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Abstract

This paper proposes an adaptive Newton-Raphson Load Flow (NRLF) method and a multi-objective function for loss minimization and Voltage Stability (VS) enhancement of Radial Distributed System (RDS) in the presence of PQV and P/Q buses. Enhancement in VS of the network is presented in terms of maximum loadability. In the presence of two novel sets of buses, generation bus (i.e., P/Q-bus) and remotely controlled bus (i.e., PQV-bus), optimal DG integration and network reformation in RDS is also presented in this paper. The specified or known quantity for the P/Q bus is only active/reactive power generation. For the PQV bus, the known quantities are Watt and VAr power generations together with the voltage magnitude to be maintained by the generation bus (i.e., P/Q-bus). A multi-objective function is proposed here for P/Q-bus selection, optimal DG integration, and network reformation of RDS. Simulations have been carried out on IEEE 33-bus and 69-bus RDS to demonstrate the effectiveness of the proposed method. Also, the simulation findings are compared with those of relevant peers in the literature to justify the validity of the proposed work.
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1 Introduction
Power system utilities continuously serve the demanded load by distribution system end customers. The existing network infrastructure faces several challenges during planning and operation because of many technical and economic constraints, such as higher network losses, lower voltage stability, and thermal overloading of the lines. Voltage stability is a critical factor in maintaining a system’s security [1]. Increasing load growth in the distribution network may lead to greater voltage instability. This incident may lead to voltage collapse and thus power blackouts in a certain or whole part of the power system network. Additional power injection through integrated renewable Distributed Generation (DG) on a small scale located near the load centers seems to be an effective measure for maintaining voltage stability [2]. Distribution systems, in general, are branched in nature, and current flows from the substation downstream to the end node; hence, a significant amount of increasing voltage drop results in a lower voltage level at the end node, limiting the loadability of that bus as well as the overall system [3]. At the maximum load level, buses would experience a drastic voltage drop, threatening to compromise the system security in terms of voltage stability. The presence of DGs has a great mitigation effect on these challenges. These DGs not only improve system performance but also prove to be the key remedial solution against voltage insecurity if planned properly. The location and size of these resources for planning and execution of the power network are very important in terms of power loss minimization, voltage profile enhancement, maintenance of network security, and other key features. Furthermore, the proper penetration of renewables leads to economic and environmentally friendly solutions over the traditional centralized generation [4].
Voltage stability has been improved by identifying the weakest bus prone to voltage collapse and allocating reactive power compensation at this bus with a novel reactive loss index and fuzzy logic approach [5]. Load factor sensitivity-based Static VAr Compensator placement has been done in [6] to improve the system voltage stability. A sensitivity-based, various DG-type allocation has been investigated in [7] for the enhancement of system loadability with the help of Particle Swarm Optimization (PSO). Maximum loadability in terms of voltage stability limit has been enhanced through renewable DG by allocating optimally within the distribution system [8]. Considering apparent losses and loadability, an index has been proposed in [9] to optimally locate the DG in a voltage-stressed distribution system. DG placement at a growing load has been optimized with the objective to improve voltage stability margin based on a voltage stability index [10]. In another work [11], a practical Japanese test system has been selected to improve the maximum loadability of the system by introducing solar and wind energy-based DGs. The hybrid of PSO and the differential evolutionary algorithm has been presented in [12] to reduce the system losses and improve maximum loadability. In [13] and [14], the impact of optimal DG integration on system loadability, losses, voltage stability, and voltage profile has been tested using an analytical approach. A wind-based Squirrel Cage Induction Generator (SCIG) with a permanently connected capacitor is installed to enhance the voltage collapse index and voltage profile [15]. In [16] authors minimize the IEEE 33 and 69 bus network power loss using a novel hybrid approach, a hybrid of the Plant Growth Simulation (PGS) Algorithm and PSO in the presence of Type-1 and Type-IV DGs. An optimal coordinated operation of volt control devices, distribution network reconfiguration, and photovoltaic inverter for loss reduction and energy saving is proposed in [17] using the Binary Grey Wolf Optimization Algorithm (BGWO).
Altering the network topology by opening and closing the switches and transferring the load to other feeder paths is termed reconfiguration [18, 19]. Different combinations of industrial, commercial, and residential loads are apparent in distribution systems. These loads keep varying at different times of day, month, and year. In such a case, load scheduling by altering the topology may be achieved more efficiently, which leads to reduced losses and improved voltage stability of the system [20, 21]. Network reconfiguration is a fundamental tool to enhance the system performance during the operation of systems such as load balancing, loadability enhancement, voltage profile enhancement, and loss minimization [22, 23]. Loadability enhancement and VAr loss minimization using the solution obtained in the first stage, employing network reformation, has been proposed [24]. A fuzzy rule-based genetic optimization has been presented to improve the VS of a newly reconfigured network [25]. A discrete Artificial Bee Colony approach for loadability improvement of the system based on the Continuation Power Flow (CPF) has been presented in [26, 27]. An efficient multi-objective ɛ-constraints optimizer known as a teaching and learning algorithm is used to enhance the maximum loadability and reduce power loss by altering the topology of the network and placing DGs [28]. Authors in [29] build a general framework for optimal DG integration in a real distribution network to bring sustainability and resilient planning synergy. In [30], a demand response-based optimal planning of DGs and energy storage devices has been proposed by the authors to ensure the financial benefits of both consumers and distribution system operators. Authors in [31] proposed an advanced approach for optimal DG integration in distribution networks for minimizing power loss, voltage deviation, and maximizing system stability and reliability.
A conventional power system usually consists of PQ and PV buses apart from the slack bus. In recent years, researchers have worked on systems with the presence of novel sets of buses known as P, Q, and PQV buses. A P bus has only pre-defined real power generation, but unknown VAr power generation, and a voltage phasor. Similar to the P bus, a Q bus has pre-defined reactive power generation but unknown real power generation, voltage magnitude, and angle. A PQV bus has a voltage angle as the only unknown, and the remaining three quantities are predefined. The voltage magnitude at the PQV bus may be regulated through variation of known quantities at the P bus and/or Q bus. In order to regulate the voltage magnitude of the PQV bus, a P bus is equipped with a variable reactive power source, whereas a Q bus is equipped with a variable real power source [32–34].
The PQV bus was selected based on a criterion of being the farthest bus with the lowest voltage magnitude. For the selection of a P bus in the presence of a PQV bus, the optimization procedure is performed with the connection of a shunt capacitor/reactive power injection device (since at the P bus, reactive power is an unknown variable) to each bus considered at a time. The bus that results in the minimum value of the fitness function with placement of the shunt capacitor/ reactive power injection device is selected as P bus. Similarly, for the selection of a Q bus in the presence of a PQV bus, the optimization procedure is performed with the connection of a Type-1 DG/active power injection device (since at the Q bus, active power is an unknown variable) at each bus considered at a time. The bus that results in the minimum value of the fitness function with placement of Type-1 DG/active power injection device is selected as the Q bus.
In recent works, DG placement and network reconfiguration have been considered in a system employing P and PQV buses for loss minimization [35, 36]. Loss minimization together with voltage stability enhancement has been considered in a system having P and PQV buses [37] through optimal network reconfiguration and DG placement.
1.1 Research gaps and contribution
It has been seen from the literature that very few attempts seem to be made in voltage stability enhancement through voltage magnitude regulation of PQV bus by varying VAr power at P buses. No attempt seems to be made in voltage stability enhancement through regulating the voltage magnitude at the PQV bus by varying the Watt power at the Q bus. The main contributions of this work are:
	
Voltage Stability Margin (VSM) improvement in terms of maximum loadability through regulation of voltage of a remote PQV bus by variable reactive power injection at P bus and variable real power injection at Q bus is proposed.



	
A new multi-objective function comprising a weighted sum of voltage stability margin and power loss is proposed. The proposed multi-objective function is optimized to get minimum power loss and maximum voltage stability margin. Optimization is performed through the Grey Wolf Optimization (GWO) algorithm [38], considering DG size, DG location, and branches to be opened for network reconfiguration as decision variables.





