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Abstract 

 

The compensators are widely used in the distribution networks to improve their steady-

state operational performance, such as energy efficiency and bus voltage. The capacitor bank, 

voltage regulator, on-load tap changer etc., are traditionally used as compensators. However, the 

optimal placement of these does not ensure desired power quality (PQ) level. The custom power 

devices are group of compensators which can mitigate PQ issues and provide reactive power 

compensation. Thus, their optimal allocation in distribution networks can ensure desired PQ level 

and improve energy efficiency. UPQC is a versatile custom power device, which can 

simultaneously inject a series voltage and a shunt compensating current by using its series and 

shunt inverters, respectively to provide reactive power compensation and to mitigate PQ 

problems. In UPQC, the series and shunt inverters are connected to a common DC-link. An open 

UPQC (UPQC-O) topology, in which, the series and shunt inverters can be placed in different 

locations and they do not share a common DC-link, is used in this thesis to improve the 

operational performance of distribution networks. This needs the modelling of UPQC-O and the 

formulation of planning approach to optimally allocate in distribution networks.  

In this thesis, the modelling and allocation of UPQC-O without and with active power 

injection are presented to improve the energy efficiency of distribution networks keeping a desired 

PQ level intact in terms of voltage sag mitigation and harmonic elimination. A new technical 

constraint, i.e., percentage of voltage sag mitigated load is formulated to optimally allocate the 

series inverter for voltage sag mitigation. The performances of UPQC and UPQC-O models 

without and with active power injection are compared in view of energy efficiency improvement. 

The optimal allocation of UPQC-O in distribution networks significantly reduces energy loss and 

improves bus voltage. The modelling and allocation planning of UPQC-O integrated PV 

generation system are provided to improve the energy efficiency and PQ of distribution networks. 

The particle swarm optimization (PSO)-based solution approach is used. 

The modelling and allocation planning of inverters of UPQC-O are provided to maximize 

the photovoltaic hosting capacity (PVHC) of a distribution network. PVHC is defined as the 

maximum amount of PV capacity that a network can accommodate without deteriorating its 

operational performance in terms of network power loss.  PSO is used to optimally allocate the 

inverters of UPQC-O and to determine the PV generation capacity of each load bus. The 

simulation results show that appropriate placement of the inverters of UPQC-O increases the 

PVHC of a network. Since the maximization of PVHC and minimization of energy loss conflict 

with each other, a multi-objective planning approach is also developed for the simultaneous 

optimization of these two objectives. The Strength Pareto Evolutionary Algorithm-2 (SPEA2)-

based multi-objective PSO (MOPSO) is used as the solution approach. This provides a set of 

solutions, from which a utility can choose one for the implementation according to its preference.  

The proposed PV integrated UPQC-O model is used for the peak load shaving of 

distribution networks keeping a desired PQ level intact. For this, a multi-objective planning 

approach is developed to optimally allocate the UPQC-O in distribution networks. SPEA2-based 

MOPSO is used as the solution approach. This also provides a set of solutions, from which one 

solution can be selected.  

An operational optimization approach is proposed to determine the time-varying reactive 

power injection set points for UPQC-O for time varying load and generation. This is a type of on-

line optimization approach. The simulation results show that the allocation of UPQC-O with time-

varying reactive power set points provides higher energy loss reduction of distribution networks 

for the areas where load factor is low. The CONOPT solver of General Algebraic Modelling 

System software is used as the solution tool.  

The 33-bus and 69-bus radial distribution networks are used to validate all the proposed 

planning models. 
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𝐼𝑒𝑓𝑑𝑦𝑤
  Current flow in line ‘𝑒𝑓’ during load scenario ‘𝑑𝑦𝑤’  

𝐾𝐿(𝑡)  Percentage of peak load demand at time ‘𝑡’  

𝐾𝑃𝑉(𝑡)  Percentage of peak PV generation at time ‘𝑡’ 

𝐾𝑅𝑒  Ratio of in-phase AC current supported by the battery to the original line current 

𝐾𝑆ℎ(𝑡)  Factor used to determine the injection of shunt compensating current 𝐼𝑆ℎ
′  at time ‘𝑡’ 

𝐾𝑆𝑒(𝑡)  Factor used to determine the injection of series voltage 𝑉𝑆𝑒
𝐻𝑒𝑙 at time ‘𝑡’ 

𝐾𝑆𝑒1  Ratio of 𝑉𝑆𝑒1 to 𝑉𝑅1 

𝑘  Amount of voltage sag in supply voltage 

𝐿𝑒𝑓  Active power loss in line ‘𝑒𝑓’ 

𝑀𝑒𝑓  Reactive power loss in line ‘𝑒𝑓’ 

𝑁𝑆ℎ  Number of shunt inverter(s) to be placed in distribution network 

𝑁  Total number of bus in a network 

𝑃′(𝑖)  Modified active power demand of bus ‘𝑖’ 

𝑃𝐵𝑆ℎ  Rating requirement for battery connected to the shunt inverter of UPQC-O 

𝑃𝐵𝑆ℎ(𝑙) Battery rating requirement for the shunt inverter of UPQC-O at location ‘𝑙’ 

𝑃𝐵𝑆ℎ
𝑊𝑂𝑃  Size of battery connected to shunt inverter of UPQC-O-WOP 

𝑃𝐵𝑆ℎ
𝑊𝑃  Size of battery connected to series inverter of UPQC-O-WP 

𝑃𝐵𝑆𝑒  Battery rating requirement for the series inverter of PV-BESS-UPQC-O 

𝑃𝐵𝑆𝑒
𝑊𝑂𝑃  Size of battery connected to series inverter of UPQC-O-WOP 

𝑃𝐵𝑆𝑒
𝑊𝑃  Size of battery connected to series inverter of UPQC-O-WP 

𝑃𝐵𝑇𝑜𝑡  Total BESS rating requirement of PV-BESS-UPQC-O 

𝑃𝐵𝑈𝑃𝑄𝐶−𝑂
𝑊𝑂𝑃  Total rating of battery connected to the UPQC-O-WOP 

𝑃𝐵𝑈𝑃𝑄𝐶−𝑂
𝑊𝑃  Total rating of battery connected to the UPQC-O-WP 

𝑃𝐵𝑈𝑃𝑄𝐶
𝑊𝑃   Size of battery connected to UPQC-WP 

𝑃𝐵𝑚
𝑆𝑒  Series inverter battery rating requirement at location ‘𝑚’ 

𝑃𝐵𝑛
𝑆ℎ  Shunt inverter battery rating requirement at location ‘𝑛’ 

𝑃𝐿𝐻𝑆(𝑚𝑛) Power loss in the line ‘𝑚𝑛’ with the placement of PV-BESS-UPQC-O 

𝑃𝐿𝑃𝑉  Network power loss with the PV generation during minimum loading condition 

𝑃𝐿𝑏𝑎𝑠𝑒  Base-case network power loss during minimum loading condition 

𝑃𝐿𝑓  Peak active power demand of bus ‘𝑓’ 

𝑃𝐿𝑚𝑛
𝑡1   Power loss occurs in line ‘𝑚𝑛’ during 𝑡1 hours  

𝑃𝐿𝑚𝑛
𝑡3   Power loss occurs in line ‘𝑚𝑛’during 𝑡3 hours 
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𝑃𝐿𝑚𝑛
𝑡4   Power loss occurs in line ‘𝑚𝑛’ during 𝑡4 hours  

𝑃𝑃𝑉(𝑖)  Maximum PV generation capacity of bus ‘𝑖’ 

𝑃𝑃𝑉
𝐴𝑣𝑔

(𝑖) Hourly average PV generation at bus ‘𝑖’ 

𝑃𝑃𝑉𝑆ℎ  PV rating requirement for the shunt inverter of UPQC-O  

𝑃𝑃𝑉𝑆ℎ(𝑙) PV rating requirement for shunt inverter of UPQC-O at location ‘𝑙’ 

𝑃𝑃𝑉𝑆𝑒  PV rating requirement for the series inverter of UPQC-O 

𝑃𝑃𝑉𝑇𝑜𝑡  Total PV rating requirement of PV-BESS-UPQC-O 

𝑃𝑃𝑉𝑛
𝑆ℎ  Shunt inverter PV rating requirement at location ‘𝑛’ 

(𝑃𝑃𝑉)𝑚𝑎𝑥  Maximum limit of PV generation capacity in each load bus 

(𝑃𝑃𝑉)𝑚𝑖𝑛  Minimum limit of PV generation capacity in each load bus 

𝑃𝑆ℎ  Active power supplied by the shunt inverter 

𝑃𝑆ℎ(𝑙)   Active power supplied by the shunt inverter at location ‘𝑙’ 

𝑃𝑆ℎ1
𝑊𝑂𝑃  Active power supplied by the shunt inverter of UPQC-WOP 

𝑃𝑆ℎ1
𝑊𝑃  Active power supplied by the shunt inverter of UPQC-WP 

𝑃𝑆ℎ
𝐷𝐺  Active power injected through DC link of shunt inverter with PV array 

𝑃𝑆ℎ
𝑊𝑃  Active power supplied by the shunt inverter of UPQC-O-WP 

𝑃𝑆𝑒1
𝑊𝑂𝑃  Active power supplied by the series inverter of UPQC-WOP 

𝑃𝑆𝑒1
𝑊𝑃  Active power supplied by the series inverter of UPQC-WP 

𝑃𝑒𝑓  Active power flow of line ‘𝑒𝑓’ 

𝑃𝑓(𝑡)  Active power demand of any bus ‘𝑓’ at time instant ‘𝑡’  

𝑃𝑓
𝑃𝑉  Hourly PV generation in bus ‘𝑓’ 

𝑃𝑓
𝑃𝑉(𝑡)  PV generation in any bus ‘𝑓’ at time instant ‘𝑡’ 

𝑃𝑓
𝑃𝑉𝐺𝐸𝑁  PV generation capacity of bus ‘𝑓’ 

𝑃𝑔  Active power demand of bus ‘𝑔’ 

𝑃𝑡𝑜𝑡𝑎𝑙
𝑂𝑓𝑓−𝑝𝑒𝑎𝑘

 Total load demand of the network during off-peak hour 

𝑃𝑡𝑜𝑡𝑎𝑙
𝑃𝑒𝑎𝑘  Total load demand of the network during peak hour 

𝑃𝐿𝑐  Total line losses in scenario ‘𝑐’ 

𝑃𝐿𝑑  Network power loss in load level ‘𝑑’ with UPQC/UPQC-O 

𝑃(𝑖) Active power demand of bus ‘𝑖’ 

𝑃𝐹(𝑜𝑒)  Active power flowing through line ‘𝑜𝑒’ 

𝑃𝐿(𝑒𝑓)  Active power loss in line ‘𝑒𝑓’ 

𝑄𝑆ℎ1
max′

  Maximum reactive power required from the shunt inverter of UPQC-WOP 
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𝑄𝑆ℎ1
max′′

  Maximum reactive power required from the shunt inverter of UPQC-WP 

𝑄𝑆𝑒1
max ′  Maximum reactive power provided by the series inverter of UPQC-WOP 

𝑄𝑆𝑒1
max′′

  Maximum reactive power provided by the series inverter of UPQC-WP 

𝑄′(𝑖)  Modified reactive power demand of bus ‘𝑖’ 

𝑄𝐶𝑜𝑚𝑝  A fraction of total reactive power demand of the network 

𝑄𝐿𝑓  Peak reactive power demand of bus ‘𝑓’ 

𝑄𝑆ℎ  Reactive power supplied by the shunt inverter 

𝑄𝑆ℎ_𝑟𝑒𝑞  Reactive power required from the shunt inverter 

𝑄𝑆ℎ_𝑟𝑒𝑞
𝑊𝑂𝑃   Reactive power required from the shunt inverter of UPQC-O-WOP 

𝑄𝑆ℎ_𝑟𝑒𝑞
𝑊𝑃   Reactive power required from the shunt inverter of UPQC-O-WP 

𝑄𝑆ℎ1
𝑊𝑂𝑃  Reactive power supplied by the shunt inverter of UPQC-WOP 

𝑄𝑆ℎ1
𝑊𝑃  Reactive power supplied by the shunt inverter of UPQC-WP 

𝑄𝑆ℎ
𝑊𝑂𝑃  Reactive power supplied by the shunt inverter of UPQC-O-WOP 

𝑄𝑆ℎ
𝑊𝑃  Reactive power supplied by the shunt inverter of UPQC-O-WP 

𝑄𝑆𝑒  Reactive power supplied by the series inverter 

𝑄𝑆𝑒1
𝑊𝑂𝑃  Reactive power supplied by the series inverter of UPQC-WOP 

𝑄𝑆𝑒1
𝑊𝑃  Reactive power supplied by the series inverter of UPQC-WP 

𝑄𝑆𝑒
𝑊𝑂𝑃  Reactive power supplied by the series inverter of UPQC-O-WOP 

𝑄𝑆𝑒
𝑊𝑃  Reactive power supplied by the series inverter of UPQC-O-WP 

𝑄𝑒𝑓  Reactive power flow of line ‘𝑒𝑓’  

𝑄𝑓(𝑡)  Reactive power demand of any bus ‘𝑓’ at time instant ‘𝑡’  

𝑄𝑓
𝑆ℎ  VAr compensation provided by the shunt inverter in bus ‘𝑓’  

𝑄𝑓
𝑆𝑒  VAr compensation provided by the series inverter in bus ‘𝑓’ 

𝑄𝑓
𝑆𝑒(𝑡)  VAr compensation provided by the series inverter in bus ‘𝑓’ at time ‘𝑡’ 

𝑄𝑓
𝑈  VAr support provided by the series/ shunt inverter at bus ‘𝑓’ 

𝑄𝑔  Reactive power demand of bus ‘𝑔’ 

𝑄𝑔
𝑆ℎ(𝑡)  VAr compensation provided by the shunt inverter in bus ‘𝑔’ at time ‘𝑡’ 

𝑄(𝑖) Reactive power demand of bus ‘𝑖’ 

𝑄𝐹(𝑜𝑒)  Reactive power flowing through line ‘𝑜𝑒’ 

𝑄𝐿(𝑒𝑓)  Reactive power loss in line ‘𝑒𝑓’ 

𝑅𝑒𝑓  Resistance of line ‘𝑒𝑓’ 
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𝑟𝑒  Annual energy price growth rate 

𝑆𝑆ℎ(𝑙)  VA-rating of shunt inverter at location ‘𝑙’ 

𝑆𝑆ℎ1
𝑊𝑂𝑃  VA-rating of shunt inverter of UPQC-WOP 

𝑆𝑆ℎ1
𝑊𝑃  VA-rating of shunt inverter of UPQC-WP 

𝑆𝑆ℎ
𝑊𝑂𝑃  VA-rating of shunt inverter of UPQC-O-WOP 

𝑆𝑆ℎ
𝑊𝑃  VA-rating of shunt inverter of UPQC-O-WP 

𝑆𝑆𝑒  VA-rating of series inverter 

𝑆𝑆𝑒1
𝑊𝑂𝑃  VA-rating of series inverter of UPQC-WOP 

𝑆𝑆𝑒1
𝑊𝑃  VA-rating of series inverter of UPQC-WP 

𝑆𝑆𝑒
𝑊𝑂𝑃  VA-rating of series inverter of UPQC-O-WOP 

𝑆𝑆𝑒
𝑊𝑃  VA-rating of series inverter of UPQC-O-WP 

𝑆𝑇𝑜𝑡  Total VA-rating of PV-BESS-UPQC-O 

𝑆𝑈  Total VA-rating of UPQC/UPQC-O 

𝑆𝑈𝑃𝑄𝐶−𝑂
𝑊𝑂𝑃  Total VA-rating of UPQC-O-WOP 

𝑆𝑈𝑃𝑄𝐶−𝑂
𝑊𝑃  Total VA-rating of UPQC-O-WP 

𝑆𝑈𝑃𝑄𝐶
𝑊𝑂𝑃   Total VA-rating of UPQC-WOP 

𝑆𝑈𝑃𝑄𝐶
𝑊𝑃   Total VA-rating of UPQC-WP 

𝑆𝑏𝑎𝑠𝑒  Base kVA of network 

𝑆𝑚
𝑆𝑒  VA-rating of series inverter at bus ‘𝑚’ 

𝑆𝑛
𝑆ℎ  VA-rating of shunt inverter at bus ‘𝑛’ 

𝑇ℎ  Planning horizon (Years) 

𝑇𝐸𝐿𝑏𝑎𝑠𝑒 Total energy loss of base-case network 

𝑇𝐹𝐿𝑚𝑑
𝑆𝑒   Series inverter transformer loss in load level ‘𝑑’ at location ‘𝑚’ 

𝑇𝐻𝐷𝐿  Total harmonic distortion of line current 

𝑇𝐻𝐷𝑆ℎ  Total harmonic distortion of shunt compensating current 

𝑡1  Duration of peak hour in a day (hours) 

𝑡2  Duration of off-peak hour in a day (hours) 

𝑡3            Duration of off-peak hour with no PV generation 

𝑡4  Operation hours of PV array (hours) 

𝑡𝑆𝑎𝑔  Duration of occurrence of voltage sag (seconds) 

𝑡𝑏  Operational hour of battery 

𝑡𝑐  Duration of occurrence of scenario ‘𝑐’ (hours) 
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𝑡𝑑  Duration of occurrence of load level ‘𝑑’ 

𝑡𝑤   Total number of days in a week for which day type ‘𝑤’ occurs 

𝑡𝑦   Total number of weeks in a year for which season ‘𝑦’ occurs  

𝑡𝑦𝑤ℎ Total number of hours of occurrence of load scenario ‘𝑑𝑦𝑤’ in day type ‘𝑤’ of 

season ‘𝑦’ 

𝑉⃗⃗𝑒  Bus voltage at any location ‘𝑒’ 

𝑉̅(𝑚)  Voltage at bus ‘𝑚’ 

𝑉𝐿  Voltage at the location of shunt inverter of UPQC-O 

𝑉𝐿(𝑡)  Voltage at the location of shunt inverter at time ‘𝑡’ 

𝑉𝑅  Receiving end voltage of a line during healthy condition 

𝑉𝑅1  Receiving end voltage of a line during healthy condition 

𝑉𝑅
𝐶 Receiving end voltage of a line during healthy condition after injection of series 

voltage by UPQC-O 

𝑉𝑅
𝑆𝑎𝑔

  Receiving end voltage during voltage sag condition 

𝑉𝑆  Sending end voltage of a line during healthy condition 

𝑉𝑆𝑒  Series voltage injected by the series inverter 

𝑉𝑆𝑒1  Series voltage injected by the series inverter of UPQC 

𝑉𝑆𝑒
𝐻𝑒𝑙  Voltage injected by the series inverter of UPQC-O during healthy condition 

𝑉𝑆𝑒
𝐻𝑒𝑙(𝑡)  Voltage injected by the series inverter at time instant ‘𝑡’ during healthy condition  

𝑉𝑆𝑒
𝑆𝑎𝑔(𝑡) Voltage injected by the series inverter at time ‘𝑡’ during voltage sag condition  

𝑉𝑆𝑒
𝑠𝑎𝑔

  Voltage injected by the series inverter of UPQC-O during voltage sag condition 

𝑉𝑚𝑎𝑥  Maximum value of bus voltage magnitude 

𝑉𝑚𝑖𝑛
𝑡1   Network minimum bus voltage magnitude during 𝑡1 hours 

𝑉𝑚𝑖𝑛
𝑡3   Network minimum bus voltage magnitude during 𝑡3 hours 

𝑉𝑚𝑖𝑛
𝑡4   Network minimum bus voltage magnitude during 𝑡4 hours 

𝑉𝑚𝑖𝑛  Minimum value of bus voltage magnitude 

𝑤  Index for day type (weekday/ weekend) in a week 

𝑋𝑒𝑓  Reactance of line ‘𝑒𝑓’ 

𝑥𝑚  Binary variable for the allocation of series inverter at bus ‘𝑚’ 

𝑥𝑛  Binary variable for the allocation of shunt inverter at bus ‘𝑛’ 

𝑦  Index for seasons in a year  

𝑍𝑒𝑓  Impedance of line ‘𝑒𝑓’ 
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𝑍(𝑚𝑛)  Impedance of line ‘𝑚𝑛’ 

𝛼′  Phase angle between 𝑉𝑆 and 𝑉𝑅
𝑆𝑎𝑔

 

𝛼′′  Phase angle between 𝑉𝑆 and 𝑉𝑅 (after series voltage injection) 

𝛾𝑇𝐹   Series inverter transformer losses (%) 

𝛾𝑙𝑜𝑠𝑠   Total inverter losses (%) 

𝛿1  Phase angle shift after series voltage injection by UPQC 

𝛿2  Phase angle between 𝑉𝑆 and 𝑉𝑅 

𝛿2
′   Phase angle between 𝑉𝑆 and 𝑉𝑅

𝐶 

𝜃𝐿  Phase angle between 𝑉𝐿 and 𝐼𝑆ℎ
′′  

𝜃𝑆ℎ1
′   Phase angle between 𝑉𝑅1 (after series voltage injection) and 𝐼𝑆ℎ1

′  

𝜃𝑆ℎ1
′′   Phase angle between 𝑉𝑅1 (after series voltage injection) and 𝐼𝑆ℎ1

′′  

𝜃𝑆𝑒1  Phase angle between 𝑉𝑅1 and 𝑉𝑆𝑒1 during healthy condition 

∅  Phase angle between 𝑉𝑆 and 𝐼𝑆 

∆  Set of seasons in a year 

Λ  Set of all buses where series inverter is placed 

μ            Set of all the lines of a network 

ξ  Set of all the buses where shunt inverter is placed 

ρ   Set of all the load buses of network 

ℵ   Set of all downstream buses which are beyond any bus ‘𝑛’ 

𝛽   Set of day type (weekday/weekend) in a week 

𝜎  Set of incoming lines connected to any bus ‘𝑒’ 

𝜏  Set of outgoing lines connected to any bus ‘𝑒’ 

𝜓  Set of different load and generation scenarios 

𝜕 Set of all downstream buses which are beyond the point of connection of series 

inverter of UPQC-O 

𝜗 Ratio of network power loss with PV generation to the base-case network power 

loss during minimum loading condition 

∅𝐿  Phase angle between 𝑉𝐿 and 𝐼𝐿 

∅𝑅1  Phase angle between 𝑉𝑅1 and 𝐼𝑅1 

ɳ𝐼𝑁𝑉  Conversion efficiency of inverter 

Γ𝑦𝑤  Set of load scenarios in day type ‘𝑤’ of season ‘𝑦’ 
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1 
Introduction and Literature Review 

 

1.1 Introduction 

In last few years, distribution network planning has attracted attention of power 

systems planners because it involves a number of objectives to be simultaneously 

optimized. The aim of distribution network planners is to develop different approaches to 

minimize energy loss and to maintain power quality (PQ) of a network. The distribution 

network planning can be done in two ways: (i) single-stage planning and (ii) multi-stage 

planning. In single stage planning, whole planning is performed at one step by considering 

discount factor for a planning horizon. In the case of multi-stage planning, the planning 

horizon is divided into multiple steps and the planning is performed for each step. There 

are some state-of-the-art review papers reported on distribution network planning [1-6]. 

Among these, the papers [1-3] are on review of the passive distribution network (PDN) 

planning. In PDN, the power flow is unidirectional. The inclusion of distributed generation 

(DG) in distribution network, converts the PDN to active distribution network (ADN). The 

works reported on ADN planning and/or PDN planning till 2015 have been reviewed in [4-

6]. The different objectives and decision/optimizing variables used in the planning of PDN 

and ADN are shown in Table 1.1. The differences between traditional PDN and ADN are 

categorically shown in [6]. Some typical characteristics of ADN planning, which make it 

different to the traditional PDN planning are given below.  

 The designed network topology/structure is to be flexible and it can automatically be 

reconfigured to a different structure, unlike PDN. 
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 The designed network should reliably work with high penetration of DG. 

 The designed network should reliably work with uncertainties of the generation of 

renewable energy sources, such as photovoltaic (PV), wind turbine (WT) etc.   

 The operation of the designed network should be automated unlike manual operation of 

PDN. 

 

Table 1.1: The planning cost and decision/optimizing variables for PDN and ADN planning 

Types of cost/ 

decision/optimizing variables 

PDN planning ADN planning  

Installation/ reinforcement/ 

replacement cost 

for: 

Substation, transformers, feeders, lines/ 

feeder branches, sectionalizing switches 

and tie-lines, conventional reactive power 

compensators, such as, voltage regulators, 

capacitors, and on-load tap changers etc.  

DG units, storage units (i.e., battery), advanced 

protection and communication infrastructure, 

advanced automation and metering technologies, 

power electronics devices for reactive power 

compensation and PQ improvement etc.  

Operational cost: Cost of energy loss and maintenance cost 

for each equipment associated with PDN 

Cost of energy loss and maintenance cost for each 

equipment associated with ADN 

Decision/optimizing  

variables: 

Size and location for new substation,  

number of feeders, feeder routing, number 

and locations for sectionalizing switches 

and tie-lines, conductor types and sizes etc. 

Sizes and locations for DG units, sizes and locations 

for battery, appropriate coordination of protection and 

automation technologies, generation mix among 

different types of DG units etc.  
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Fig. 1.1: The different features of typical distribution networks: (a) PDN and (b) ADN 
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The difference in features between PDN and ADN is shown with example networks 

in Fig. 1.1. Usually, a typical PDN consists of single or multiple feeders, several 

sectionalizing switches, tie line(s), and capacitor bank(s) as shown in Fig. 1.1(a). In addition 

to these, a typical ADN, as shown in Fig. 1.1(b), consists of distributed energy resources 

(DERs), charging station for electric vehicles (EVs), smart meters (SMs), and distribution 

management system (DMS), which includes smart communication devices, advanced 

metering technologies, demand side management technologies, energy management 

technologies, smart automation technologies etc. Traditionally, the tie-line and 

sectionalizing switches in PDN are manually operated, whereas, advanced automation 

technologies are used to operate these in ADN. The scheduling for the operation of different 

DER units and charging station(s) is done using DMS. Hence, there are differences among 

the objectives and optimizing variables in PDN and ADN planning as summarized in Table 

1.1. Thus, the ADN planning is an involved multi-objective optimization process with a 

number of objectives, such as, (i) minimization of installation/ reinforcement/ replacement 

cost for DG units and storage units (if any), (ii) minimization of operational cost (cost of 

energy loss and maintenance cost), (iii) maximization of reliability, (iv) maximization of 

DG capacity, (v) minimization of carbon emission, (vi) determination of optimal 

operational strategy for DG units, (vii) PQ mitigation etc. These objectives are optimized 

subjected to several technical and operational constraints, such as, active and reactive power 

balance, bus voltage magnitude, line current flow, PV capacity etc. In many occasions, 

these objectives do conflict with each other. For example, the integration of renewable DG 

unit reduces the carbon emission at the expense of higher investment cost. Hence, to solve 

the ADN planning problem consisting of several such conflicting objectives, one needs 

multi-objective optimization approach. There are various multi-objective optimization 

approach available in the literature. These are weighted aggregation-based approach, 

Pareto-based approach, ε-constrained approach etc. It is seen that the Pareto-based approach 

is popularly used in solving most of the multi-objective ADN planning problems. 

 

The power systems researchers around the globe have significantly contributed on 

ADN planning during last 2-3 years. Hence, in this chapter, these works are systematically 

presented. A classification tree is developed for ADN planning, as shown in Fig. 1.2. It 
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consists of three levels based on different attributes of planning. The different types of ADN 

planning are grouped in Level #1 classification. The Level # 2 further categorizes the Level 

#1 based on different load and generation models used. The Level # 3 classification is based 

on the different solution strategies reported in solving the ADN planning optimization 

problem. The special emphasis is given in the literature review to identify the inclusion of 

two important features of modern sustainable energy planning: (i) mitigation of the PQ 

problems and (ii) integration of storage units.  

 

ADN planning 

Conversion planning 

of PDN to ADN 
ADN planning with 

smart grid features 

Micro-grid 

planning 

Investment 

planning 
Operational 

planning 

Investment and 

operational 

planning 

Investment 

planning 

Operational 

planning 

Investment 

planning 

Operational 

planning 

Investment and 
operational 

planning 

Constant Probabilistic 

Probabilistic Constant 
Fuzzy 

Constant 

Probabilistic 

Fuzzy 
Constant 

Probabilistic 

Constant Constant 

Probabilistic 

Constant 

Probabilistic 

Probabilistic 

Constant 

Level#1 

Level#2 

(A,B,A+V, 

Y,I) 

(A,A+V, 

A+H,B,Y, 

I+J, D, I) 

(A,Y,C,P,D

,L,I,H,Z1) 

Level#3 

(A,G,C,M) 

(A) 

(A,B,M,K) 

(A,B,Q) 

(A) 

(A) (C,Y,F) 

(R,F) 

(D) (F) 

(E,G,S,T+U,

I,O,W) 

(V+U,Z,X) 

(A,D, 

F+P) 

(I,D,B, 

D,N) 

A- Genetic algorithm (GA) and its variants 

B- Particle swarm optimization (PSO) and its variants 

C- Non-linear programming (NLP) 

D- Mixed integer programming (MIP) 

E- Dynamic programming (DP) 

F- Stochastic programming (SP) 

G- Mixed integer non-linear programming (MINLP) 

H- Ant colony optimization (ACO) 

I- Mixed integer linear programming (MILP) 

J- Simulated annealing (SA) 

K- Chaotic local search with modified honey bee mating 

optimization (CLSMHBMO) 

L- Multi period OPF (MOPF) 

M- Interior point method (IPM) 

N- Linear programing (LP) 

O- Semi definite programming (SDP) 

P-   Monte Carlo method (MCM) 

Q-   Mixed integer second order cone programming  

       (MISOCP) 

R-  Nash bargaining theory  

S-   Predictor corrector proximal multiplier (PCPM) 

T-   Integer programming (IP) 

U-   Graph theory 

V-   Tabu search (TS) 

W-  Cultural algorithm (CA) 

X-   Self adaptive imperialist competitive algorithm  

       (SAICA) 

Y-   Heuristic algorithm (HA) 

Z-  Active set optimization algorithm (ASOA) 

Z1- Multi-objective evolutionary algorithm (MOEA) 

Fig. 1.2: Classification tree of ADN planning 
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1.2 Literature review on ADN planning 

In view of different approaches on ADN planning, a three-level classification tree 

structure is developed as shown in Fig. 1.2. The level #1 classification is based on the type 

of the planning. There are three different types found and these are: (i) conversion planning 

from PDN to ADN (CP), (ii) ADN planning including smart grid features (SGP) and (iii) 

micro-grid (MG) planning (MGP). In the conversion planning, [7-43], the traditional PDN 

is converted to ADN with at least one DG unit of either conventional or renewable type. In 

ADN planning with smart grid features [44-49], the planning approaches consist of smart 

technologies, such as, charging of EV, fault passage indicator, distribution automation, 

advanced metering techniques, advanced communication techniques, energy management 

technologies, demand management technologies etc. The MG is a kind of low/medium-

voltage distribution network consisting of DG units and controllable loads, which can be 

operated in either islanded or grid-connected mode. The MG planning [50-69] is done to 

improve system self-adequacy and to design self-sufficient network. These three types of 

planning are further divided into three sub-categories based on the objective function 

formulations. They are: (i) investment planning, (ii) operational planning, and (iii) 

combined investment and operation planning. In investment planning, a planner’s job is to 

find out the amount of fund to be optimally invested for achieving particular objectives 

within a planning horizon. In the ADN operational planning, a planner’s job is to determine 

the optimal operational strategy for the devices connected with the distribution networks 

for achieving particular objectives. This is done by maximizing the profit with energy 

export/import, by finding the optimal power flow, by finding the optimal exchange of power 

with main grid, and by improving different operational parameters of distribution network, 

such as power loss, voltage deviation, carbon emission etc. The combined investment and 

operation planning is an approach combining both investment and operational planning 

objectives. The investment planning is long-term planning process, whereas the operational 

planning is a short-term planning process. The different attributes of individual work are 

given in Table 1.2. 

 

The Level #2 further categorizes the Level #1 based on different types of load and 

generation models. Basically, three types of load and generation models are used in the 
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literature: (i) constant, (ii) probabilistic and (iii) fuzzy set theory-based. The probability-

based load models are reported in [9, 11, 13, 16-18, 23, 28, 33, 35, 39-40, 42, 46, 51, 55-

56, 58-59, 67]. In [9, 11, 13, 17, 18, 22-23, 28, 30, 31, 33, 35, 39-40, 42, 46, 49, 51-52, 55-

56, 58-59, 67-68], probability-based generation models are used. Probabilistic load and 

generation are usually modelled by using a chosen probability density function (PDF), such 

as normal distribution, beta PDF, Weibull PDF, Rayleigh PDF etc. In some of the 

approaches [8, 10], the fuzzy set theory is used to model the uncertain load and generation. 

The rest of the works are based on constant load and generation values. 

 

The Level #3 classification is based on the solution strategies used in ADN 

planning. Several solution strategies are used to solve the planning optimization problems. 

