
-

	
101.94

	
-

	
-

	
6.65

	
-

	
-

	
101.61

	
-

	
-

	
8.35

	
-




	
Bus118

	
-

	
102.00

	
-

	
-

	
6.44

	
-

	
-

	
102.00

	
-

	
-

	
6.49

	
-
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