The paper has been structured as follows: Section 2 formulated an objective function for loss minimization and voltage stability enhancement under a set of system operating conditions. Section 3 presents the definition of new bus types and elaborates on the concept of solving Newton–Raphson Load Flow (NRLF) through modification in the Jacobian matrix, considering P/Q and PQV buses. Section 4 presents the methodology to improve the loadability of the network by optimal network reconfiguration and DG integration. Simulations are presented in Section 5, and finally, Section 6 concludes with the research findings of the paper.
2 Objective function and constraints
The present work has proposed a new multi-objective function that has been minimized for a reconfigured distribution network under optimally placed DG with P/Q and PQV buses. Results obtained on multi-objective functions proposed in this work have been compared with the results obtained in [37]. The optimization has been performed using a modified grey wolf optimization approach [38].
2.1 Proposed objective function
Real power loss ([image: Mathematical equation: $ {P}_{\mathrm{loss}}$]) has been considered as the first objective function [image: Mathematical equation: $ {f}_1$] that has been minimized using[image: Mathematical equation: $$ \mathrm{minimize}\left[{f}_1=\enspace {P}_{{loss}}=\sum_{i=1}^bs{w}_i\left[{I}_i^2{R}_i\right]\right],\enspace $$](1)

where, Ii, Ri, and b are the ith branch current, resistance, and total branches of the network, respectively. The binary variable swi represents the switch status of branch-i with 1 and 0 representing closed and open status, respectively.
Quality Load Index (QLI) presented in [31] has been considered here for calculating the maximum loadability of the network. The maximum loadability of a system depends upon its current loading. A lightly loaded system is expected to have a higher loading margin compared to a heavily loaded one. The base case voltage at buses may also determine its maximum loadability, as a bus with a higher voltage magnitude may have more distance from the maximum loading point compared to a bus having a lower voltage magnitude. Therefore, the present work has considered QLI as the second objective function f2 to maximize voltage stability margin through maximum loadability enhancement as given below:[image: Mathematical equation: $$ \mathrm{maximize}\enspace \left[{f}_2={QLI}=\sum_{i=1}^{{nb}}\left[{P}_{{load},i}{V}_i\right]\right], $$](2)

where, Pload,i and Vi are the real power demand and voltage magnitude at bus-i, and nb represents the total number of buses in the network.
The two objective functions have been combined to form a single multi-objective function g. The minimization of the proposed new multi-objective function considers the minimization of real power loss in the network and ensures loadability enhancement by supplying the maximum amount of quality load to the consumers at an enhanced voltage magnitude. The proposed new multi-objective function is minimized using[image: Mathematical equation: $$ \mathrm{minimize}\enspace \left[g=\enspace {w}_1{f}_1-{w}_2{f}_2\right], $$](3)
[image: Mathematical equation: $$ \mathrm{subjected}\enspace \mathrm{to}\enspace {w}_1{+w}_2=1, $$](4)

where, w1 and w2 represent weight assigned to f1 and f2, respectively. The new multi-objective function considers both the real power loss reduction as well as the voltage stability margin enhancement. The proposed multi-objective function given by (3) is minimized for optimal network reformation and DG integration in RDS with P/Q and PQV buses subjected to various constraints. The effectiveness of the proposed multi-objective function is tested by comparing results with results obtained by minimization of multi-objective function proposed in [37] as,[image: Mathematical equation: $$ \mathrm{minimize}\enspace \left[f={w}_1{f}_1-{w}_2{f}_3\right], $$](5)

where,[image: Mathematical equation: $$ {f}_3={DVS}{I}_{{system}}=\sum_{i=1}^{{nb}}\left[{VS}{I}_i\right], $$](6)

where,[image: Mathematical equation: $$ {{VSI}}_i={|V|}_{i-1}^4-4{\left({P}_{{ei}}{X}_i-{Q}_{{ei}}{R}_i\right)}^2-4\left({P}_{{ei}}{R}_i-{Q}_{{ei}}{X}_i\right){\left|V\right|}_{i-1}^2. $$](7)

DVSIsystem defined by (6) represents the Voltage Stability Index for the whole distribution system, whereas VSIi given by (7) represents the Voltage Stability Index for the bus-i [39].
2.2 Constraints
2.2.1 Equality constraints of power balance:
[image: Mathematical equation: $$ {P}_{{grid}}^S+{\sum }_{i=1}^{{ndg}}{P}_{{DG},i}+{P}_{{Qbus}}={\sum }_{i=1}^{{nb}}{P}_{{load},i}+{\sum }_{i=1}^b{P}_{{loss},i}, $$](8)
[image: Mathematical equation: $$ {Q}_{{grid}}^S+\sum_{i=1}^{{ndg}}{Q}_{{DG},i}+{Q}_{{sh}}={\sum }_{i=1}^{{nb}}{Q}_{{load},i}+{\sum }_{i=1}^b{Q}_{{loss},i}, $$](9)
where, [image: Mathematical equation: $ {P}_{{grid}}^S,\enspace {Q}_{{grid}}^S$] are Watt and VAr power supplied by the grid, respectively. Pload,i, Qload,i are the Watt and VAr demand, respectively, at ith bus and Ploss,i, Qloss,i are Watt and VAr power losses, respectively, in ith branch. PDG,i, QDG,i are Watt and VAr, respectively, supplied by ith DG, Qsh represents the VAr injected at P bus by a variable VAr source, PQbus represents the Watt power injected by a variable real power source at Q bus, and ndg is the number of DGs available.
In this work, only one P bus and only one Q bus have been considered to regulate the voltage magnitude of the PQV bus. However, the work may be extended to consider multiple numbers of P and Q buses. Also, placement of one additional DG (apart from the DG at the Q bus) at an optimal location is considered in this work in case of loss minimization and voltage stability enhancement under the Q, PQV bus pair.
2.2.2 Inequality constraints of DG size and system operation:
[image: Mathematical equation: $$ {P}_{{DG}}\le {\sum }_{i=1}^{{nb}}{P}_{{load},i}+{\sum }_{i=1}^b{P}_{{loss},i}, $$](10)
[image: Mathematical equation: $$ {Q}_{{DG}}\le {\sum }_{i=1}^{{nb}}{Q}_{{load},i}+{\sum }_{i=1}^b{Q}_{{loss},i}, $$](11)
[image: Mathematical equation: $$ {P}_{{bus}}\enspace {or}\enspace {Q}_{{bus}}\ne \enspace {{PQV}}_{{bus}}, $$](12)
[image: Mathematical equation: $$ {{DG}}_{{loc}}\ne {Q}_{{bus}}, $$](13)
[image: Mathematical equation: $$ {V}_{i,{min}}\le {V}_i\le {V}_{i,{max}}, $$](14)
[image: Mathematical equation: $$ {I}_k\le {I}_{k,{max}}\enspace \hspace{1em}\forall \enspace \mathrm{k}\enspace =\enspace 1,\enspace 2,\enspace \dots,{b}. $$](15)
Where equation (10) represents the maximum Watt power generated by the Type-1 DG, which should be less than or equal to the sum of the total load and loss of the network. Similarly, equation (11) shows the maximum VAr power generation limit for Type-2 DG. Equations (14) and (15) represent the volt and Ampere limits for each bus of the network.
2.2.3 Radiality constraint
Radiality of the reconfigured network must be ensured without letting any load bus be disconnected from the system.[image: Mathematical equation: $$ b={nb}-1. $$](16)

3 An adaptive NRLF with PQV and P/Q buses
3.1 Types of buses for NRLF studies
Conventional Newton–Rapson Load Flow (NRLF) method considers three types of buses (viz., slack bus, P bus, and Q bus). However, the modified NRLF presented in this work considered additional bus types- P bus, Q bus, and PQV bus. The specified and unknown quantities at different types of buses are given in Table 1.
Table 1 
Types of buses.


3.2 Jacobian matrix for an adaptive NRLF with PQV and Q buses
Inclusion of the Q and PQV bus pair in the system needs to update the Jacobian matrix for solving the Newton–Raphson load flow. Here, the voltage of the PQV bus is regulated by the Watt power injection at the Q bus. A Q bus is equipped with a controllable real power source, with its real power generation not pre-specified, and fixed reactive power generation. In this work, the Q bus is considered to be connected to a variable real power source, only, and therefore, VAr power generation at the Q bus is considered zero here. Hence, the Watt power generation at the Q bus needs to be solved as a state variable. The concept of Q and PQV buses has been explained through a 5 bus system in Figure 1 with bus-3 and bus-5 considered as the Q bus, and PQV bus, respectively. Since the real power at the Q bus is not known, hence ∆P3 at Q bus-3 is removed from the mismatch vector. For the system having bus-3 as the Q bus to control the voltage of PQV bus-5, the augmented set of equations for corrections and mismatches take the form given by (17) and (18).[image: Mathematical equation: $$ \mathbf{\Delta V}=\left[\begin{array}{ccc}{\Delta V}_2& {\mathrm{\Delta V}}_3& {\mathrm{\Delta V}}_4\end{array}\right], $$](17)
[image: Mathematical equation: $$ \mathbf{\Delta }{P}=\left[\begin{array}{ccc}\Delta {P}_2& \Delta {P}_4& \Delta {P}_5\end{array}\right]. $$](18)
	[image: Thumbnail: Figure 1 Refer to the following caption and surrounding text.]	Figure 1 Five bus network with novel Q, PQV bus pair.