The reported solution strategies can be categorized into two groups: (i) classical and 

enumerative search techniques and (ii) meta-heuristic approaches. Different conventional 

mathematical approaches and enumerative search techniques used are linear programming 

(LP), non-linear programming (NLP), mixed integer programming (MILP), mixed integer 

non-linear programming (MINLP), mixed integer second order cone programming 

(MISOCP), semi definite programming (SDP), Nash bargaining approach, dynamic 

programming (DP), and predictor corrector proximal multiplier (PCPM) etc. The meta-

heuristic methods use problem-independent set of rules to search feasible solutions. Some 

of the meta-heuristic approaches used are genetic algorithm (GA) and its different variants, 

particle swarm optimization (PSO) and its different variants, heuristic algorithm (HA), ant 

colony optimization (ACO), simulated annealing (SA), tabu search (TS), and cultural 

algorithm (CA) etc. In some of the approaches, hybrid solution strategy combining both 

classical and meta-heuristic approaches is used, for example, hybrid MILP and SA, and 

hybrid TS and graph theory, etc. The individual approaches are summarized in Table 1.2.  

 

Table 1.2: Different features of different ADN planning approaches    

Ref. 

No. 

Planning 

category 

Objective functions Type of DG 

unit 

Solution 

strategy 

PQ 

problem 

mitigation 
included? 

Integration 

of storage 

included? 

[7] CP (I) IC and OC for substation, feeder, DG units, and 

ESS, replacement cost of ESS, and cost of outage   

Not 

mentioned 

TS-GA, 

GA-ACO 
and PSO 

No Yes 

[8] CP  (O) Power loss and voltage deviation Not 

mentioned 

Adaptive 

GA 

No No 

[9] CP  (O) Energy loss WT MINLP No No 
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[10] CP (I+O) IC and OC of DG units, cost of energy loss, risk of 

overloading in substations and line segments, risk 

of over/under voltage in buses, and economic risk 
due to electricity price uncertainty 

Not 

mentioned 

NSGA-II No No 

[11] CP (I+O) Cost of line up-gradation, cost of energy loss, IC 

and OMC of DG units, cost of energy produced by 
DG units, and emission from DG units and for the 

purchased energy from the grid  

PV, WT  

and GT 

NSGA-II No No 

[12] CP (I+O) IC and OC of DG units, costs of substation and 

feeder reinforcement, cost of purchased energy 
from the grid, emission cost, and voltage 

satisfaction 

GT, MT 

and FC 

CLSMH

BMO 

No No 

[13] CP (I+O) Technical constraints dissatisfaction, cost of energy 
purchase from the grid,  reinforcement of 

substation and feeder, IC and OC of DG units, and 

total emission from DG units and the grid 

WT, GT 
and MT 

Binary 
PSO  

No No 

[14] CP (I) IC and OC of DG units,  capital cost to upgrade 

substation and feeders, and cost for import and 

export of energy 

GT HA  No No 

[15] CP (I) IC and OMC of DDG units, capacitors, lines and 
transformers, cost of energy loss, reliability cost,  

and cost of the reduction in purchased energy from 

the grid 

DE Modified 
discrete 

PSO 

No No 

[16] CP (I) IC of substation, feeder and DG units, and OC of 

DG units and substation 

Not 

mentioned 

PSO  No No 

[17] CP (I) Costs of energy loss, imported energy from the grid, 

and non-distributed energy, cost of reconfiguration 
using switches, IC of DG units, and costs of 

conductor replacement and additional lines 

Thermal 

and WT 

GA No No 

[18] CP (I) IC, OMC, and capacity adequacy cost of DG units 
and cost of energy loss 

WT, PV 
and DE 

Point 
estimated 

GA 

No No 

[19] CP (I) Costs of new lines, cost of energy losses, cost of 

undelivered energy due to faults, and cost of 
production loss of DG units due to faults in lines 

Not 

mentioned 

MILP & 

SA  

No No 

[20] CP (O) Costs of energy not supplied and energy loss  WT and PV HA No Yes 

[21] CP (O) Maximization of energy  export and revenue from 

energy export   

Not 

mentioned 

NLP   No Yes 

[22] CP (O) Cost of energy loss  WT, PV 

and HT 

GA Yes No 

[23] CP (I) Costs of energy loss, imported energy, and non-
distributed energy, cost of reconfiguration using 

switches, IC of DG units and new lines, and cost of 

conductor replacement  

WT and 
Thermal 

GA No No 

[24] CP (O) Energy loss  WT and PV MCM  No Yes 

[25] CP (O) Load curtailment minimization  Fossil fuel 

based  DG 

MIP No No 

[26] CP (O) DG capacity maximization  WT MOPF No No 

[27] CP (O) Cost of energy loss, generation cost of wind 
energy, and cost of ESS 

WT NLP No Yes 

[28] CP (I+O) IC and MC of DS systems and OC of grid (voltage 

deviation, energy purchase from the grid, energy 

losses, and load curtailment)  

WT, PV 

and DE 

MISOCP No Yes  

[29] CP (O) Network power loss and voltage deviation Not 

mentioned 

GA No No 

[30] CP (I) IC and OC of DG units and capacitor, and cost of 

purchase energy from the grid 

WT TS and 

GA 

No No 

[31]  CP (I) IC and OC of substation and lines, cost of energy 

loss, and fault cost 

WT NSGA-II No No 

[32] CP (I+O) Costs of energy loss, voltage regulation, and peak 

demand, and IC and OMC of ESS 

- IPM No Yes 

[33]  CP (O) OC of PV units, cost of reduction in demand with 

the integration of demand response program, and 

energy loss 

PV IPM No No 

[34] CP (O) DG hosting capacity maximization Not 

mentioned 

MILP No No 
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[35] CP (I) Cost of substation expansion, IC of substation, DG 

units, and feeder, replacement cost of feeder, OC 
of DG units, cost of energy purchase from the grid, 

cost of energy loss, cost of energy not supplied due 

to faults, and pollutant emission cost 

WT and 

DDG 

GA and 

OPF 

No No 

[36] CP (O) Power loss, voltage improvement, and load 

balancing of the lines in feeder 

PV ACO and 

fuzzy  

No  No 

[37]  CP (I+O) Profit due to sale of energy, IC of ESS and DG 

units, and OMC of ESS and DG units 

Not 

mentioned 

PSO No Yes 

[38]  CP (I) IC of ESS, OC of ESS and lines, cost of conductor 

replacement, cost of power imported from the 

substation, outage cost, and value of lost load  

- MIP No Yes 

[39]  CP (I+O) Substation expansion cost, IC of substation, feeder 
and DG units, conductor replacement cost of 

feeder, OC of DG units, cost of energy purchase 

from the grid, cost of energy loss, cost of expected 
energy not supplied, and emission cost 

WT and 
DDG 

GA No No 

[40]  CP (O) Cost of energy  WT NLP No No 

[41]   CP (I) IC and OMC of DG units, cost of energy purchase 

from the grid, cost of unserved energy, cost of 
energy loss, and emission cost 

WT, PV, 

HT, GT, 
Geothermal

, Heavy 

fuel oil 
turbine, 

BM 

MILP No No 

[42]  CP (I) IC and OMC of feeder, transformer, substation and 
DG units, cost of energy loss, and cost of unserved 

energy 

WT and PV MILP No No 

[43]  CP (O) Active and reactive power losses of the network PV, MT 
etc. 

MOEA No No 

[44] SGP (I) IC and OMC of substation, lines, fault passage 

indicator and parking lot, and expected energy not 

supplied 

- NSGA-II  No Yes (EV) 

[45] SGP  (I)  Revenue earned from energy export, IC and OMC 

of substations, feeders, and lines, cost of energy 

loss, and interruption and  fault repairing cost of 

lines  

- GA No No 

[46] SGP (O) Saving cost for reactive power compensation and 

the voltage deviation 

Not 

mentioned 

Nash 

Bargainin

g theory  

No No 

[47] SGP (O) Economic benefit from load and plug-in EV 

(PEV), OC of DG units, and cost of energy 

purchase from the grid  

WT and PV NLP  No Yes 

(PEV) 

[48] SGP (O) Generation curtailment for DG units and load 
curtailment minimization 

WT HA No Yes (EV) 

[49]  SGP (O) OC of  DDG unit, cost of import and export of 

energy, and cost of battery degradation due to 
vehicle-to-grid connection  

WT, PV 

and DDG 

SP No Yes (EV) 

[50] MGP 

(I+O) 

IC and OMC of lines and DG units, cost of energy 

purchase from the grid, and cost of lost load  

Not 

mentioned 

MILP No No 

[51] MGP  
(I+O) 

IC, OMC, and replacement cost of BESS and DG 
units, fault repairing cost of all equipment, and 

pollutant emission cost 

WT, DE 
and PV 

NSGA-II No Yes 

[52] MGP  

(I+O) 

IC of BESS and OC of MG (fuel cost, start-up and 

shutdown costs of units, and cost of energy 

purchase)  

WT and 

thermal 

MIP No Yes 

[53] MGP (I) IC of DG units, OC of MG, and reliability cost WT, PV, 

FC and GT 

MIP No Yes 

[54] MGP 

(I+O) 

IC, OMC and replacement cost of components, 

cost of lost load, and cost of purchased energy 

from the grid, and cost of energy sale to the grid  

WT, PV 

and FC 

PSO No Yes 

[55] MGP (I) IC and OMC of DG units, cost of energy sale, and 
cost of purchased energy from the grid 

WT, MT 
and PV 

MIP 
 

No No 

[56] MGP (I) IC and OMC of ESS and DG units and interruption 

cost 

WT and DE SP  No Yes 

[57] MGP  
(I+O) 

Revenue from electrical and thermal energy sale, 
IC and OMC of ESS and DG units, cost of energy 

exchange with the grid, and emission cost 

WT, PV, 
DE, MT 

and FC 

PSO No Yes 
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1.3 Motivation behind this thesis 

The conventional distribution networks suffer from poor energy efficiency and 

lower bus voltage magnitude due to the high R/X ratio of distribution line. The DG 

integration can improve the energy efficiency and bus voltage of a network. It is one of the 

solutions to meet increasing load growth with uninterrupted power supply to the consumers. 

The shortage of power generation during peak load demand hours is a common problem 

for the developing nations, such as India. This results in load curtailment. To avoid this, the 

energy generated by renewable sources, such as PV units can be stored in storage units so 

as to utilize during peak load demand hours. In the coming years, it is also expected that 

the installation capacity of rooftop PV will rapidly grow due to the need of clean/carbon 

free energy source. The general tendency of rooftop PV owner is to inject the surplus PV 

generation into the distribution networks. But, the injection of large PV generation may 

increase power/energy loss, create over voltage problem, and deteriorate PQ in distribution 

[58] MGP (O) Energy losses, load and generation balance within 

MG, and MG self-adequacy 

WT, PV 

and BM 

TS and 

Graph 

theory 

No Yes 

[59] MGP (O) MC of ESS, OC of DG units, and cost of energy  

exchange 

 

Renewable 

source, 

MT, DE 
and FC 

ASOA No Yes 

[60] MGP (O) Cost of energy purchase from the grid  WT and PV DP and 

Gauss-

Seidel 

No Yes 

[61] MGP (O) Cost of energy purchase from the grid, OC of DG 

units, cost of peak loading, emission cost, and cost 

of non-delivered energy 

WT, PV 

and DE 

MINLP No No 

[62] MGP (O) OC of DG units, cost of storing energy and energy 

purchase from the grid, customer dissatisfaction, 

and power loss 

WT, PV 

and DE 

PCPMA No Yes 

[63] MGP (O) Generation-load balance and ESS capacity sharing  Not 

mentioned 

IP and 

graph 

theory 

No Yes 

[64] MGP (O) Start-up cost of DG units, OMC of DG units and 
BESS, cost of energy sale/purchase from the grid, 

and cost of load curtailment 

PV and FC MILP No Yes 

[65] MGP (O) Power loss, cost of energy purchase from the grid, 

and cost of energy supplied by DG units 

Convention

-al DG 

SDP No No 

[66] MGP (O) IC and OMC of BESS and DG units, OC of MG, 

and cost of energy purchase and sale to the grid 

PV, FC and 

BM 

Cultural 

algorithm 

No Yes 

[67]  MGP (O) Cost of energy purchase from the grid, cost of EVs 

charging, and cost of degradation of battery  

WT SAICA  No Yes 

[68] MGP  

(I+O) 

Power procurement cost, OC of battery, and IC of  

DG units 

WT and PV MIP and 

convex 

optimizat
-ion 

No Yes 

[69] MGP  

(I+O) 

IC and OC of  DG units and ESS, cost of unserved 

energy, and cost of energy purchase/sale to the grid 

WT, PV 

and  DDG 

LP No Yes 
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networks. Thus, the determination of total amount of PV capacity that a network can 

accommodate without deteriorating its operational performance is a matter of interest. This 

is called PV hosting capacity (PVHC) of a network. There are several ways to improve the 

PVHC of a network, in which, reactive power compensation is one of them. The use of non-

linear loads in distribution networks increases harmonics. The excessive harmonics in line 

current may result in mal-operation of the sensitive equipment, additional network losses 

etc. The single line to ground fault and the presence of arc furnaces cause voltage sag, which 

may create operational problem for some of the sensitive loads, such as adjustable speed 

drives, certain medical equipment, data processing centers etc. This results in production 

loss for the process industries, loss of data for the data processing centers etc. Hence, an 

appropriate measure should be taken to ensure a desired PQ level to all the customers. The 

installation of the custom power devices [70] can be one of the approaches. The custom 

power devices are power electronics-based devices, which can provide reactive power 

compensation to a distribution network in addition to the mitigation of PQ issues. Thus, the 

allocation of any combination of the custom power devices, DG unit, and storage unit can 

solve many of the above-mentioned issues for radial distribution networks. 

 

In view of the above mentioned issues, the following research gaps are identified: 

 Unified power quality conditioner (UPQC) is a versatile custom power device used in 

PQ mitigation of distribution networks. In UPQC, two inverters, i.e., series and shunt 

inverters are usually placed in same location and they share a common dc-link. A new 

open UPQC (UPQC-O) topology is reported in [71], in which the series and shunt 

inverters can be placed in different locations of a network, unlike connected UPQC 

topology, and they do not share common dc-link. The reactive power compensation 

capability of connected UPQC topology for the improvement of energy efficiency of 

distribution networks is investigated in [72-75]. However, the optimal placement of 

UPQC-O with and without active power injection in distribution networks and a study 

to assess its ability to enhance energy efficiency and PQ of distribution networks have 

not been investigated. 

 As mentioned above, the optimal placement of DG in the distribution networks has 

several advantages. The optimal allocation of custom power devices, such as UPQC-O 
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can also improve energy efficiency and PQ of distribution networks. Thus, the 

allocation of custom power device connected with DG can be a solution to many of the 

above-mentioned problems. Thus, there is a need of development of UPQC-O model 

with DG and its optimal allocation strategy to distribution networks so as to improve 

the energy efficiency and PQ. 

 The network power/energy loss is one of the parameters of distribution network which 

greatly varies with the injection of PV generation into a network. But, none of the works 

considers the power loss as a constraint in defining the PVHC of distribution networks. 

Although the maximization of PVHC and minimization of energy loss are two 

conflicting objectives, none of the works has considered the simultaneous optimization 

of these two. The optimal allocation of series and shunt inverters of UPQC-O for the 

improvements of PVHC, energy efficiency, and PQ of distribution networks has not 

been studied. 

 The active power compensation capability of PV-BESS integrated UPQC-O (PV-

BESS-UPQC-O) for the peak load shaving of distribution networks has not been 

investigated. 

 The time varying reactive power (VAr) compensation capability of UPQC-O for energy 

loss minimization in distribution networks during time varying load and PV generation 

variations has not been investigated. Thus, there is need of operational optimization 

approach for setting the optimal VAr set point for UPQC-O in each load and PV 

generation scenario for the energy loss minimization of distribution networks. 

These research gaps are the motivations behind the present work. 

 

1.4 Organization of this thesis 

This thesis is organized as follows: 

 In Chapter-2, the modelling of UPQC-O without and with active power injection is 

formulated for distribution networks. The PSO-based planning approach is used for the 

optimal allocation of these UPQC-O models in distribution networks for energy 

efficiency and PQ improvement. A new technical constraint, named as percentage of 
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voltage sag mitigated load (PVSML), is proposed to include the voltage sag mitigation 

criteria in the planning problem. The performances of UPQC-O models without and 

with active power injection are compared with the UPQC models without and with 

active power injection to assess their potential in enhancing the energy efficiency and 

PQ of distribution networks. The charging schemes for the battery connected to the 

UPQC models are also discussed in this chapter. 

 In Chapter-3, the modelling and allocation planning of UPQC-O integrated PV 

generation system are provided to improve the energy efficiency and PQ of distribution 

networks. The two UPQC-O models with PV array are formulated in this chapter. The 

relative merits and demerits for the deployment of these UPQC-O models are 

highlighted. The performance comparison of proposed approach with other similar 

approaches of power/energy loss minimization is also provided. 

 In Chapter-4, mono- and multi-objective planning approaches are proposed to improve 

the PVHC and energy efficiency of distribution networks with the optimal allocation of 

inverters of UPQC-O. In mono-objective planning, PVHC is maximized considering 

the network power loss as a technical constraint to determine the maximum integration 

of PV capacity in each load bus and locations of the inverters of UPQC-O for reactive 

power compensation. The modelling of inverters of UPQC-O is also formulated. The 

effect of placement of single series/shunt inverter on PVHC is also provided. The 

performance of the proposed mono-objective planning approach of maximization of 

PVHC is qualitatively compared with the other approaches of maximization of PVHC. 

In multi-objective planning, PVHC and energy loss of distribution network are 

simultaneously optimized. Multi-objective PSO (MOPSO) based optimal allocation 

strategy for the inverters of UPQC-O is developed. 

 In Chapter-5, a multi-objective planning approach is provided for the optimal allocation 

of PV-BESS integrated UPQC-O for peak load shaving of radial distribution networks. 

The performance of proposed approach of peak load shaving is qualitatively compared 

with other similar approaches.  

 In Chapter-6, an operational optimization approach for the determination of time 

varying VAr injection set points of UPQC-O with time varying load demand and PV 

generation is proposed to minimize the energy loss in distribution networks. An 
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appropriate solution strategy is devised for this approach. The infrastructure required 

for the real-time implementation of the proposed methodology, impact of load growth 

on the VAr set points of UPQC-O, and the cost-benefit analysis with single and multi-

point compensations are also provided.   

 In Chapter-7, the conclusion of the whole work is presented along with some future 

directions of the research in this area. 

 

The Appendix of this thesis provides the simulation data for the 33-bus and 69-bus 

radial distribution networks, and time varying load demand and PV generation. 

 

1.5 Contributions of this thesis 

The main contributions of this thesis are summarized below: 

 Development of UPQC-O models without and with active power injection to improve 

energy efficiency and PQ of radial distribution networks.  

 Formulation of planning problem to optimally allocate UPQC-O-integrated PV 

generation system to improve energy efficiency and PQ of radial distribution networks. 

 Development of mono- and multi-objective planning approaches to improve PVHC and 

energy efficiency of radial distribution networks with the UPQC-O placement. 

 Development of multi-objective planning approach to optimally allocate the PV-BESS 

integrated UPQC-O for peak load shaving of radial distribution networks. 

 Development of an online operational optimization approach for UPQC-O to minimize 

the energy loss in radial distribution networks during time varying load demand and PV 

generation. 

In this thesis, the following performance indices are considered to analyze the performance 

of distribution networks:  

 

 Energy loss/power loss: In Chapter 2, the network power loss of peak hour and off-peak 

hour load levels are used to compute the daily energy loss. In Chapters-3 and 4, three 

load-generation scenarios: peak load with no PV generation, off-peak load with no PV 
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generation, and off-peak load with PV generation are considered to compute the daily 

energy loss. In Chapter-5, total power loss during peak load hour which includes the 

line losses, series transformer loss, and inverter losses is used for performance 

evaluation. In Chapter-6, hourly energy loss is computed considering the hourly 

variations of load and/or PV generation.    

 Minimum bus voltage magnitude: The load-generation scenarios used for the 

computation of energy loss/power loss are also considered for the determination of 

minimum bus voltage magnitude of distribution networks.    

 Voltage sag mitigation and current harmonics elimination: In this thesis, the supply 

voltage sag and current harmonics are considered as the PQ issues. In all the planning 

models, a fixed percentage of sag in supply voltage (i.e., 30%) and current harmonics 

in line current (i.e., 20%) is mitigated by the UPQC-O.  

 PVHC: It is computed considering the worst-case scenario, i.e., minimum load demand 

(i.e., 20% of peak load) and maximum PV generation in each bus of the network except 

substation bus. 

 Peak load shaving: It is defined as the percentage of total peak load to be supplied by 

the PV-BESS integrated UPQC-O during peak load hours. 
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2 
A Comparative Study among UPQC Models with and without 

Active Power Injection to Improve Energy Efficiency of Radial 

Distribution Networks 

 

 

 

2.1 Introduction 

The energy efficiency and PQ are two important aspects to any power distribution 

systems planner. The high resistance to reactance ratio of distribution line and the 

increasing use of non-linear loads lead to poor energy efficiency and deterioration of PQ, 

respectively. Hence, to maintain the standard of electricity, utilities have to look into both 

these issues together. The development of the custom power devices [70] can facilitate to 

achieve this. The custom power devices are the power electronic-based devices, which 

are used to provide reactive power compensation and to mitigate the PQ problems such 

as voltage sag/ swell, harmonics etc. UPQC is a type of custom power device which can 

provide both series and shunt compensations by using series and shunt inverters, 

respectively. The proper allocation of this device can ensure a specified PQ level and can 

significantly reduce the network power loss [72-75]. A state-of-art review on UPQC can 

be found in [76]. In UPQC connected topology, its two inverters are connected back-to-

back to a DC link [77]. 
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Based on research reported on UPQC, various UPQC models are found, in which  

some are developed based on different types of series compensation [76], for example 

UPQC-P,  UPQC-Q, UPQC-S etc. In UPQC-P and UPQC-Q, a series voltage is injected 

in phase and in quadrature with the bus voltage, respectively to mitigate the voltage sag. 

A performance comparison between these two models is reported in [78]. In UPQC- S, 

series voltage is injected in such a way that it can provide both active and reactive power 

compensations [79]. Some UPQC models are based on minimization of VA-rating, for 

example UPQC-VAmin [80]. Some works are reported on the development of different 

UPQC inverter topologies, such as, 3-phase 4-wire structure [81], interline UPQC [82], 

in which two inverters are placed in different feeders of a network, OPEN UPQC [71], in 

which the series and shunt inverters are not connected to a common DC link etc. In [83], 

a new topology of UPQC based on current sourced converters is developed, in which 

shunt inverter is placed on the left side of series inverter and these two inverters share a 

common DC reactor for the power exchange. In some of these works, different control 

schemes for UPQC are developed, for example phase angle control (PAC) [84], 

simultaneous voltage and current compensation scheme [85], design of a feedback 

controller using PSO [86] etc. In [87], the impact of fixed and variable PAC approaches 

on the VA loadings of series and shunt inverters of UPQC are studied under voltage sag 

and swell conditions. In [88-89], variable PAC based method is used to determine the 

optimal size of UPQC. In [88], the size of series inverter, shunt inverter, and series 

transformer are determined. However, in [89], only the sizes of the series and shunt 

inverters are determined. In [90], a control scheme is designed for the series and shunt 

inverters of UPQC to mitigate various types of PQ issues, such as, voltage sag, unbalance, 

distortions, load current harmonics etc. The proportional resonant controller is used to 

control the series inverter and proportional integral (PI) controller and three vector PI 

controller are used to control the shunt inverter. In [91], a control scheme is developed 

for UPQC to reduce the reactive power circulation between the inverters and overloading 

on UPQC due to unbalanced load. In [92], UPQC cost minimization is considered to be 

the objective function. In [93-94], the UPQC model with distributed generation is 

reported. In [95], the PV integrated UPQC is designed and the simulation and 

experimental results are provided by varying the load unbalancing, voltage sags/swells, 
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and solar irradiation. The shunt inverter is used to extract the power from PV and to 

compensate the load harmonics and the series inverter is used to mitigate grid side voltage 

sags/swells.           

 

In most of the above mentioned works, UPQC is used to protect single load, i.e., 

most sensitive load of the network from PQ problems. But, there might be a number of 

equally sensitive loads in a distribution network. The potential of UPQC in improving 

energy efficiency of a distribution network is not fully explored, except the works [72-

75]. In [72], a study to determine the impact of the placement of UPQC on network power 

loss, line loadability, and voltage stability is reported. In [73], a multi-objective 

optimization-based planning approach is adopted to find the optimal location(s) and 

size(s) for UPQC in distribution networks. In [74], PSO is used to determine the optimal 

location, size, amount of VAr compensation required at the location, and ratio of series 

voltage injected to the desired voltage by minimizing the power loss and voltage drop in 

the network. In [74], the optimal location and size of UPQC are determined by 

minimizing the cost of UPQC, cost of energy loss, and cost of load interrupted due to the 

voltage sag. These works [72-75] show that an UPQC placed at an appropriate location 

can be used to reduce the network power loss, to mitigate the voltage sag, to eliminate 

the harmonics, and to improve the bus voltages etc. Since the series inverter of UPQC 

protects downstream load from voltage sag, it can provide the protection to large number 

of load, if it is placed near the substation. But, it increases its VA-rating. Moreover, if the 

shunt inverter of UPQC is placed near the substation it may not result optimal power loss 

reduction [72]. Hence, a unique location for UPQC may not fulfil both the aspects. The 

concept of OPEN UPQC (UPQC-O) [71] has given the flexibility to place both series and 

shunt inverters at different locations. The recently reported works on UPQC-O can be 

found in [96-102]. But, these works are mostly focused on the design of control schemes 

for the series [96] and shunt inverters [97] for PQ improvement. In [98], a design approach 

is reported, in which VA-rating of UPQC-O, is determined to mitigate the voltage sag. In 

[99], UPQC-O is used with renewable generation to improve PQ. In [100], enhanced 

phase locked loop and non-linear adaptive filter-based control schemes are designed for 
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series and shunt inverters. In [101], the UPQC-O is designed, simulated, and implemented 

for the improvement of PQ of a real low voltage distribution network. In [102], a 

performance comparison is provided in between UPQC and UPQC-O by considering 

non-linear loads and different types of voltage sag. From the above mentioned literature, 

the motivating factors behind this work are given below. 

 There is no work available in the literature, in which the modelling of UPQC-O with 

and without active power injection to improve energy efficiency and PQ of 

distribution networks is reported.  

 There is no comparative study among the UPQC and UPQC-O models designed to 

improve energy efficiency and PQ of distribution networks.     

 

To fill the above-mentioned research gaps, four different UPQC models are 

presented in this chapter. They are: (i) UPQC without active power injection (UPQC-

WOP), (ii) UPQC with active power injection (UPQC-WP), (iii)  UPQC-O  without  active  

power  injection  (UPQC-O-WOP),  and  (iv)  UPQC-O with active power injection (UPQC-

O-WP). The UPQC-WOP model is taken from [73] to provide comparative study with these 

models. In UPQC-O, the series and shunt inverters, placed in different locations in the 

network, are designed to communicate with each other so as to coordinate the VAr sharing 

among them. A planning optimization model is formulated to determine the optimal 

locations and ratings of the series and shunt inverters. The PSO algorithm is used to solve 

the planning model. 

 

The work is demonstrated on a 69-bus and a 33-bus radial distribution networks. 

 

2.2 UPQC and UPQC-O modelling without and with active power injection 

To demonstrate the UPQC and UPQC-O models, a 6-bus radial distribution network 

is chosen, as shown in Figs. 2.1(a) and 2.1(b), respectively. The bus 1 is the substation bus 

and remaining buses are load buses. Both UPQC and UPQC-O consist of two voltage source 

inverters, i.e., series and shunt inverters. The series inverter injects series voltage to mitigate 

the supply voltage sag and the shunt inverter injects shunt compensating current to provide 

harmonic compensation and to inject reactive power into the network. In case of UPQC, 
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these two inverters are connected to a DC link and placed at the same location as shown in 

Fig. 2.1(a). But, in case of UPQC-O, these two inverters can be placed in different locations 

and these are connected via communication link to coordinate the VAr sharing. To do this, 

firstly, the total reactive power (𝑄𝐶𝑜𝑚𝑝) required in a network is decided. It is usually a 

fraction of the sum total of reactive power demand of the loads. Then, the amount of reactive 

power, that the series inverter could provide, is computed. Let, this amount be 𝑄𝑆𝑒 . From 

these, the amount of reactive power required from the shunt inverter(s) is computed as, 

𝑄𝑆ℎ_𝑟𝑒𝑞 = 𝑄𝐶𝑜𝑚𝑝 − 𝑄𝑆𝑒        (2.1)        

In case of multiple shunt inverters, 𝑄𝑆ℎ_𝑟𝑒𝑞 is distributed among all the shunt inverters 

based on their reactive power support capacity. For example, the reactive power required 

from the nth shunt inverter is set as: 

 

Fig. 2.1: A 6-bus radial distribution network with (a) UPQC (b) UPQC-O {symbols used in 

bracket are for the model with active power injection} 

 
(b) 

(a) 
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𝑄𝑆ℎ𝑛 =
𝑄𝑆ℎ𝑛
𝑐

∑ 𝑄𝑆ℎ𝑛
𝑐

𝑛
𝑄𝑆ℎ_𝑟𝑒𝑞         (2.2) 

where, 𝑄𝑆ℎ𝑛
𝑐  is the maximum reactive power support capacity or rating of the nth shunt 

inverter. If the reactive power required from the nth shunt inverter unit (𝑄𝑆ℎ𝑛) is found to 

be greater than its rated VAr support capacity, i.e., 𝑄𝑆ℎ𝑛
𝑐 , then 𝑄𝑆ℎ𝑛

𝑐  is set as its reactive 

power injection amount. The functions of series and shunt inverters during healthy and 

voltage sag conditions are summarized in Table 2.1. 

 

Table 2.1: Function of series and shunt inverters for different UPQC models 

UPQC models Function of the series inverter Function of the shunt inverter during 

voltage sag and 
healthy conditions 

Voltage sag 
condition 

Healthy condition 

UPQC-WOP Mitigates 

voltage sag 

Reactive power 

injection 

Reactive power injection and 

harmonic compensation 

UPQC-WP Mitigates 
voltage sag 

Reactive power 
injection 

Active and reactive power injections 
as well as harmonic compensation 

UPQC-O-WOP Mitigates 

voltage sag 

Reactive power 

injection 

Reactive power injection and 

harmonic compensation 

UPQC-O-WP Mitigates 
voltage sag 

Reactive power 
injection 

Active and reactive power injections 
as well as harmonic compensation 

 

 

In case of UPQC-WOP, the active power circulates in between two inverters to 

maintain the DC link voltage constant [84]. With the appropriate size of battery, UPQC and 

UPQC-O both are capable of providing active power to the network. The battery rating 

requirements in different UPQC models are computed as: 

 In UPQC-WP model, the battery connected to the DC link is designed such that it can 

provide active power during peak hour and can compensate inverter losses. 

 In UPQC-O-WOP model, the battery connected to the series inverter is designed such 

that it can mitigate 𝑘 % of voltage sag and can compensate inverter losses. The battery 

connected to the shunt inverter is also designed to compensate inverter losses. 

 In UPQC-O-WP model, the design of battery connected to the series inverter is similar 

to the UPQC-O-WOP model. But, the battery connected to the shunt inverter is designed 

to inject active power during peak hour and to compensate inverter losses. 

 

Hence, in this work, four different models are provided. They are: 
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 Model A:  UPQC-WOP 

 Model B: UPQC-WP 

 Model C:  UPQC-O-WOP  

 Model D: UPQC-O-WP 

The model of UPQC-WOP is taken from [73] and other three models are proposed in this 

work. It is to be noted that the current flowing through the shunt inverter would be equal 

to the phasor sum of the in-phase current supported by the battery and a quadrature 

component of the shunt compensation current if the battery is designed for active power 

injection, i.e., Models B and D. In other two models, the current flowing through the 

shunt inverter is in quadrature with the voltage to ensure only reactive power injection. 