Let,[image: Mathematical equation: $$ {Y}={JX}, $$](19)

where,[image: Mathematical equation: $$ {Y}={[\begin{array}{cc}\Delta {P}_2& \Delta {P}_4\end{array}\enspace \Delta {P}_5\enspace \Delta {Q}_2\enspace \Delta {Q}_3\enspace \Delta {Q}_4\enspace \Delta {Q}_5]}^T, $$](20)
[image: Mathematical equation: $$ {X}={[\begin{array}{cc}{\mathrm{\Delta \delta }}_2& {\mathrm{\Delta \delta }}_3\end{array}{\enspace \mathrm{\Delta \delta }}_4{\enspace \mathrm{\Delta \delta }}_5{\enspace \mathrm{\Delta V}}_2{\enspace \mathrm{\Delta V}}_3{\enspace \mathrm{\Delta V}}_4]}^T, $$](21)
[image: Mathematical equation: $$ {J}=\left[\begin{array}{c}\frac{{{\partial P}}_2}{\partial {\delta }_2}\enspace \frac{{{\partial P}}_2}{\partial {\delta }_3}\enspace \frac{{{\partial P}}_2}{\partial {\delta }_4}\enspace \frac{{{\partial P}}_2}{\partial {\delta }_5}\enspace \frac{{{\partial P}}_2}{\partial {V}_2}\enspace \frac{{{\partial P}}_2}{\partial {V}_3}\enspace \frac{{{\partial P}}_2}{\partial {V}_4}\\ \frac{{{\partial P}}_4}{\partial {\delta }_2}\enspace \frac{{{\partial P}}_4}{\partial {\delta }_3}\enspace \frac{{{\partial P}}_4}{{{\partial \delta }}_4}\enspace \frac{{{\partial P}}_4}{{{\partial \delta }}_5}\enspace \frac{{{\partial P}}_4}{{{\partial V}}_2}\enspace \frac{\partial {P}_4}{{{\partial V}}_3}\enspace \frac{{{\partial P}}_4}{\partial {V}_4}\\ \frac{{{\partial P}}_5}{{{\partial \delta }}_2}\enspace \frac{{{\partial P}}_5}{{{\partial \delta }}_3}\enspace \frac{{{\partial P}}_5}{{{\partial \delta }}_4}\enspace \frac{{{\partial P}}_5}{{{\partial \delta }}_5}\enspace \frac{{{\partial P}}_5}{{{\partial V}}_2}\enspace \frac{{{\partial P}}_5}{{{\partial V}}_3}\enspace \frac{{{\partial P}}_5}{{{\partial V}}_4}\\ \frac{{{\partial Q}}_2}{{{\partial \delta }}_2}\enspace \frac{{{\partial Q}}_2}{{{\partial \delta }}_3}\enspace \frac{{{\partial Q}}_2}{{{\partial \delta }}_4}\enspace \frac{{{\partial Q}}_2}{{{\partial \delta }}_5}\enspace \frac{{{\partial Q}}_2}{\partial {V}_2}\enspace \frac{{{\partial Q}}_2}{{{\partial V}}_3}\enspace \frac{{{\partial Q}}_2}{\partial {V}_4}\\ \frac{{{\partial Q}}_3}{{{\partial \delta }}_2}\enspace \frac{{{\partial Q}}_3}{{{\partial \delta }}_3}\enspace \frac{{{\partial Q}}_3}{{{\partial \delta }}_4}\enspace \frac{{{\partial Q}}_3}{{{\partial \delta }}_5}\enspace \frac{{{\partial Q}}_3}{\partial {V}_2}\enspace \frac{{{\partial Q}}_3}{{{\partial V}}_3}\enspace \frac{{{\partial Q}}_3}{\partial {V}_4}\\ \frac{{{\partial Q}}_4}{{{\partial \delta }}_2}\enspace \frac{{{\partial Q}}_4}{{{\partial \delta }}_3}\enspace \frac{{{\partial Q}}_4}{{{\partial \delta }}_4}\enspace \frac{{{\partial Q}}_4}{{{\partial \delta }}_5}\enspace \frac{{{\partial Q}}_4}{{{\partial V}}_2}\enspace \frac{{{\partial Q}}_4}{{{\partial V}}_3}\enspace \frac{{{\partial Q}}_4}{{{\partial V}}_4}\\ \frac{{{\partial Q}}_5}{{{\partial \delta }}_2}\enspace \frac{{{\partial Q}}_5}{\partial {\delta }_3}\enspace \frac{{{\partial Q}}_5}{{{\partial \delta }}_4}\enspace \frac{\partial {Q}_5}{{{\partial \delta }}_5}\enspace \frac{{{\partial Q}}_5}{{{\partial V}}_2}\enspace \frac{\partial {Q}_5}{{{\partial V}}_3}\enspace \frac{{{\partial Q}}_5}{{{\partial V}}_4}\end{array}\right]. $$](22)

With the above modification in the NRLF equation, unknown voltage magnitudes and angles are calculated to find real power injection at Q bus-3 as follows:[image: Mathematical equation: $$ {\mathrm{P}}_3=\mathrm{Re}\left[{\bar{V}}_3^{\mathrm{*}}\sum_{j=1}^5{\bar{y}}_{3j}{\bar{V}}_j\right]. $$](23)

In conventional load flow with bus-1 as slack bus and remaining buses as PQ buses, the Jacobian matrix (J


old

) was:[image: Mathematical equation: $$ {{J}}^{{old}}=\left[\begin{array}{c}\frac{{{\partial P}}_2}{\partial {\delta }_2}\enspace \frac{{{\partial P}}_2}{\partial {\delta }_3}\enspace \frac{{{\partial P}}_2}{\partial {\delta }_4}\enspace \frac{{{\partial P}}_2}{\partial {\delta }_5}\enspace \frac{{{\partial P}}_2}{\partial {V}_2}\enspace \frac{{{\partial P}}_2}{\partial {V}_3}\enspace \frac{{{\partial P}}_2}{\partial {V}_4}\enspace \frac{{{\partial P}}_2}{\partial {V}_5}\\ \frac{{{\partial P}}_3}{\partial {\delta }_2}\enspace \frac{{{\partial P}}_3}{\partial {\delta }_3}\enspace \frac{{{\partial P}}_3}{\partial {\delta }_4}\enspace \frac{{{\partial P}}_3}{\partial {\delta }_5}\enspace \frac{{{\partial P}}_3}{\partial {V}_2}\enspace \frac{{{\partial P}}_3}{\partial {V}_3}\enspace \frac{{{\partial P}}_3}{\partial {V}_4}\enspace \frac{{{\partial P}}_3}{\partial {V}_5}\\ \frac{{{\partial P}}_4}{\partial {\delta }_2}\enspace \frac{{{\partial P}}_4}{\partial {\delta }_3}\enspace \frac{{{\partial P}}_4}{{{\partial \delta }}_4}\enspace \frac{{{\partial P}}_4}{{{\partial \delta }}_5}\enspace \frac{{{\partial P}}_4}{{{\partial V}}_2}\enspace \frac{\partial {P}_4}{{{\partial V}}_3}\enspace \frac{{{\partial P}}_4}{\partial {V}_4}\enspace \frac{{{\partial P}}_4}{\partial {V}_5}\\ \frac{{{\partial P}}_5}{{{\partial \delta }}_2}\enspace \frac{{{\partial P}}_5}{{{\partial \delta }}_3}\enspace \frac{{{\partial P}}_5}{{{\partial \delta }}_4}\enspace \frac{{{\partial P}}_5}{{{\partial \delta }}_5}\enspace \frac{{{\partial P}}_5}{{{\partial V}}_2}\enspace \frac{{{\partial P}}_5}{{{\partial V}}_3}\enspace \frac{{{\partial P}}_5}{{{\partial V}}_4}\enspace \frac{{{\partial P}}_5}{{{\partial V}}_4}\\ \frac{{{\partial Q}}_2}{{{\partial \delta }}_2}\enspace \frac{{{\partial Q}}_2}{{{\partial \delta }}_3}\enspace \frac{{{\partial Q}}_2}{{{\partial \delta }}_4}\enspace \frac{{{\partial Q}}_2}{{{\partial \delta }}_5}\enspace \frac{{{\partial Q}}_2}{\partial {V}_2}\enspace \frac{{{\partial Q}}_2}{{{\partial V}}_3}\enspace \frac{{{\partial Q}}_2}{\partial {V}_4}\enspace \frac{{{\partial Q}}_2}{\partial {V}_5}\\ \frac{{{\partial Q}}_3}{{{\partial \delta }}_2}\enspace \frac{{{\partial Q}}_3}{{{\partial \delta }}_3}\enspace \frac{{{\partial Q}}_3}{{{\partial \delta }}_4}\enspace \frac{{{\partial Q}}_3}{{{\partial \delta }}_5}\enspace \frac{{{\partial Q}}_3}{\partial {V}_2}\enspace \frac{{{\partial Q}}_3}{{{\partial V}}_3}\enspace \frac{{{\partial Q}}_3}{\partial {V}_4}\enspace \frac{{{\partial Q}}_3}{\partial {V}_5}\\ \frac{{{\partial Q}}_4}{{{\partial \delta }}_2}\enspace \frac{{{\partial Q}}_4}{{{\partial \delta }}_3}\enspace \frac{{{\partial Q}}_4}{{{\partial \delta }}_4}\enspace \frac{{{\partial Q}}_4}{{{\partial \delta }}_5}\enspace \frac{{{\partial Q}}_4}{{{\partial V}}_2}\enspace \frac{{{\partial Q}}_4}{{{\partial V}}_3}\enspace \frac{{{\partial Q}}_4}{{{\partial V}}_4}\enspace \frac{{{\partial Q}}_4}{{{\partial V}}_5}\\ \frac{{{\partial Q}}_5}{{{\partial \delta }}_2}\enspace \frac{{{\partial Q}}_5}{\partial {\delta }_3}\enspace \frac{{{\partial Q}}_5}{{{\partial \delta }}_4}\enspace \frac{\partial {Q}_5}{{{\partial \delta }}_5}\enspace \frac{{{\partial Q}}_5}{{{\partial V}}_2}\enspace \frac{\partial {Q}_5}{{{\partial V}}_3}\enspace \frac{{{\partial Q}}_5}{{{\partial V}}_4}\enspace \frac{{{\partial Q}}_5}{{{\partial V}}_5}\end{array}\right]. $$]