 

2.2.1 Model A: UPQC-WOP 

The phasor diagram of UPQC-WOP is shown in Fig. 2.2. The detailed steady-state 

modelling of UPQC-WOP is found in [73]. In healthy condition, a fraction (𝐾𝑆𝑒1) of 𝑉𝑅1 

i.e, 𝑉𝑆𝑒1  is injected by the series inverter to maintain 𝑉𝑅1 by shifting the receiving end 

voltage phase angle by 𝛿1. The amount of voltage sag (𝑘) to be mitigated by the series 

inverter of UPQC is obtained as [73]: 

𝑘 = 𝐾𝑆𝑒1
2                (2.3) 

The receiving end voltage phase angle shift is obtained as [73]: 

𝛿1 = cos−1(1 − 0.5𝐾𝑆𝑒1
2 )             (2.4) 

The maximum reactive power provided by the series inverter of UPQC-WOP is obtained 

as [73]: 

𝑄𝑆𝑒1
max⁡′ = 𝑉𝑅1𝐼𝑅1

′ sin 𝛿1             (2.5) 

The maximum reactive power required from shunt inverter is obtained by Eq. (2.6), 

  𝑄𝑆ℎ1
max′ = 𝑄𝐶𝑜𝑚𝑝 − 𝑄𝑆𝑒1

max′            (2.6) 

From Fig. 2.2., the series voltage injected by the series inverter is computed as: 

𝑉𝑆𝑒1 = √𝑉𝑅1
2 + 𝑉𝑅1

2 − 2𝑉𝑅1𝑉𝑅1 cos 𝛿1       

    = 𝑉𝑅1√2(1 − cos 𝛿1)             (2.7) 
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For lossless UPQC-WOP, the active power drawn by the load will be equal to the active 

power supplied by the source, i.e.,  

𝑉𝑅1𝐼𝑅1
′ = 𝑉𝑅1𝐼𝑅1 cos ∅𝑅1            (2.8) 

𝐼𝑅1
′ = 𝐼𝑅1 cos ∅𝑅1             (2.9) 

The VA-rating of series inverter of UPQC-WOP is computed as: 

𝑆𝑆𝑒1
𝑊𝑂𝑃 = 𝑉𝑆𝑒1𝐼𝑅1

′            (2.10) 

The active and reactive power to be supplied by the series inverter of UPQC-WOP are 

computed as: 

𝑃𝑆𝑒1
𝑊𝑂𝑃 = 𝑆𝑆𝑒1

𝑊𝑂𝑃cos 𝜃𝑆𝑒1          (2.11) 

𝑄𝑆𝑒1
𝑊𝑂𝑃 = 𝑆𝑆𝑒1

𝑊𝑂𝑃 sin 𝜃𝑆𝑒1          (2.12) 

The phase angle 𝜃𝑆𝑒1 is computed as [73]:  

 𝜃𝑆𝑒1 = 90° +
𝛿1

2
           (2.13) 

From Fig. 2.2, the shunt compensating current to be provided by the shunt inverter is 

computed as: 

𝐼𝑆ℎ1
′ = √𝐼𝑅1

2 + 𝐼𝑅1
′ 2

− 2𝐼𝑅1𝐼𝑅1
′ cos(∅𝑅1 − 𝛿1)       (2.14) 

From Eqs. (2.9) and (2.14), 

𝐼𝑆ℎ1
′ = 𝐼𝑅1√1 + cos2 ∅𝑅1 − 2 cos ∅𝑅1 cos(∅𝑅1 − 𝛿1)      (2.15) 

 

Fig. 2.2:  Phasor diagram for Model A 
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In addition to the reactive power compensation, the UPQC-WOP provides harmonic 

compensation by eliminating the distortion components present in the line current. The 

distortion components of line current 𝐼𝑅1
𝑑𝑖𝑠 is nullified by the distortion components of shunt 

compensating current 𝐼𝑆ℎ1
′𝑑𝑖𝑠, i.e.,  

𝐼𝑅1
𝑑𝑖𝑠 = 𝐼𝑆ℎ1

′𝑑𝑖𝑠         (2.16) 

From the definition of total harmonic distortion (THD), i.e,  

𝑇𝐻𝐷⁡ =
𝐼𝑑𝑖𝑠

𝐼𝑓𝑢𝑛
          (2.17) 

From Eqs. (2.16) and (2.17), 

𝑇𝐻𝐷𝐿𝐼𝑅1
𝑓𝑢𝑛

= 𝑇𝐻𝐷𝑆ℎ𝐼𝑆ℎ1
′𝑓𝑢𝑛

       (2.18) 

From Eqs. (2.15) and (2.18), 

𝑇𝐻𝐷𝑆ℎ =
𝑇𝐻𝐷𝐿

√1+cos2 ∅𝑅1−2cos∅𝑅1 cos(∅𝑅1−𝛿1)
     (2.19) 

The RMS value of the shunt compensating current is computed as: 

𝐼𝑆ℎ1
′𝑅𝑀𝑆 = 𝐼𝑆ℎ1

′𝑓𝑢𝑛√1 + 𝑇𝐻𝐷𝑆ℎ
2       (2.20) 

From Eqs. (2.19) and (2.20), 

𝐼𝑆ℎ1
′𝑅𝑀𝑆 = 𝐼𝑅1√1 + cos2 ∅𝑅1 − 2 cos ∅𝑅1 cos(∅𝑅1 − 𝛿1) + 𝑇𝐻𝐷𝐿

2             (2.21) 

The VA-rating of shunt inverter of UPQC-WOP is computed as: 

𝑆𝑆ℎ1
𝑊𝑂𝑃 = 𝑉𝑅1𝐼𝑆ℎ1

′𝑅𝑀𝑆                  (2.22) 

The active and reactive power supplied by the shunt inverter are computed as: 

𝑃𝑆ℎ1
𝑊𝑂𝑃 = 𝑉𝑅1𝐼𝑆ℎ1

′ cos 𝜃𝑆ℎ1
′                  (2.23) 

𝑄𝑆ℎ1
𝑊𝑂𝑃 = 𝑉𝑅1𝐼𝑆ℎ1

′ sin 𝜃𝑆ℎ1
′                  (2.24) 

The phase angle 𝜃𝑆ℎ1
′  is computed as [73]: 

For (𝛿1 > ∅𝑅), 𝜃𝑆ℎ1
′  is calculated as, 

 𝜃𝑆ℎ1
′ = tan−1 [

cos(𝛿1−∅𝑅1)−cos∅𝑅1

sin(𝛿1−∅𝑅1)
]+90° − 𝛿1                (2.25) 

Otherwise, 
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𝜃𝑆ℎ1
′ = tan−1 [

cos(∅𝑅1−𝛿1)−cos∅𝑅1

sin(∅𝑅1−𝛿1)
]+90° − 𝛿1                                     (2.26) 

If 𝑄𝑆ℎ1
max′ is found to be higher than 𝑄𝑆ℎ1

𝑊𝑂𝑃 then 𝑄𝑆ℎ1
max′ is set to 𝑄𝑆ℎ1

𝑊𝑂𝑃. 

The total VA-rating of UPQC-WOP is computed as [103-104]: 

𝑆𝑈𝑃𝑄𝐶
𝑊𝑂𝑃 = 𝑆𝑆ℎ1

𝑊𝑂𝑃 + 𝑆𝑆𝑒1
𝑊𝑂𝑃                 (2.27) 

 

2.2.2 Model B: UPQC-WP 

The phasor diagram of UPQC-WP is shown in Fig. 2.3. Here, a fraction (𝐾𝑅𝑒) of 

line current 𝐼𝑅1 is to be supported by the battery to provide the active power compensation 

to the network. i.e.,  

𝐼𝑅𝑒1 = 𝐾𝑅𝑒𝐼𝑅1          (2.28) 

The Eqs. (2.3) and (2.4) are also used in this model to find 𝑘 and 𝛿1, respectively. The 

maximum reactive power supplied by the series inverter of UPQC-WP is obtained as: 

 𝑄𝑆𝑒1
max′′ = 𝑉𝑅1𝐼𝑅1

′′ sin 𝛿1        (2.29) 

The maximum reactive power required from the shunt inverter of UPQC-WP is obtained 

as: 

 𝑄𝑆ℎ1
max′′ = 𝑄𝐶𝑜𝑚𝑝 − 𝑄𝑆𝑒1

max′′        (2.30) 

By applying the active power balance equation, 

𝐼𝑅1
′′ 𝑉𝑅1 = 𝑉𝑅1𝐼𝑅1 cos ∅𝑅1 + 𝑉𝑅1𝐼𝑅𝑒1      (2.31) 

The right hand side of Eq. (2.31) consists of two components. These are the active power 

drawn by the load buses and the active power to be injected through the shunt inverter. The 

left hand side of Eq. (2.31) shows total active power flowing from the preceding bus to the 

bus, at which UPQC is located.  

From Eqs. (2.28) and (2.31),  

𝐼𝑅1
′′ = 𝐼𝑅1 (cos ∅𝑅1 + 𝐾𝑅𝑒)       (2.32) 

In UPQC-WP model, the series voltage supplied by the series inverter is equal to the 𝑉𝑆𝑒1 

obtained for UPQC-WOP model. Thus, the VA-rating of series inverter of UPQC-WP can 

be computed as: 

𝑆𝑆𝑒1
𝑊𝑃 = 𝑉𝑆𝑒1𝐼𝑅1

′′         (2.33) 
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The active and reactive power supplied by the series inverter of UPQC-WP are computed 

as: 

𝑃𝑆𝑒1
𝑊𝑃 = 𝑆𝑆𝑒1

𝑊𝑃cos 𝜃𝑆𝑒1        (2.34) 

𝑄𝑆𝑒1
𝑊𝑃 = 𝑆𝑆𝑒1

𝑊𝑃 sin 𝜃𝑆𝑒1        (2.35) 

The phase angle 𝜃𝑆𝑒1 can be computed by using Eq. (2.13). 

From Fig. 2.3, the shunt compensating current provided by the shunt inverter of UPQC-WP 

is computed as: 

𝐼𝑆ℎ1
′′ = √𝐼𝑅1

′′ 2 + 𝐼𝑅1
2 − 2𝐼𝑅1

′′ 𝐼𝑅1 cos(∅𝑅1 − 𝛿1)     (2.36) 

From Eqs. (2.32) and (2.36), 

𝐼𝑆ℎ1
′′ = 𝐼𝑅1√1 + (cos ∅𝑅1 + 𝐾𝑅𝑒)

2 − 2 (cos ∅𝑅1+𝐾𝑅𝑒)⁡cos(∅𝑅1 − 𝛿1) (2.37) 

The RMS value of 𝐼𝑆ℎ1
′′  can be computed by following the similar steps as followed for the 

computation of 𝐼𝑆ℎ1
′𝑅𝑀𝑆 (Refer section 2.2.1).  

𝐼𝑆ℎ1
′′𝑅𝑀𝑆 = 𝐼𝑅1√1 + (cos∅𝑅1 + 𝐾𝑅𝑒)2 − 2 (cos∅𝑅1+𝐾𝑅𝑒)⁡cos(∅𝑅1 − 𝛿1) + 𝑇𝐻𝐷𝐿

2  

(2.38) 

The VA-rating of shunt inverter of UPQC-WP is computed as: 

 

Fig. 2.3: Phasor diagram for Model B  
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𝑆𝑆ℎ1
𝑊𝑃 = 𝑉𝑅1𝐼𝑆ℎ1

′′𝑅𝑀𝑆                  (2.39) 

The active and reactive power supplied by the shunt inverter of UPQC-WP are computed 

as: 

𝑃𝑆ℎ1
𝑊𝑃 = 𝑉𝑅1𝐼𝑆ℎ1

′′ cos 𝜃𝑆ℎ1
′′                  (2.40) 

𝑄𝑆ℎ1
𝑊𝑃 = 𝑉𝑅1𝐼𝑆ℎ1

′′ sin 𝜃𝑆ℎ1
′′                  (2.41) 

The expression for the computation of phase angle 𝜃𝑆ℎ1
′′  can be derived by following the 

similar steps as used for the derivation of 𝜃𝑆ℎ1
′  [84]. 

For (𝛿1 > ∅𝑅), 𝜃𝑆ℎ1
′′  is calculated as, 

 𝜃𝑆ℎ1
′′ = tan−1 [

cos(𝛿1−∅𝑅1)−cos∅𝑅1−𝐾𝑅𝑒

sin(𝛿1−∅𝑅1)
]+90° − 𝛿1               (2.42) 

Otherwise, 

𝜃𝑆ℎ1
′′ = tan−1 [

cos(∅𝑅1−𝛿1)−cos∅𝑅1−𝐾𝑅𝑒

sin(∅𝑅1−𝛿1)
]+90° − 𝛿1                                    (2.43) 

If 𝑄𝑆ℎ1
max′′ is found to be higher than 𝑄𝑆ℎ1

𝑊𝑃 then 𝑄𝑆ℎ1
max′′  is set to 𝑄𝑆ℎ1

𝑊𝑃. 

The total VA-rating of UPQC-WP is computed as: 

𝑆𝑈𝑃𝑄𝐶
𝑊𝑃 = 𝑆𝑆ℎ1

𝑊𝑃 + 𝑆𝑆𝑒1
𝑊𝑃        (2.44) 

The rating/size of battery connected to the DC link of UPQC-WP is computed as: 

𝑃𝐵𝑈𝑃𝑄𝐶
𝑊𝑃 =

𝑉𝑅1𝐼𝑅𝑒1𝑡1

ɳ𝐼𝑁𝑉
+ 𝐼𝑁𝑉𝐿𝑆ℎ12

𝑊𝑃 𝑡2+𝐼𝑁𝑉𝐿𝑆𝑒12
𝑊𝑃 𝑡2     (2.45) 

The 1st part of Eq. (2.45) represents the battery rating required to provide active power 

compensation and to compensate inverter losses during peak load hours. The 2nd and 3rd 

parts of Eq. (2.45) represent the battery rating required to compensate the series and shunt 

inverter losses during off-peak hours, respectively. 

 

2.2.3 Model C: UPQC-O-WOP 

The phasor diagrams for the series and shunt inverters of UPQC-O-WOP are shown 

in Figs. 2.4(a) and 2.4(b), respectively. In this case, phase angle between 𝑉𝑆𝑒
𝑠𝑎𝑔

 and 𝐼𝑆 is 

maintained at 90° to provide only reactive power to the network.  

From Fig. 2.4(a), 
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𝑉𝑅 cos 𝛼
′′ =𝑉𝑅

𝑆𝑎𝑔
cos 𝛼′ + 𝑉𝑆𝑒

𝑆𝑎𝑔
sin ∅      (2.46) 

𝑉𝑅 sin 𝛼
′′ =𝑉𝑅

𝑆𝑎𝑔
sin 𝛼′ + 𝑉𝑆𝑒

𝑆𝑎𝑔
cos ∅      (2.47) 

From Eqs. (2.46) and (2.47), 

𝑉𝑅 cos(𝛼
′′ + ∅)=𝑉𝑅

𝑆𝑎𝑔
cos(𝛼′ + ∅)      (2.48) 

From Eq. (2.48), 𝛼′′ can be found as:  

         𝛼′′ = cos−1 {
𝑉𝑅
𝑆𝑎𝑔

𝑉𝑅
cos(𝛼′ + ∅)} − ∅      (2.49) 

From Fig. 2.4(a), the series voltage (𝑉𝑆𝑒
𝑆𝑎𝑔

) injected by the series inverter of UPQC-O-WOP 

is obtained as: 

𝑉𝑆𝑒
𝑆𝑎𝑔

= √𝑉𝑅
2 + (𝑉𝑅

𝑆𝑎𝑔
)2 − 2𝑉𝑅𝑉𝑅

𝑆𝑎𝑔
cos(𝛼′′ − 𝛼′)    (2.50) 

The same magnitude of series voltage, as injected during voltage sag condition, is also 

injected (𝑉𝑆𝑒
𝐻𝑒𝑙 = 𝑉𝑆𝑒

𝑆𝑎𝑔
) in the healthy condition to provide the reactive power to the 

network. Thus, the VA-rating of series inverter of UPQC-O-WOP is computed as: 

𝑆𝑆𝑒
𝑊𝑂𝑃 = 𝑉𝑆𝑒

𝐻𝑒𝑙𝐼𝑆        (2.51) 

The reactive power supplied by the series inverter of UPQC-O-WOP is equal to the 𝑆𝑆𝑒
𝑊𝑂𝑃. 

i.e.,  

𝑄𝑆𝑒
𝑊𝑂𝑃 = 𝑆𝑆𝑒

𝑊𝑂𝑃        (2.52) 

Using the communication link, the series inverter sends the information of the amount of 

its VAr sharing to the shunt inverter. Then, the VAr sharing of the shunt inverter is 

computed as:  

𝑄𝑆ℎ_𝑟𝑒𝑞
𝑊𝑂𝑃 = 𝑄𝐶𝑜𝑚𝑝 − 𝑄𝑆𝑒

𝑊𝑂𝑃       (2.53) 

The rating of battery connected to the DC link of series inverter of UPQC-O-WOP is 

computed as: 

𝑃𝐵𝑆𝑒
𝑊𝑂𝑃 =

𝑘𝑡𝑆𝑎𝑔 ∑ 𝑃(𝑖)𝑖𝜖𝜕

3600
+ ∑ 𝐼𝑁𝑉𝐿𝑆𝑒𝑑

𝑊𝑂𝑃𝑡𝑑𝑑𝜖[1,2]         (2.54) 

where, 𝜕 is the set of all downstream buses which are beyond the point of connection of 

series inverter. 

From Fig. 2.4(b), the shunt compensating current provided by the shunt inverter of UPQC-

O-WOP is computed as: 

𝐼𝑆ℎ
′ = 𝐼𝐿 sin ∅𝐿         (2.55) 
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The RMS value of 𝐼𝑆ℎ
′  can be computed by following the similar steps as followed for the 

computation of 𝐼𝑆ℎ1
′𝑅𝑀𝑆 (Refer section 2.2.1). 

𝐼𝑆ℎ
′𝑅𝑀𝑆 = 𝐼𝐿√sin2 ∅𝐿 + 𝑇𝐻𝐷𝐿

2       (2.56) 

The VA-rating of shunt inverter of UPQC-O-WOP is computed as: 

𝑆𝑆ℎ
𝑊𝑂𝑃 = 𝑉𝐿𝐼𝑆ℎ

′𝑅𝑀𝑆        (2.57) 

The reactive power supplied by the shunt inverter of UPQC-O-WOP is computed as: 

𝑄𝑆ℎ
𝑊𝑂𝑃 = 𝑉𝐿𝐼𝑆ℎ

′          (2.58) 

If 𝑄𝑆ℎ_𝑟𝑒𝑞
𝑊𝑂𝑃  is found to be higher than 𝑄𝑆ℎ

𝑊𝑂𝑃 then 𝑄𝑆ℎ_𝑟𝑒𝑞
𝑊𝑂𝑃  is set to 𝑄𝑆ℎ

𝑊𝑂𝑃.  

The rating of battery connected to the DC link of shunt inverter of UPQC-O-WOP is 

computed as: 

𝑃𝐵𝑆ℎ
𝑊𝑂𝑃 = ∑ 𝐼𝑁𝑉𝐿𝑆ℎ𝑑

𝑊𝑂𝑃𝑡𝑑𝑑𝜖[1,2]       (2.59) 

The total VA-rating of UPQC-O-WOP is computed as: 

𝑆𝑈𝑃𝑄𝐶−𝑂
𝑊𝑂𝑃 = 𝑆𝑆𝑒

𝑊𝑂𝑃 + 𝑆𝑆ℎ
𝑊𝑂𝑃       (2.60) 

Fig. 2.4: Phasor diagrams for Model C (a) series inverter (b) shunt inverter 

(b) 

(a) 
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The total rating of battery connected to the UPQC-O-WOP is computed as: 

𝑃𝐵𝑈𝑃𝑄𝐶−𝑂
𝑊𝑂𝑃 = 𝑃𝐵𝑆𝑒

𝑊𝑂𝑃 + 𝑃𝐵𝑆ℎ
𝑊𝑂𝑃      (2.61) 

 

2.2.4 Model D: UPQC-O-WP 

The phasor diagrams of the shunt inverter is shown in Fig. 2.5. In this model, the 

phasor diagram of the series inverter is same as shown in Fig. 2.4(a). Thus, the VA-rating 

of series inverter (𝑆𝑆𝑒
𝑊𝑃), reactive power supplied by the series inverter (𝑄𝑆𝑒

𝑊𝑃), and the rating 

of battery connected to the DC link of series inverter (𝑃𝐵𝑆𝑒
𝑊𝑃) are same as that of the 𝑆𝑆𝑒

𝑊𝑂𝑃, 

𝑄𝑆𝑒
𝑊𝑂𝑃 , and 𝑃𝐵𝑆𝑒

𝑊𝑂𝑃 , respectively. Hence, the reactive power required from the shunt 

inverter is obtained as: 

 𝑄𝑆ℎ_𝑟𝑒𝑞
𝑊𝑃 = 𝑄𝐶𝑜𝑚𝑝 − 𝑄𝑆𝑒

𝑊𝑃        (2.62) 

 

Here, the battery connected to the shunt inverter supports a fraction (𝐾𝑅𝑒) of line current 𝐼𝐿 

to provide the active power compensation to the network. i.e., 

𝐼𝑅𝑒 = 𝐾𝑅𝑒𝐼𝐿         (2.63) 

For lossless UPQC-O-WP, 

𝑉𝐿𝐼𝐿
′′ = 𝑉𝐿𝐼𝐿 cos∅𝐿 + 𝑉𝐿𝐼𝑅𝑒       (2.64) 

From Eqs. (2.63) and (2.64), 

𝐼𝐿
′′ = 𝐼𝐿 (cos ∅𝐿 + 𝐾𝑅𝑒)       (2.65) 

From Fig. 2.5, the shunt compensating current provided by the shunt inverter of UPQC-O-

WP is computed as: 

𝐼𝑆ℎ
′′ = √𝐼𝐿

′′2 + 𝐼𝐿
2 − 2𝐼𝐿

′′𝐼𝐿 cos ∅𝐿      (2.66) 

From Eqs. (2.65) and (2.66), 

 
Fig. 2.5: Phasor diagram for shunt inverter of Model D 

TH-2058_156102013



Chapter-2 

 

30 

 

𝐼𝑆ℎ
′′ = 𝐼𝐿√1 + (cos ∅𝐿 + 𝐾𝑅𝑒)

2 − 2 cos ∅𝐿 (cos ∅𝐿 + 𝐾𝑅𝑒)     (2.67) 

The RMS value of 𝐼𝑆ℎ
′′  can be computed by following the similar steps as followed for the 

computation of 𝐼𝑆ℎ1
′𝑅𝑀𝑆 (Refer section 2.2.1). 

𝐼𝑆ℎ
′′𝑅𝑀𝑆 ⁡= 𝐼𝐿√1 + (cos∅𝐿 + 𝐾𝑅𝑒)2 − 2 cos ∅𝐿 (cos∅𝐿 + 𝐾𝑅𝑒)+𝑇𝐻𝐷𝐿

2 (2.68) 

The VA-rating of shunt inverter of UPQC-O-WP is computed as: 

𝑆𝑆ℎ
𝑊𝑃 = 𝑉𝐿𝐼𝑆ℎ

′′𝑅𝑀𝑆        (2.69) 

The active and reactive power supplied by the shunt inverter are computed as: 

𝑃𝑆ℎ
𝑊𝑃 = 𝑉𝐿𝐼𝑆ℎ

′′ cos 𝜃𝐿        (2.70) 

𝑄𝑆ℎ
𝑊𝑃 = 𝑉𝐿𝐼𝑆ℎ

′′ sin 𝜃𝐿        (2.71) 

If 𝑄𝑆ℎ_𝑟𝑒𝑞
𝑊𝑃  is found to be higher than 𝑄𝑆ℎ

𝑊𝑃 then 𝑄𝑆ℎ_𝑟𝑒𝑞
𝑊𝑃  is set to 𝑄𝑆ℎ

𝑊𝑃. 

The rating of battery connected to the DC link of shunt inverter of UPQC-O-WP is 

computed as: 

𝑃𝐵𝑆ℎ
𝑊𝑃 =

𝑉𝐿𝐼𝑅𝑒𝑡1

ɳ𝐼𝑁𝑉
+ 𝐼𝑁𝑉𝐿𝑆ℎ2

𝑊𝑃 𝑡2       (2.72) 

The total VA-rating of UPQC-O-WP is computed as: 

𝑆𝑈𝑃𝑄𝐶−𝑂
𝑊𝑃 = 𝑆𝑆ℎ

𝑊𝑃 + 𝑆𝑆𝑒
𝑊𝑃       (2.73) 

The total rating of battery connected to the UPQC-O-WP is computed as: 

𝑃𝐵𝑈𝑃𝑄𝐶−𝑂
𝑊𝑃 = 𝑃𝐵𝑆𝑒

𝑊𝑃 + 𝑃𝐵𝑆ℎ
𝑊𝑃       (2.74) 

 

2.3 Incorporation of UPQC/UPQC-O models into radial distribution network load  

      flow 

The load flow analysis is essentially required in finding out the operating 

condition/parameter of a power network, such as bus voltage, line current, line losses etc. 

It helps in solving the power system operation and planning problems. The conventional 

load flow approaches, such as, Newton Raphson, Gauss-Seidal etc., often fail to converge 

in distribution system power flow analysis due to the high resistance to reactance ratio of 

distribution line and radial topology of distribution networks [105]. Thus, the forward-

backward sweep load flow (FBSLF) [106], a simple but efficient algorithm, is used to 

determine the voltage in each bus of a distribution network. The FBSLF algorithm and the 

incorporation of UPQC/UPQC-O models into FBSLF algorithm are described in 

subsequent subsections. 
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2.3.1 FBSLF algorithm 

It is an iterative algorithm, in which Kirchhoff’s current and voltage laws are used 

to determine the line current and bus voltage, respectively. The voltage in each bus in the 

first iteration is assumed to be 1∠0𝑜p.u. The algorithm consists of two steps as described 

below.  

 Backward sweep: In this step, line current is calculated using load currents. The load 

current of any bus 𝑚 is calculated as: 

𝐼(̅𝑚) =
𝑃(𝑚)−𝑗𝑄(𝑚)

𝑉̅∗(𝑚)
,   𝑚 ∈ [2,… ,𝑁]    (2.75) 

The line current of line ‘𝑚𝑛’ is calculated as: 

𝐼(̅𝑚𝑛) = 𝐼(̅𝑛) + ∑ 𝐼(̅𝑖)𝑖∈ℵ ,   𝑚𝑛 ∈ [1,… ,𝑁 − 1]   (2.76) 

where, ℵ is the set of all downstream buses which are beyond the bus ‘𝑛’.  

 Forward sweep: In this step, bus voltages are determined by using Eq.(2.77) 

𝑉̅(𝑛) = 𝑉̅(𝑚) − 𝐼(̅𝑚𝑛)𝑍(𝑚𝑛),  𝑚𝑛 ∈ [1,… ,𝑁 − 1]   (2.77) 

where, ‘𝑚’ and ‘𝑛’ represent the sending and receiving end of the line ‘𝑚𝑛’, 𝐼(̅𝑚𝑛) and 

𝑍(𝑚𝑛) are the line current and the line impedance of the line ‘𝑚𝑛’. 

 

2.3.2 Incorporation of UPQC/UPQC-O models into FBSLF algorithm 

In this work, UPQC and UPQC-O models are incorporated into FBSLF algorithm 

to determine the network bus voltages, line current flows, and power loss. The incorporation 

of series and shunt inverters models of UPQC-WOP at bus ‘𝑖’ modifies the voltage of bus 

‘𝑖’ and reactive power demand of bus ‘𝑖’, respectively. i.e.,  

𝑉̅(𝑖) = 𝑉𝐷𝑅∠(ℶ𝑖 + 𝛿1)       (2.78) 

𝑄′(𝑖) = 𝑄(𝑖)−𝑄𝑆ℎ1
max⁡′        (2.79) 

where, ℶ𝑖 is the phase angle of the voltage at bus ‘𝑖’ before placement of UPQC-WOP and 

𝑉𝐷𝑅 is the desired voltage magnitude at bus ‘𝑖’. 

The incorporation of series inverter model of UPQC-WP at bus ‘𝑖’ modifies the voltage of 

bus ‘𝑖’ as shown in Eq. (2.78), because, the series inverter of UPQC-WP is also designed 

to provide only reactive power compensation to the network. However, the incorporation 

of shunt inverter model of UPQC-WP at bus ‘𝑖’ modifies the active and reactive power 

demands of bus ‘𝑖’ as shown in Eqs. (2.80) and (2.81), respectively. 
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𝑃′(𝑖) = 𝑃(𝑖) − 𝑃𝑆ℎ1
𝑊𝑃        (2.80) 

𝑄′(𝑖) = 𝑄(𝑖) − 𝑄𝑆ℎ1
max′′       (2.81) 

After incorporation of series and shunt inverters models of UPQC-O-WOP at buses 𝑗1 and 

𝑗2, respectively, the reactive power demand of corresponding buses are modified as: 

  𝑄′(𝑗1) = 𝑄(𝑗1) − 𝑄𝑆𝑒
𝑊𝑂𝑃       (2.82) 

𝑄′(𝑗2) = 𝑄(𝑗2) − 𝑄𝑆ℎ_𝑟𝑒𝑞
𝑊𝑂𝑃        (2.83) 

After incorporation of series and shunt inverters models of UPQC-O-WP at buses 𝑗1 and 

𝑗2 , respectively, the active and reactive power demands of corresponding buses are 

modified as: 

𝑄′(𝑗1) = 𝑄(𝑗1) − 𝑄𝑆𝑒
𝑊𝑃       (2.84) 

𝑃′(𝑗2) = 𝑃(𝑗2) − 𝑃𝑆ℎ
𝑊𝑃       (2.85) 

Y 

Start 

Input bus data and line data of 

the distribution network 

Input parameters of UPQC, 

such as, 𝑇𝐻𝐷𝐿, 𝑘, and 𝐾𝑅𝑒 

Initialize the voltage in each bus 

𝑖𝑡𝑟 = 1 

Compute the active or/and reactive power to be 

injected by the inverters of UPQC/UPQC-O 

Modify the active or/and reactive power demand at the 

site(s) of inverter(s) of UPQC/UPQC-O 

Update voltages in each bus using (2.77) and modify voltage at the site of UPQC using (2.78) 

Convergence

?? 

End 

𝑖𝑡𝑟 ≥ ⁡ 𝑖𝑡𝑒𝑟𝑚𝑎𝑥 
 

Store the bus voltages 

N 

N 

Y 

𝑖𝑡𝑟 = 𝑖𝑡𝑟 + 1 

Load flow does not converge 

Compute the line current for each line using (2.75)-(2.76) 

Fig. 2.6: FBSLF algorithm incorporating UPQC/UPQC-O models 
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𝑄′(𝑗2) = 𝑄(𝑗2) − 𝑄𝑆ℎ_𝑟𝑒𝑞
𝑊𝑃        (2.86) 

The FBSLF algorithm is performed with the revised/modified power demand. The bus 

voltage is modified in forward sweep of FBSLF algorithm. Flow-chart for FBSLF 

algorithm with UPQC/UPQC-O model is shown in Fig. 2.6. 

 

2.4 Planning model for the allocation of UPQC/UPQC-O in distribution network 

This section describes the planning model for the allocation of UPQC/UPQC-O. 

The placement of UPQC/UPQC-O mitigates some of the PQ issues, such as voltage sag, 

current harmonics and it also provides the active and reactive power compensations to the 

network. However, the placement of UPQC/UPQC-O needs considerable investment by the 

distribution network owners. Thus, a planning optimization problem is formulated to 

determine the optimal locations and sizes of the inverters in a distribution network. The 

active power compensation to be provided by the UPQC/UPQC-O depends on the value of 

𝐾𝑅𝑒.Thus, in this optimization problem, locations for the series and shunt inverters, and 𝐾𝑅𝑒 

are considered to be the optimizing variables. The objective function formulated as the 

minimization of the investment costs of series and shunt inverters of UPQC/UPQC-O, 

investment, operation, and maintenance costs for the battery, and the cost of energy loss of 

the network with UPQC/UPQC-O. Since the integration of UPQC/UPQC-O in a 

distribution network affects the network parameters, such as, voltage, current, line losses 

etc., the objective function is minimized under certain technical constraints. The 

mathematical formulation of the objective function is given in Eq. (2.87). 

  

𝑂𝐹 = ∑ (𝐶𝑚
𝑆𝑒

𝑚𝜖[2,…,𝑁] 𝑆𝑚
𝑆𝑒 + 𝐶𝐼

𝐵𝑃𝐵𝑚
𝑆𝑒)𝑥𝑚 + ∑ (𝐶𝑂&𝑀

𝐵
𝑚𝜖[2,…,𝑁]

𝑃𝐵𝑚
𝑆𝑒

𝑡𝑏
)𝑇ℎ𝐷𝑓𝑥𝑚 +

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡365𝐶𝐸𝑇ℎ𝐷𝑓 ∑ (∑ 𝑇𝐹𝐿𝑚𝑑
𝑆𝑒 𝑡𝑑⁡𝑑𝜖[1,2]𝑚𝜖[2,…,𝑁] )𝑥𝑚 +

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡365𝐶𝐸𝑇ℎ𝐷𝑓 ∑ (∑ 𝐼𝑁𝑉𝐿𝑚𝑑
𝑆𝑒 𝑡𝑑𝑑𝜖[1,2]𝑚𝜖[2,…,𝑁] )𝑥𝑚 + ∑ (𝐶𝑛

𝑆ℎ
𝑛𝜖[2,…,𝑁] 𝑆𝑛

𝑆ℎ +

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝐶𝐼
𝐵𝑃𝐵𝑛

𝑆ℎ)𝑥𝑛 + ∑ (𝐶𝑂&𝑀
𝐵

𝑛𝜖[2,…,𝑁]
𝑃𝐵𝑛

𝑆ℎ

𝑡𝑏
)𝑇ℎ𝐷𝑓𝑥𝑛 +

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡365𝐶𝐸𝑇ℎ𝐷𝑓 ∑ (∑ 𝐼𝑁𝑉𝐿𝑛𝑑
𝑆ℎ 𝑡𝑑𝑑𝜖[1,2]𝑛𝜖[2,…,𝑁] )𝑥𝑛 +

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡365𝐶𝐸𝑇ℎ𝐷𝑓 ∑ 𝑃𝐿𝑑𝑡𝑑𝑑𝜖[1,2]        (2.87) 
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The overall cost of energy loss includes the cost of line losses, inverter losses, and 

transformer loss. This study includes the cost of transformer losses, because the series 

inverter of UPQC/UPQC-O requires a transformer to connect with the distribution line. The 

investment cost of transformer is separately not included in the objective function, because 

the transformer cost is already included in the cost of UPQC/UPQC-O. The planning cost 

excludes the cost of communication interface for UPQC-O. The unit cost of series and shunt 

inverters in dollar per kVA ($/𝑘𝑉𝐴) is computed as in [92]. The energy loss is computed 

for a planning horizon considering two load levels, i.e., peak hour and off-peak hour load 

levels. The active power is injected in Models B and D only in peak hour. The objective 

function is optimized under the following constraints: 

 Active and reactive power balance constraints: The total active/ reactive power coming 

at any bus ‘e’ should be equal to the total active/ reactive power consumed by the 

downstream loads, active/ reactive power losses in the downstream lines, and the load 

demand at bus ‘e’. The mathematical expressions for active and reactive power balance 

are given below.   