Thus, the Jacobian matrix with bus-3 as the Q bus and bus-5 as the PQV bus is quite different from the Jacobian matrix of the conventional NRLF method.
In this work, the voltage of the PQV bus is controlled by assuming a dispatchable Type-1 DG placed at the Q bus to inject variable real power.
In Figure 1, PDG3 represents the amount of real power injected by the dispatchable Type-1 DG. This may be calculated by the equation (24) given below to keep the voltage at PQV bus-5 constant.[image: Mathematical equation: $$ {P}_{{DG}3}={P}_3+{P}_{{load},3}, $$](24)

where, P3 = net Watt power injection at bus-3 by equation (23).
PDG3 = actual DG Wattage output at bus-3.
Pload,3 = specified Wattage of bus-3.
3.3 NRLF equation with PQV and P buses
Similarly, inclusion of the P & PQV bus pair in the network needs to update the Jacobian matrix for solving NRLF [32]. Here, the voltage magnitude of the PQV bus is controlled by regulating the VAr injection at the P bus. A P bus is equipped with a controllable VAr source with its VAr generation not pre-specified, and fixed Watt power generation. In this work, P bus is considered to be connected to a variable reactive power source only, and therefore, the actual Wattage at P bus is considered zero here. Hence, the VAr generation at the P bus needs to be solved as a state variable [37]. The concept of P & PQV buses has been explained through a 5 bus system in Figure 2, with bus-3 and bus-5 considered as P bus & PQV bus, respectively.
	[image: Thumbnail: Figure 2 Refer to the following caption and surrounding text.]	Figure 2 Simple 5 bus network with novel P, PQV bus pair




In Figure 2, QSC3 represents the VAr power injected by the shunt capacitor. This may be calculated by the equation (25) given below.[image: Mathematical equation: $$ {Q}_{{SC}3}={Q}_3+{Q}_{{load},3,} $$](25)

where, Q3 = net VAr power injection at bus-3 by the adaptive NRLF method.
QSC3 = actual capacitor VAr output at bus-3.
Pload,3 = rated VAr load at bus-3.
4 Methodology
Simultaneous optimal network reconfiguration and DG placement have been done in this paper to minimize the multi-objective function given by equation (3) using the modified Grey Wolf Optimization (GWO) algorithm [38]. DG size, location, and branches to be opened through sectionalizer switches are considered as decision variables in the modified GWO algorithm. Opening and closing of branches are performed using Fundamental Loop Analysis (FLA) as presented below:
To reconfigure the network, combinations of switches are generated as the search agents. These switches need to be opened to configure the network with its radial topology maintained, and no load being disconnected. Populations of these search agents are huge in number, of which many violate the system radial topology. Network reconfiguration by FLA using Graph Theory (GT) removes impractical population [40]. The formation of FLs is illustrated through a single-line diagram of the IEEE 33 bus RDS shown in Figure 3. This system has five fundamental loops (FLs). Each fundamental loop is associated with a tie-line that normally remains open, whereas the remaining branches of the network normally remain closed. All normally closed branches, as well as tie-lines, are provided with sectionalizer switches. Closing a tie-line makes a fundamental loop closed. Five fundamental loops of the network with associated branches and tie-lines are shown in Table 2. Network is reconfigured through closing of tie switches and opening of sectionalizer switches, maintaining radiality of the network intact, with no bus remaining isolated.
	[image: Thumbnail: Figure 3 Refer to the following caption and surrounding text.]	Figure 3 single-line diagram of 33- bus system.




Table 2 
Elements of fundamental loops of 33-bus system.


Element Aij of a connection matrix A consists of b rows and nb columns [41] may be represented as,[image: Mathematical equation: $$ {A}_{{ij}}=\left\{\begin{array}{c}1,\enspace {\&}{if}\enspace {branch}\enspace {i}\enspace {is}\enspace {connected}\enspace {to}\enspace {node}\enspace {j}\\ 0,\enspace {\&}{otherwise}\end{array}\right.. $$](26)

Rows of matrix A corresponding to elements of search agents are first eliminated. Then the sum of elements in every column is calculated. The column corresponding to a bus number for which the calculated sum of absolute value is equal to one is identified, and row elements in matrix A corresponding to the branches connected to that bus are made zero.
Opening and closing of branches by the above procedure may lead to the isolation of one or more buses, sometimes. In order to ensure radiality and integration of each bus of the network, the following three rules are followed to perform branch removals:
Rule-1: Ensure that at least one branch element should participate from each FL.
Rule-2: If a set of branches is common to two fundamental loops, ensure that, so far as possible single branch element should be chosen.
Rule-3: Ensure not to remove the restricted group of branches in different fundamental loops whose simultaneous removal makes some of the buses isolated.
In a radial distribution system, a sectionalizer switch is associated with every branch. To maintain the radial topology of the network, at most one sectionalizer switch associated with the respective branch in each fundamental loop must be opened while all other branches remain closed. Hence, for network reconfiguration, elements of the search agent become equal to the number of tie-lines available. The positions of the switches to be opened (search agents) need to be known. Hence, decision variables (DVR) for search agents are marked using switches associated with the actual branch number to be opened as[image: Mathematical equation: $$ {{DV}}_R=\left[{S}_1,\enspace {S}_2,\enspace \dots \dots,\enspace {S}_{{NTie}}\right], $$](27)

where, Si is the status of the sectionalizer switch in ith fundamental loop, and NTie represents the number of tie lines.
During voltage stability analysis, determining VSM in terms of maximum loadability is a substantial measure. For a particular load pattern, voltage stability margin could be obtained through successive load flows till the minimum system voltage (assumed to be the collapse point) is obtained [42]. The VSM is calculated in terms of the maximum loadability of the loading factor (λ) versus the voltage magnitude curve. The active and reactive load power depends on λ and is represented as:[image: Mathematical equation: $$ {P}_{{new}}={P}_0\left(1+\lambda \right), $$](28)
[image: Mathematical equation: $$ {Q}_{{new}}={Q}_0\left(1+\lambda \right), $$](29)

where, P0 and Pnew are the active power load demand at the initial loading factor (λ = 0) and a new loading factor λ, respectively. Similarly, Q0 and Qnew are the reactive power load demand at initial loading (λ = 0) and at the new λ, respectively. The loading factor λ has been changed in steps of 0.01 pu in this work.
The flowchart of MGWO for the proposed work is shown in Figure 4. Solution variables in the decision vector DVRDG consists of switch position plus DG location as a discrete variable and DG size as a continuous variable, as given below;[image: Mathematical equation: $$ {{DV}}_{{RDG}}=\left[\genfrac{}{}{0pt}{}{{S}_1,\enspace {S}_2,\enspace \dots \dots,\enspace {S}_{{NTie}}}{{switch}\enspace {numbers}}\genfrac{}{}{0pt}{}{{{DG}}_l}{{DG}\enspace {location}}\genfrac{}{}{0pt}{}{{{DG}}_s}{{DG}\enspace {size}}\right]. $$](30)
	[image: Thumbnail: Figure 4 Refer to the following caption and surrounding text.]	Figure 4 Flow chart for voltage stability enhancement and loss reduction by proposed simultaneous DG placement and Reconfiguration under P/Q and PQV bus pair.





Where Si, DGl, DGs are sectionalizer switch of branch-i is to be opened, DG location, and DG size, respectively. These variables are represented as wolves in the modified GWO algorithm. The objective function to be optimized is treated as prey.
Impact of optimal network reformation and DG integration with PQV & P/Q buses in the system on loss reduction and VSM enhancement in terms of loading factor λ has been studied over five cases given below.
Case 1: P/Q, PQV buses allocation for base case system. (i.e., without optimal network reformation and DG integration).
Case 2: Reconfiguration with P/Q, PQV bus pair. (no placement of DG except Type-1 DG at Q-bus).
Case 3: Reconfiguration & Type-1 DG allocation (apart from Type-1 DG at Q-bus) with P/Q, PQV buses.
Case 4: Reconfiguration &Type-3 DG (0.82 pf, the optimal power factor obtained in [26]) allocation with P/Q, PQV buses.
Case 5: Reconfiguration &Type-3 DG (0.9 pf) allocation with P/Q, PQV buses.
5 Results and discussion
To validate the effectiveness of the proposed methodology, numerical simulation is accomplished on the IEEE 33-bus network [21] and 69-bus network [29] reconfigurable distribution systems. The simulation findings over two test systems are presented below.
5.1 Test system 1 (IEEE 33-bus RDS)
The IEEE 33-bus network is taken here as the first test system to test the proposed methodology. It consists of 32 generally closed branches and 5 generally opened tie-switches with 4 feeders. The first bus of this test system is considered the substation bus or reference bus, and the rest of the buses are load buses for load flow analysis. The total Watt and VAr demand is 3.715 MW and 2.3 MVAr, respectively.
5.1.1 Selection of PQV bus
The PQV bus was selected based on a criterion of being the farthest bus with the lowest voltage magnitude. Base case minimum voltage magnitude [image: Mathematical equation: $ ({V}_{\mathrm{min}})$] of 33-bus test system has been shown in Table 3. It is observed from Table 3 that remote bus-18 has got a voltage magnitude of 0.9131 pu, which is lowest. Therefore, bus-18 was selected as the PQV bus in the 33-bus RDS. The pre-defined voltage of the PQV bus (bus-18) was set as 0.93 pu for the base case condition.
Table 3 
Results before and after selection of P, PQV buses in the IEEE 33-bus RDS.


5.1.2 Simulation results with PQV and P buses
For the selection of a P bus, the optimization procedure is performed with the connection of the shunt capacitor at each bus considered at a time. The bus that results in the minimum value of the fitness function defined by equation (3) with the placement of a shunt capacitor is selected as P bus. In Figure 5, results are presented for every possible bus to be assigned as the P bus to keep the desired voltage level of 0.93 pu at PQV bus-18. It is observed that consideration of bus-29 as P bus minimizes the proposed objective function with minimum system power loss and enhanced QLI with higher maximum loadability. Therefore, bus-29 is selected and assigned as the P bus with a shunt capacitor injecting 1.74646 MVAr of reactive power, as shown in Table 3. Also, Table 3 shows real power loss (APL), reactive power loss (QPL), and maximum loadability (λmax), minimum Voltage Stability Index (VSImin) [35], minimum voltage (Vmin) and maximum voltage (Vmax) in absence of P, PQV buses as well as in the presence of P, PQV buses. It is observed from Table 3 that choosing bus-29 as P bus yields maximum system loadability, minimum Watt & VAr losses are 2.95, 151.25 kW, and 102.81 kVAr, respectively, and minimum value of VSI as 0.7580. A significant enhancement of 12.17% has been achieved in maximum system loadability, and a significant reduction in Watt and VAr loss is achieved as 25.38% and 23.92%, respectively, with P and PQV buses in the system.
	[image: Thumbnail: Figure 5 Refer to the following caption and surrounding text.]	Figure 5 P bus selection criterion for IEEE 33-bus RDS.




Table 4 presents real and reactive power loss, percentage reduction in real power loss (APLR%), percentage reduction in reactive power loss (QPLR%), and maximum loadability (λmax), minimum voltage magnitude (Vmin) along with the bus number, the maximum voltage magnitude (Vmax) along with the bus number for the five cases considered for the 33-bus system incorporating P, PQV buses by the proposed method. Incorporating P, PQV buses, followed by network reconfiguration (but no DG placement) by opening the switches associated with a set of lines (7, 9, 14, 28, 32), the real power loss drops from 151.25 kW to 109.55 kW, while the loadability of the system increases to 4.75 pu from the base case value of 2.95 pu. The minimum voltage of the network has improved to 0.9477 pu (occurring at bus-33), which is above the set target value of 0.93 pu. Further, the application of simultaneous reconfiguration and Type-1 DG (injecting only real power of 1.94446 MW operating at unity power factor) allocation at bus-25 enhances the loadability of the system to 6.93 pu while keeping the active power loss to a minimum of 49.27 kW, thus improving the loadability by 163.5% while the real power loss reduction (APLR) is 75.69%. In this case, the system minimum voltage magnitude has further enhanced to 0.9644 pu at bus-17. The reactive power loss reduction (RPLR) for this case is 68.33%.
Table 4 
Results with P and PQV buses for IEEE 33-bus RDS.


As shown in Table 4, further investigations have been carried out under Type-3 DG in the system, injecting both real and reactive power operating at 0.82 power factor (Case 4) and 0.90 power factor (Case 5), respectively. For Case 4, considering the network reconfiguration and Type-3 DG at 0.82 power factor, the optimal solution has been found as DG of 2.80449 MVA placed at bus-9 and opening the switches associated with the set of lines (14, 20, 28, 32, 35). It is observed from Table 4 that Case 4 results in an enhancement in the system maximum loadability by 175.67% to 7.25, while reducing the real power loss to 84.45 kW and the reactive power loss to 65.58 kVAr. The minimum system voltage has been improved to 0.9909 pu at bus-25. For Case 5, placing a DG of 3.0190 MVA at 0.90 power factor and opening the switches associated with the set of lines (14, 20, 32, 35, 37) increases the maximum system loadability by 153.61% to 6.67, while reducing the Watt and VAr losses by 61.85% and 54.90% to 77.32 kW and 60.95 kVAr, respectively.
Figures 6–9 are drawn for the maximum system loadability, voltage profile, system loss and voltage stability indices, respectively, for all the cases under study. Figure 6 shows that the highest maximum system loadability is achieved by implementation of Case 4. Figure 7 shows that voltage magnitudes are lying well within the permissible limits except for Case 1 and Case 2. From Figure 8 it can be observed that system loss is lowest for Case 3 compared to other cases. Figure 9 presents Voltage Stability Index (VSI) for all the buses (defined as per (7)) of the system for all the cases from which it can be observed that minimum VSI is highest for Case 4 compared to other cases. Consequently, Case 4 awards a considerable enhancement in the performance indices and harvests best maximum loadability at highest voltage profile improvement.
	[image: Thumbnail: Figure 6 Refer to the following caption and surrounding text.]	Figure 6 Loadability curve of cases with P, PQV buses for IEEE 33-bus RDS.




	[image: Thumbnail: Figure 7 Refer to the following caption and surrounding text.]	Figure 7 Voltage profile of cases with P, PQV buses for IEEE 33-bus RDS.




	[image: Thumbnail: Figure 8 Refer to the following caption and surrounding text.]	Figure 8 System losses of cases with P, PQV buses for IEEE 33-bus RDS.




	[image: Thumbnail: Figure 9 Refer to the following caption and surrounding text.]	Figure 9 VSI of cases with P, PQV buses for IEEE 33-bus RDS.




5.1.3 Comparison of results of two multi-objective functions
Table 5 presents the comparison of results obtained by the multi-objective function proposed in this work with the multi-objective function proposed in [37] for enhancing system performances under P, PQV buses. Table 5 shows that system performances have been greatly enhanced in terms of loss reduction and maximum system loadability enhancement with the proposed multi-objective function compared to the multi-objective function proposed in [37]. The method proposed in this work results in a better improvement in terms of real power loss reduction as well as maximum system loadability enhancement, as compared to the method with objective function proposed in [37] for P, PQV bus allocation, under different cases as observed from Table 5.
Table 5 
Comparison of results for different cases with P, PQV buses for IEEE 33-bus RDS.


5.1.4 Results with Q, PQV buses
For selection of a Q bus, the optimization procedure is performed with dispatchable Type-1 DG connected at each bus considered at a time using the fitness function defined by equation (3). The bus with the minimum value of the fitness function defined by equation (3) is selected as the Q bus. The objective fitness function considers both reduction in real power loss and enhancement in load quality to be served that ultimately enhances the maximum system loadability. Figure 10 shows the Watt and VAr losses of the system, QLI, and real power injected through Type-1 DG (PDG,Qbus) connected at the bus under consideration as the Q bus. In Figure 10, results are presented for every possible bus to be assigned as the Q bus to keep the desired voltage level of 0.93 pu at PQV bus-18. It is observed that consideration of bus-30 as the Q bus minimizes the multi-objective function with minimum real power loss and enhanced QLI with higher maximum loadability. Therefore, bus-30 is selected and assigned as the Q bus with Type-1 DG placed at the bus, injecting 1.101042 MW of real power, as shown in Table 6. Table 6 also shows Watt and VAr losses, λmax, VSImin [37] and Vmin and Vmax in the absence of Q, PQV buses, as well as in the presence of Q, PQV buses. It is observed from Table 6 that choosing bus-30 as Q bus yields enhanced maximum system loadability, and reduced Watt and VAr losses of the system as 2.91, 123.94 kW and 84.65 kVAr, respectively, and a minimum value of VSI as 0.7580. A significant enhancement of 10.65% has been achieved in maximum system loadability, and a significant reduction of 38.85% and 37.36%, respectively, has been obtained in Watt and VAr losses, with the incorporation of selected Q, PQV pair of buses in the system.
	[image: Thumbnail: Figure 10 Refer to the following caption and surrounding text.]	Figure 10 Q bus selection criterion for IEEE 33-bus RDS.




Table 6 
Results before and after selection of Q, PQV buses in the IEEE 33-bus RDS.


Table 7 shows the Watt and VAr losses along with percentage reduction in their values compared to the base case, maximum and minimum voltage magnitudes along with bus numbers where these occur, and maximum loadability for the five cases considered for the 33-bus system incorporating Q, PQV buses by the proposed method. Incorporating Q, PQV buses, followed by network reconfiguration by opening the switches associated with set of lines (7, 9, 14, 28, 32) with only Type-1 DG at Q bus and no other DG placed in the system, the real power loss drops from 151.25 kW to 91.69 kW, while maximum loadability of the system increases to 4.69 pu from the base case value. The Vmin has improved to 0.9477 pu at bus-33, which is above the set target value of 0.93 pu. Further, the application of simultaneous reconfiguration and Type-1 DG (1.05647 MW at bus-14) allocation (in addition to Type-1 DG at Q bus-30) enhances the loadability of the system to 6.26 pu while reducing the Watt losses to a value of 64.95 kW, thus improving the loadability by 138.02% while the Watt loss is reduced by 67.95%. In this case, the voltage has further enhanced to 0.9617 pu at bus-32.
Table 7 
Results after Q, PQV buses consideration for IEEE 33-bus RDS.