∑ 𝑃𝐹(𝑜𝑒)𝑜𝑒∈𝜎 = ∑ 𝑃(𝑒𝑓)𝑒𝑓∈𝜏 + ∑ 𝑃𝐿(𝑒𝑓)𝑒𝑓∈𝜏 + 𝑃(𝑒) 𝑒 ∈ [2, . . , 𝑁] (2.88) 

∑ 𝑄𝐹(𝑜𝑒)𝑜𝑒∈𝜎 = ∑ 𝑄(𝑒𝑓)𝑒𝑓∈𝜏 + ∑ 𝑄𝐿(𝑒𝑓)𝑒𝑓∈𝜏 + 𝑄(𝑒) 𝑒 ∈ [2, . . , 𝑁]   (2.89) 

where,⁡𝑃𝐹(𝑜𝑒) and 𝑄𝐹(𝑜𝑒) are the active and reactive power flow in line ‘𝑜𝑒’; 𝜎 is the 

set of incoming lines connected to the bus ‘𝑒’; ℵ is the set of all downstream buses 

which are located beyond bus ‘𝑒’; 𝜏 is set of all downstream lines which are beyond bus 

‘e’; 𝑃𝐿(𝑒𝑓) and 𝑄𝐿(𝑒𝑓) are the active and reactive power losses, respectively in branch 

‘𝑒𝑓’. 

 Voltage constraint: The bus voltages of the network must lie within the specified 

minimum and maximum limits. i.e., 

𝑉𝑚𝑖𝑛 ≤ 𝑉(𝑚) ≤ 𝑉𝑚𝑎𝑥,  𝑚 ∈ [2, . . , 𝑁]    (2.90) 

 Thermal constraint: The current flowing through the lines must be less than its thermal 

limit. i.e.,  

𝐼(𝑚𝑛) ≤ 𝐼𝑇𝐻(𝑚𝑛),    𝑚𝑛 ∈ [1, . . , 𝑁 − 1]    (2.91) 

The thermal limit of a line depends on the type/specification of the line conductor. 

 Minimum reactive power compensation constraint: A fraction (𝐾𝑐𝑜𝑚𝑝) of total reactive 

power demand of the network must be provided by the UPQC/UPQC-O. i.e.,  
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(𝑄𝑆ℎ + 𝑄𝑆𝑒) ≥ 𝐾𝑐𝑜𝑚𝑝∑ 𝑄(𝑚)𝑚𝜖[2,..,𝑁]       (2.92) 

 PVSML constraint: 𝑃𝑉𝑆𝑀𝐿 is the percentage of load protected from a given value of 

voltage sag by the series inverter. 𝑃𝑉𝑆𝑀𝐿 at bus 𝑛 is calculated as: 

𝑃𝑉𝑆𝑀𝐿(𝑛) = 100
𝑅𝑒{𝑉̅(𝑛)𝐼∗̅(𝑚𝑛)}

∑ 𝑃(𝑖)𝑖𝜖[2,..,𝑁] +𝑃𝐿
      (2.93) 

where, 𝑃𝐿 is the uncompensated network power loss. This constraint is incorporated to 

maintain a given desired PQ level for a distribution network in terms of voltage sag 

mitigation with UPQC/UPQC-O placement. 

 

2.5 Planning algorithm for the allocation of UPQC/UPQC-O in radial distribution  

      networks using PSO 

This section describes the PSO-based planning algorithm used for the allocation of 

UPQC/UPQC-O. 

 

2.5.1 PSO: Basics 

This is a meta-heuristic algorithm inspired by the swarming behavior of bird flock 

and fish school [107]. The original algorithm is modified by considering inertia weight 

[108]. In this algorithm, multiple solutions are randomly generated. This set of solutions is 

called population and the each solution is called particle. Initially each particle starts with 

random initial velocity (𝑈) and position (𝑥). The velocity of each particle is updated 

iteratively by using its previous individual best position (𝐿𝐵𝑒𝑠𝑡) and by using previous 

neighborhood best position (𝐺𝐵𝑒𝑠𝑡) and its position is updated by using this new velocity. 

The value of objective function is called fitness value. The equations used to update the 

velocity and position for a particle (𝑒 is particle number and 𝑓 is the optimizing variable) 

are as:  

𝑈𝑒𝑓
𝑖𝑡𝑟+1 = 𝑤𝑈𝑒𝑓

𝑖𝑡𝑟 + 𝐶1𝑅1 (𝐿𝐵𝑒𝑠𝑡𝑒𝑓
𝑖𝑡𝑟 − 𝑥𝑒𝑓

𝑖𝑡𝑟) + 𝐶2𝑅2 (𝐺𝐵𝑒𝑠𝑡𝑓
𝑖𝑡𝑟 − 𝑥𝑒𝑓

𝑖𝑡𝑟)  (2.94) 

𝑥𝑒𝑓
𝑖𝑡𝑟+1 = 𝑥𝑒𝑓

𝑖𝑡𝑟 + 𝑈𝑒𝑓
𝑖𝑡𝑟+1        (2.95) 

The inertia weight (𝑤) is used to control the search space; acceleration constant 𝐶1 is used 

to drive particles towards its individual best position and acceleration constant 𝐶2 is used 

to drive particles towards its global best position; 𝑅1 and 𝑅2 are the random numbers lie 

between 0 to 1; ‘𝑖𝑡𝑟’ is the iteration number. 
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2.5.2 Planning algorithm 

The pseudo codes for the overall planning algorithm is shown in Fig. 2.7. A particle 

of PSO encodes the locations of the series and shunt inverters and value of 𝐾𝑅𝑒. 

 

2.6 Simulation results and discussion 

In this section, simulation results are discussed. The 69-bus and 33-bus test 

networks are used to demonstrate the proposed planning models. In both the networks, bus 

1 is the substation bus and rest are load buses. The substation bus voltage magnitude is 

considered as 1.0 p.u. The description on these networks is given below.  

 69-bus radial distribution network [109].: This is a single feeder radial distribution 

network with base VA and base voltage of 10 MVA and 12.66 kV, respectively. The 

total peak hour active and reactive power demand of the network are 3.8022 MW and 

2.6946 MVAr, respectively. The network data are available in Appendix.  

 33-bus radial distribution network [110]: This is also a single feeder radial distribution 

network with base VA and base voltage of 100 MVA and 12.66 kV, respectively. The 

total peak hour active and reactive power demand of the network are 3.7150 MW and 

2.3 MVAr, respectively. The network data are available in Appendix. 

The peak hour and off-peak hour load levels are considered to compute the daily energy 

loss. The peak hour and off-peak hour load level durations are considered to be 4 hours and 

Begin 

Input radial distribution network bus data and line data; 

Calculate PVSML at each buses; 

Input 𝑇𝐻𝐷𝐿 , 𝑖𝑡𝑟𝑚𝑎𝑥, 𝑇ℎ ,𝐶1,⁡𝐶2, 𝑘, 𝐾𝑆𝑒1, 𝑃𝑒𝑛𝑎𝑙𝑡𝑦⁡𝐹𝑎𝑐𝑡𝑜𝑟, 𝑁𝑃𝑜𝑝,⁡𝐼𝑇𝐻(𝑚𝑛), 𝑉𝑚𝑎𝑥, 

𝑉𝑚𝑖𝑛, 𝑃𝑉𝑆𝑀𝐿, 𝑟𝑎𝑡𝑒⁡𝑜𝑓⁡𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡, 𝑡1, 𝑡2, 𝑡𝑆𝑎𝑔, 𝑤,⁡𝐶𝐸,𝐶𝐼
𝐵,⁡𝐶𝑂&𝑀

𝐵 ,⁡ɳ𝐼𝑁𝑉,⁡ɳ𝑇𝐹. 

Initialize random position and velocity of the particles of size 𝑁𝑃𝑜𝑝 for PSO; 

Decode the particles and calculate fitness values; 

Find initial 𝐿𝐵𝑒𝑠𝑡 and 𝐺𝐵𝑒𝑠𝑡; 
For iteration=2:⁡𝑖𝑡𝑟𝑚𝑎𝑥 

     For i=1: 𝑁𝑃𝑜𝑝 

        Update velocity and position of particles by (2.94) and (2.95), respectively; 

        Decode particle position to obtain the locations of inverters and value of 𝐾𝑅𝑒; 

        Perform the FBSLF with UPQC/UPQC-O model; 

        Calculate the value of objective function 𝑂𝐹; 

        If technical constraints are not satisfying add 𝑃𝑒𝑛𝑎𝑙𝑡𝑦⁡𝐹𝑎𝑐𝑡𝑜𝑟 to 𝑂𝐹; 

     End  

  Find new 𝐿𝐵𝑒𝑠𝑡 and 𝐺𝐵𝑒𝑠𝑡; 
End 

The final 𝐺𝐵𝑒𝑠𝑡 value gives the locations of series and shunt inverters and 𝐾𝑅𝑒; 
Calculate other parameters of UPQC/UPQC-O; 

End 

Fig. 2.7: Pseudo codes for the allocation of UPQC/ UPQC-O models in radial 

distribution networks 
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20 hours, respectively. Different planning parameters used in the simulation study are 

shown in Table 2.2. A comparative study is provided between all the four UPQC models. 

 

Table 2.2: Different planning parameters 

Planning Parameters Cost Components 

𝑇𝐻𝐷𝐿 = 0.2, 𝐾𝑅𝑒=0.1-0.5,⁡𝑘 = 30% 𝐶𝐸 =0.08 $/𝑘𝑊ℎ [75] 

𝑟𝑎𝑡𝑒⁡𝑜𝑓⁡𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 = 10%,  𝑇ℎ = 10 Years, 𝑡𝑆𝑎𝑔 = 60 sec⁡ 𝐶𝑈 = 0.0003𝑆𝑈
2 − 0.2691𝑆𝑈 + 188.2 ($/𝑘𝑉𝐴) [92] 

Minimum acceptable PVSML = 70% 𝐶𝐼
𝐵 =300 $/𝑘𝑊ℎ   [111]  

Ratio of the off-peak demand to the peak demand = 0.6 𝐶𝑂&𝑀
𝐵  = 10

($/𝑘𝑊)

𝑌𝑟
    [112] 

𝑉𝑚𝑖𝑛 = 0.9 p.u, 𝑉𝑚𝑎𝑥 = 1.05p.u. 𝐶𝐼
𝑃𝑉 =2025 $/𝑘𝑊  [113] 

ɳ𝐼𝑁𝑉 = 98%, ɳ𝑇𝐹 = 95%, CUF=0.2 𝐶𝑂&𝑀
𝑃𝑉  =16 

($/𝑘𝑊)

𝑌𝑟
    [113] 

 

Figure 2.8: The variations of: (a) mean fitness value and (b) percentage of 
particles violating constraints in the PSO population with iterations as 

obtained with Model D for 69-bus network 

 (b) 

(a) 
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  The PSO parameters are optimized with repetitive runs and the optimal parameters 

are found to be as follows: 𝐶1=2, 𝐶2=2,⁡𝑤=0.5, population size (𝑁𝑃𝑜𝑝 ) and maximum 

iteration (𝑖𝑡𝑟𝑚𝑎𝑥) as 100. To study the PSO convergence, the variation of the mean fitness 

of PSO population with iteration as obtained with the 69-bus and 33-bus networks are 

plotted in Figs. 2.8(a) and 2.9(a), respectively and the variation of the percentage of 

particles violating constraints with iteration as obtained with the 69-bus and 33-bus 

networks are plotted in Figs. 2.8(b) and 2.9(b), respectively. These show that the variation 

significantly diminishes by 50-70 iterations. The solutions obtained with PSO algorithm are 

given in Tables 2.3 and 2.4 for the 69-bus and 33-bus networks, respectively. The 69-bus 

 

Figure 2.9: The variations of: (a) mean fitness value and (b) percentage of 

particles violating constraints in the PSO population with iterations as 

obtained with Model D for 33-bus network 

 

(a) 

(b) 
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and 33-bus networks with the optimal placement of UPQC and UPQC-O are shown in Figs. 

(2.10) and (2.11), respectively. 

 

Table 2.3: Solutions as obtained with the 69-bus distribution network 

 

Solution Model A Model B Model C Model D 

Series inverter location 7 7 7 7 

Shunt inverter location 7 7 61 61 

Peak hour power loss (kW) 201.9072 197.3922 149.9359 122.0317 

Off-peak hour power loss (kW) 68.2819 68.2819 51.6529 51.6529 

Peak hour minimum bus voltage magnitude (p.u.) 0.9187 0.9203 0.9376 0.9443 

Off-peak hour minimum bus voltage magnitude (p.u.) 0.9512 0.9512 0.9624 0.9624 

Total UPQC/UPQC-O rating (MVA) 2.4863 2.4984 2.6372 2.6527 

Total battery rating (MWh) - 1.9903 0.8525 1.5419 

Planning cost (× 106⁡$) 0.9362 1.5411 1.1576 1.3560 

Annual energy loss reduction with respect to (w.r.t.) 

base-case network (%) 

9.59 10.34 32.07 36.72 

 
Table 2.4: Solutions as obtained with the 33-bus distribution network 

 

 

2.6.1 Comparison of the optimal locations as obtained with PSO 

The optimal location for the connected UPQC is found to be near to the substation, 

since one of the design constraints is to protect minimum 70 % of total load from the 

possible upstream voltage sag (Eq. 2.93). In case of the UPQC-O, the series inverter is 

located near to the substation for the same reason. But, the shunt inverter location for 

UPQC-O is found to be at the bus, in which its placement results in optimal compensation 

for the network. 

 

2.6.2 Comparison in view of power loss and minimum bus voltage 

The power loss of 69-bus and 33-bus networks without compensation are 224.98 

kW and 202.67 kW in peak hour, respectively and 75.53 kW and 68.74 kW in off-peak 

hour, respectively. A significant amount of loss reduction is observed with the optimal 

allocation of all these four models. The results also illustrate that the power loss in peak 

Solution Model A Model B Model C Model D 

Series inverter location 3 3 3 3 

Shunt inverter location 3 3 30 30 

Peak hour power loss (kW) 186.5512 184.5875 149.4147 138.3901 

Off-peak hour power loss (kW) 63.3599 63.3599 51.1246 51.1246 

Peak hour minimum bus voltage magnitude (p.u.) 0.9205 0.9221 0.9277 0.9291 

Off-peak hour minimum bus voltage magnitude (p.u.) 0.9523 0.9523 0.9567 0.9567 

Total UPQC/UPQC-O rating (MVA) 2.8903 2.9225 2.5895 2.5957 

Total battery rating (MWh) - 2.3263 0.8369 1.1874 

Planning cost (× 106⁡$) 1.0360 1.7480 1.1678 1.2697 

Annual energy loss reduction with respect to (w.r.t.) 

base-case network (%) 

7.68 8.04 25.71 27.73 
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hour can further be reduced when UPQC/UPQC-O is designed to inject active power in 

addition to the reactive power. The power loss reduction in both the peak hour and off-peak 

hour loading is found to be higher in case of UPQC-O as compared to UPQC. The reason 

is that the different location for the shunt inverter in UPQC-O provides compensation to the 

point of network which results in higher power loss reduction. The integrations of the 

UPQC and UPQC-O also help in the improvement of the network bus voltages. Without 

compensation, the minimum bus voltages for the 69-bus and 33-bus networks are 0.9092 

p.u. and 0.9131 p.u., respectively in peak hour loading and 0.9476 p.u. and 0.9495 p.u. in 

off-peak hour loading, respectively.  From Tables 2.3 and 2.4, it can be seen that the 

minimum bus voltage is also improved with the UPQC and UPQC-O placement. 

 

 

(a) 

(b) 

Fig. 2.10: The 69-bus network with optimal placement of (a) UPQC and (b) UPQC-O 

without and with active power injection 

SEI Series inverter SHI Shunt inverter 
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2.6.3 Comparison among the VA-rating 

The VA-rating of UPQC-WP is found to be slightly higher than that of UPQC-WOP 

because the active power injection through the shunt inverter increases the overall VA-

rating. For the same reason the VA-rating of UPQC-O-WP is also found to be slightly 

higher than that of UPQC-O-WOP. The VA-ratings of connected UPQC models, i.e., 

Models A and B are found to be lower as compared to UPQC-O models, i.e., Models C and 

D for the 69-bus network. However, the VA rating for the Models A and B are found to be 

higher than those of the Models C and D in the 33-bus network. The battery rating 

requirement for UPQC-O-WP model (i.e., Model D) is found to be significantly lower as 

compared to the UPQC-WP (i.e., Model B). It primarily depends upon the voltage and the 

 

 

(a) 

(b) 

Fig. 2.11: The 33-bus network with optimal placement of (a) UPQC and (b) UPQC-O 

without and with active power injection 

SEI Series inverter SHI Shunt inverter 
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line current at the location of the shunt inverter and both these quantities are higher in case 

of UPQC-WP model due to the location of its inverters near to the substation. 

 

2.6.4 Comparison among planning cost of UPQC models 

The planning cost of Model B is higher as compared to Model A because of the 

additional investment cost for the battery. The planning cost of Model D is found to be 

significantly lower as compared to the Model B for both the networks. The results illustrate 

that the placement of UPQC-O is more economical than that of UPQC connected topology 

if the active power injection is to be provided. Otherwise, the placement of the UPQC 

connected topology is an economical option. The percentage of annual energy loss 

reduction obtained with UPQC-O placement (i.e., Models C and D) is found to be 

substantially higher than that of the UPQC placement (Models A and B). Basically, to 

satisfy the PVSML constraint so as to protect 70% of loads from the voltage sag, the 

location of the series inverter needs to be at the nearest to the substation. Since the shunt 

inverter location is same as the series inverter in connected UPQC, this prevents the location 

of the shunt inverter to the point of the network which results in maximum energy loss 

reduction. The battery rating requirement in Model B is also higher as compared to the 

Model D. This makes the Model B an expensive option as compared to the Model D. 

 

2.6.5 The charging schemes for the battery 

The battery connected to the different UPQC models needs to be charged. In this 

study, it is assumed to be done during off-peak hour so that the stored energy can be utilized 

during peak demand hour. The battery charging can be done either by consuming the 

equivalent amount of energy from the grid or from the local distributed generator resources, 

such as, PV array. Thus, the following two schemes are proposed: 

 Scheme 1: Charging of battery by consuming/purchasing energy from the grid 

 Scheme 2: Charging of battery with the installation of a PV array with each battery unit 

The implementation of any of these two schemes for battery charging requires additional 

cost/investment. The implementation of Scheme 1 requires additional cost of energy 

purchase from the grid, which can be computed as: 

 𝐶𝐸𝐺𝑟𝑖𝑑 = 8760𝐶𝐸𝑇ℎ𝐷𝑓𝑃𝐵𝑀𝑜𝑑𝑒𝑙        (2.96) 
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where, 𝑃𝐵𝑀𝑜𝑑𝑒𝑙 is the total battery rating requirement of individual UPQC model in kWh. 

The implementation of Scheme 2 requires additional installation, operational, and 

maintenance costs of PV array. The expression for this cost function is given below.  

 𝐶𝑃𝑉 = 𝐶𝐼
𝑃𝑉𝑃𝑃𝑉𝑀𝑜𝑑𝑒𝑙 + 𝑇ℎ𝐷𝑓𝐶𝑂&𝑀

𝑃𝑉 𝑃𝑃𝑉𝑀𝑜𝑑𝑒𝑙    (2.97) 

where,  𝑃𝑃𝑉𝑀𝑜𝑑𝑒𝑙 represents the size of PV array (kW) required to charge the battery of 

size 𝑃𝐵𝑀𝑜𝑑𝑒𝑙  (kWh). Since the peak demand hour is assumed to be sustained during 

evening, the PV generation hour does not coincide with it. Hence, during operational hours 

of the PV array, the battery can be charged. The size of the PV array can be computed as: 

 𝑃𝑃𝑉𝑀𝑜𝑑𝑒𝑙 =
𝑡1𝑃𝐵𝑀𝑜𝑑𝑒𝑙

24𝐶𝑈𝐹
        (2.98) 

The rating requirement for the PV array to be used in different UPQC models to charge the 

battery is provided in Table 2.5. The cost of implementation of these two schemes and their 

impact on the total planning cost of UPQC/ UPQC-O placement are provided in Tables 2.6 

and 2.7 for 69-bus and 33-bus networks, respectively. From the Tables 2.6 and 2.7, it can 

be observed that the implementation of Scheme 1 requires significantly higher cost as 

compared to the Scheme 2. The charging of the battery for the Models C and D needs lower 

cost than that of the Model B. 

 

Table 2.5: The rating requirement for PV installation for battery charging in different UPQC models for 69-bus and 33-bus networks 

 

Systems The rating requirement for PV installation for battery charging in MW 

Model B Model C Model D 

69-bus network 1.6586 0.7104 1.2849 

33-bus network 1.9386 0.6974 0.9895 

 
Table 2.6: Cost analysis for battery charging schemes for the 69-bus network 

 

Battery charging schemes Additional cost for battery charging ($) 

Model B Model C Model D 

Additional cost required for Scheme 1 (× 106⁡$) 5.3776 2.3034 4.1660 

Percentage of additional cost required in Scheme 
1 w.r.t. the planning cost  

348.9455 198.9806 307.2271 

Additional cost required for Scheme 2 (× 106⁡$) 0.8652 0.3706 0.6703 

Percentage of additional cost required in Scheme 

2 w.r.t. the planning cost 

56.1417 32.0145 49.4322 

 

 
Table 2.7: Cost analysis for battery charging schemes for the 33-bus network 

 

Battery charging schemes Additional cost for battery charging ($) 

Model B Model C Model D 

Additional cost required for Scheme 1 (× 106⁡$) 6.2854 2.2612 3.2082 

Percentage of additional cost required in Scheme 
1 w.r.t. the planning cost  

359.5766 193.6290 252.6739 

Additional cost required for Scheme 2 (× 106⁡$) 1.0113 0.3638 0.5162 

Percentage of additional cost required in Scheme 

2 w.r.t. the planning cost 

57.8547 31.1526 40.6553 
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2.7 Conclusion 

In this chapter, four different models for UPQC so as to improve the energy efficiency of 

radial distribution networks have been reported. A planning optimization model is proposed to 

optimally place UPQC/UPQC-O in distribution networks. The PSO is used as solution strategy. The 

proposed planning approach for the allocation of UPQC/UPQC-O in radial distribution networks is 

validated on 69-bus and 33-bus test networks. A comparative performance assessment among these 

four models provides the following:  

 In the connected UPQC models, the series and shunt inverters locations are same and they are 

to be placed near to the substation to protect the given number of loads from voltage sag. But, 

the same can be done with UPQC-O by placing only the series inverter near to the substation. 

Hence, UPQC-O has the flexibility to place its shunt inverter at the location which results in 

higher power loss reduction. 

 The battery rating requirement is significantly less in case of UPQC-O as compared to UPQC, 

if active power injection is to be provided.       

 In peak hour, a significant amount of loss reduction and improvement in minimum bus voltage 

are observed due to the placement of any of the UPQC models. The placement of the UPQC-

O results in significantly higher annual energy loss reduction.   

 The placement of UPQC-O is found to be an economical option compared to that of UPQC, if 

it is designed for active power injection. Otherwise, UPQC placement is more economical 

option. 

 The charging of the battery can be done with the installation of PV array. This needs additional 

investment cost. It is found to be an economical option as compared to the cost of the energy 

purchase from the grid for the battery charging over a planning horizon. 
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3 
Modelling and Allocation of Open-UPQC-integrated PV 

Generation System to Improve Energy Efficiency and Power 

Quality of Radial Distribution Networks 

 

 

3.1 Introduction 

The optimal placement of DG unit in the distribution networks improves the energy 

efficiency and bus voltages by providing active power compensation. Its installation can 

help to meet the increasing load growth and to meet load demand in peak hour. It also helps 

in ensuring the uninterruptible power supply. Thus, the proper planning for DG allocation 

in the distribution networks is very much important. There are number of works reported 

on the DG allocation. The state-of-the-art review on these works can be found in [5-6, 114]. 

The allocation of DG in distribution networks is an optimization problem. Different 

objective functions are formulated for the optimal integration of DG, such as, minimizations 

of power loss, bus voltage deviation, carbon emission, cost of placement of DG units 

(investment and operational costs), cost of energy loss, and cost of energy imported from 

the grid etc. In some works, maximization of reliability, DG capacity, and cost of exported 

energy to the grid etc., are considered as the objectives. The DG allocation is done under 

the uncertainties of load and/or generation in [8, 18]. In [16, 23], an approach for combined 

planning for network expansion and DG allocation under uncertainties of load and 

generation is reported. A DG allocation strategy along with network reconfiguration 

planning is done in [11, 115]. In some of these works, multi-objective planning is done to 
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optimally place the DG units in distribution networks [11-12, 116]. Several solution 

strategies are reported to solve the DG allocation problem. These include conventional 

approaches, such as mixed-integer programming [9], and meta-heuristic algorithms, such 

as, GA [8, 11, 18, 23, 115], PSO [16, 116], honey bee mating algorithm [12] etc. 

 

The increasing use of non-linear loads in distribution networks is responsible for 

PQ deterioration. As mentioned above, there are several benefits of DG integration in 

distribution networks. However, its integration cannot ensure a desired PQ level in terms 

of harmonics elimination and voltage sag mitigation. There are several measures to ensure 

a desired PQ level in a network. The integration of custom power devices is one of such 

measures. As mentioned in Chapter 2, the custom power devices are the power electronics-

based devices which are designed to improve the PQ and to provide the reactive power 

compensation. It also helps in the improvement of bus voltages and energy efficiency of 

the network. Thus, the allocation of custom power device connected with PV array can be 

used in improving both energy efficiency and PQ of distribution networks. 

  

The comparative study carried out in the previous chapter illustrates that the 

allocation of UPQC-O in distribution network can significantly improve the energy 

efficiency and bus voltages as compared to the UPQC. Thus, in this chapter, the study is 

carried out with UPQC-O. The recently reported works on UPQC-O [96-102] are briefly 

discussed in the introduction section of Chapter 2. The most of the UPQC-O models 

reported in [96-102] are developed for PQ improvement. However, the development of 

UPQC-O model with PV array and its optimal allocation strategy to the distribution 

networks to improve the energy efficiency by maintaining a pre-set PQ constraint are not 

reported. This is set as the theme of this chapter. 

 

A planning optimization problem is formulated, in this work, to optimally place 

UPQC-O with PV array.  The energy generated by the PV array can be used in two ways: 

(i) by storing it into storage devices during the operation hours of PV so as to utilize the 

stored energy during the peak hours, and (ii) by directly utilizing it during the operation 

hours of PV. Thus, two models for UPQC-O are formulated in this chapter. These are: (i) 
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UPQC-O with battery and PV array (UPQC-O-WB) (ii) UPQC-O with PV array without 

battery (UPQC-O-WOB). A comparative study is provided in between these two UPQC-O 

models. In this chapter, the series and shunt inverters of UPQC-O are also designed to 

communicate the information of reactive power sharing among them. PSO is used as the 

solution strategy to find the optimal locations and sizes of the series and shunt inverters, 

and the sizes of PV array and battery. The key contributions of this chapter are: 

 Development of UPQC-O model with PV array and battery to act as active and reactive 

power compensator of radial distribution networks.  

 Formulation of a planning approach to optimize the energy loss of radial distribution 

networks with the optimal placement of UPQC-O by maintaining a pre-set PQ criteria 

in terms of voltage sag mitigation and harmonic suppression. 

 

To validate the proposed planning approach, the 69-bus and 33-bus radial 

distribution networks are used.  

 

3.2 Modelling of UPQC-O with PV array for distribution networks 

In this work, the functions of series and shunt inverters of UPQC-O during healthy 

and voltage sag conditions are considered to be same as of UPQC-O-WP (Refer Table 2.1). 

Here, the PV array is integrated in the DC side of the shunt inverter to provide the active 

power compensation as shown in Fig. 3.1. Two planning cases are proposed in this work, 

as given below.  

 
 

Fig. 3.1:  A 6-bus radial distribution network with the placement of UPQC-O 

{symbol used in bracket is used for UPQC-O with PV array}  
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 Case A: In this case, the energy generated by the PV array is stored in battery during its 

generation hours to inject this energy during peak load demand hours. UPQC-O-WB 

model is used in this case.  

 Case B: In this case, the energy generated by PV array is directly injected to the network 

during operation hours of PV array. Since there is no need of battery, UPQC-O-WOB 

model is used. 

 

The case-study is carried out based on the following assumptions/considerations: 

 The PV generation hour does not coincide with peak hour. This is true for the networks 

with domestic loads. If the generation hour coincides with the peak hour, there is no 

need of battery. This reduces the planning cost. 

 The battery connected to the PV array is designed to be charged during the generation 

hours of the PV array and it will be discharged during the peak hours.  

 

Hence, in planning Case A, the UPQC-O provides both active and reactive power 

compensations during peak hours and only reactive power compensation during off-peak 

hours. However, in Case B, the UPQC-O provides both active and reactive power 

compensations during generation hours of PV array and only reactive power compensation 

during rest of the time. The phasor diagrams for the operations of the series and shunt 

inverters of UPQC-O are same as shown in Figs. 2.4(a) and 2.5, respectively. The series 

inverter is mathematically modelled using Eqs. (2.46)-(2.52) to provide reactive power 

compensation to the network. However, the shunt inverter is mathematically modelled 

using Eqs. (2.63)-(2.71) to provide both active and reactive power compensations.  

The active power to be injected through the DC-link of the shunt inverter is determined as: 

 𝑃𝑆ℎ
𝐷𝐺 = 𝑉𝐿𝐼𝑅𝑒              (3.1) 

In UPQC-O-WB, the rating requirement for the battery in kWh is: 

              𝑃𝐵𝑆ℎ = 𝑃𝑆ℎ
𝐷𝐺𝑡1                                                              (3.2) 

The size for PV-array in kW is determined as: 

 𝑃𝑃𝑉𝑆ℎ =
𝑡1𝑃𝑆ℎ

𝐷𝐺

24𝐶𝑈𝐹
            (3.3) 

In UPQC-O-WOB, the size for PV-array is: 
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              𝑃𝑃𝑉𝑆ℎ =
𝑡4𝑃𝑆ℎ

𝐷𝐺

24𝐶𝑈𝐹
                                                              (3.4) 

The total VA-rating of UPQC-O is determined by summing up the individual VA-ratings 

of series and shunt inverters. The series and shunt inverters placed in different locations of 

distribution networks communicate the information of reactive power compensation 

sharing to each other using communication channel. The mathematical Eqs. (2.1)-(2.2) are 

involved in the reactive power compensation sharing between the series and shunt inverters. 

 

3.3 Placement strategy for UPQC-O in radial distribution networks 

The FBSLF algorithm is used to incorporate the UPQC-O models to determine the 

voltage in each bus and the network power loss. The placement of the series and shunt 

inverters in a distribution network modifies the active and reactive power demands of the 

buses as shown in Eqs. (2.84)-(2.86). 

 

3.4. Problem formulation  

In this chapter, an optimization problem is formulated to find out the optimal 

locations and sizes for the series and shunt inverters and the optimal value for 𝐾𝑅𝑒. The 

planning cost for the allocation of UPQC-O in the distribution networks is considered to be 

the objective function which consists of: (i) the investment costs of the series and shunt 

inverters, (ii) investment, operational, maintenance, and replacement costs for the battery, 

(iii) investment cost, operational and maintenance cost for the PV array, and (iv) cost of 

energy loss of the network as given below.  

 

𝑃𝐶𝑈𝑃𝑄𝐶−𝑂 = ∑ (𝐶𝑚
𝑆𝑒𝑆𝑚

𝑆𝑒
𝑚𝜖[2,…𝑁] )𝑥𝑚 + ∑ (𝐶𝑛

𝑆ℎ𝑆𝑛
𝑆ℎ +𝑛𝜖[2,…𝑁] 𝐶𝐼

𝐵𝑃𝐵𝑛
𝑆ℎ +

                                      𝐶𝐼
𝑃𝑉𝑃𝑃𝑉𝑛

𝑆ℎ)𝑥𝑛 + ∑ (𝑛𝜖[2,…𝑁] 𝐶𝑅𝐸𝑃
𝐵 𝑃𝐵𝑛

𝑆ℎ)𝐷𝑓1𝑥𝑛 +

                                      ∑ (𝐶𝑂&𝑀
𝐵

𝑛𝜖[2,…𝑁]
𝑃𝐵𝑛

𝑆ℎ

𝑡1
+ 𝐶𝑂&𝑀

𝑃𝑉 𝑃𝑃𝑉𝑛
𝑆ℎ)𝑇ℎ𝐷𝑓𝑥𝑛 +

                                     365𝐶𝐸𝑇ℎ𝐷𝑓  ∑ (𝑚𝑛𝜖[1,…𝑁−1] 𝑡1𝑃𝐿𝑚𝑛
𝑡1 + 𝑡3𝑃𝐿𝑚𝑛

𝑡3 + 𝑡4𝑃𝐿𝑚𝑛
𝑡4 )  (3.5) 

In UPQC-O-WOB model, the costs of battery are not included. The energy loss is computed 

for a planning horizon considering two load levels, i.e., peak hour and off-peak hour load 

levels. The objective function 𝑃𝐶𝑈𝑃𝑄𝐶−𝑂 is optimized under the active and reactive power 

balance constraints, bus voltage constraint, thermal constraint, PVSML constraint, and DG 
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penetration constraint.  The mathematical expressions for active and reactive power balance 

constraints, bus voltage constraint, thermal constraint, and PVSML constraint are given in 

Eqs. (2.88-2.89), (2.90), (2.91), and (2.93), respectively.  An additional constraint, i.e., DG 

penetration constraint is considered in this planning as given below.  