As presented in Table 7, further investigations have been carried out for Type-3 DG injecting both Watt and VAr power at 0.82 power factor (Case 4) and 0.90 power factor (Case 5), respectively (in addition to Type-1 DG placed at Q bus-30), while reconfiguring the network, simultaneously. For Case 4, considering the network reconfiguration and Type-3 DG at 0.82 power factor, the optimal solution has been reported as DG of 2.40518 MVA placed at bus-25 (apart from Type-1 DG placed at Q bus-30) and opening the switches associated with set of lines (7, 10, 13, 15, 25), and it increases the system maximum loadability by 184.41% to 7.48 while reducing the network Watt and VAr losses to 55.87 kW and 47.59 kVAr, respectively. The Vmin has been improved to 0.9650 pu at bus-14, which is above the set target value of 0.93 pu. For Case 5, placing a DG of 3.13818 MVA at bus-7 with 0.90 power factor (apart from Type-1 DG placed at Q bus-30) and opening the switches associated with set of lines (12, 20, 32, 35, 37) increases the maximum system loadability by 149.81% to 6.57, while reducing the Watt and VAr losses to 74.38 kW and 60.56 kVAr, respectively. With Case 5 into consideration, the network Watt and VAr losses have been reduced by 63.30% and 55.18%, respectively. Case 4 proves to be a highly favorable solution as it enhances the system performance, mostly compared to all other cases under study, considering Q, PQV pair of buses for the 33-bus reconfigurable test system.
Figures 11–14 are drawn for the maximum system loadability, voltage profile, system loss, and Voltage Stability Index VSI (defined as per (7)) for all the cases under study. Figure 11 shows that the highest maximum system loadability is achieved by the implementation of Case 4 compared to other cases under the presence of a Q, PQV pair of buses. Figure 12 shows that voltage magnitudes are lying well within the permissible limits except for Cases 1 and 2. It is observed from Figure 13 that minimum loss is achieved with Case 4 compared to all other cases in the presence of the Q, PQV pair of buses. From Figure 14, it is observed that maximum enhancement in VSI for all the buses is obtained with Case 5 as compared to other cases.
	[image: Thumbnail: Figure 11 Refer to the following caption and surrounding text.]	Figure 11 Loadability curve for cases with Q, PQV buses for IEEE 33-bus RDS.




	[image: Thumbnail: Figure 12 Refer to the following caption and surrounding text.]	Figure 12 Voltage profile for cases with Q, PQV buses for IEEE 33-bus RDS.




	[image: Thumbnail: Figure 13 Refer to the following caption and surrounding text.]	Figure 13 Loss profile for cases with Q, PQV buses for IEEE 33-bus RDS.




	[image: Thumbnail: Figure 14 Refer to the following caption and surrounding text.]	Figure 14 VSI for cases with Q, PQV buses for IEEE 33-bus RDS.




5.2 Test system 2 (IEEE 69-bus RDS)
The IEEE 69-bus network is taken here as the second test system to test the proposed methodology. It consists of 68 branches and 5 tie-switches with 7 feeders. The first bus of this test system is considered as the substation bus or reference bus, and the rest of the buses are load buses for load flow analysis. The total Watt and VAr demands are 3.802 MW and 2.694 MVAr, respectively.
5.2.1 Selection of PQV bus
The PQV bus was selected based on a criterion of being the farthest bus with the lowest voltage magnitude. Base case minimum voltage magnitudes (Vmin) of 69-bus test system have been shown in Table 8. It shows that remote bus-65 has a voltage magnitude of 0.9092 pu, which is the lowest. Therefore, bus-65 was selected as the PQV bus for the 69-bus RDS. The pre-defined voltage of the PQV bus (bus-65) was set as 0.93 pu for the base case condition.
Table 8 
Results before and after selection of P, PQV buses in the IEEE 69-bus RDS.


5.2.2 Results with PQV & P buses
For the selection of a P bus, the optimization procedure is performed with the connection of a shunt capacitor at each bus considered at a time. The bus with the minimum value of the fitness function defined by equation (3) after shunt capacitor placement is selected as the P bus. The objective function considers both reduction in real power loss and enhancements in load quality to be served that ultimately enhance the maximum system loadability. Figure 15 shows the Watt & VAr losses of the system, QLI, and VAr injected through the shunt capacitor connected at the bus under consideration as P bus for all the buses present in the system except the reference bus-1 and PQV bus-65. In Figure 15, results are presented for every possible bus to be assigned as the P bus to keep the desired voltage level of 0.93 pu at PQV bus-65. It is observed that consideration of bus-61 as P bus minimizes the proposed objective function with minimum real power loss and enhanced QLI with higher maximum loadability. Therefore, bus-61 is selected and assigned as the P bus with a shunt capacitor injecting 1.2812 MVAr of reactive power, as shown in Table 8. Table 8 also shows real power loss (APL), reactive power loss (QPL), and maximum loadability (λmax), minimum Voltage Stability Index (VSImin) [37], minimum voltage (Vmin) and maximum voltage (Vmax) of the system in the absence of P, PQV buses, as well as in the presence of P, PQV buses. It is observed from Table 8 that choosing bus-61 as the P bus yields maximum system loadability (λmax) and Watt & VAr losses of the system as 2.49, 152.1 kW, and 70.57 kVAr, respectively, and the minimum value of the Voltage Stability Index (VSImin) as 0.7481. A significant enhancement of 12.16% has been achieved in maximum system loadability, and a significant reduction of 32.39% and 30.91%, respectively, has been obtained in Watt & VAr losses, respectively, with P & PQV buses.
	[image: Thumbnail: Figure 15 Refer to the following caption and surrounding text.]	Figure 15 P bus selection criterion for IEEE 69-bus RDS.




Table 9 presents different performance indices for the five cases considered for the 69-bus system incorporating P, PQV buses by the proposed method. Incorporating P, PQV buses, followed by network reconfiguration (but no DG placement) by opening the switches associated with a set of lines (14, 57, 62, 69, 70), the Watt losses drop from 152.1 kW to 74.25 kW, while λmax increases to 4.8 pu by 116.22% from the base case value of 2.49. The Vmin improved to 0.9676 pu (occurring at bus-63), which is above the set target of 0.93 pu. Further, the application of simultaneous reconfiguration and Type-1 DG (injecting only real power of 2.25638 MW operating at unity power factor) allocation at bus-62 enhances the loadability of the system to 9.48 pu while keeping the Watt losses to a minimum value of 18.72 kW, and reactive power loss to 12.15 kVAr, thus improving the loadability by 327.03% while APLR and QPLR are 91.68% and 88.1%, respectively. In this case, the system minimum voltage magnitude has further enhanced to 0.9885 pu at bus-19.
Table 9 
Results after P and PQV bus consideration for IEEE 69-bus RDS.


As depicted in Table 9, further investigations have been carried out under Type-3 DG in the system, injecting both Watt & VAr power operating at 0.82 power factor (Case 4) and 0.90 power factor (Case 5), respectively. For Case 4, considering the simultaneous network reconfiguration and Type-3 DG at 0.82 power factor, the optimal solution has been found as DG of 1.84736 MVA placed at bus-62 and opening the switches associated with the set of lines (14, 23, 54, 69, 70). It is obtained from Table 9 that Case 4 results in an enhancement in the system maximum loadability by 659.46% to 16.86, while reducing the network Watt & VAr losses to 37.86 kW and 26.80 kVAr, respectively. In this case, the Watt & VAr losses have been reduced by 83.17% and 73.76%, respectively. The Vmin has been improved to 0.9896 pu at bus-22. For Case 5, placing a DG of 1.98855 MVA at bus-63 operating at 0.90 power factor and opening the switches associated with the set of lines (13, 18, 22, 54, 69) increases the maximum system loadability by 663.06% to 16.94, while reducing the Watt & VAr losses to 31.92 kW and 19.56 kVAr, respectively. The Watt & VAr losses have been reduced by 85.81% and 80.85%, respectively, with Case 5.
Figures 16–19 are drawn for the maximum system loadability, voltage profile, system loss, and VSI, for all the cases under study. Figure 16 shows that the highest maximum system loadability is achieved by the implementation of Case 5. Figure 17 shows that voltage magnitudes are lying well within the permissible limits except for Case 1. From Figure 18, it can be observed that system loss is lowest for Case 3 compared to other cases. Figure 19 presents VSI for all the buses (defined as per equation (7)) of the system buses for all the cases, from which it can be observed that the minimum VSI is highest for Case 4 compared to other cases. Looking at different aspects, Case 5 awards a considerable enhancement in the performance indices and harvests the best λmax at the highest voltage profile improvement.
	[image: Thumbnail: Figure 16 Refer to the following caption and surrounding text.]	Figure 16 Loadability curve of cases with P, PQV buses for IEEE 69-bus RDS.




	[image: Thumbnail: Figure 17 Refer to the following caption and surrounding text.]	Figure 17 Voltage profile of cases with P, PQV buses for IEEE 69-bus RDS.




	[image: Thumbnail: Figure 18 Refer to the following caption and surrounding text.]	Figure 18 System loss of cases with P, PQV buses for IEEE 69-bus RDS.




	[image: Thumbnail: Figure 19 Refer to the following caption and surrounding text.]	Figure 19 VSI of cases with P, PQV buses for IEEE 69-bus RDS.




5.2.3 Results with Q, PQV buses
For selection of a Q bus, the optimization procedure is performed with dispatchable Type-1 DG connected at each bus considered at a time using the fitness function defined by Equation (3). The bus with the minimum value of the fitness function defined by equation (3) is selected as the Q bus. The objective fitness function considers both reduction in Watt loss and enhancement in load quality to be served that ultimately enhances the maximum system loadability.
In Figure 20, results are presented for every possible bus to be assigned as the Q bus to keep the desired voltage level of 0.93 pu at PQV bus-65. It is observed that consideration of bus-61 as the Q bus minimizes the proposed objective function with minimum real power loss and enhanced QLI with higher maximum loadability. Therefore, bus-61 is selected and assigned as the Q bus, with a Type-1 DG placed at bus injecting 0.5270 MW of real power, as shown in Table 10. Table 10 also presents Watt & VAr losses, λmax, VSImin [34] and minimum and maximum system voltage in the absence of Q, PQV buses, as well as in the presence of Q, PQV buses. It has been observed from Table 10 that choosing bus-61 as the Q bus yields enhanced maximum system loadability, and reduced real and reactive power loss of the system as 2.43, 153.19 kW, and 71.58 kVAr, respectively, and a minimum value of VSI as 0.7481. A significant enhancement of 9.46% has been achieved in maximum system loadability, and a significant reduction of 31.90% and 29.92%, respectively, has been obtained in Watt & VAr losses, respectively, with the incorporation of selected Q, PQV pair of buses in the system.
	[image: Thumbnail: Figure 20 Refer to the following caption and surrounding text.]	Figure 20 Q bus selection criterion for 69-bus RDS.




Table 10 
Results before and after selection of Q, PQV buses in the IEEE 69-bus RDS.


Table 11 presents the real and reactive power losses and their % reduction compared to the base case, minimum and maximum voltage magnitude, along with bus numbers where these occur, and maximum loadability for the five cases considered for the 69-bus system incorporating Q, PQV buses by the proposed method. Incorporating Q, PQV buses, followed by network reconfiguration by opening the switches associated with a set of lines (14, 56, 61, 69, 70) with only Type-1 DG at Q bus and no other DG placed in the system, the Watt losses drop from 153.19 kW to 69.52 kW, while λmax increases to 4.77 pu. The network reconfiguration in the presence of Q, PQV pair of buses enhances the maximum loadability by 114.86%, and Watt & VAr losses have been reduced by 69.1% and 35.44%, respectively. The Vmin of the network has improved to 0.9615 pu at bus-61, which is above the set target of 0.93 pu. Further, the application of simultaneous network decomposition and Type-1 DG deployment of size 1.02398 MW at bus-63 (in addition to Type-1 DG placed at Q bus-61) enhances the loadability of the system to 7.95 pu while reducing the Watt & VAr losses to a value of 51.35 kW and 44.57 kVAr, respectively, thus improving the loadability by 258.11% while Watt & VAr losses are reduced by 77.17% and 56.36%, respectively. In this case, the voltage has further enhanced to 0.9676 pu at bus-64.
Table 11 
Results after Q, PQV buses consideration for IEEE 69-bus RDS.


As depicted in Table 11, further investigations have been carried out for Type-3 DG injecting both Watt & VAr power at 0.82 power factor (Case 4) and 0.90 power factor (Case 5), respectively (in addition to the Type-1 DG placed at Q bus-61), while reconfiguring the network simultaneously. For Case 4, considering the network reconfiguration and Type-3 DG at 0.82 power factor, the optimal solution has been reported as DG of 1.62011 MVA placed at bus-62 (apart from Type-1 DG placed at Q bus-61) and opening the switches associated with set of lines (12, 58, 64, 69, 70), and it increases the maximum system loadability by 642.34% to 16.48, while reducing the network loss to 17.99 kW and 15.67 kVAr, respectively. For Case 4, Watt & VAr losses reduced by 92.01% and 84.66%, respectively. The Vmin improved to 0.9831 pu at bus-65. For Case 5, placing a DG of 1.89411 MVA at bus-62 with 0.90 power factor (apart from Type-1 DG placed at Q bus-61) and opening the switches associated with set of lines (12, 21, 58, 69, 70) increases the maximum system loadability by 614.41% to 15.86 pu, while reducing the Watt & VAr losses to 21.90 kW and 17.36 kVAr, respectively. With Case 5 into consideration, the network Watt & VAr losses reduced by 90.26% and 82.99%, respectively. The Vmin was enhanced to 0.9893 on bus-21 with Case 5. Case 4 proves to be a highly favorable solution, as it enhances the system performance, mostly, compared to all other cases under study, considering the Q-PQV pair of buses for the 69-bus reconfigurable distribution system as well.
Figures 21–24 are drawn for the maximum system loadability, voltage profile, system loss, and voltage stability indices for all the cases under study. Figure 21 shows that the highest maximum system loadability is achieved by the implementation of Case 4 compared to other cases under the presence of a Q, PQV pair of buses. Figure 22 shows that voltage magnitudes are lying well within the permissible limits except for Case 1. It is observed from Figure 23 that minimum loss is achieved with Case 4 compared to all other cases in the presence of the Q, PQV pair of buses. From Figure 24, it is observed that Voltage Stability indices are improved greatly with Case 5 compared to the other cases.
	[image: Thumbnail: Figure 21 Refer to the following caption and surrounding text.]	Figure 21 Loadability curve of cases with Q, PQV buses for IEEE 69-bus RDS.




	[image: Thumbnail: Figure 22 Refer to the following caption and surrounding text.]	Figure 22 Voltage profile of cases with Q, PQV buses for IEEE 69-bus.




	[image: Thumbnail: Figure 23 Refer to the following caption and surrounding text.]	Figure 23 Loss profile of cases with Q, PQV buses 69-bus RDS.
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6 Conclusion
This work has presented a novel approach to reduce the system power loss as well as improve voltage stability in terms of maximum loadability of the distribution system with the application of P or Q bus and PQV bus. The main findings of the work are as follows:
	
Quite effective in the reduction of network losses.



	
Significant enhancement in maximum loadability.



	
Presence of P bus is found more effective than Q bus in voltage stability as the P bus has a variable reactive source, whereas the Q bus has a variable active power source. Voltage stability margin can be better controlled by the control of injected reactive power.



	
Considerable improvement in the voltage profile of the network.





It can also be observed that better performance is achieved through network reformation and DG deployment with the incorporation of P, PQV pair of buses, as well as Q, PQV pair of buses in the system, with the proposed objective function compared to an existing approach. Placement of Type-1 DG, Type-3 DG at 0.82 power factor, and Type-3 DG at 0.9 power factor have been considered in this work. Allocating a Type-3 DG at an optimal power factor of 0.82 improves the network performance compared to Type-1 DG and Type-3 DG at 0.9 power factor, as Type-3 DG at 0.9 power factor results in overcompensation of reactive power.
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Appendix
The Voltage Stability Index (VSI) of bus-i defined by (7) is obtained from two bus equivalents shown in Figure A1 [39]. In Figure A1, Pei and Qei are the total effective real and reactive power load at ith bus, which is calculated by adding all the loads beyond ith bus and load at ith bus itself and losses occurred in all the branches downstream to ith bus, Ri and Xi represent reactance and resistance of the branch-i, respectively.
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	Bus type
	Known quantities
	Unknown quantities





	Slack
	V
	δ (voltage angle)
	–
	P
	Q
	–



	PV
	P
	V
	–
	Q
	δ
	–



	PQ
	P
	Q
	–
	V
	δ
	–



	P
	P
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	V
	δ
	Q



	Q
	Q
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	V
	δ
	P



	PQV
	P
	Q
	V
	δ
	–
	–
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      Elements of fundamental loops of 33-bus system.

      
        


	FL
	Branch element
	Tie line





	1
	S2, S3, S4, S5, S6, S7, S18, S19, S20, S33
	S33



	2
	S12, S13, S14, S34
	S34



	3
	S8, S9, S10, S11, S18, S19, S20, S21, S35
	S35



	4
	S15, S16, S17, S29, S30, S31, S32, S36
	S36



	5
	S22, S23, S24, S25, S26, S27, S28, S37
	S37
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        Flow chart for voltage stability enhancement and loss reduction by proposed simultaneous DG placement and Reconfiguration under P/Q and PQV bus pair.
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      Results before and after selection of P, PQV buses in the IEEE 33-bus RDS.

      
        


	Description
	Qsh@ P bus
	APL (kW)
	QPL (kVAr)
	λmax
	VSImin
	Vmin(pu) & Vmax (pu)





	Base case results (without P, PQV buses)
	–
	202.68
	135.14
	2.63
	0.6951
	Vmin = 0.9131 @ 18



	Vmax = 1.0 @ 1



	Base case results (with P, PQV buses)
	1.74646 MVAr @29
	151.25
	102.81
	2.95
	0.7580
	Vmin = 0.93 @ 18



	Vmax = 1.0 @ 1
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        P bus selection criterion for IEEE 33-bus RDS.
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      Results with P and PQV buses for IEEE 33-bus RDS.

      
        


	Items
	Results with new multi-objective function




	Case 1
	Case 2
	Case 3
	Case 4
	Case 5





	Open switches
	33, 34, 35, 36, 37
	7, 9, 14, 28, 32
	7, 9, 14, 17, 28
	14, 20, 28, 30, 35
	14, 20, 32, 35, 37



	DG MW @ bus
	–
	–
	1.94446 @ 25
	2.80449 @ 9
	3.0190 @ 7



	APL (kW)
	151.25
	109.55
	49.27
	84.45
	77.32



	QPL (kVAr)
	102.81
	84.95
	42.79
	65.58
	60.95



	λmax
	2.95
	4.75
	6.93
	7.25
	6.67



	QLI
	3.5874
	3.61982
	3.68286
	3.7184
	3.7147



	APLR%
	25.38
	45.948
	75.688
	58.33
	61.85



	QPLR%
	23.92
	37.132
	68.330
	51.47
	54.90



	Vmin @ bus
	0.9300 @ 18
	0.9477 @ 33
	0.9644 @ 17
	0.9909 @ 25
	0.9851 @ 25



	Vmax @ bus
	1 @ 1
	1 @ 1
	1.008 @ 25
	1.025@6
	1.015 @ 7
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        Loadability curve of cases with P, PQV buses for IEEE 33-bus RDS.
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        Voltage profile of cases with P, PQV buses for IEEE 33-bus RDS.
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        System losses of cases with P, PQV buses for IEEE 33-bus RDS.
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        VSI of cases with P, PQV buses for IEEE 33-bus RDS.