 DG penetration constraint: DG penetration is defined as the ratio of energy supplied by 

the DG unit (in a day) to the total energy required by the loads (in a day). i.e., 

𝐷𝐺 𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
(𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 ℎ𝑜𝑢𝑟𝑠 𝑜𝑓 𝐷𝐺) 𝑃𝑆ℎ

𝐷𝐺

(𝑡1𝑃𝑡𝑜𝑡𝑎𝑙
𝑃𝑒𝑎𝑘 )+{(𝑡3+𝑡4)𝑃

𝑡𝑜𝑡𝑎𝑙
𝑂𝑓𝑓−𝑝𝑒𝑎𝑘

}
        (3.6) 

According to the DG penetration constraint, the amount of DG penetration should be higher 

than a given set value. 

  

3.5. Solution algorithm 

The PSO algorithm is used as the solution approach for the optimal allocation of 

UPQC-O in radial distribution networks. The basics of PSO algorithm are discussed in 

subsection 2.5.1. The overall planning algorithm uses the FBSLF algorithm with UPQC-O 

model as the support subroutine. A particle of PSO consists of three segments. They are: 

(i) location of series inverter (ii) location of shunt inverter and (iii) the value of 𝐾𝑅𝑒. In case 

of multiple shunt inverters placement, a particle carries information of location of the series 

inverter, locations of shunt inverters, and the values of 𝐾𝑅𝑒. Direct encoding and decoding 

techniques are used. The pseudo codes for overall planning algorithm are shown in Fig. 3.2. 

Begin 

Input radial distribution network bus data and line data; 
Calculate PVSML at each buses; 

Input 𝑇𝐻𝐷𝐿 , 𝑖𝑡𝑟𝑚𝑎𝑥 , 𝑇ℎ , 𝐶1 ,  𝐶2 , 𝑘 , 𝑃𝑒𝑛𝑎𝑙𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 , 𝑁𝑃𝑜𝑝 ,  𝐼𝑇𝐻(𝑚𝑛) , 𝑉𝑚𝑎𝑥 , 

𝑉𝑚𝑖𝑛, 𝑃𝑉𝑆𝑀𝐿, 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡, 𝑡1, 𝑡3, 𝑡4, 𝑤, 𝐶𝐸, 𝐶𝐼
𝐵, 𝐶𝑂&𝑀

𝐵 , 𝐶𝑅𝐸𝑃
𝐵  , 𝐶𝐼

𝑃𝑉, 𝐶𝑂&𝑀
𝑃𝑉  

and minimum DG penetration limit.  

Initialize random position and velocity of the particles of size 𝑁𝑃𝑜𝑝 for PSO; 

Decode the particles and calculate fitness values; 

Find initial 𝐿𝐵𝑒𝑠𝑡 and 𝐺𝐵𝑒𝑠𝑡; 

For iteration=2: 𝑖𝑡𝑟𝑚𝑎𝑥 

     For i=1: 𝑁𝑃𝑜𝑝 

        Update velocity and position of particles by (2.94) and (2.95), respectively; 

        Decode particle position to obtain the locations of inverters and 𝐾𝑅𝑒; 
        Perform the FBSLF with UPQC-O model; 

        Calculate the fitness value for each particle;  
        If any particle violates constraints, a penalty factor is added with it; 

     End  

      Update 𝐿𝐵𝑒𝑠𝑡 and 𝐺𝐵𝑒𝑠𝑡;  
End 

The final 𝐺𝐵𝑒𝑠𝑡 value provides the locations of inverters and 𝐾𝑅𝑒 ; 

End 

Fig. 3.2: Pseudo codes for the allocation of UPQC-O in radial 
distribution networks 
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3.6 Simulation results and discussion 

The computer simulation study is carried out using 69-bus and 33-bus radial 

distribution networks to validate the proposed planning model. The descriptions of these 

networks are provided in section 2.6. The unit costs of series and shunt inverters of UPQC-

O are obtained from [92]. The minimum DG penetration is set to be 5 %. The minimum 

allowable PVSML is set as 70%. For each case, three subcases are considered. Each subcase 

corresponds to different number of shunt inverter. These are: 

 One series inverter and one shunt inverter (1-Se, 1-Sh)  

 One series inverter and two shunt inverters (1-Se, 2-Sh) 

 One series inverter and three shunt inverters (1-Se, 3-Sh) 

Different planning parameters and cost components used are provided in the Table 3.1.  

 

Table 3.1: Different planning parameters 
 

Planning parameters Cost components 

𝑇ℎ = 20 years 𝐶𝐸 = 0.08 $/kWh [75] 

𝑇𝐻𝐷𝐿 = 0.2, 𝑘 = 30% 𝐶𝐼
𝐵 = 900 $/kWh [112] 

𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 = 10 % 𝐶𝑂&𝑀
𝐵  = 10 

($/𝑘𝑊)

𝑌𝑟
 [112] 

𝑡4 = 5 hrs, 𝐾𝑅𝑒 = 0.1 − 0.5 𝐶𝑅𝐸𝑃
𝐵  = 244 $/kWh [112] 

𝑡1 = 4 hrs, 𝑡3 = 15 hrs 𝐶𝐼
𝑃𝑉 = 2025 $/kW [113] 

𝑂𝑓𝑓−𝑝𝑒𝑎𝑘 𝑑𝑒𝑚𝑎𝑛𝑑

𝑃𝑒𝑎𝑘 𝑑𝑒𝑚𝑎𝑛𝑑
= 0.6  𝐶𝑂&𝑀

𝑃𝑉  = 16 
($/𝑘𝑊)

𝑌𝑟
 [113]  

 

The PSO parameters are optimized with repetitive runs and the optimal parameters 

are found to be: 𝐶1 =2, 𝐶2 =2, 𝑤 =0.5, 𝑁𝑃𝑜𝑝 =200, and 𝑖𝑡𝑟𝑚𝑎𝑥 =200. To study the PSO 

convergence, the variation of the mean fitness of PSO population with the iterations and 

the variation of the percentage of particles violating constraints with the iterations are 

plotted in Figs. 3.3(a) and 3.3(b), respectively for the 69-bus network and in Figs. 3.4(a) 

and 3.4(b), respectively for the 33-bus network. The solutions obtained with the PSO 

algorithm are listed in Tables 3.2 and 3.3 for the 69-bus and 33-bus networks, respectively. 

 

3.6.1 Impact on energy loss and bus voltages 

The network power losses of the 69-bus and 33-bus networks without compensation 

are 224.98 kW and 202.67 kW in peak hour, respectively and 75.53 kW and 68.74 kW in 

off-peak hour, respectively. From Tables 3.2 and 3.3, it is observed that the optimal 

placement of UPQC-O with PV array results in significant reduction in energy loss for both 
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the networks. The results also illustrate that the reduction in energy loss in Case A is more 

as compared to Case B. Basically, the power loss in peak hour is much higher than that of 

the off-peak hour. Since both active and reactive power compensations are provided by 

UPQC-O during peak hour in Case A, it results in higher power loss reduction as compared 

to Case B. The network minimum bus voltages of the 69-bus and 33-bus networks without 

compensation are 0.9092 p.u. and 0.9131 p.u. in peak hour, respectively and 0.9476 p.u. 

and 0.9495 p.u. in off-peak hour, respectively. The results show that the bus voltages of the 

networks are also improved with the optimal placement of UPQC-O. The minimum bus 

voltage of the network in peak hour (𝑉𝑚𝑖𝑛
𝑡1 ) is found to be better in Case A than that of the 

Case B for the same reason mentioned above. There is no difference between 𝑉𝑚𝑖𝑛
𝑡3  and 𝑉𝑚𝑖𝑛

𝑡4  

in Case A because UPQC-O is designed to provide only reactive power compensation 

 

Fig. 3.3: The variations of: (a) mean fitness value and (b) percentage of 

particles violating constraints in the PSO population with iterations as 

obtained with 69-bus network Case A (1-Se, 2-Sh)  

 
(a) 

(b) 
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during the durations 𝑡3 and 𝑡4 in Case A. However, since the PV generation is directly 

injected into the network in Case B during the generation hour of PV array, 𝑉𝑚𝑖𝑛
𝑡4  is found 

to be better than 𝑉𝑚𝑖𝑛
𝑡3 . For the same reason, 𝑉𝑚𝑖𝑛

𝑡4  in Case B is also higher than that of the 

Case A. 

 

3.6.2 Locations of the series and shunt inverters 

The locations of the series inverter are found to be same in all the cases. This is to 

satisfy the PVSML constraint, as shown in Eq. (2.93). However, locations of the multiple 

shunt inverters are found to be case-sensitive. It is observed that there are few buses, which 

are repetitively found to be the optimal locations for the shunt inverter placement, for 

example buses 59, 61, 69 for the 69-bus network and buses 6, 33 for the 33-bus network. 

 

Fig. 3.4: The variations of: (a) mean fitness value and (b) percentage of 

particles violating constraints in the PSO population with iterations as 

obtained with 33-bus network Case A (1-Se, 2-Sh) 

 

(a) 

(b) 
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There might be various reasons for that. The first one is for the less rating requirement of 

the shunt inverters in these locations because these are mostly the remote terminal buses. 

The second reason is that there are few buses, in which the appropriate active and/or 

reactive power compensation results in significant power/energy loss reduction, for 

example bus 61 for the 69-bus network. 

 

Table 3.2: The optimal solutions as obtained with PSO for the 69-bus radial distribution network 

 

Solution Case A Case B 

1-Se, 1-Sh 1-Se, 2-Sh 1-Se, 3-Sh 1-Se, 1-Sh 1-Se, 2-Sh 1-Se, 3-Sh 

Series inverter location 7 7 7 7 7 7 

Shunt inverter 1 location  61 61 61 59 69 22 

Shunt inverter 2 location - 69 69 - 59 69 

Shunt inverter 3 location - - 35 - - 61 

𝐾𝑅𝑒 for shunt inverter 1 0.3960 0.3942 0.3867 0.4930 0.1 0.5 

𝐾𝑅𝑒 for shunt inverter 2 - 0.1 0.5 - 0.4913 0.4791 

𝐾𝑅𝑒 for shunt inverter 3 - - 0.1 - - 0.5 

Energy loss reduction w.r.t. base-

case network (%) 

46. 4502 46.4804 46.3796 34.6195 34.6842 40.6280 

𝑉𝑚𝑖𝑛
𝑡1  (p.u.) 0.9631 0.9630 0.9626 0.9353 0.9351 0.9376 

𝑉𝑚𝑖𝑛
𝑡4  (p.u.) 0.9624 0.9624 0.9624 0.9784 0.9783 0.9809 

𝑉𝑚𝑖𝑛
𝑡3  (p.u.) 0.9624 0.9624 0.9624 0.9612 0.9612 0.9613 

Sum of the shunt inverter ratings 

(MVA) 

1.4036 1.4232 1.4256 1.2674 1.2885 1.2469 

Series inverter rating (MVA) 1.4574 1.4574 1.4574 1.4574 1.4574 1.4574 

Total UPQC-O rating (MVA) 2.8610 2.8806 2.8830 2.7248 2.7460 2.7044 

Total battery rating (kWh) 3041.752 3041.752 3041.752 - - - 

Total PV rating (kW) 633.6983 633.6983 633.6983 633.6983 633.6983 633.6983 

𝑃𝐶𝑈𝑃𝑄𝐶−𝑂 (× 106$) 5.0081 5.0117 5.0123 1.9611 1.9649 1.9462 

Cost reduction w.r.t. Case A (%) - - - 60.8414 60.7937 61.1715 

 

Table 3.3: The optimal solutions as obtained with PSO for the 33-bus radial distribution network 
 

Solution Case A Case B 

1-Se, 1-Sh 1-Se, 2-Sh 1-Se, 3-Sh 1-Se, 1-Sh 1-Se, 2-Sh 1-Se, 3-Sh 

Series inverter location 3 3 3 3 3 3 

Shunt inverter 1 location  6 6 33 6 6 33 

Shunt inverter 2 location - 33 26 - 33 9 

Shunt inverter 3 location - - 15 - - 7 

𝐾𝑅𝑒 for shunt inverter 1 0.2860 0.2832 0.4911 0.3859 0.3830 0.2166 

𝐾𝑅𝑒 for shunt inverter 2 - 0.1 0.5 - 0.1 0.5 

𝐾𝑅𝑒 for shunt inverter 3 - - 0.1 - - 0.5 

Energy loss reduction w.r.t. base-case 

network (%) 

27.1365 27.5 29.4005 23.0698 23.4039 25.0799 

𝑉𝑚𝑖𝑛
𝑡1  (p.u.) 0.9376 0.9376 0.9402 0.9277 0.9277 0.9310 

𝑉𝑚𝑖𝑛
𝑡4  (p.u.) 0.9567 0.9567 0.9577 0.9646 0.9646 0.9672 

𝑉𝑚𝑖𝑛
𝑡3  (p.u.) 0.9567 0.9567 0.9577 0.9567 0.9567 0.9588 

Sum of the shunt inverter ratings 

(MVA) 

1.7712 1.8113 1.3828 1.6078 1.6503 0.9686 

Series inverter rating (MVA) 1.7523 1.7523 1.7523 1.7523 1.7523 1.7523 

Total UPQC-O rating (MVA) 3.5235 3.5636 3.1351 3.3601 3.4026 2.7209 

Total battery rating (kWh) 2972 2972 2972 - - - 

Total PV rating (kW) 619.1667 619.1667 619.1667 619.1667 619.1667 619.1667 

𝑃𝐶𝑈𝑃𝑄𝐶−𝑂 (× 106$) 5.0578 5.0646 4.9811 2.0586 2.0659 1.9355 

Cost reduction w.r.t. Case A(%) - - - 59.2985 59.2090 61.1431 
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3.6.3 Ratings of the series and shunt inverters 

The rating requirement for both the inverters depends on the respective locations, in 

which these are placed. Since the location of the series inverter, which depends on the 

satisfaction of the PVSML constraint, remains same in all the cases, the series inverter 

rating is found to be same in all the cases. But, the ratings of the shunt inverters are found 

to be varying with the planning cases depending on their locations in the network. The sum 

total of the ratings of the multiple shunt inverters is shown in Tables 3.2-3.3. The total rating 

requirement for the shunt inverters is found to be lower in Case B as compared to Case A. 

The total rating of the shunt inverters is found to be less if three shunt inverters are placed 

in the 33-bus network. However, in the 69-bus network, there is no appreciable difference 

in the total rating requirement if multiple shunt inverters are placed. 

 

3.6.4 Size of the battery and PV array 

The size of the battery in each sub-case is found to be same. The size of the PV 

array is also found to be same in all the sub-cases of Cases A and B. These two ratings are 

basically governed by the minimum DG penetration limit, as set in Eq. (3.6). From the 

results, it is observed that the total ratings of the battery and the PV array are same in all 

the sub-cases in spite of these are placed in different locations of the network. This happens 

because the different values of 𝐾𝑅𝑒 corresponding to the shunt inverters placed in different 

locations are such that the sum of the ratings of the PV array becomes equal in all the sub-

cases in Case A and Case B, as can be seen from the Eqs. (2.63) and (3.1). 

 

3.6.5 Comparison of the planning costs of two cases 

The planning costs for all the sub-cases of Case A are found to be higher than those 

of the sub-cases of Case B, primarily because of the inclusion of the cost of the battery in 

Case A. The planning costs of all the sub-cases in Case A or Case B are found to be nearly 

equal in the 69-bus network. But, the planning cost for the placement of three shunt 

inverters is found to be significantly less due to the lower rating requirement of UPQC-O 

for the 33-bus network. 
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3.6.6 Relative merits and demerits for the deployment of Cases A and B 

A distribution network owner (DNO) may opt either of these two planning cases 

depending on its needs and choices. There are relative merits and demerits in both the 

planning cases as given below: 

 If the DNO is desirous in reducing its peak load demand and the energy losses, the 

planning Case A can be chosen. However, the planning cost of Case A is nearly 60% 

higher as compared to the Case B. The maintenance and periodic replacement of battery 

in Case A need additional efforts and costs.    

 If the DNO needs to exercise the economical option, the planning Case B can be 

selected. However, this choice provides higher amount of energy loss as compared to 

the Case A. The power loss and voltage profile during peak hour will also be poor as 

compared to the Case A. 

However, it is noteworthy that the implementation of either of the planning cases on the 

uncompensated networks results in significant power/energy loss reduction, improvements 

in voltage profile, and mitigation of two important PQ problems, i.e., voltage sag and 

current harmonics. 

 

3.6.7 Performance comparison with similar approaches 

The aim of this work is to simultaneously improve the energy efficiency and PQ of 

distribution networks with the placement of UPQC-O with PV array. There are several 

conventional approaches reported in the literature for power/energy loss minimization, for 

example, capacitor bank placement, voltage regulator placement, on-load tap changer 

(OLTC) placement etc. But, the PQ improvement is not set as the objective/criterion in 

these approaches. Hence, the objective function formulation in these approaches is different 

as compared to the proposed approach. Thus, the direct performance comparison of the 

proposed approach with these approaches would be impractical. However, to have a 

comparative study with similar approaches, an approach for distribution STATCOM 

(DSTATCOM) allocation [117] is chosen. In this approach, the 69-bus network is used. In 

[117], a combined approach for DSTATCOM allocation and network reconfiguration for 

power loss minimization is provided. In Table 3.4, the results reported in the work [117] 

are compared with those of the proposed approach, in which the UPQC-O-WB model with 
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one-series and one-shunt inverter is used. The peak-hour operational parameters are only 

provided in the comparison, since the objective function formulated in [117] is 

minimization of power loss during peak hour. The results show that the placement of 

UPQC-O provides higher amount of power loss reduction as compared to two approaches, 

studied here. The minimum bus voltage as obtained with the proposed approach is also 

comparable with that of the combined approach for DSTATCOM allocation and 

reconfiguration. The UPQC-O rating requirement is higher than that of the DSTATCOM 

[117] because it is designed to improve power loss by maintaining a desired PQ level. 

However, PQ issue is not incorporated into the planning approach in [117]. The planning 

cost is not shown in the comparison because the same is not provided in [117]. 

 

Table 3.4: Comparison of proposed approach with similar other approaches for power loss minimization 

 

Solutions and the features of the 
planning approach 

UPQC-O allocation 
(proposed 

approach) 

DSTATCOM allocation 
along with network 

reconfiguration [117] 

Only 
reconfiguration 

[117] 

Series inverter location 7 - - 

Shunt inverter location 61 61 - 

Peak hour power loss(kW) 64.4425 78.59 99.8 

Network minimum bus voltage 

magnitude (p.u.) 

0.9631 0.9632 0.9428 

VA-rating of device (MVA) 2.8610 0.924 - 

Does the planning approach 

include the PQ issues? 

Yes No No 

 

3.7 Conclusion 

In this chapter, two UPQC-O models have been proposed with the integration of PV 

array so as to improve the energy efficiency and PQ of the radial distribution networks. A 

planning optimization problem is formulated to find the optimal placement for the series 

and shunt inverters of UPQC-O in the distribution networks. PSO is used in solving the 

planning problem. The following are the outcomes of the simulation results: 

 The placement of any of the UPQC-O models can significantly improve energy loss, 

bus voltage profile, and PQ for the networks. 

 The location of the series inverter depends on the minimum allowable value of PVSML 

set. This implies to the fact that the series inverter location depends on the amount of 

load needs to be protected from the voltage sag. However, the shunt inverter locations 

are found to be varying with the planning cases. 
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 The multiple placement of the shunt inverters significantly reduces the overall rating 

requirement for UPQC-O for certain type of the networks, such as the 33-bus network. 

 The sizes of the PV array and battery basically depend on the minimum DG penetration 

limit to be set by the DNO.    

 

 

TH-2058_156102013



 

 

4 
Modelling and Allocation Planning of Inverters of Open UPQC 

to Improve the Rooftop PV Hosting Capacity and Energy 

Efficiency of Radial Distribution Networks 

 

 

4.1 Introduction 

The depletion of conventional energy resources, increase in load demand, and need 

of carbon/ pollution free power generation are the prime motivations behind the integration 

of renewable energy sources to distribution networks. The Ministry of New and Renewable 

Energy of the Government of India has taken an initiative to integrate renewable generation 

of 175 GW, including 100 GW of PV generation and 60 GW of wind power generation by 

2022 [118]. This target shows that the PV generation has a tremendous potential in the 

country like India due to the availability of solar irradiation in most of the part of the country. 

To achieve this target, the government of India is encouraging the rooftop PV installation 

in different areas with a subsidized price. In the coming years, it is expected that the 

adoption of rooftop PV installation by the domestic customers will globally increase. This 

will enforce to formulate appropriate policies for the grid connected rooftop PV, in which 

the surplus generation can be injected into the network for the mutual benefits of owners of 

rooftop PV array and distribution networks. But, the increasing injection of PV generation 

into the network may lead to several issues, such as, over voltage problem, increase in line 

losses, violation of line thermal limit etc. The low voltage networks of the country like 

Australia are suffering from different operational issues, such as, over voltage problem, 
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voltage imbalance etc., due to the injection of rooftop PV in large scale [119]. Thus, the 

determination of total amount of DG/PV capacity that a network can accommodate without 

deteriorating the operational performance of the network is a matter of interest to the power 

systems researchers. This is called DG/PV hosting capacity (DGHC/PVHC) of the network. 

The researchers have started investigating different technologies which can allow the 

networks to accommodate higher PV capacity. 

 

The state-of-the-art review on the impacts of high PV penetration on distribution 

networks and the different approaches to mitigate the problems caused by the high PV 

penetration can be found in [120-123]. In [124], the impacts and challenges of PV 

deployment in the remote Australian networks are reported along with the different control 

strategies used for the enhancement of PV penetration. The active network management 

technologies, such as, reactive power compensation, bus voltage control, power factor 

correction, network reconfiguration, generation curtailment, etc., are mostly used 

approaches to enhance the DGHC/PVHC of a network [120-123, 125]. The reactive power 

compensation using static VAr compensator and bus voltage control using OLTC are used 

in [34] to maximize the DGHC of the distribution network considering the uncertainties in 

the generation of DG units and load demand. In [126], the reactive power compensation, 

wind energy curtailment, and bus voltage control using OLTC are used to maximize the 

wind power hosting capacity of a distribution network considering the individual benefits 

of the owners of the wind farm and the distribution network. In [32], a multi-objective 

optimization model is formulated to optimally place the BESS in a distribution network to 

improve the DGHC of the network. In this work, BESS is utilized for three purposes: bus 

voltage control, power loss reduction, and peak demand reduction. In [127], a mixed-integer 

nonlinear type of planning problem is formulated to maximize the PVHC of distribution 

networks using the optimal controls of capacitor switching, voltage regulator, branch 

switches, and smart PV inverters. The investigation of the impact of PV location and PV 

operating power factor on the PVHC of distribution networks is also carried out. A 

multistage and stochastic mathematical model is presented in [128] to maximize the DGHC 

of distribution networks.  The ESSs, reactive power sources, and network reinforcement 

are used to maximize the DGHC. The part II of this work [129] provides the numerical 
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results and merits of the proposed model. In [130], the PVHC of a distribution network is 

determined by considering the daily variations in PV generation and load demand. It 

considers different scenarios of PV location and size to determine the PVHC of a network. 

Furthermore, the estimation of percentage of accuracy of PVHC and the impact of different 

network and simulation parameters on the PVHC are studied. In [131], a control scheme is 

proposed for the control of reactive power output of the main PV inverters and some 

auxiliary converters. The controllable range of reactive power compensation mitigates the 

large voltage variations and increases the PVHC of a network. In [132], the static network 

reconfiguration at the planning stage and dynamic network reconfiguration using 

controllable switches are used to enhance the DGHC of a network. In [133], the operation 

of OLTC is controlled based on the PV generation forecast to enhance the PV penetration 

in a distribution network. In [134], a multi-period multi-objective planning problem is 

formulated to simultaneously maximize the DGHC and to minimize the energy loss of a 

network. The modelling of load and generation uncertainties, co-ordinated operation of 

OLTCs and voltage regulators, generation curtailment, and reactive power control of DG 

unit are the key features of this approach. In [135], a centralized battery storage system 

(BSS), which consists of batteries and converter units, is used for the control of both active 

and reactive power in the network to improve the hosting capacity of a network. The 

different combination of the sizes of BSS and converter units are used to maximize the 

PVHC. In [136], DSTATCOM along with ESS, OLTC, and PV inverter are used for the 

voltage management to increase the rooftop PVHC along with the reduction in voltage 

unbalance factor, and the maximum and minimum voltage limits violation. All these works 

are mostly focused on the determination of DGHC and the development of different types 

of technologies or control schemes to enhance the DGHC of distribution networks. The 

motivations behind this research proposal are the following research gaps seen in the above-

mentioned literature: 

 Although the total power loss is an important performance index for the distribution 

networks, none of the above-mentioned works considers it as a constraint in defining 

the hosting capacity.  
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 The roof-top PV generation can be installed in every location of a network. Thus, it is 

of interest to determine the optimal PV generation capacity in each bus of a network for 

the maximization of the hosting capacity.   

 The different types of converter/inverter can be used as sources of reactive power 

compensation to increase PVHC as shown in [135-136]. But, this needs an appropriate 

modelling and allocation planning. Although the allocation planning of 

converter/inverter is reported in [135-136], the modelling of the converter/inverter unit 

to determine the size/rating requirement is not done. Rather, the converter/inverter size 

is chosen from an available set of sizes. Moreover, the potential of series inverter 

allocation in maximizing PVHC is not investigated in any work. 

 As mentioned above, the injection of DG/PV beyond a certain limit deteriorates the 

network performance and it causes increase in energy loss. Hence, there needs to have 

a simultaneous optimization approach for the maximization of PVHC and minimization 

of energy loss. In none of these works, it is done. 

 The PQ is an important issue for the distribution networks. Hence, there needs to have 

an approach which can capable of maintaining a desired PQ level as well. 

 

Thus, in this chapter, mono- and multi-objective planning approaches are developed 

to improve PVHC and energy efficiency of distribution networks. These two planning 

approaches are separately shown in two sections of this chapter. For mono-objective 

planning approach, the hosting capacity is firstly defined considering the power loss as a 

performance index. Then, the modelling of two different types of inverters of UPQC-O, i.e., 

series and shunt inverters is done. The series inverter is designed to provide the reactive 

power compensation by injecting a series voltage into a network. The shunt inverter is 

designed to provide both harmonic compensation and reactive power compensation by 

injecting a shunt compensating current into a network. A planning optimization model is 

formulated to optimally place these inverters of UPQC-O to maximize the PVHC of a 

network. The worst-case scenario, i.e., minimum load demand and maximum PV 

generation is considered to determine the PVHC of a network. The usage of these inverters 

in any other loading condition also results in power loss reduction of the network. The PSO 

is used as the solution approach. However, in multi-objective planning approach, a multi-
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objective planning problem is formulated for the simultaneous optimization of PVHC and 

energy loss of distribution networks. The inverters of UPQC-O are used to simultaneously 

provide the reactive power compensation and PQ mitigation. In this approach, the series 

inverter is designed to mitigate voltage sag during voltage sag condition and to provide 

reactive power during healthy condition. However, the functions of shunt inverter are same 

as mentioned for the mono-objective planning. The MOPSO-based planning algorithm is 

chosen as the solution strategy, in which Pareto-dominance principle [137] is used to find 

out a set of non-dominated solutions called Pareto-approximation set. The strength Pareto 

Evolutionary algorithm-2 (SPEA2) [138] is used in MOPSO for fitness assignment and 

archiving of solutions. The highlights of the contribution of this work are: 

 Formulation of a mono-objective planning problem to maximize the PVHC of a 

distribution network considering the network power loss as one of the operational 

constraints.   

 Modelling of series and shunt inverters for reactive power compensation of radial 

distribution networks.  

 Development of mono-objective planning approach to optimally place the series and 

shunt inverters of UPQC-O, and to determine the maximum PV generation capacity in 

each bus, except the substation bus, for the maximization of PVHC of a network. 

 Development of multi-objective planning approach for the simultaneous optimization 

of PVHC and energy loss of distribution networks. 

 Modelling and allocation of UPQC-O, which can be used to improve the energy loss 

and PQ of distribution networks. 

 

The proposed planning approaches are validated on 33-bus and 69-bus radial 

distribution networks.     

 

4.2 Mono-objective planning for the maximization of PVHC 

 In this section, a study is carried out with the mono-objective optimization problem 

formulated for the maximization of PVHC of a distribution network. The simulation results 

obtained with this approach are presented and discussed in this section. 
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4.2.1 Determination of the DGHC 

The maximum amount of DG that can be accommodated by a distribution network 

without deteriorating the operational performance of the network is known as the DGHC 

of the network [139]. The injection of DG into a network initially results in improvement 

in the operational performance of the network in terms of power loss reduction, 

improvement in bus voltages, reduction in line current flow etc. But, after a certain value 

of DG injection, the operational performance of the network starts deteriorating, i.e., it 

increases the network power loss and it also causes over voltage problem to the buses and/or 

thermal limit violation of the lines etc. The operational performance of a network with 

respect to increment in the amount of DG injection is shown in Fig. 4.1. It is seen from the 

figure that, the DGHC can either be set at the point above which the network performance 

starts deteriorating, or at the point above which the deterioration in the operational 

performance of the network is unacceptable. For mono-objective planning, network power 

loss is considered to be the performance index to determine the rooftop PVHC of a 

distribution network. Each bus of a distribution network is chosen as the potential sites to 

install the rooftop PV array, as shown in the 7-bus radial distribution network in Fig. 4.2, 

in which the bus 1 is the substation bus and remaining all buses are load buses.   

 

The following are the assumptions and features of this work: 

 All the PV arrays are operating at unity power factor. 

 The series and shunt inverters are designed to provide the reactive power compensation 

to the network irrespective of the loading and generation conditions. 

 The rating requirements for the series and shunt inverters are determined at peak load 

demand so that these can also be operated during the peak load demand. 

 The peak load demand and the maximum PV generation do not coincide with each other. 

 

Based on these, the following planning cases are proposed: 

 Case A: In this planning case, the PVHC of a network is maximized without placement 

of inverters of UPQC-O considering the minimum load and maximum generation 

scenario under the constraint of no deterioration in the power loss with respect to the 

base-case network, i.e., without PV array.   

TH-2058_156102013



Modelling and Allocation Planning of Inverters of Open UPQC to Improve the Rooftop PV Hosting Capacity… 

 

 

 65 

 Case B: In this planning case, the series and shunt inverters are to be optimally placed 

to maximize the PVHC of a network considering the minimum load and maximum 

generation scenario under the constraint of no deterioration in the power loss with 

respect to the base-case network.   

 

The acceptable power losses in planning Cases A and B are modified by considering 

10% deterioration with respect to the power loss of the base-case network to obtain the new 

planning cases and these are named as Case A(a) and Case B(a), respectively. To 

understand the effect of inverter placement during the peak load with no PV generation, a 

separate case study is provided. 

 

Fig. 4.1: Plot of operational performance of a distribution network with respect 

to amount of DG injection used for the determination of DGHC 

 
Fig. 4.2:  A 7-bus radial distribution network with the placement of PV arrays and series 

and shunt inverters 
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4.2.2 Modelling of series and shunt inverters 

This section describes the mathematical modelling of the series and shunt inverters 

for distribution networks. The series inverter is designed to inject the series voltage 𝑉𝑆𝑒 to 

maintain the receiving end voltage magnitude at 1.0 p.u. by providing the reactive power 

compensation. However, the shunt inverter is designed to inject the shunt compensating 

current 𝐼𝑆ℎ
′  to eliminate the current harmonics present in the line current 𝐼𝐿 and to provide 

the reactive power compensation. The phasor diagrams of series and shunt inverters are 

shown in Figs. 4.3 (a) and (b), respectively. 

 

4.2.2.1 Modelling of the series inverter 

The amount of series voltage injected by the series inverter can be calculated as: 

𝑉𝑆𝑒 = √𝑉𝑅
𝐶2

+ 𝑉𝑅
2 − 2𝑉𝑅

𝐶𝑉𝑅 cos(𝛿2
′ − 𝛿2)     (4.1) 

From Fig. 4.3(a),  

𝑉𝑅
𝐶 cos 𝛿2

′ = 𝑉𝑅 cos 𝛿2 + 𝑉𝑆𝑒 cos(90° − ∅)     (4.2) 

𝑉𝑅
𝐶 sin 𝛿2

′ = 𝑉𝑅 sin 𝛿2 + 𝑉𝑆𝑒 sin(90° − ∅)     (4.3) 

From Eqs. (4.2) and (4.3), 

 

 

(a) 

(b) 

Fig. 4.3: Phasor diagrams for: (a) series and (b) shunt inverters 
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𝑉𝑅
𝐶 cos(𝛿2

′ + ∅) = 𝑉𝑅 cos(𝛿2 + ∅)      (4.4) 

From Eq. (4.4), the phase angle 𝛿2
′  can be calculated as: 

𝛿2
′ = cos−1 (

𝑉𝑅

𝑉𝑅
𝐶 cos(𝛿2 + ∅)) − ∅      (4.5) 

The VA-rating of series inverter is computed as: 

𝑆𝑆𝑒 = 𝑉𝑆𝑒𝐼𝑆         (4.6) 

Here, the phase angle between 𝑉𝑆𝑒  and 𝐼𝑆  is to be maintained at 90° to provide reactive 

power compensation. The amount of reactive power supplied by the series inverter is,   

𝑄𝑆𝑒 = 𝑆𝑆𝑒         (4.7) 

 

4.2.2.2 Modelling of the shunt inverter 

In this work, the function of shunt inverter is same as that of the shunt inverter of 

UPQC-O-WOP. The shunt inverter can be mathematically modelled by using Eqs. (2.55)-

(2.58). The total amount of VAr injected by the inverters of UPQC-O can be computed by 

summing up the individual VAr injection capacities of series and shunt inverters. 

 

4.2.3 Incorporation of PV generation and inverters models into FBSLF 

The PV generation and inverters models are incorporated into the FBSLF algorithm 

[74] to determine the network bus voltages, line current flows, and power loss. The 

algorithmic steps of the FBSLF algorithm are discussed in subsection 2.3.1. If the PV array 

injects active power at load bus 𝑙 and the series (shunt) inverter injects reactive power at 

load bus 𝑚 (𝑛) the active and reactive power demands of corresponding buses are to be 

modified as:  

 𝑃′(𝑙) = 𝑃(𝑙) − 𝑃𝑃𝑉(𝑙)            (4.8) 

𝑄′(𝑚) = 𝑄(𝑚) − 𝑄𝑆𝑒            (4.9) 

 𝑄′(𝑛) = 𝑄(𝑛) − 𝑄𝑆ℎ             (4.10) 

where, 𝑃𝑃𝑉(𝑙) is the maximum PV generation capacity of bus ‘𝑙’. 𝑄𝑆𝑒 and 𝑄𝑆ℎ are the rated 

VAr injected by the series and shunt inverters, respectively.   

 

The load flow analysis is carried out with the modified active and reactive power 

demands. 
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4.2.4 Mono-objective optimization problem for the maximization of PVHC 

This section describes the optimization problem formulated for the maximization of 

PVHC of a network. In this optimization problem, the locations of series and shunt inverters, 

and the PV generation capacity in each bus except the substation bus are determined by 

maximizing the PVHC, i.e., total PV generation capacity. The objective function is given 

below.   

max {𝑃𝑉𝐻𝐶} =  ∑ 𝑃𝑃𝑉(𝑖)𝑁
𝑖=2           (4.11) 

This objective function is to be maximized under the active and reactive power balance 

constraints, bus voltage magnitude constraint, thermal constraint, and network power loss 

constraint. The active and reactive power balance constraints, bus voltage magnitude 

constraint, and thermal constraint are mathematically expressed as shown in Eqs. (2.88-

2.89), (2.90), and (2.91), respectively. However, the network power loss constraint is 

defined below. 

 Network power loss constraint: According to this constraint, the power loss of a network 

with the PV generation (𝑃𝐿𝑃𝑉) during minimum loading condition should not be more 

than a pre-set acceptable power loss during minimum loading condition. The 

mathematical expression for this constraint is given below.  

𝑃𝐿𝑃𝑉 ≤ 𝜗𝑃𝐿𝑏𝑎𝑠𝑒                    (4.12) 

where, 𝜗 is a constant factor. In the planning Cases A and B, the value of  𝜗 is set to be 

1. This means that the maximum acceptable power loss with PV integration is 

considered to be the power loss of the base-case network (𝑃𝐿𝑏𝑎𝑠𝑒) during minimum 

loading condition. In planning Cases A (a) and B (a), the value of  𝜗 is set to be 1.1. 

This implies to fact that the maximum acceptable power loss of the network with PV is 

considered to be 1.1 time of the power loss of the base-case network during minimum 

loading condition. 

 

4.2.5 Solution approach for mono-objective planning 

The PSO algorithm [107-108] is used as the solution approach to optimally place 

the series and shunt inverters of UPQC-O in a distribution network, and to obtain the 

optimal PV generation capacities in all the buses, except the substation bus. The PSO 

algorithm is discussed in subsection 2.5.1. The FBSLF algorithm incorporating the PV 
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generation and inverters models is used as the supporting subroutine of the PSO algorithm. 

A particle of PSO consists of the information of location of series inverter, location of shunt 

inverter, and PV generation capacity in each load bus. The pseudo codes for the overall 

planning algorithm are shown in Fig. 4.4. 

 

 

4.2.6. Simulation results of mono-objective planning  

This section presents the results obtained with the proposed mono-objective 

planning approach for the maximization of PVHC constrained by a permissible network 

power loss. The proposed mono-objective planning cases are validated on 33-bus and 69-

bus radial distribution networks. The description on these test networks is provided in 

section 2.6. In this work, the shunt inverter is designed to compensate 20% of line current 

THD and series inverter is designed to maintain the receiving end voltage magnitude at 1.0 

p.u. The maximum acceptable deterioration in the performance index (i.e., network power 

loss at minimum load demand) is considered to be 10%. The minimum load demand of the 

network is considered to be 20% of peak load demand of the network [34]. The minimum 

and maximum voltage limits for load bus are considered to be 0.95 p.u. and 1.05 p.u., 

respectively. The thermal limit for each line of the 33-bus network is considered as 300 A 

as given in [34]. The thermal limit for each line of the 69-bus network is taken from [109]. 

The maximum capacities for the PV generation in any bus are judiciously set as 115 kW 

Begin 

Input radial distribution network bus data and line data; 

Input 𝑇𝐻𝐷𝐿, 𝑖𝑡𝑟𝑚𝑎𝑥, 𝐶1, 𝐶2, 𝑃𝑒𝑛𝑎𝑙𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 , 𝑁𝑃𝑜𝑝, 𝐼𝑇𝐻(𝑚𝑛), 𝑉𝑚𝑎𝑥, 𝑉𝑚𝑖𝑛. 

Initialize random position and velocity of the particles of size 𝑁𝑃𝑜𝑝 for PSO; 

Decode the particles and calculate fitness values; 

Find initial individual best position (𝐿𝐵𝑒𝑠𝑡) and neighbourhood best position 

(𝐺𝐵𝑒𝑠𝑡); 

For iteration=2: 𝑖𝑡𝑟𝑚𝑎𝑥 

     For i=1: 𝑁𝑃𝑜𝑝 

        Update velocity and position of particles; 
        Decode particle position to obtain the locations of inverters and PV  

        generation capacities at all the load buses; 

        Perform FBSLF algorithm with PV generation and inverters models; 
        Calculate the fitness value for each particle;  

        If any particle violates constraints, a penalty factor is added with it; 

     End  

      Update 𝐿𝐵𝑒𝑠𝑡 and 𝐺𝐵𝑒𝑠𝑡;  
End 

The final 𝐺𝐵𝑒𝑠𝑡 value provides the locations of series and shunt inverters 

and PV generation capacities at all the load buses; 

End 

Fig. 4.4: Pseudo codes for the maximization of PVHC of a distribution 

network using PSO 
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and 70 kW, for the 33- and 69-bus, respectively. The PSO parameters are optimized with 

repetitive runs and the optimal parameters are found to be: 𝐶1=2, 𝐶2=2, and 𝑤=0.2. The 

population size for 33-bus and 69-bus networks are found to be 200 and 500, respectively. 

The maximum iteration for 33-bus and 69-bus networks are found to be 100. The solutions 

as obtained with the PSO algorithm are listed in Tables 4.1 and 4.2 for the 33-bus and 69-

bus networks, respectively. 

 

4.2.6.1 PVHC 

        The PVHC of the planning Cases B and B(a) are found to be more as compared to 

the planning Cases A and A(a), respectively as shown in Tables 4.1 and 4.2. This happens 

because the reactive power compensation provided by the series and shunt inverters in 

Cases B and B(a) results in network power loss reduction. Thereby, it helps in 

accommodating more PV generation by satisfying the power loss constraint. The PV 

hosting capacities in Cases A(a) and B(a) are found to be more as compared to the Cases A 

and B, respectively. This happens because of the higher value of the acceptable power loss 

set in Cases A(a) and B(a) as compared to those of the Cases A and B, respectively. It is 

imperative that a network can accommodate more PV injection if the acceptable power loss 

is set with the higher values. 

 

4.2.6.2 Bus voltages of the network 

The plots of bus voltages for the 33-bus and 69-bus networks for different planning 

cases are shown in Figs. 4.5(a) and (b), respectively. From these plots, it is observed that 

the voltages in each bus is almost equal to the substation voltage, i.e., 1.0 p.u. In planning 

Cases B and B(a), the voltages in some of the buses are found to be slightly higher as 

compared those obtained with planning Cases A and A(a), respectively. It happens because 

of the higher injection of PV generation in Cases B and B(a). 

 

4.2.6.3 Maximum line current flow 

From Tables 4.1 and 4.2, it is observed that the maximum line current flows in both 

the networks are higher in planning Cases A (a) and B (a) than those obtained with planning 

Cases A and B, respectively. This happens because the total PV penetration is higher in 
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planning Cases A (a) and B (a) due to the increase in the maximum allowable power loss 

set. 

 

Table 4.1: Solutions of different planning cases for the 33-bus radial distribution network 

 

Solution Case A Case A (a) Case B Case B (a) 

Maximum line current flow (A) 58.8332 61.0790 61.4370 63.3236 

Maximum bus voltage (p.u.) 1.0043 1.0043 1.0092 1.0099 

PVHC (MW)  1.9538 2.0070 2.0870 2.1273 

Location of series inverter - - 7 8 

Location of shunt inverter - - 32 32 

VA rating of series inverter (kVA) - - 144.5730 128.2288 

VA rating of shunt inverter (kVA) - - 152.6638 152.6638 

Total VA rating of UPQC-O (kVA) - - 297.2368 280.8926 

Percentage of PV penetration 52.5922 54.0242 56.1777 57.2624 

Increase in PVHC as compared to Case A/ Case A(a) (%) - - 6.3824 5.6550 

 

Table 4.2: Solutions of different planning cases for the 69-bus radial distribution network 

  

Solution Case A Case A (a) Case B Case B (a) 

Maximum line current flow (A) 110.4726 113.9755 116.3917 120.4878 

Maximum bus voltage (p.u.) 1.0048 1.0051 1.0085 1.0083 

PVHC (MW)  3.1289 3.2084 3.3121 3.4012 

Location of series inverter - - 61 61 

Location of shunt inverter - - 23 69 

VA rating of series inverter (kVA) - - 294.0741 294.0741 

VA rating of shunt inverter (kVA) - - 42.3096 21.1509 

Total VA rating of UPQC-O (kVA) - - 336.3837 315.2250 

Percentage of PV penetration 82.2918 84.3827 87.1101 89.4535 

Increase in PVHC as compared to Case A/ 
Case A(a) (%)  

- - 5.5312 5.6686 

 

4.2.6.4 VA-rating of inverters of UPQC-O 

The VA-rating requirements for the series and shunt inverters in planning Cases B 

and B(a) are provided in Tables 4.1 and 4.2 for 33-bus and 69-bus networks, respectively. 

The total VA-rating requirement for inverters of UPQC-O is found to be higher in Case B 

as compared to Case B(a). It happens because the higher allowable power loss limit set in 

Case B(a) requires less amount of VAr support as compared to Case B. Basically, the higher 

value of VAr injection into the network at appropriate locations results in higher value of 

power loss reduction and vice-versa. Hence, the Case B(a) requires less VAr support as 

compared to Case B. 
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4.2.6.5 Effect of placement of inverters of UPQC-O on network power loss and bus  

voltages during peak load and no PV generation 

The series and shunt inverters can also be used to provide VAr support to the 

network during other loading conditions, as well. To have a case study, the same rated series 

and shunt inverters, as obtained with the planning Cases B and B(a), are  integrated in peak 

load and no PV generation scenario to show their impact on the network operational 

parameters. The results are shown in Table 4.3. The results indicate that the placement of 

inverters reduces the network power loss and it also improves the bus voltages of the 

network as compared to uncompensated base-case network. Similarly, the same inverters 

can also be deployed in any other loading conditions to reduce the power loss of the network 

 
(a) 

 

 
(b) 

 
Fig. 4.5: Voltage profile for: (a) 33-bus and (b) 69-bus neworks as 

obtained with PSO 
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and thereby, to improve the energy efficiency of the network. This shows that the 

deployment of series and shunt inverters of UPQC-O in distribution networks can 

simultaneously improve the hosting capacity and energy efficiency. 

 

Table 4.3: Power loss as obtained with PSO for the networks with the placement of inverters during peak load and no PV generation 
 

Operational parameters of the network 

due to the inverter placement during 
the peak load and no PV generation  

33-bus network 69-bus network 

Base-case 
network 

With 
Solutions 

of Case B 

With 
Solutions of 

Case B(a) 

Base-case 
network 

With 
Solutions 

of Case B 

With 
Solutions of 

Case B(a) 

Location of series inverter - 7 8 - 61 61 

Location of shunt inverter - 32 32 - 23 69 

VA rating of series inverter (kVA) - 144.5730 128.2288 - 294.0741 294.0741 

VA rating of shunt inverter (kVA) - 152.6638 152.6638 - 42.3096 21.1509 

Minimum bus voltage (p.u.) 0.9131 0.9167 0.9168 0.9092 0.9144 0.9143 

Network power loss (kW) 202.6762 181.7134 181.6691 225.0021 193.9810 195.1501 

Reduction in power loss compared to 
base-case network power loss (%) 

- 10.3430 10.3648 - 13.7870 13.2674 

 

4.2.6.6 The optimal PV generation capacities as obtained with PSO 

Since PSO is a meta-heuristic optimization algorithm, the solutions obtained with 

its different simulation runs may differ. Hence, to determine the optimal sizes for the PV 

array in each bus of the network, 30 independent simulation runs are taken. The PV 

generation capacity in each bus as obtained with PSO in different runs are shown with 

boxplots in Figs. 4.6 and 4.7 for the 33-bus and 69-bus networks, respectively. From the 

boxplots, it is observed that the buses near to substation are capable of accommodating the 

maximum capacity for the PV generation set. However, this is not happening in case of the 

buses located distant away from the substation. The result is found to be consistent in both 

the planning cases and in both the test networks. For example, the optimal values for PV 

capacity as obtained with PSO in buses 2-9 and 28-53 of the 69-bus network are found to 

be 70 kW, which is the maximum capacity for the PV array set in any location. It can be 

seen from the Fig. 2.10(b) that these are the buses located near to the substation. Similarly, 

in the 33-bus network, the optimal values for PV capacity as obtained with PSO in buses 2-

6 and 19-25 are found to be the maximum capacity for the PV array set. These buses are 

also located near to the substation, as seen in Fig. 2.11(b). The optimal PV capacity as 

obtained with PSO in other than these buses varies between zero to the maximum capacity 

set. It is also noteworthy that the optimal locations of the inverters, as obtained with PSO, 
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are found to be the buses located distant away from the substation. This shows that these 

buses need VAr support so as to enhance the overall hosting capacity of the network. 

 

4.2.6.7 Impact of placement of single series and single shunt inverter on PVHC 

In this section, a comparative case-study considering two planning cases are shown 

to study the PVHC with the placement of: (i) a series inverter and (ii) a shunt inverter by 

fixing the location in each bus of a distribution network, one at a time. The 33-bus network 

is used for this case-study. The PVHC as obtained with the placement of single inverter is 

shown in Fig 4.8(a). The result shows that the placement of either series or shunt inverter 

results in similar PVHC in some of the buses. The PVHC obtained with the placement of a 

shunt inverter at bus 31 is found to be the best solution with single inverter. The placement 

of single series inverter provides the highest PVHC at bus 6.  The rating requirement of 

 

 

(a) 

(b) 

Fig. 4.6: Boxplot for the PV generation capacities in each bus of the 33-bus network as 

obtained with PSO: (a) Case A and (b) Case B 
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inverter, the network power loss, and the minimum bus voltage due to the placement of 

inverter are also shown in Figs. 4.8(b)-(d), respectively. No feasible solutions are obtained 

for the shunt inverter placement in some of the locations, for example buses 3-6 and 26-30. 

The VA rating requirement of the series inverter is found to be less as compared to the shunt 

inverter. The lower VA-rating requirement for the series inverter placement is advantageous, 

but its placement effects the reliability of the network, since the addition of a series element 

 

 

(a) 

(b) 

Fig. 4.7: Boxplot for the PV generation capacities in each bus of the 69-bus network as obtained with PSO: (a) Case A and (b) Case B 
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deteriorates the reliability of a network. Fig. 4.8 (c) shows that the placement of a shunt 

inverter is more effective in the reduction of network power loss than the placement of a 

series inverter. The placement of higher rated shunt inverter provides higher reactive power 

compensation. This results in higher power loss reduction. For the same reason, the network 

minimum bus voltage magnitude obtained with the placement of a shunt inverter is found 

to be relatively better as compared with the placement of a series inverter. The best solutions 

obtained with single series and single shunt inverter placement in view of PVHC are 

compared with the best solution obtained with the placement of both types of inverter in 

Table 4.4. The results show that the combined placement provides better PVHC as 

compared to the placement of single shunt inverter or single series inverter. The individual 

rating requirements of the inverters of the solution obtained with the placement of both 

types of inverters of UPQC-O are also less. 

 

 

 
(c) 

 

(d) 

 

Fig. 4.8: The effect of a single inverter placement in each load bus of the 33-bus network on: (a) PVHC, (b) VA-rating 
requirement of inverter, (c) power loss during peak load and no PV generation, and (d) minimum bus voltage of the 

network as obtained with PSO  

 

(b) 
 

(a) 
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Table 4.4: The best solution obtained in view of PVHC in planning Case B for 33-bus network 
 

Solution  With series and 

shunt inverters 

Only with shunt 

inverter 

Only with series 

inverter 

Location of series inverter 7 - 6 

Location of shunt inverter 32 31 - 

VA rating of series inverter (kVA) 144.5730 - 224.8068 

VA-rating of shunt inverter (kVA) 152.6638 230.3154 - 

Total VA rating of inverters (kVA) 297.2368 230.3154 224.8068 

PVHC (MW) 2.0870 2.0714 2.0511 

Network power loss (kW) 181.7134 182.0773 191.1631 

 

Table 4.5: Qualitative comparison of proposed approach with the approaches reported in [134-135] 

 

Planning tasks  Proposed approach Approach reported in [134] Approach reported in [135] 

Objective function Maximization of PVHC 1. Maximization of total installed 

DG capacity 
2. Minimization of energy loss and 

energy consumption of voltage 

dependent loads 

Maximization of PVHC 

Optimizing 

variables 

Locations for the placements of 

series and shunt inverters, and PV 

generation capacity in each load bus  

Tap positions of voltage regulators 

and OLTCs, sizes of DG units, 

generation curtailment, and reactive 
power injected by DG units 

Active and reactive power 

output of central BSS 

Solution tool PSO Mixed integer programming  fmincon function of 

MATLAB  

Type of DG units PV Wind turbine and synchronous 
generator  

PV 

Type of  

compensator 

Series and shunt inverters       No compensator is used Shunt converter 

Modelling of 

compensator 

Sizes of series and shunt inverters 

are determined based on the 

modelling provided in subsections 

4.2.2.1 and 4.2.2.2, respectively 

--- No modelling of converter 

is done. The size of shunt 

converter is selected from a 

set of given sizes 

Special features/ 

contributions 

PVHC constrained with an 

allowable power loss and the design 

of shunt inverter to provide both 
harmonics and reactive power 

compensations  

Probability based modelling of load 

and generation uncertainties 

Control of the active and 

reactive power with 

centralized battery based 
storage system 

 

4.2.6.8 Comparison of proposed mono-objective planning approach with similar  

approaches 

In the proposed mono-objective planning approach, the series and shunt inverters 

are used to improve the PVHC and energy efficiency of radial distribution network. There 

are several approaches reported in the literature for the maximization of PVHC of 

distribution networks, such as, network reconfiguration, line conductor replacement, 

reactive power control etc. However, only two approaches [134-135] are found, in which 

the maximization of DGHC/PVHC along with energy/power loss minimization is 

considered in the optimization problem. Since the problem formulation, the optimizing 

variables, and the planning tasks reported in [134-135] are completely different than the 
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proposed work, the quantitative performance comparison is not possible. Hence, a 

qualitative performance comparison with [134-135] is shown in Table 4.5. The contribution 

of each approach is summarized in the last row of the table. 

 

4.3 Multi-objective planning for simultaneous optimization of PVHC and energy loss  

      of distribution network 

 In this section, the multi-objective optimization problem formulated for the 

simultaneous optimization of PVHC and energy loss of distribution networks is discussed. 

The simulation results obtained with the proposed multi-objective optimization approach 

are also presented and discussed in the subsequent subsections. 

 

4.3.1 Multi-objective optimization problem 

The objectives of proposed multi-objective optimization problem are: (i) 

maximization of PVHC and (ii) minimization of energy loss of distribution networks. These 

two objectives are optimized to determine the PV generation capacity in each bus, except 

substation bus, and the locations of inverters of UPQC-O to provide reactive power 

compensation. These two objectives are mathematically expressed as: 

Objective 1: max {𝑃𝑉𝐻𝐶} = ∑ 𝑃𝑃𝑉(𝑖)𝑖=2,…,𝑁      (4.13) 

Objective 2: min {𝐸𝐿} = ∑ 𝑃𝐿𝑐𝑡𝑐𝑐∈𝜓       (4.14) 

where, 𝑁 is the total number of buses in the network; 𝑃𝑃𝑉(𝑖) represents the PV generation 

capacity of bus ‘𝑖’; 𝐸𝐿 represents the total energy loss of network with PV during a day; 𝜓 

is the set of different load and generation scenarios; 𝑃𝐿𝑐  represents the total line losses in 

the network during load and generation scenario ‘𝑐’; and 𝑡𝑐  is the duration of load and 

generation scenario ‘c’. 

 

These objectives are optimized under the active and reactive power balance 

constraints, bus voltage magnitude constraint, thermal constraint, PVSML constraint, and 

PV capacity constraint. The active and reactive power balance constraints, bus voltage 

magnitude constraint, thermal constraint, and PVSML constraint are mathematically 

expressed as shown in Eqs. (2.88-2.89), (2.90), (2.91), and (2.93), respectively. However, 

the PV capacity constraint is discussed below. 
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 PV capacity constraint: The PV generation capacity in each bus is restricted in between 

minimum and maximum set values, i.e.,  

(𝑃𝑃𝑉)𝑚𝑖𝑛 ≤ 𝑃𝑃𝑉(𝑖) ≤ (𝑃𝑃𝑉)𝑚𝑎𝑥,    𝑖 ∈ [2, . . , 𝑁]   (4.15) 

where,  (𝑃𝑃𝑉)𝑚𝑖𝑛  and (𝑃𝑃𝑉)𝑚𝑎𝑥  are the minimum and maximum set values of PV 

capacity. 

 

The DG/PV integration beyond a certain value leads to increase in power loss, as 

explained in section 4.2.1. Hence, the maximization of PVHC results in higher 

power/energy loss [139]. Thus, the maximization of PVHC and minimization of energy loss 

are two conflicting objectives and this needs a multi-objective optimization approach so as 

to simultaneously optimize these two objectives. This yields a set of non-dominated 

solutions, in which none of the solutions is superior to other [137]. Finally, a solution can 

be selected from the set of non-dominated solutions according to the requirement of a 

utility. For example, if a utility desires to implement the solution corresponding to the 

lowest energy loss, it can select the solution corresponding to the lowest PVHC and vice-

versa. There are different multi-objective optimization approaches [137], for example 

weighted aggregation, Pareto-based approach, lexicographic ordering etc. In this work, the 

Pareto-based approach is used. 

 

4.3.1.1 Pareto-dominance principle 

The Pareto-dominance principle [137] states that, for an 𝑀-objective optimization 

problem, a solution ‘𝑎’ dominates a solution ‘𝑏’ if the following two conditions satisfy.  

i. The solution ‘𝑎’ is no worse than solution ‘𝑏’ in all objectives, i.e., 

∀𝑒, 𝑓𝑒(𝑎) ≤  𝑓𝑒(𝑏) for minimization of objective 

∀𝑒, 𝑓𝑒(𝑎) ≥  𝑓𝑒(𝑏) for maximization of objective 

where, 𝑒 = 1,2, . . , 𝑀 

ii. The solution ‘𝑎’ is strictly better than solution ‘𝑏’ in at least one objective, i.e., 

𝑓ℎ(𝑎) <  𝑓ℎ(𝑏) at least for one ℎ ∈ {1,2, . . , 𝑀} for minimization objective 

𝑓ℎ(𝑎) >  𝑓ℎ(𝑏) at least for one ℎ ∈ {1,2, . . , 𝑀} for maximization objective 

The set of the optimal non-dominated solutions is called the Pareto-optimal set. 
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4.3.2 Modelling of UPQC-O  

In this work, the UPQC-O is designed to support the reactive power demand of the 

system and thereby, it helps in reduction in energy loss. The functions of series and shunt 

inverters during voltage sag and healthy conditions are same as that of the functions of 

inverters of UPQC-O-WOP model (Refer Table 2.1). Thus, the same phasor diagrams, as 

shown in Figs. 2.4(a) and 2.4(b), are used to model the series and shunt inverters of UPQC-

O, respectively. The series inverter can be mathematically modelled by using Eqs. (2.46)-

(2.52). However, the shunt inverter is mathematically modelled by using Eqs. (2.55)-(2.58). 

The total VA-rating of UPQC-O is determined by summing up the individual VA-ratings 

of series and shunt inverters. 

   

4.3.3 SPEA2-MOPSO based solution approach  

This section describes the MOPSO-based multi-objective planning algorithm to 

determine the optimal PV generation capacity in each bus, except the substation bus and 

the optimal locations for the series and shunt inverters of UPQC-O. The basics of PSO 

algorithm are discussed in subsection 2.5.1.  The SPEA2-based MOPSO is described in the 

subsequent section. 

 

4.3.3.1 Assumptions 

The following assumptions/considerations are used for the operation of rooftop PV 

and UPQC-O in the proposed model: 

 All rooftop PV arrays are always operating at unity power factor. Thus, they are capable 

of injecting only active power into the network during the operational hour. 

 The PV generation hours and the peak demand hours do not coincide with each other. 

The peak demand takes place during evening 6 to 10 PM and this duration is named as 

peak hour. The rest of the time is treated as off-peak hour. The peak and off-peak 

demand refer to the average load demand during the peak and off-peak hours, 

respectively. 

 The PV generation is directly injected into the network during operational hours of PV 

arrays. There is no provision for storage.  

 

TH-2058_156102013



Modelling and Allocation Planning of Inverters of Open UPQC to Improve the Rooftop PV Hosting Capacity… 

 

 

 81 

4.3.3.2 SPEA2-MOPSO 

MOPSO is a version of PSO algorithm which is used to solve the multi-objective 

optimization problems. In this algorithm, multiple fitness values corresponding to the 

multiple objectives are assigned to each particle. In literature, many MOPSO variants are 

found. The state-of-the-art review on MOPSO is available in [140]. The most of the 

MOPSO approaches are based on the Pareto-dominance principle. All these approaches are 

used to find out a set of non-dominated solutions. The plot of the non-dominated solutions 

is called Pareto approximation front (PAF). In SPEA2-MOPSO, the non-dominated 

solutions obtained with the MOPSO algorithm are stored in an elite archive. This elite 

archive is utilized to assign fitness to each member of the archive itself and the current 

population undergoing evolution according to the fitness assignment scheme of SPEA2 

[138]. Single fitness value is assigned to each particle according to its non-domination rank 

and solution density [137, 141]. 

 

4.3.3.3 MOPSO based planning algorithm 

The overall MOPSO-based planning algorithm uses the FBSLF subroutine 

incorporating UPQC-O and PV models. A particle of MOPSO consists information of 

maximum PV generation capacity in each bus, except the substation, and the locations for 

series and shunt inverters. The flow chart for the overall planning algorithm is shown in 

Fig. 4.9. In this work, each particle consists of two fitness values corresponding to the 

following functions,  

Fitness 1: max {ℱ1} =
∑ 𝑃𝑃𝑉(𝑖)𝑖=2,…,𝑁

∑ 𝑃(𝑖)𝑖=2,…,𝑁
       (4.16) 

Fitness 2: min {ℱ2} =
∑ 𝑃𝐿𝑐𝑡𝑐𝑐∈𝜓  

𝑇𝐸𝐿𝑏𝑎𝑠𝑒 
       (4.17) 

The two objective functions as shown in Eqs. (4.13) and (4.14) are normalized with the 

total peak active power demand of base-case network and the total energy loss of base-case 

network in a day ( 𝑇𝐸𝐿𝑏𝑎𝑠𝑒 ), respectively to obtain Eqs. (4.16)-(4.17). 𝑇𝐸𝐿𝑏𝑎𝑠𝑒  is 

determined by summing up the energy loss of a distribution network during peak demand 

hours and off-peak demand hours without any compensation. The maximization of first 

fitness function provides the information of total PV generation capacity that a network can 

accommodate with respect to the total peak active power demand of the base-case network.  
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Y 

Y 

Start 

Input Bus data and Line data of 

the distribution network 

Calculate PVSML, and VA-ratings of series and shunt 

inverters corresponding to each location in the network 

Update position and velocity of the particle 

using Eqs. (2.94) and (2.95), respectively 

Input PSO parameters and different 

planning parameters  

Initialize position and velocity of 

the particles of size 𝑁𝑃𝑜𝑝 

Calculate fitness values for each 

particle of MOPSO  

Find the initial set of non-dominated 
solutions and store it in an elite archive 

The particle violating constraints is to be penalized  

End 

𝑖𝑡 ≥  𝑁𝑃𝑜𝑝 

 

N 

𝑖𝑡𝑟 = 1 

𝑖𝑡𝑟 = 2 

Determine initial 𝐿𝐵𝑒𝑠𝑡 and 𝐺𝐵𝑒𝑠𝑡 

𝑖𝑡 = 1 

Perform FBSLF with PV and UPQC-O models  

Calculate fitness values 

𝑖𝑡 = 𝑖𝑡 + 1 

𝑖𝑡𝑟 ≥  𝑖𝑡𝑟𝑚𝑎𝑥 
 

Determine 𝐿𝐵𝑒𝑠𝑡 and 𝐺𝐵𝑒𝑠𝑡 

Find the set of non-dominated solutions 

and update the elite archive 

𝑖𝑡𝑟 = 𝑖𝑡𝑟 + 1 

Fig. 4.9: Flow chart for the SPEA2-MOPSO-based multi-objective 

planning algorithm  

N 
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The minimization of second fitness function results in the energy loss of network with PV 

in a day with respect to the energy loss of the base-case network in a day. These objectives 

are optimized under the constraints shown in Eqs. (2.88-2.89), (2.90), (2.91), (2.93), and 

(4.15). 

 

4.3.3.4 FBSLF subroutine incorporating the PV generation and inverters models 

In this approach, the FBSLF algorithm is also used incorporating the PV generation 

and inverters models to determine the network operational parameters, such as, bus voltage, 

line current flow [74] etc. The algorithmic steps of FBSLF are given in subsection 2.3.1. 

The incorporation of PV generation model at any bus modifies the active power demand of 

that bus, as shown in Eq. (4.8). However, the incorporation of series and shunt inverters 

models modifies the reactive power demand of corresponding buses, as shown in Eqs. (4.9-

4.10). The amount of hourly average PV generation at bus ‘𝑖’ during the PV operational 

hours is computed by using Eq. (4.18), 

 𝐶𝑈𝐹 =
𝑃𝑃𝑉

𝐴𝑣𝑔
(𝑖)𝑡4

24𝑃𝑃𝑉(𝑖)
        (4.18) 

where, 𝐶𝑈𝐹  is the capacity utilization factor of PV;  𝑡4  is the operation hours of PV; 

𝑃𝑃𝑉
𝐴𝑣𝑔(𝑖) and 𝑃𝑃𝑉(𝑖) are the hourly average PV generation and the maximum PV generation 

capacity at bus ‘𝑖’, respectively. The CUF is defined as the ratio of actual PV energy 

generation to the total PV energy generation capacity over a year. It is used to determine 

the hourly average PV generation {𝑃𝑃𝑉
𝐴𝑣𝑔

(𝑖)} which is to be used to compute the energy 

loss.  

 

4.3.4 Simulation results of multi-objective planning 

The proposed multi-objective planning approach for the simultaneous optimization 

of PVHC and energy loss of the network is validated on 69-bus and 33-bus radial 

distribution networks. In the proposed design of UPQC-O, the series inverter is designed to 

mitigate 30% of voltage sag during voltage sag condition and the shunt inverters are 

designed to compensate 20% of line current 𝑇𝐻𝐷𝐿. The minimum amount of load to be 

protected from the voltage sag by the series inverter is set as 70%. The capacity utilization 

factor of the PV is considered to be 20%. The PVHC of the network is determined by 
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considering the minimum load and maximum PV generation scenario, i.e., the worst-case 

scenario. The following three different load-generation scenarios are considered for the 

determination of energy loss of the network: 

 Scenario 1: peak load demand and no PV generation 

 Scenario 2: off-peak demand without PV generation 

 Scenario 3: off-peak demand with PV generation 

 

The off-peak load demand and minimum load demand of the network are considered 

as 60% and 20 % [34] of the peak load demand of the network, respectively. The durations 

of load generation scenarios 1, 2, and 3 are considered as 4 hours, 15 hours, and 5 hours, 

respectively. The MOPSO parameters are optimized with repetitive runs and the optimal 

parameters are found as follows:  𝐶1 = 2.5, 𝐶2 = 2, 𝑤𝑚𝑖𝑛 = 0.1, and 𝑤𝑚𝑎𝑥 = 0.4. The 

maximum iteration and population size for the 69-bus and 33-bus networks are found to be 

200 and 500, respectively. Two planning cases are considered in this work: 

 Case A: multi-objective planning without placement of UPQC-O for the simultaneous 

optimization of PVHC and energy loss of distribution network. 