      

    

  
    
      Table 5 

      Comparison of results for different cases with P, PQV buses for IEEE 33-bus RDS.

      
        


	Method/case
	Open switches
	DG size @ bus
	APL(kW)
	

	
[image: Mathematical equation: $ {V}_{{min}}$] @ bus





	Base case
	Proposed method
	33, 34, 35, 36, 37
	NA
	151.25
	2.95
	0.9300 @18



	In reference [37]
	33, 34, 35, 36, 37
	NA
	154.44
	2.78
	0.9300 @18



	Only reconfiguration (No DG placement)
	Proposed method
	7, 9, 14, 28, 32
	NA
	109.55
	4.75
	0.9477 @33



	In reference [37]
	7, 9, 14, 32, 37
	NA
	118.15
	4.08
	0.9477 @ 33



	Reconfiguration and Type-1 DG
	Proposed method
	7, 9, 14, 17, 28
	1.94445 @ 25
	49.27
	6.93
	0.9644 @17



	In reference [37]
	14, 20, 32, 35, 37
	3.6510 @ 6
	69.2
	5.59
	0.9849 @ 32
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        Q bus selection criterion for IEEE 33-bus RDS.

      

    

  
    
      Table 6 

      Results before and after selection of Q, PQV buses in the IEEE 33-bus RDS.

      
        


	Description
	PDG @ Q bus
	APL (kW)
	QPL (kVAr)
	λmax
	VSImin [32]
	Vmin (pu) & Vmax (pu) @ bus





	Base case results (without P, PQV buses)
	–
	202.68
	135.14
	2.63
	0.6951
	Vmin = 0.9131 @ 18



	Vmax = 1.0 @ 1



	Base case results (with Q, PQV buses)
	1.101042 MW @ 30
	123.95
	84.65
	2.91
	0.7580
	Vmin = 0.93 @ 18



	Vmax = 1.0 @1





      

    

  
    
      Table 7 

      Results after Q, PQV buses consideration for IEEE 33-bus RDS.

      
        


	Items
	Results with new multi-objective function




	Case 1
	Case 2
	Case 3
	Case 4
	Case 5





	Open switches
	33, 34, 35, 36, 37
	7, 9, 14, 28, 32
	7, 8, 27, 31, 34
	7, 10, 13, 15, 25
	12, 20, 32, 35, 37



	DG MW/MVA @ bus
	–
	–
	1.05647 @ 14
	2.40518 @ 25
	3.13818 @ 7



	APL (kW)
	123.94
	91.69
	64.95
	55.87
	74.38



	QPL (kVAr)
	84.65
	72.39
	50.18
	47.59
	60.56



	λmax
	2.91
	4.69
	6.26
	7.48
	6.57



	QLI
	3.5876
	3.61831
	3.64292
	3.7097
	3.71795



	APLR%
	38.85
	54.76
	67.95
	72.43
	63.30



	QPLR%
	37.36
	46.43
	62.86
	64.78
	55.18



	Vmin @ bus
	0.93 @ 18
	0.9479
	0.9617 @ 32
	0.9650 @ 14
	0.9864 @ 25



	Vmax @ bus
	1 @ 1
	1@1
	1 @ 1
	1.017 @ 25
	1 .017 @ 7
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        Loadability curve for cases with Q, PQV buses for IEEE 33-bus RDS.
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        Voltage profile for cases with Q, PQV buses for IEEE 33-bus RDS.
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        Loss profile for cases with Q, PQV buses for IEEE 33-bus RDS.
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        VSI for cases with Q, PQV buses for IEEE 33-bus RDS.

      

    

  
    
      Table 8 

      Results before and after selection of P, PQV buses in the IEEE 69-bus RDS.

      
        


	Description
	Qsh @ P bus
	APL (kW)
	QPL (kVAr)
	λmax
	VSImin
	Vmin (pu) & Vmax (pu) @ bus





	Base case results (without P, PQV buses)
	–
	224.95
	102.14
	2.22
	0.6833
	Vmin = 0.9092 @ 65



	Vmax = 1.0 @ 1



	Base case results (with P, PQV buses)
	1.2812 MVAr @ 61
	152.1
	70.57
	2.49
	0.7481
	Vmin = 0.93 @ 65



	Vmax = 1.0 @ 1
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        P bus selection criterion for IEEE 69-bus RDS.

      

    

  
    
      Table 9 

      Results after P and PQV bus consideration for IEEE 69-bus RDS.

      
        


	Items
	Results with new multi-objective function




	Case 1
	Case 2
	Case 3
	Case 4
	Case 5





	Open switches
	69, 70, 71, 72, 73
	14, 57, 62, 69, 70
	12, 18, 21, 58, 69
	14, 23, 54, 69, 70
	13, 18, 22, 54, 69



	DG MW/MVA @ bus
	NA
	–
	2.25638 @ 62
	1.84736 @ 62
	1.98855 @ 63



	APL (kW)
	152.1
	74.25
	18.72
	37.86
	31.92



	QPL (kVAr)
	70.57
	67.01
	12.15
	26.80
	19.56



	λmax
	2.49
	4.8
	9.48
	16.86
	16.94



	QLI
	3.65769
	3.73176
	3.80095
	3.80547
	3.80993



	APLR%
	32.39
	66.99
	91.68
	83.17
	85.81



	QPLR%
	30.90
	34.39
	88.1
	73.76
	80.85



	Vmin @ bus
	0.93 @ 65
	0.9676 @ 63
	0.9885 @ 19
	0.9896 @ 22
	0.9863 @ 19



	Vmax @ bus
	1 @ 1
	1 @ 1
	1.007 @ 62
	1.007 @ 62
	1.012 @ 63
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        Loadability curve of cases with P, PQV buses for IEEE 69-bus RDS.
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        Voltage profile of cases with P, PQV buses for IEEE 69-bus RDS.

      

    

  
    
      Figure 18 
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        System loss of cases with P, PQV buses for IEEE 69-bus RDS.

      

    

  
    
      Figure 19 
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        VSI of cases with P, PQV buses for IEEE 69-bus RDS.

      

    

  
    
      Figure 20 
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        Q bus selection criterion for 69-bus RDS.

      

    

  
    
      Table 10 

      Results before and after selection of Q, PQV buses in the IEEE 69-bus RDS.

      
        


	Description
	PDG @ Q bus
	APL (kW)
	QPL (kVAr)
	λmax
	VSImin
	Vmin (pu) & Vmax (pu)





	Base case results (without P, PQV buses)
	–
	224.95
	102.14
	2.22
	0.6833
	Vmin = 0.9092 @ 65



	Vmax = 1.0 @ 1



	Base case results (with Q, PQV buses)
	0.5270 MW @ 61
	153.19
	71.58
	2.43
	0.7480
	Vmin = 0.93 @ 65



	Vmax = 1.0 @ 1





      

    

  
    
      Table 11 

      Results after Q, PQV buses consideration for IEEE 69-bus RDS.

      
        


	Items
	Results with new multi-objective function




	Case 1
	Case 2
	Case 3
	Case 4
	Case 5





	Open switches
	69, 70, 71, 72, 73
	14, 56, 61, 69, 70
	14, 58, 63, 69, 70
	12, 58, 64, 69, 70
	12, 21, 58, 69, 70



	DG MW/MVA @ bus
	–
	–
	1.02398 @ 63
	1.62011 @ 62
	1.89411 @ 62



	APL (kW)
	153.19
	69.52
	51.35
	17.99
	21.90



	QPL (kVAr)
	71.58
	65.94
	44.57
	15.67
	17.36



	λmax
	2.43
	4.77
	7.95
	16.48
	15.86



	QLI 
	3.6567
	3.7143
	3.7459
	3.7797
	3.7855



	APLR%
	31.90223
	69.10
	77.17215
	92.00231
	90.26



	QPLR%
	29.92049
	35.44
	56.35803
	84.66
	82.99



	Vmin @ bus
	0.93 @ 65
	0.9615 @ 61
	0.9676 @ 64
	0.9831 @ 65
	0.9893 @ 21



	Vmax @ bus
	1 @ 1
	1 @ 1
	1 @ 1
	1 @ 1
	1 @ 62





      

    

  
    
      Figure 21 
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        Loadability curve of cases with Q, PQV buses for IEEE 69-bus RDS.

      

    

  
    
      Figure 22 
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        Voltage profile of cases with Q, PQV buses for IEEE 69-bus.

      

    

  
    
      Figure 23 
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        Loss profile of cases with Q, PQV buses 69-bus RDS.

      

    

  
    
      Figure 24 
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        VSI of cases with Q, PQV buses 69-bus RDS.

      

    

  
    
      Figure A1 
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        Two-bus equivalent of simple distribution network.
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