 Case B: multi-objective planning with the placement of UPQC-O for the simultaneous 

optimization of PVHC and energy loss of distribution network. 

 

4.3.4.1 Impact of maximum PV capacity on PAF 

To analyze the impact of set value of maximum PV capacity {(𝑃𝑃𝑉)𝑚𝑎𝑥} in each 

bus on the PAF, different PAFs obtained with different simulation runs by setting different 

values of (𝑃𝑃𝑉)𝑚𝑎𝑥  in Case B are shown in Figs. 4.10(a) and 4.10(b) for the 69-bus and 

33-bus networks, respectively. From these plots, it is observed that the increment in the set 

value of (𝑃𝑃𝑉)𝑚𝑎𝑥 in each bus increases the spread of the PAFs in both the axes. It can also 

be observed that some of the solutions obtained with the higher set value of (𝑃𝑃𝑉)𝑚𝑎𝑥  

dominate the some of the solutions obtained with the lower set value of (𝑃𝑃𝑉)𝑚𝑎𝑥. For the 

set values of 230 kW and 310 kW maximum PV capacity, no solutions are obtained for the 

69-bus and 33-bus networks, respectively. This shows that the network has some capacity 

limit for accommodating generation beyond which the operational parameters of the 

networks deteriorate. 
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4.3.4.2. Impact of placement of UPQC-O on PAF 

The PAFs obtained with planning Case A and Case B are shown in Figs. 4.11(a) 

and 4.11(b) for the 69-bus and 33-bus networks, respectively. The PAFs corresponding to 

the (𝑃𝑃𝑉)𝑚𝑎𝑥 of 70 kW and 150 kW are shown. The Figs. 4.11(a) and 4.11(b) show that the 

most of the solutions of PAF obtained in planning Case B are dominating most of the 

solutions of PAF obtained with Case A for both the networks. The spread of the solutions 

of the PAFs as obtained with Case B is more for both the networks. Two solutions located 

in the extreme ends in PAF in both the cases are marked as solutions 1 and 3. The solution 

1 corresponds to the solution with the highest PVHC. But, it incurs highest energy loss, as 

well. The solution 1 of Case B provides approximately 15-20% higher PVHC as compared 

to the Case A. The implementation of solution 3 can result in least energy loss. The energy 

loss corresponding to solution 3 of Case B is 25-30% lesser than that of the Case A. The 

reason behind this is the reactive power compensation provided by the UPQC-O in Case B. 

 

 

Fig. 4.10:  PAFs obtained with planning Case B for different set values of 

maximum PV capacity for: (a) 69-bus and (b) 33-bus distribution networks  

(a) 

(b) 
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An intermediate solution which provides a trade-off between PVHC and energy loss is 

marked as solution 2. It is seen that the solution 2 of Case B dominates the solution 2 of 

Case A. This indicates that the solution 2 of Case B is having better PVHC and lower energy 

loss. For the same amount of PVHC, the energy loss of the network corresponding to the 

solution of Case B is lower than that of the Case A. This is also due to the reactive power 

compensation provided by the UPQC-O in Case B. The solutions 1-3 are quantitatively 

shown in Tables 4.6 and 4.7 for 69-bus and 33-bus networks, respectively. The optimal PV 

generation capacities in each bus of the 69-bus and 33-bus networks, as obtained with 

SPEA2-MOPSO, are shown in Figs. 4.12 and 4.13, respectively. It can be observed that the 

buses located nearer to the substation are capable of accommodating higher PV generation 

capacity than the buses located distant away from the substation, particularly in solution 3. 

The optimal locations of series inverter for all the selected solutions of PAFs are found to 

be same in Case B for both the networks. This happens due to the inclusion of PVSML 

 

Fig. 4.11: PAFs obtained with SPEA2-MOPSO for: (a) 69-bus and (b) 33-bus 

networks 

 

(a) 

(b) 
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constraint in the planning problem. The total VA-rating of UPQC-O corresponding to the 

solution 1 is found to be less which results in comparatively higher energy loss. For the 

same reason, the total VA-rating requirement of UPQC-O in solution 3 is found to be 

higher. The minimum bus voltage magnitudes for the solutions obtained with Case B are 

found to be slightly superior to those of the Case A. In Case A, the minimum bus voltage 

magnitudes for all the selected solutions are found to be same for both the networks, since 

there is no PV generation during time durations ‘𝑡1’ and ‘𝑡3’. During the period of ‘𝑡4’, the 

improvement in minimum bus voltage magnitude is observed in Case A with the increase 

in total PV generation capacity of the network. 

 

Table 4.6: The solutions 1, 2, and 3 for the 69-bus network 

 

Solution Case A Case B 

Solution 1 Solution 2 Solution 3 Solution 1 Solution 2 Solution 3 

Location of series inverter - - - 2 2 2 

Locations of shunt inverters - - - 52, 37, 35 37, 20, 61 17, 61, 49 

VA-rating of series inverter (MVA) - - - 2.0539 2.0539 2.0539 

Total VA-rating of shunt inverters (MVA) - - - 0.1243 1.4293 1.9683 

Total VA-rating of UPQC-O (MVA) - - - 2.1782 3.4832 4.0222 

Minimum bus voltage during ‘𝑡1’ (p.u.) 0.9092 0.9092 0.9092 0.9170 0.9340 0.9343 

Minimum bus voltage during ‘𝑡3’ (p.u.) 0.9476 0.9476 0.9476 0.9502 0.9675 0.9677 

Minimum bus voltage during ‘𝑡4’ (p.u.) 0.9793 0.9765 0.9758 0.9831 0.9970 0.9899 

Maximum bus voltage in worst-case 

scenario (p.u.) 

1.0409 1.0151 1.0118 1.0500 1.0494 1.0326 

PVHC of the network (MW) 4.1958 3.2139 2.5486 4.7477 4.4769 2.9209 

Energy loss of the network (MWh) 2.2846 2.1861 2.1825 2.3080 1.6139 1.5380 

 

Table 4.7: The solutions 1, 2, and 3 for the 33-bus network 

 

Solution Case A Case B 

Solution 1 Solution 2 Solution 3 Solution 1 Solution 2 Solution 3 

Location of series inverter - - - 2 2 2 

Locations of shunt inverters - - - 22, 33, 33 27, 33, 33 15, 25, 30 

VA-rating of series inverter (MVA) - - - 2.0028 2.0028 2.0028 

Total VA-rating of shunt inverters (MVA) - - - 0.1296 1.0654 1.1649 

Total VA-rating of UPQC-O (MVA) - - - 2.1324 3.0682 3.1682 

Minimum bus voltage during ‘𝑡1’ (p.u.) 0.9131 0.9131 0.9131 0.9209 0.9295 0.9323 

Minimum bus voltage during ‘𝑡3’ (p.u.) 0.9495 0.9495 0.9495 0.9530 0.9617 0.9644 

Minimum bus voltage during ‘𝑡4’ (p.u.) 0.9940 0.9851 0.9831 0.9994 0.9997 0.9995 

Maximum bus voltage in worst-case 

scenario (p.u.) 

1.0285 1.0211 1.0196 1.0498 1.0487 1.0432 

PVHC of the network (MW) 3.4692 2.9068 2.3861 4.2239 3.7769 2.9747 

Energy loss of the network (MWh) 1.9847 1.9553 1.9501 1.9446 1.5230 1.3344 

 

4.4 Conclusion 

In this chapter, PSO-based mono- and multi-objective planning approaches have 

been developed to improve the PVHC and energy efficiency of distribution networks. In 
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mono-objective planning, the PVHC of a distribution network is maximized with the 

placements of inverters of UPQC-O under the constraint of a maximum permissible 

network power loss. The modelling of series and shunt inverters has been formulated to 

provide reactive power compensation. PSO is used to solve the proposed mono-objective 

planning optimization problem. In multi-objective planning, the PVHC and energy loss of 

a distribution network are simultaneously optimized without and with the placement of 

 
Fig. 4.12: Bar chart for the PV generation capacities in each bus for solutions 1, 2, and 3 of the 69-bus network in Case B 

 

Fig. 4.13: Bar chart for the PV generation capacities in each bus for solutions 1, 2, and 3 of the 33-bus network in Case B 
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UPQC-O. MOPSO is used to solve the multi-objective planning optimization problem. In 

both the approaches, the optimal PV generation capacity in each bus, except substation bus, 

and the optimal locations of the placement of inverters of UPQC-O are determined. The 

simulation results with the proposed planning approaches provide the following: 

 The appropriate placement of series and shunt inverters increases the hosting capacity 

of a network constrained by a permissible power loss. 

 The PVHC of a distribution network can be of higher values if the permissible limit of 

the network power loss is set to increase. 

 The inverters placed in a network can also provide reactive power compensation in 

different loading conditions and thereby, these improve the energy efficiency and bus 

voltages of the network. This is specifically useful when there is no PV generation 

available.  

 The buses located near to the substation is capable of accommodating higher capacity 

of PV generation as compared to the buses located distant away from the substation. 

Hence, the remote buses could be the potential locations for the inverter placement to 

enhance the overall hosting capacity of a network. 

 The placement of both series and shunt inverters provides better PVHC as compared to 

the placement of single shunt inverter or single series inverter. 

 The PAF obtained with the proposed multi-objective optimization approach shows that 

the maximization of the PVHC and the energy loss minimization do conflict with each 

other. Hence, the benefit of PV deployment in terms of energy loss reduction gets 

diminishing with higher and higher values of PV capacity integration. 

 The PAF, as obtained with MOPSO, provides variety of choices to an electric utility, 

from which it can decide the amount of PV generation that can be accommodated in 

each bus corresponding to the desired levels of PVHC and energy loss. 

 The placement of UPQC-O simultaneously improves the PVHC and energy loss of the 

distribution networks. It also ensures a desired PQ level in terms of current harmonics 

and voltage sag mitigations. But, the placement of UPQC-O requires additional 

investment cost. 
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5 
Multi-objective Planning for the Allocation of PV-BESS 

Integrated Open UPQC for Peak Load Shaving of Radial 

Distribution Networks 

 

 

5.1 Introduction 

The increasing competition in electricity market and the variations in load demand 

and generation influence the pricing of electrical energy during a day. Due to the variation 

in energy pricing, the electric utilities devise time-of-use (TOU)–based tariff plan. The 

development of smart meters helps the utilities in the implementation of TOU-based tariff 

plans. According to the two-level TOU-based tariff plan, the electrical energy price during 

peak demand hours is much more as compared to off-peak demand hours [142]. To 

avoid/reduce the high payment towards electrical energy purchase from the grid during 

peak demand hours, the DNOs are adopting different technologies, such as peak power 

curtailment, integration of BESS, integration of EV to grid, and demand side management 

etc. [143]. In the peak power curtailment approach, the BESS is used to store the energy 

during high penetration of renewable DG and the stored energy can be utilized for peak 

load shaving. In case of BESS integration, the BESS is charged during off-peak hours by 

taking energy from the grid and the stored energy is utilized during peak load demand hours 

for peak load shaving. The stored energy in EVs can also be utilized for peak load shaving, 

if these can be integrated with the network. In case of demand side management, the 
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customers’ electricity consumption pattern is changed with the price of energy over time. 

For this, the different demand response programs are used. Although all these technologies 

can help in the peak load shaving, there are significant challenges in the deployment of 

these technologies. The integration of BESS requires high investment, operational, and 

maintenance costs and appropriate charging-discharging mechanism. In the integration of 

EV to grid, the charging-discharging of battery and the coordinating of large number of 

EVs are quite challenging. In the demand side management, customers’ comfort might be 

affected by shifting the load to some other time or by shedding the load. It also requires 

advanced meters, communication systems [143] etc. The main advantages of using peak 

power curtailment strategy over other above-mentioned strategies are as: (i) it can help in 

mitigating overvoltage problem and (ii) it can help in reducing energy loss and line current 

flow during high DG penetration hours. 

  

Several works are reported on the peak load shaving considering different issues 

and different technologies. In [144], a study is done using different storage technologies for 

the residential peak shaving. In [145], a strategy for the peak shaving using energy storage 

is presented considering different factors, such as, storage capacity, charging and 

discharging rates, size of household, and penetration of heat pump and PV. In [146], the 

cost-benefit analysis for the use of BESS in distribution networks is studied under high PV 

penetration. The annual installation cost of BESS is determined for the peak load shaving 

and voltage regulation considering the annual benefits obtained from the peak load shaving, 

load shifting, and reduction in work stress on OLTC and voltage regulator. In [147], the 

BESS is used for two services, i.e., peak shaving and frequency regulation. In [148], BESS 

is used for the peak load shaving and power smoothing of a distribution network by storing 

energy during the high penetration of renewable energy and by providing energy during the 

peak demand hours. In [149], a load shaping strategy is developed using energy storage and 

dynamic pricing. In this work, the energy storage is charged by consuming energy from the 

grid at low price and discharged during the peak demand hours. It reduces the payment 

towards the energy purchase and also helps in load shaping. In [150], a prediction-based 

real-time pricing approach is reported to control some residential appliances for the 

simultaneous minimization of the payment towards the electricity purchase and the waiting 
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time for the operation of these household appliances. In [151], an approach for the siting 

and sizing of BESS is developed to maximize the benefits of distribution networks in terms 

of system reliability improvement, deferral of system up-gradation, and advantage due to 

price arbitrage. The load points which are to be shed are also determined. A similar work 

is reported in [152], in which the siting and sizing of BESSs and their optimal operation are 

determined in order to minimize the cost of energy loss, deferral of the system upgrades, 

and to maximize the benefit from price arbitrage. In [153], the siting, sizing, and charging-

discharging strategy for the distributed storage (DS) systems  are optimized for the benefit 

of smart distribution networks in terms of price arbitrage gain, reduction in power loss, 

improvement in system resilience, reduction in renewable generation curtailment, and peak 

shaving. 

 

In this chapter, a new proposal for the peak load shaving of radial distribution 

network is provided, in which a desired PQ can also be maintained with the optimal 

allocation of PV-BESS integrated open UPQC (PV-BESS-UPQC-O). The UPQC-O-WB 

model presented in Chapter 3 is used for this. Hence, the proposed PV-BESS-UPQC-O 

model has multiple functionalities:  

 It can mitigate voltage sag and protect all the downstream load from the voltage sag. It 

can also eliminate harmonics present in the line current. 

 It can provide active and reactive power support to distribution networks during peak 

hours. It can also be designed to provide reactive power compensation during off-peak 

hours, as well. 

 

In this work, the PV-BESS-UPQC-O model is deployed for the peak load shaving 

in distribution networks. This work considers the following issues: 

 The cost/rating of the devices, such as, BESS increases with the increasing level of the 

peak shaving.  

 The injection of active/ reactive power in a large-scale for the peak load shaving may 

cause deterioration of the operational performance of a network in terms of increase in 

line losses. 

 The increasing use of non-linear loads deteriorates the PQ by injecting harmonics into 
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a network. 

 

Considering these issues, a multi-objective planning problem is formulated. The 

optimization objectives are: (i) maximization of peak load shaving for radial distribution 

networks with the placement of PV-BESS-UPQC-O, (ii) minimization of cost of placement 

of PV-BESS-UPQC-O, and (iii) minimization of total power loss during peak load demand 

with the placement of PV-BESS-UPQC-O. These objectives are optimized subject to the 

active and reactive power balance constraints, bus voltage magnitude constraint, thermal 

constraint, and minimum reactive power compensation constraint. The PSO-based multi-

objective planning algorithm is used to solve the problem. The Pareto-dominance principle 

[137] is used to find out a set of non-dominated solutions called Pareto-approximation set. 

There are many variants of Pareto-based multi-objective evolutionary algorithms, out of 

which the SPEA2 [138] is an efficient approach and it is extensively used in solving various 

multi-objective optimization problems including the power system optimization problems. 

The Pareto-based MOPSO is used in various applications for solving optimization 

problems, for example, distribution network planning [141], design of stand-alone micro-

grid system considering wind, PV, and fuel cell [154-155], design of UPQC for energy loss 

minimization of distribution networks [73], design of controller for microgrid system [156] 

etc. In this work, SPEA2-MOPSO is chosen as the solution tool to solve the proposed 

planning optimization problem. The contribution of this work is the development of multi-

objective planning approach for the peak load shaving of radial distribution networks 

keeping a desired PQ level intact with the optimal allocation of PV-BESS-UPQC-O in 

distribution networks. The simulation study is performed using 33-bus and 69-bus radial 

distribution networks. 

 

5.2 Modelling of PV-BESS-UPQC-O for peak load shaving of distribution networks 

A schematic diagram for a 5-bus radial distribution network with the placement of 

PV-BESS-UPQC-O is shown in Fig. 5.1. The bus 1 is the substation bus and rest are load 

buses. The functions of series and shunt inverters of UPQC-O during healthy and voltage 

sag conditions are same as that of the UPQC-O-WP (Refer Table 2.1).  The series inverter 

is mathematically modelled using Eqs. (2.46)-(2.52) for reactive power compensation and 
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voltage sag mitigation. However, the shunt inverter is mathematically modelled using Eqs. 

(2.63)-(2.71) to provide active power, reactive power, and harmonic compensations. These 

inverters share a common communication link to decide the respective set points as shown 

with the dotted lines. The respective VAr set points are decided using Eqs. (2.1) and (2.2). 

The BESSs connected to the series and shunt inverters are used to maintain the dc-link 

voltage constant and to provide the active power to the network, respectively. Each BESS 

is charged with a PV system as shown in Fig. 5.1. These all constitute PV-BESS-UPQC-O 

system. The phasor diagrams for the series and shunt inverters are shown in Figs. 2.4(a) 

and 2.5, respectively. The determination of the rating requirements of PV and BESS to be 

connected to the series and shunt inverters of PV-BESS-UPQC-O is explained in the 

subsequent section. 

 

5.2.1 PV and BESS rating requirements 

The rating of BESS is computed considering the maximum depth of discharge of 

BESS (%𝐷𝑂𝐷𝑚𝑎𝑥 ). The depth of discharge (DOD) of BESS at any instant of time is 

complement of the state of charge (SOC) of BESS. SOC provides the information of present 

available BESS capacity at any instant of time in terms of percentage of total/actual BESS 

capacity [157]. The PV generation in a day is usually interminent in nature. Thus, in this 

work, the PV rating requirement for charging the BESS is computed considering the CUF 

of PV system. CUF is defined as the actual output of PV to the maximum/peak output of 

PV in a day/year. Since the BESS connected to the series inverter is to supply the 

compensating energy required in sag mitigation and inverter losses, its rating depends upon 

Fig. 5.1: Schematic diagram for the placement of PV-BESS-UPQC-O in a 5-bus 

radial distribution network (dotted line represents communication link) 
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the amount of voltage sag to be mitigated and the inverter loss to be compensated. The 

amount of energy required for this is computed as: 

𝐸𝑆𝑒 = (
𝑘𝑡𝑆𝑎𝑔 ∑ 𝑃(𝑖)𝑖𝜖[2,..,N]

3600
+ 𝐼𝑁𝑉𝐿𝑆𝑒

𝑃𝑒𝑎𝑘𝑡1)     (5.1) 

where, 𝐼𝑁𝑉𝐿𝑆𝑒
𝑃𝑒𝑎𝑘 = 𝛾𝑙𝑜𝑠𝑠𝑆𝑆𝑒        (5.2) 

The first part of Eq. (5.1) shows the amount of energy required to mitigate the 𝑘 amount of 

voltage sag for maximum duration of 𝑡𝑆𝑎𝑔. However, second part shows the amount of 

energy required to compensate the inverter losses during peak demand hours. The actual 

rating of BESS connected to the series inverter is computed as: 

𝑃𝐵𝑆𝑒 = 𝐸𝑆𝑒 (
100

%𝐷𝑂𝐷𝑚𝑎𝑥
)        (5.3) 

The PV rating requirement for the charging of BESS connected to the series inverter is 

computed as: 

𝑃𝑃𝑉𝑆𝑒 = (
𝐸𝑆𝑒

24𝐶𝑈𝐹
)        (5.4)  

where, 𝐸𝑆𝑒 is the actual energy required for the charging of BESS connected to the series 

inverter. 

 

The rating of BESS connected to the shunt inverter is determined based on the 

amount of active power to be supplied during peak hours and the inverter loss to be 

compensated. The total amount of energy required by the shunt inverter for this is computed 

as: 

𝐸𝑆ℎ = (
𝑃𝑆ℎ𝑡1

ɳ𝐼𝑁𝑉
)         (5.5) 

where, the numerator shows the active power to be supplied through the shunt inverter 

during peak load demand hours and denominator shows the efficiency of shunt inverter. 

The actual rating of BESS to be connected to the shunt inverter is computed as: 

𝑃𝐵𝑆ℎ = 𝐸𝑆ℎ (
100

%𝐷𝑂𝐷𝑚𝑎𝑥
)        (5.6) 

The PV rating requirement for the charging of BESS connected to the shunt inverter is 

computed as: 

𝑃𝑃𝑉𝑆ℎ = (
𝐸𝑆ℎ

24𝐶𝑈𝐹
)        (5.7) 
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where, 𝐸𝑆ℎ is the actual energy required for the charging of BESS connected to the shunt 

inverter. 

 

           The total BESS and PV rating requirements of PV-BESS-UPQC-O are computed as: 

𝑃𝐵𝑇𝑜𝑡 = 𝑃𝐵𝑆𝑒 + 𝑃𝐵𝑆ℎ       (5.8) 

𝑃𝑃𝑉𝑇𝑜𝑡 = 𝑃𝑃𝑉𝑆𝑒 + 𝑃𝑃𝑉𝑆ℎ       (5.9) 

 

5.2.2 Assumptions/consideration 

The following assumptions are considered in this planning: 

 The distribution networks are assumed to be balanced and radial. 

 It is assumed that the operational hours of PV and peak demand hours do not coincide 

to each other. This is true for the network with domestic loads, in which the peak 

demand usually occurs during evening time.   

 BESS is to be fully charged during operational hours of PV so that it can be discharged 

during peak hours. 

 BESS is to be charged and discharged only once in a day. 

 The series inverter location is fixed at bus 2 so as to protect all the downstream loads 

from the voltage sag. 

 

5.3 Multi-objective optimization problem 

In this chapter, a three-objective optimization problem is formulated for the 

allocation of PV-BESS-UPQC-O in distribution networks. The locations for the placement 

of shunt inverters and the values of 𝐾𝑅𝑒  are determined by optimizing the following 

objectives: (i) maximization of peak load shaving of distribution networks (ii) minimization 

of cost of placement of PV-BESS-UPQC-O, and (iii) minimization of total power loss 

during peak load demand with the placement of PV-BESS-UPQC-O. The total power loss 

during peak load demand includes the line loss, inverter loss, and series inverter transformer 

power loss. The objective function 1 is formulated as the percentage of total peak active 

power demand to be supplied by the PV-BESS-UPQC-O. The objective function 2 is the 

cost of placement of PV-BESS-UPQC-O which includes the investment costs of the 

inverters, investment and maintenance costs of the BESS and PV, and the replacement cost 
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of BESS. The cost of communication link is not included, since its value is much lesser 

than the cost of inverters/BESS. The objective function 3 is the ratio of total power loss 

during peak load demand with the placement of PV-BESS-UPQC-O to the power loss of 

the base-case network (i.e., without PV-BESS-UPQC-O). The mathematical expressions of 

these objective functions are given below. 

Objective Function 1: 

max⁡{𝑓1} = 100 (
∑ 𝑃𝑆ℎ(𝑙)𝑙∈ξ

∑ 𝑃(𝑚)𝑚∈ρ
)       (5.10) 

Objective Function 2: 

min{𝑓2} = 𝐶𝑆𝑒𝑆𝑆𝑒 + 𝐶𝐼
𝐵𝑃𝐵𝑆𝑒 + 𝐶𝑅𝐸𝑃

𝐵 𝑃𝐵𝑆𝑒𝐷
𝑓1 +

𝐶𝑂&𝑀
𝐵 𝑃𝐵𝑆𝑒

𝑡1
𝑇ℎ𝐷𝑓 +

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝐶𝐼
𝑃𝑉𝑃𝑃𝑉𝑆𝑒 + 𝐶𝑂&𝑀

𝑃𝑉 𝑃𝑃𝑉𝑆𝑒𝑇
ℎ𝐷𝑓 + ∑ (𝐶𝑆ℎ(𝑙)𝑆𝑆ℎ(𝑙) +𝑙𝜖ξ

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝐶𝐼
𝐵𝑃𝐵𝑆ℎ(𝑙) + 𝐶𝑅𝐸𝑃

𝐵 𝑃𝐵𝑆ℎ(𝑙)𝐷
𝑓1 +

𝐶𝑂&𝑀
𝐵 𝑃𝐵𝑆ℎ(𝑙)

𝑡1
𝑇ℎ𝐷𝑓 + 𝐶𝐼

𝑃𝑉𝑃𝑃𝑉𝑆ℎ(𝑙) +

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝐶𝑂&𝑀
𝑃𝑉 𝑃𝑃𝑉𝑆ℎ(𝑙)𝑇

ℎ𝐷𝑓)      (5.11) 

Objective Function 3: 

min⁡{𝑓3} =
∑ 𝑃𝐿𝐻𝑆(𝑚𝑛)+𝛾𝑙𝑜𝑠𝑠𝑆𝑇𝑜𝑡+𝛾𝑇𝐹𝑆𝑆𝑒𝑚𝑛∈μ

∑ 𝑃𝐿(𝑚𝑛)𝑚𝑛∈μ
     (5.12) 

These objective functions are optimized under the active and reactive power balance 

constraints, bus voltage magnitude constraint, thermal constraint, and minimum reactive 

power compensation constraint. All these constraints can be mathematically represented as 

shown in Eqs. (2.88-2.89), (2.90), (2.91), and (2.92), respectively. The maximization of 

peak load shaving requires higher amount of active power supply through the PV-BESS-

UPQC-O. This results in higher rating requirement of PV-BESS-UPQC-O and higher 

installation cost. Hence, the maximization of peak load shaving and the cost of placement 

of PV-BESS-UPQC-O are two conflicting objectives. The large amount of active power 

injection through the PV-BESS-UPQC-O increases the total power loss during peak load 

demand, as well. Hence, this needs simultaneous optimization of these objectives. This is 

done by using the Pareto-based multi-objective optimization approach. This provides a set 

of non-dominated solutions, in which none is superior/ inferior to others [137]. A DNO can 

chose a solution from this set according to its requirement. The Pareto dominance principle 

[137] is discussed in section 4.3.1.1. 
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5.4 SPEA2-MOPSO based solution approach 

In this work, PSO-based multi-objective planning algorithm is used to determine 

the optimal locations for the placement of shunt inverters and values of 𝐾𝑅𝑒. The basic PSO 

algorithm and SPEA2-based MOPSO algorithm are briefly described in subsections 2.5.1 

and 4.3.3.2, respectively. The Eqs. (2.84)-(2.86) are used to incorporate the PV-BESS-

UPQC-O model into FBSLF algorithm. The algorithmic steps of the FBSLF are given in 

subsection 2.3.1. The MOPSO-based overall planning algorithm is discussed below. 

 

5.4.1 MOPSO-based planning algorithm 

The overall MOPSO based planning algorithm uses the FBSLF subroutine 

incorporating the PV-BESS-UPQC-O model. A particle of MOPSO is encoded with the 

information of locations of the shunt inverters and values of 𝐾𝑅𝑒. The pseudo codes for the 

overall planning algorithm are shown in Fig. 5.2. 

 

5.5 Simulation results and discussion 

This section presents the computer simulation study of the multi-objective planning 

approach for the optimal allocation of PV-BESS-UPQC-O. The 33-bus and 69-bus radial 

Begin 

Input radial distribution network bus and line data; 

Calculate VA-rating of the series inverter by locating it at bus 2; 

Input 𝑇𝐻𝐷𝐿 , 𝑖𝑡𝑟𝑚𝑎𝑥 , 𝐶1,⁡𝐶2, 𝑘, 𝑃𝑒𝑛𝑎𝑙𝑡𝑦⁡𝐹𝑎𝑐𝑡𝑜𝑟, 𝑁𝑃𝑜𝑝 , 𝑉𝑚𝑎𝑥 , 𝑉𝑚𝑖𝑛 , 𝑡1,⁡𝑡𝑆𝑎𝑔 , 

𝑤𝑚𝑎𝑥 , 𝑤𝑚𝑖𝑛 , ⁡𝐶𝐼
𝐵 , ⁡𝐶𝐼

𝑃𝑉 , ⁡𝐶𝑅𝐸𝑃
𝐵 , ⁡𝐶𝑂&𝑀

𝐵 , ⁡𝐶𝑂&𝑀
𝑃𝑉 , 𝑇ℎ , ɳ𝐼𝑁𝑉 , ⁡𝛾𝑙𝑜𝑠𝑠 , 𝛾𝑇𝐹 , ⁡𝐼𝑇𝐻(𝑚𝑛) , 

%𝐷𝑂𝐷𝑚𝑎𝑥. 

Initialize random position and velocity of the particles of size 𝑁𝑃𝑜𝑝 ; 

Decode the particles and perform the FBSLF to determine the values of the 

objective functions; 
Find out the non-dominated solutions and store them in the Elite Archive; 

Assign fitness to each particle according to the SPEA2 fitness assignment 
scheme; 

For iteration=2:⁡𝑖𝑡𝑟𝑚𝑎𝑥 

     For it=1: 𝑁𝑃𝑜𝑝 

Update velocity and position of particles; 

Decode the particle position to obtain the locations of placement of shunt 

inverters and values of 𝐾𝑅𝑒; 
Perform the FBSLF with PV-BESS-UPQC-O model; 

     Calculate the values of the objective functions; 

If any particle violates constraints, a penalty factor is added with it; 

End 

Find out non-dominated solutions and update the Elite Archive; 

     Assign single fitness value to each particle according to the SPEA2    
     fitness assignment scheme; 

End 

Elite Archive consists of the set of the Pareto-approximate solutions with the 

locations of the shunt inverters and values of 𝐾𝑅𝑒; 

End 

Fig. 5.2: Pseudo codes for SPEA2-MOPSO-based multi-objective planning algorithm 
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distribution networks are chosen for this study. The descriptions of these networks are 

provided in Appendix. In this work, the bus 2 is considered for the placement of series 

inverter to protect all the downstream loads from voltage sag. Hence, all the buses, except 

the substation bus and bus 2, are selected as the candidate buses for the placement of the 

shunt inverters. The unit cost of the inverters is taken from [92]. Different other planning 

parameters and cost coefficients, used in this work, are provided in Table 5.1. The values 

of MOPSO parameters are set by taking repetitive runs with different combination. The 

best performance is found to be corresponding to: ⁡𝐶1 = 2.5 , 𝐶2 = 2 , 𝑤𝑚𝑖𝑛 = 0.1, and 

𝑤𝑚𝑎𝑥 = 0.4. The maximum iteration and population size are found to be 300 and 200, 

respectively. A case-study considering the three shunt inverters is carried out to find the 

non-dominated solutions for the proposed multi-objective optimization problem. 

 

Table 5.1: Different planning parameters 

𝑇ℎ = 20 Years,⁡  𝐾𝑅𝑒=0.1-0.5 𝐶𝐼
𝐵=900 $/kWh [112] 

𝑇𝐻𝐷𝐿= 0.2, 𝑘= 0.3, CUF= 0.2 𝐶𝑅𝐸𝑃
𝐵 =244 $/kWh [112] 

𝑡1 =4 hours,⁡𝑡𝑆𝑎𝑔= 60 sec,  𝐶𝑂&𝑀
𝐵 =10 $/(kW-Year) [112] 

𝑉𝑚𝑖𝑛=0.9 p.u., 𝑉𝑚𝑎𝑥=1.05 p.u. 𝐶𝐼
𝑃𝑉=2025 $/kW [113] 

ɳ𝐼𝑁𝑉=98%, 𝛾𝑙𝑜𝑠𝑠=2%, 𝛾𝑇𝐹=5% 𝐶𝑂&𝑀
𝑃𝑉 =16 $/(kW-Year) [113] 

%𝐷𝑂𝐷𝑚𝑎𝑥 = 80% 𝐶𝑈𝑃𝑄𝐶−𝑂 = 0.0003𝑆𝑇𝑜𝑡
2 − 0.2691𝑆𝑇𝑜𝑡 + 188.2⁡($/𝑘𝑉𝐴)   [92] 

 

5.5.1 PAF obtained with MOPSO 

The PAFs along with the Pareto-approximation surface obtained with MOPSO are 

shown in Figs. 5.3(a) and 5.3(b) for the 33-bus and 69-bus networks, respectively. The two-

dimensional plots with the values of the objective functions 1 and 3 of the non-dominated 

solutions obtained with MOPSO are shown in Figs. 5.4(a) and 5.4(b) for the 33-bus and 69-

bus networks, respectively. From these figures, it is seen that the total power loss with the 

placement of PV-BESS-UPQC-O initially decreases with the increasing value of peak load 

shaving. But, it starts increasing beyond approximately 25-30% of peak load shaving. This 

shows that the injection of active/reactive power into a network up to a certain limit 

improves the network power loss and then, it starts deteriorating. The case study provides 

number of solutions with different objective function values. 

 

5.5.2 Technical details of three extreme solutions of PAFs 

Three extreme solutions corresponding to the maximum value of peak load shaving, 

minimum value of cost of placement of PV-BESS-UPQC-O, and minimum value of total 
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power loss during peak load demand with the placement of PV-BESS-UPQC-O are 

selectively chosen from the PAF and named as solutions 1, 2, and 3, respectively. These 

are shown in Table 5.2 for 33-bus and 69-bus networks. Basically, the solutions 1, 2, and 3 

are the best solutions of the PAF in view of objectives 1, 2, and 3, respectively. The cost of 

the placement of PV-BESS-UPQC-O and total power loss with the placement of PV-BESS-

UPQC-O are found to be more in solution 1 as compared to solutions 2 and 3 because higher 

value of peak load shaving needs placement of higher rated inverters, BESS, and PV. This 

results in higher investment cost. Since the solution 2 corresponds to the lowest cost of 

 

 

Fig. 5.3: PAFs along with Pareto-approximation surface obtained with (a) 33-bus and 

(b) 69-bus networks with the placement of PV-BESS-UPQC-O 

(b) 

(a) 
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placement of PV-BESS-UPQC-O, its implementation would result in the lowest peak load 

shaving. Similarly, the implementation of solution 3 would provide moderate values of peak 

shaving and cost of placement of PV-BESS-UPQC-O along with the least total power loss 

among all the solutions in PAF. 

 

5.5.3 Qualitative comparison of proposed work with other similar works  

In this chapter, PV-BESS-UPQC-O is used for the peak load shaving, energy 

efficiency improvement, and PQ improvement of radial distribution networks. In the 

literature, several works have been reported on the use of BESS for the peak load shaving 

of distribution networks [142, 145-153]. However, all these works do not include any PQ 

 

 

Fig. 5.4: The two-dimensional plot of the values of the objective functions 1 and 3 

of the non-dominated solutions obtained with (a) 33-bus and (b) 69-bus networks 

(b) 

(a) 
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issue, such as, voltage sag, current harmonics etc. Very few works [151-153] consider the 

power/ energy loss in the objective function(s). Thus, the direct performance comparison 

of the proposed work with all these works would be impractical. However, the works 

presented in [151-153] are chosen for the qualitative comparison with the proposed work. 

In all these works [151-153], the BESS is charged during off-peak hour and discharged 

during peak hour for the peak load shaving. Table 5.3 provides a qualitative comparison of 

proposed work with the works presented in [151-153]. 

 

Table 5.2: The selected solutions obtained with the 33-bus and 69-bus distribution networks 

Solution 33-bus network 69-bus network 

Solution 1 Solution 2 Solution 3 Solution 1 Solution 2 Solution 3 

Objective function 1 (%) 98.9031 2.7560 55.3305 95.5077 0.5331 34.8691 

Objective function 2 (× 107$) 2.6613 0.1412 1.5190 2.6337 0.0841 1.0081 

Objective function 3 1.6845 1.6043 1.2308 1.7244 1.6170 1.0667 

Locations of shunt inverters 25, 3, 4 18, 33, 22 30, 13, 6 47, 3, 55 52, 27, 69 63, 15, 59 

VA-rating of series inverter (MVA) 2.0028 2.0028 2.0028 2.0539 2.0539 2.0539 

Total VA-rating of shunt inverters 

(MVA) 

3.6863 0.1682 2.0775 3.6958 0.0403 1.4752 

Total VA-rating of PV-BESS-UPQC-O 
(MVA) 

5.6891 2.1709 4.0803 5.7497 2.0942 3.5292 

Total active power to be injected 

through the shunt inverters (MW) using 

BESS 

3.6743 0.1024 2.0555 3.6314 0.0203 1.3258 

Total reactive power compensation by 

the  shunt inverters (kVAr) 

297.2313 131.6946 297.2313 640.6748 34.5724 640.6748 

Total rating of BESS (MWh) 18.9697 0.7459 10.7109 18.7566 0.3326 6.9934 

Total rating of PV (MW) 3.1616 0.1243 1.7851 3.1261 0.0554 1.1656 

 

Table 5.3: Qualitative comparison of the proposed work with the works reported in [151-153] 

Planning tasks Proposed work  Work presented in [151] Work presented in [152] Work presented in [153] 

Objectives  (i) Maximization of total 

peak active power 
demand supplied by 

PV-BESS-UPQC-O 

(ii) Minimization of cost 
of placement of PV-

BESS-UPQC-O 

(iii) Minimization of 
network total power 

loss with the 

placement of PV-
BESS-UPQC-O 

Capital power and energy 

costs of DS unit, net 
present value (NPV) of 

replacement cost of DS 

unit, annual operation 
and maintenance cost of 

DS unit, and NPV of 

arbitrage benefit,  system 
upgrade costs, energy 

loss cost, and interruption 

cost 

Capital power and energy 

costs of DS unit, annual 
operation and 

maintenance cost of DS 

unit, and NPV of 
replacement cost of DS 

unit, arbitrage benefit, 

system upgrade costs, 
and energy loss cost 

Investment cost of DS 

unit, arbitrage gain, 
economic gain due to 

reduction in active power 

loss and renewable 
energy curtailment, 

improvement in voltage 

profile and system 
resilience, and system 

upgrade deferral  

Optimizing 

variables 

Locations of placement of 

shunt inverters and the 

values of 𝐾𝑅𝑒 

Location and size of  DS 

units, and load points to 
be shed during 

contingencies  

Location and size of  DS 

units 

Number, location, power 

rating, and capacity of 
DS units, and charging-

discharging strategy for 

DS units 

Type of DG PV Wind and natural gas 
based DG units 

Wind and diesel based 
DG units 

PV and wind based DG 
units 

Solution tool SPEA2-based MOPSO GA  and linear 

programming 

GA  and linear 

programming 

Mixed integer convex 

programming (branch 
and bound algorithm) 

Special features Ensures a minimum PQ 

level in terms of voltage sag 

and current harmonic 
mitigation 

Control strategy for the 

operation of all allocated 

DS units  

Control strategy for the 

operation of all allocated 

DS units 

Linearized power flow is 

used for DS planning to 

optimize the charging-
discharging strategy for 

each storage unit 

TH-2058_156102013



Chapter-5 

 

 

 104 

5.6 Conclusion 

In this chapter, a new proposal for the simultaneous improvement of peak load 

shaving, PQ, and power loss of radial distribution networks using PV-BESS-UPQC-O has 

been provided. A multi-objective planning approach is developed for the simultaneous 

maximization of peak load shaving of distribution network with PV-BESS-UPQC-O, 

minimization of the cost of placement of PV- BESS-UPQC-O, and minimization of total 

power loss during peak load demand with the placement of PV-BESS-UPQC-O. The 

SPEA2-MOPSO-based multi-objective optimization algorithm is used to solve the 

proposed planning problem. This study provides the following outcomes: 

 The PAFs obtained with the proposed planning approach provides a variety of choices 

to a DNO, from which it can decide the amount of peak load shaving to be obtained 

with the placement of PV-BESS-UPQC-O according to its capital expenditure budget 

and energy economy.  

 In addition to the peak shaving, the placement of PV-BESS-UPQC-O in distribution 

networks provides multiple benefits, such as, PQ improvement, power loss reduction in 

other loading conditions, investment deferral for network reinforcement etc.    

 The deployment of solution corresponding to the higher peak load shaving requires 

higher investment and incurs higher power loss.                  
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6 
Operational Optimization Approach for Open UPQC with 

Time Varying Load Demand and PV Generation for Energy 

Loss Minimization in Radial Distribution Networks 

 

 

 

6.1 Introduction 

The optimal operation of power systems under time varying load demand and PV 

generation is a challenging research problem. In practical power systems, there are many 

compensating devices deployed so as to improve the steady-state operational performance, 

for example, capacitor bank, OLTC, voltage regulators etc. The determination of the 

optimal set points of these devices under time-varying load demand and PV generation 

needs the formulation of an on-line optimization approach. The power/energy loss 

reduction is one of the important objective functions used in the determination of the set 

points for these compensators. An UPQC-O is a type of compensator which can provide 

reactive power compensation and can mitigate PQ issues. In literature, there are many 

works reported on UPQC-O [96-102]. All these works [96-102] are briefly discussed in the 

introduction section of the Chapter 2. Most of these works [96-102] are reported on the 

development of control schemes for the inverters and the development of new model for 

PQ improvement of distribution networks. However, the time varying VAr compensation 

capability of UPQC-O for the time varying load demand and PV generation is not studied 

in any of these works. This is the motivation behind the proposed approach. 
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In this chapter, an operational optimization approach for the determination of VAr 

compensation/injection set points for UPQC-O for time varying load demand and PV 

generation is proposed. A two-stage optimization problem is formulated for this. The first 

stage optimization problem provides the optimal PV generation capacity in each bus by 

maximizing the PVHC of the network. In the second stage, the energy loss minimization in 

each time step is formulated as the objective function. Different operational constraints, 

such as, load and generation balance, bus voltage magnitude constraint, thermal capacity 

constraint of the lines, maximum VAr support capacity constraint for the inverters, and 

maximum PV generation capacity constraint for each bus, except the substation bus, are 

considered in the optimization problem. The optimization problem is modelled to fit into 

the General Algebraic Modelling System (GAMS) software. The CONOPT solver is used 

to solve the proposed non-liner optimization problem. The determination of the optimal 

operating set points for UPQC-O under time varying load demand and PV generation 

requires the information of real-time aggregated load demand and PV generation, high 

speed communication networks to send and receive information, advanced control systems 

to control the operation of the inverters etc. Thus, this work also provides the outline of the 

infrastructure required for the real-time implementation of the proposed approach. The cost-

benefit analysis of proposed methodology in view of saving due to the energy loss reduction 

is also provided. The contributions of this work are: 

 Formulation of a two-stage operational optimization approach to determine the time 

varying VAr compensation set points for the UPQC-O with time varying load demand 

and PV generation  

 Investigative study to bring out the impact of the placement of UPQC-O with time 

varying set points on the energy loss reduction of distribution networks 

 

The simulation study is carried out using a 33-bus radial distribution network. 

 

6.2 Steady-state models of radial distribution network and UPQC-O 

This section provides the steady-state models of radial distribution network and 

UPQC-O for reactive power compensation. 
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6.2.1 Steady-state model of radial distribution network 

A 3-bus radial distribution network, as shown in Fig. 6.1, is considered to illustrate 

the steady-state operation model of a radial distribution network [158]. The active and 

reactive power flow in any line, say, ‘𝑒𝑓’ can be computed by applying the load balance at 

bus ‘𝑓’ as: 

𝑃𝑒𝑓 = ∑ 𝑃𝑓𝑔𝑓𝑔∈𝜏 + 𝑃𝑓 + ∑ 𝐿𝑓𝑔𝑓𝑔∈𝜏    ∀𝑓 ∈ 𝜌   (6.1) 

𝑄𝑒𝑓 = ∑ 𝑄𝑓𝑔𝑓𝑔∈𝜏 + 𝑄𝑓 + ∑ 𝑀𝑓𝑔𝑓𝑔∈𝜏    ∀𝑓 ∈ 𝜌   (6.2) 

The receiving end bus voltage magnitude (𝑉𝑓) of any line, say, ‘𝑒𝑓’ can be computed by 

using Eq. (6.3), 

𝑉𝑒
2 = 𝑉𝑓

2 + 2(𝑅𝑒𝑓𝑃𝑒𝑓 + 𝑋𝑒𝑓𝑄𝑒𝑓) + 𝑍𝑒𝑓
2 𝐼𝑒𝑓

2   ∀𝑒𝑓 ∈ 𝜇    (6.3) 

The magnitude of current flow in any line, say, ‘𝑒𝑓’ can be computed by using Eq. (6.4), 

𝐼𝑒𝑓
2 =

𝑃𝑒𝑓
2 +𝑄𝑒𝑓

2

𝑉𝑓
2       ∀𝑒𝑓 ∈ 𝜇  (6.4) 

The different operational parameters of a distribution network, such as, bus voltage 

magnitude, line current flow, network power loss can be computed by using Eqs. (6.1)-

(6.4). 

 

6.2.2 Steady-state model of UPQC-O 

In this chapter, the UPQC-O-WOP model presented in Chapter 2 is used to provide 

reactive power compensation, to mitigate voltage sag, and to eliminate harmonics. The 

functions of series and shunt inverters during healthy and voltage sag conditions are same 

as that of the UPQC-O-WOP model (Refer Table 2.1). The series inverter is mathematically 

modelled by using Eqs. (2.46)-(2.52). The shunt inverter is modelled by using Eqs. (2.55)-

Fig. 6.1: Illustrative example for the steady-state operation of radial 

distribution network 

𝑷𝒆 + 𝒋𝑸𝒆 𝑷𝒈 + 𝒋𝑸𝒈 𝑷𝒇 + 𝒋𝑸𝒇 

𝑷𝒇𝒈, 𝑸𝒇𝒈, 𝑰 𝒇𝒈 

𝑽   𝒆 𝑽   𝒇 𝑽   𝒈 

𝑷𝒆𝒇, 𝑸𝒆𝒇, 𝑰 𝒆𝒇 

𝒆 𝒇 𝒈 

(𝑹𝒇𝒈 + 𝒋𝑿𝒇𝒈), (𝑳𝒇𝒈 + 𝒋𝑴𝒇𝒈) 

 

(𝑹𝒆𝒇 + 𝒋𝑿𝒆𝒇), (𝑳𝒆𝒇 + 𝒋𝑴𝒆𝒇) 
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(2.58).  A typical 5-bus radial distribution network with PV generation sources and UPQC-

O is shown in Fig. 6.2. 

 

 

6.3 Operation of UPQC-O during time varying load demand and PV generation 

In this section, the operation of UPQC-O under the time varying load demand and 

PV generation is described. 

 

6.3.1 Time varying load demand PV generation 

The seasonal hourly average load demand data of IEEE reliability test system [159] 

is considered to add the daily variation in load demand. The PV generation data of three 

different months of a year are considered to have the seasonal variation in PV generation. 

The seasonal hourly average PV generation data can be found in [160]. The load curves and 

PV generation profiles for different seasons of a year are shown in Figs. 6.3 and 6.4, 

respectively. The mathematical expressions used to get the load demand and PV generation 

in a bus, say ‘𝑓’ at a particular instant of time ‘𝑡’ are given below. 

𝑃𝑓(𝑡) = 𝐾𝐿(𝑡)𝑃𝐿𝑓        (6.5) 

𝑄𝑓(𝑡) = 𝐾𝐿(𝑡)𝑄𝐿𝑓        (6.6) 

𝑃𝑓
𝑃𝑉(𝑡) = 𝐾𝑃𝑉(𝑡)𝑃𝑓

𝑃𝑉𝐺𝐸𝑁       (6.7) 

where, 𝐾𝐿(𝑡)  and 𝐾𝑃𝑉(𝑡)  are the percentages of peak load and peak PV generation, 

respectively. These values can be obtained from the Figs. 6.3 and 6.4, respectively. 

 

 

Fig. 6.2.: Schematic diagram of a 5-bus radial distribution network with 

UPQC-O and PV generation sources  
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6.3.2 Operation of UPQC-O during time varying load demand and PV generation 

The load demand and PV generation variations in a network create changes in the 

line currents and bus voltages. The operation of UPQC-O under time varying load demand 

and PV generation is described below.  

 Operation of series and shunt inverters during healthy condition: The series inverter 

injects a fraction {𝐾𝑆𝑒(𝑡)} of rated series voltage 𝑉𝑆𝑒
𝐻𝑒𝑙  and shunt inverter injects a 

fraction {𝐾𝑆ℎ(𝑡)} of rated shunt current (𝐼𝑆ℎ
′ ) in all the load and PV generation scenarios 

to provide the VAr compensation to a network. i.e.,  

𝑉𝑆𝑒
𝐻𝑒𝑙(𝑡) = 𝐾𝑆𝑒(𝑡)𝑉𝑆𝑒

𝐻𝑒𝑙       (6.8) 

𝐼𝑆ℎ
′ (𝑡) = 𝐾𝑆ℎ(𝑡)𝐼𝑆ℎ

′           (6.9) 

 

Fig. 6.3: Load curves for the different seasons of a year  

 

Fig. 6.4: Typical PV generation profiles for the different seasons in a year  
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The VAr compensation provided by the series and shunt inverters in buses, say ‘𝑓’ and 

‘g’ at a particular instant of time ‘𝑡’ can be determined as: 

𝑄𝑓
𝑆𝑒(𝑡) = 𝑉𝑆𝑒

𝐻𝑒𝑙(𝑡)𝐼𝑆(𝑡)       (6.10) 

𝑄𝑔
𝑆ℎ(𝑡) = 𝑉𝐿(𝑡)𝐼𝑆ℎ

′ (𝑡)       (6.11) 

Since both the inverters of UPQC-O are designed to inject only reactive power to a 

network, the phase angle between 𝑉𝑆𝑒
𝐻𝑒𝑙(𝑡) and 𝐼𝑆(𝑡) is exactly maintained at 90° for the 

series inverter in all the loading conditions. For the shunt inverter, the phase angle 

between the 𝑉𝐿(𝑡) and 𝐼𝑆ℎ
′ (𝑡) is also maintained at 90° for the same reason.  

 Operation of series inverter during voltage sag condition: 

One of the functions of series inverter is to mitigate the voltage sag occurring at the 

upstream network. The series voltage to be injected is function of the amount of voltage 

sag and it can be calculated using Eqs. (2.49)-(2.50).  The maximum amount of series 

injected voltage is limited by the rating of series inverter as shown in Eq. (6.12).      

     𝑉𝑆𝑒
𝑆𝑎𝑔(𝑡) =

𝑆𝑆𝑒

𝐼𝑆(𝑡)
   𝑠. 𝑡. 𝑉𝑆𝑒

𝑆𝑎𝑔(𝑡) ≤ 𝑉𝑆𝑒
𝐻𝑒𝑙      (6.12) 

 

6.4 Optimization problem 

This section describes the proposed two-stage optimization problem. 

 

6.4.1 Stage 1: Determination of PV capacity in each bus 

In this stage, the PV generation capacity in each bus of a network, except the 

substation bus, is determined by maximizing the PVHC of the network. As mentioned 

earlier, PVHC is the total amount of PV capacity that a network can accommodate without 

deteriorating the operational performance of the network. The minimum load and maximum 

PV generation scenario is used to determine the PVHC of a network. The PV generation 

capacities of all load buses are the optimizing variables. The mathematical formulation for 

the first stage optimization problem is given below. 

max{𝑃𝑉𝐻𝐶} = ∑ 𝑃𝑓
𝑃𝑉𝐺𝐸𝑁

𝑓∈𝜌        (6.13) 

subjected to the following constraints: 

𝑃𝑒𝑓 + 𝑃𝑓
𝑃𝑉𝐺𝐸𝑁 = ∑ 𝑃𝑓𝑔𝑓𝑔∈𝜏 + 𝑃𝑓 + ∑ 𝐿𝑓𝑔𝑓𝑔∈𝜏  ∀𝑓 ∈ 𝜌   (6.14) 

𝑄𝑒𝑓 = ∑ 𝑄𝑓𝑔𝑓𝑔∈𝜏 + 𝑄𝑓 + ∑ 𝑀𝑓𝑔𝑓𝑔∈𝜏    ∀𝑓 ∈ 𝜌   (6.15) 
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𝑉𝑒
2 = 𝑉𝑓

2 + 2(𝑅𝑒𝑓𝑃𝑒𝑓 + 𝑋𝑒𝑓𝑄𝑒𝑓) + 𝑍𝑒𝑓
2 𝐼𝑒𝑓

2   ∀𝑒𝑓 ∈ 𝜇    (6.16) 

𝐼𝑒𝑓
2 =

𝑃𝑒𝑓
2 +𝑄𝑒𝑓

2

𝑉𝑓
2       ∀𝑒𝑓 ∈ 𝜇  (6.17) 

𝑉𝑚𝑖𝑛 ≤ 𝑉𝑓 ≤ 𝑉𝑚𝑎𝑥     ∀𝑓 ∈ 𝜌   (6.18) 

𝐼𝑒𝑓 ≤ 𝐼𝑇𝐻      ∀𝑒𝑓 ∈ 𝜇   (6.19) 

(𝑃𝑃𝑉)𝑚𝑖𝑛 ≤ 𝑃𝑓
𝑃𝑉𝐺𝐸𝑁 ≤ (𝑃𝑃𝑉)𝑚𝑎𝑥   ∀𝑓 ∈ 𝜌   (6.20) 

𝑃𝐿𝑃𝑉 ≤ 𝜗𝑃𝐿𝑏𝑎𝑠𝑒         (6.21) 

 

Eq. (6.13) represents the objective function. Eqs. (6.14)-(6.15) are used for active and 

reactive power balance at each bus of a network, except the substation bus. Eqs. (6.16) and 

(6.17) are used for the computation of bus voltage magnitude in each bus and line current 

flow in each line, respectively of a network. Eqs. (6.18) and (6.19) represent the bus voltage 

magnitude constraint and thermal capacity constraint, respectively. The constraint (6.20) is 

used to limit the PV generation capacity in each load bus. According to Eq. (6.21), the 

network power loss should not be more than a preset acceptable network power loss. 

 

6.4.2 Stage 2: Operational optimization problem for energy loss minimization  

In this stage, an optimization problem is formulated to determine the VAr set points 

for the inverters of UPQC-O in each load and PV generation scenario. The minimization of 

energy loss in each time step is the optimization objective. In this stage, 𝐾𝑆𝑒(𝑡) and 𝐾𝑆ℎ(𝑡) 

of inverters are the optimizing variables. The PV capacities obtained in the first stage are 

used to determine the hourly PV generation of each bus. The mathematical formulation for 

the second stage optimization problem is given below. 

min{𝐸𝐿} = ∑ 𝐼𝑒𝑓
2 𝑅𝑒𝑓𝑒𝑓∈𝜇        (6.22) 

subjected to the following constraints: 

𝑃𝑒𝑓 + 𝑃𝑓
𝑃𝑉 = ∑ 𝑃𝑓𝑔𝑓𝑔∈𝜏 + 𝑃𝑓 + ∑ 𝐿𝑓𝑔𝑓𝑔∈𝜏   ∀𝑓 ∈ 𝜌   (6.23) 

𝑄𝑒𝑓 + 𝑄𝑓
𝑈 = ∑ 𝑄𝑓𝑔𝑓𝑔∈𝜏 + 𝑄𝑓 + ∑ 𝑀𝑓𝑔𝑓𝑔∈𝜏   ∀𝑓 ∈ 𝜌   (6.24) 

where, 𝑄𝑓
𝑈 is the amount of VAr support to be provided by the  series inverter (𝑄𝑓

𝑆𝑒) or 

shunt inverter (𝑄𝑓
𝑆ℎ) located at bus ‘𝑓’.  

𝑉𝑒
2 = 𝑉𝑓

2 + 2(𝑅𝑒𝑓𝑃𝑒𝑓 + 𝑋𝑒𝑓𝑄𝑒𝑓) + 𝑍𝑒𝑓
2 𝐼𝑒𝑓

2   ∀𝑒𝑓 ∈ 𝜇    (6.25) 
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𝐼𝑒𝑓
2 =

𝑃𝑒𝑓
2 +𝑄𝑒𝑓

2

𝑉𝑓
2       ∀𝑒𝑓 ∈ 𝜇  (6.26) 

𝑉𝑚𝑖𝑛 ≤ 𝑉𝑓 ≤ 𝑉𝑚𝑎𝑥     ∀𝑓 ∈ 𝜌   (6.27) 

𝐼𝑒𝑓 ≤ 𝐼𝑇𝐻      ∀𝑒𝑓 ∈ 𝜇   (6.28) 

𝑄𝑓
𝑆ℎ ≤ 𝑄𝑆ℎ      ∀𝑓 ∈ ξ   (6.29) 

𝑄𝑓
𝑆𝑒 ≤ 𝑄𝑆𝑒      ∀𝑓 ∈ Λ   (6.30) 

 

Eq. (6.22) represents the objective function for the energy loss minimization. Eqs. (6.23)-

(6.26) represent the steady-state operational constraints of a radial distribution network with 

UPQC-O and PV generation. Eqs. (6.23)-(6.24) are used for active and reactive power 

balance at each bus of a network, except the substation bus. Eq. (6.25) is used for the 

computation of bus voltage magnitude in each bus of a network. Eq. (6.26) is used for the 

computation of line current flow in each line of a network. Eqs. (6.27) and (6.28) represent 

the bus voltage magnitude constraint and thermal capacity constraint, respectively. The 

constraints (6.29) and (6.30) are used to limit the VAr injection below the respective 

capacities of shunt and series inverters, respectively. 

 

6.5 Infrastructure for the real-time implementation of proposed methodology and  

      solution strategy 

This section briefly describes the solution approach along with the infrastructure 

required for the real-time implementation of the proposed methodology. A 5-bus radial 

distribution network with smart grid technologies, as shown in Fig. 6.5, is used. Smart-grid 

technologies, such as, smart meters (SMs), communication network (CN), advance control 

systems etc., are required for the implementation of proposed methodology. The respective 

functions of these technologies are explained below. 

 Smart meter (SM): It is required to measure the time varying load demand and PV 

generation under a distribution transformer (DT) and to send the information to 

distribution network control center (DNCC). For the proposed methodology, all the DTs 

located in a network should be equipped with the SMs.  

 Communication network (CN): It is required to send the load demand and PV generation 

injection data from each SM to DNCC. It would also be used to send the VAr injection 
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set points from the DNCC to each inverter after performing the operational 

optimization. The type of CN used for the communication of information can be decided 

based on the geographical area of network, distance between the load centers and 

DNCC, operating range of CN, data transfer rate of CN etc. Optical fibers or wireless 

communication can be used. 

 Control infrastructure: It is used to control/regulate the behavior of devices/systems. In 

this work, it is used to receive the VAr injection set points from the DNCC and to tune 

the operations of the series and shunt inverters. 

 Other accessories: The information of load demand and PV generation injection 

recorded by a SM, is, firstly encoded using an encoder to transmit the information to 

the DNCC. The information received by the receiver at the DNCC is, then, decoded by 

a decoder. The data aggregator unit collects the information of hourly average load 

demand and PV generation injection of all the buses. The load and PV generation data 

can also be obtained for a user defined time interval. These informations are transferred 

to the computer for determination of optimal VAr injection set points for the inverters 

of UPQC-O. The information of VAr injection set points are again encoded with an 

encoder to transmit the information to the respective control units of the inverters. The 

information received at the control unit is again decode with a decoder to tune the set 

points, i.e., 𝐾𝑆𝑒(𝑡) and 𝐾𝑆ℎ(𝑡) of inverters. 

 

DT- Distribution transformer, SM- Smart meter, CN- Communication network, ECoP- Electricity consumers or prosumers  

 

 

Fig. 6.5: Schematic diagram for the real-time implementation of proposed methodology  
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 Solution strategy: The proposed optimization model is fitted into GAMS, a high level 

modelling software used to solve different kind of optimization problems. Since the 

problem is a kind of non-linear optimization problem, CONOPT solver of GAMS is 

used. It takes less than two seconds to solve the proposed optimization problem. Hence, 

it can reliably be used in solving the problem online for real distribution networks. The 

determination of set points for the inverters of UPQC-O using GAMS is pictorially 

shown in Fig. 6.6. The set points obtained for series and shunt inverters of UPQC-O are 

sent to the respective control units. The snapshot for a solution obtained with GAMS-

CONOPT solver is shown in Fig. 6.7. 

 

 

 

 

 

6.6 Simulation results and discussion 

The proposed methodology of the operational optimization of UPQC-O for the time 

varying load demand and PV generation is validated on a 33-bus radial distribution 

network. The bus data and line data of the network are provided in Appendix. It is a single 

feeder network as shown in Fig. 6.8. The circled area in the Fig. 6.8 is considered to be an 

industrial area. The voltage sag occurred in upstream network may severely affect the 

 

Fig. 6.7: Snapshot for a solution obtained with CONOPT solver of GAMS  

Fig. 6.6: Pictorial representation of set point determination in GAMS 

network 

𝑃𝑖
𝑃𝑉(𝑡), ∀𝑖 ∈ [2, . . , 𝑁] 

𝐾𝑆ℎ𝑖
(𝑡), ∀𝑖 ∈ [1, . . , 𝑁𝑆ℎ] 

 

𝑄𝑖(𝑡), ∀𝑖 ∈ [2, . . , 𝑁] 

𝑃𝑖(𝑡), ∀𝑖 ∈ [2, . . , 𝑁] 
Modelling of 

optimization 

problem in GAMS 

Call CONOPT 

solver 

𝐾𝑆𝑒(𝑡) 
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performance of many adjustable speed drives used in industries [161]. Hence, a series 

inverter is judiciously located at bus 19 to protect all the industrial loads from voltage sag. 

Two case studies are provided as shown below. 

 Case A: In this case, the energy loss in the network is minimized with the operational 

optimization of UPQC-O considering time varying load demand. This does not need 

the first stage of optimization. This is applicable only in passive networks.  

The planning Case A consists of three subcases: 

 Case A(1): Base-case network without compensation 

 Case A(2): Base-case network with single-point compensation using a shunt 

inverter which is assumed to be located at bus 6 

 Case A(3): Base-case network with three-point compensation using three shunt 

inverters located at buses 7, 8, and 9 

 Case B: In this case, the energy loss in the network is minimized with the operational 

optimization of UPQC-O considering time varying load demand and PV generation. 

The planning Case B consists of three subcases: 

 Case B(1): Base-case network without UPQC-O and PV generation 

 Case B(2): Base-case network with PV generation 

 Case B(3): Base-case network with UPQC-O and PV generation  

 

The VA-ratings of inverters are computed by considering the 30% voltage sag, 20% 

THD in line current, and peak load demand of the base-case network. The modelling 

 
Fig. 6.8: Single line diagram of the 33-bus radial distribution network 
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provided in subsection 2.2.3 is followed to set the VA-ratings of the inverters. It is assumed 

that the same amount of THD is present in all the loading conditions. The minimum load 

demand of the network is considered to be 20% of the peak load demand of base-case 

network [34]. The maximum limit of PV generation capacity {(𝑃𝑃𝑉)𝑚𝑎𝑥} in Eq. (6.20) is 

considered to be 300 kW. The rate of annual load growth and energy price growth are 

assumed to be 6% [57] and 4% [162], respectively. The unit cost of energy is assumed to 

be 0.08$/ kWh [75]. The planning horizon for the cost benefit analysis is considered to be 

5 years.  The minimum and maximum bus voltage magnitude limits are considered to be 

0.9 p.u. and 1.05 p.u., respectively. The maximum line current flow limit for all lines are 

set as 300 A [34]. The CONPOT solver of GAMS is used to solve the problem. The 

simulation study is performed on Intel® Core™ i5-4570 CPU @ 3.2 GHz processor. 

 

6.6.1 Simulation results with planning Case A 

 In this subsection, the simulation results obtained with planning Case A are 

discussed. An annual load growth is also considered. The load curves for different seasons 

of the 1st and 5th years are shown in Fig. 6.9. The planning Case A does not require Stage 1 

optimization due to the consideration of no PV generation. The flow chart for the 

determination of the locations and sizes of shunt inverters for single-point and multi-point 

compensations is shown in Fig. 6.10. It is to be noted that the locations of the shunt inverters 

for multi-point compensation are chosen such that the sum total of the size of all inverters 

Fig. 6.9: Load curves for different seasons in the1st and 5th years of planning horizon  
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does not exceed the size of the inverter obtained in single point compensation. This is to 

have a fair comparison in between the single and multi-point compensations. 

 

 

6.6.1.1 Optimal VAr injection set point obtained for the inverters of UPQC-O in Case  

A(2) and Case A(3)  

The optimal VAr injection set points obtained with CONOPT for the shunt inverters 

during 24-hour load variation are shown in Fig. 6.11 and Figs. 6.12(a) and 6.12(b) for the 

planning Cases A(2) and A(3), respectively. These show that the optimal VAr injection set 

points obtained for the shunt inverters are varying with the variation in load demand, except 

the one placed at bus 7 which is found to be same irrespective of different loading conditions 

(not shown in the figure). This illustrates that different amount of VAr injection is required 

in different loading condition to minimize the overall energy loss. The results also show 

that higher amount of VAr injection is required at higher load demand so as to minimize 

the overall energy loss. Thus, the shunt inverters need to set at the respective rated VAr 

No 

Start 

Input bus and line data of the network 

Perform FBSLF considering peak load 

demand of a network 

Determination of rating requirement in each 

location using the modelling given in 

subsection 2.2.3 

Determine the optimal location, i.e., bus ‘𝑙’ 
for shunt inverter and its size (𝑆𝑆ℎ

𝑏𝑒𝑠𝑡) by 

minimizing energy loss of network  

Yes 

Number of shunt inverters 

to be placed (𝑁𝑆ℎ)> 1  
 

Determine optimal 𝑁𝑆ℎ locations for shunt inverters 
by minimizing energy loss  

subjected to ∑ 𝑆𝑆ℎ(𝑖) ≤ 𝑆𝑆ℎ
𝑏𝑒𝑠𝑡𝑁𝑆ℎ

𝑖=1  

End 

Fig. 6.10. Flow chart for the determination of locations and sizes 

of shunt inverters for single-point and multi-point 

compensations 
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capacity during higher loading conditions. The VAr compensation set points also need to 

be tuned with the future growth of load. The VAr compensation set points obtained for the 

Fig. 6.12: Optimal VAr set points obtained for the shunt inverters located at: (a) bus 

8 and (b) bus 9 in different seasons in the 1st and 5th years  

(a) 

(b) 

Fig. 6.11: Optimal VAr set points for the shunt inverter located at bus 6 in different 

seasons in the1st and 5th years 
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series inverter of UPQC-O during hourly load variation are found to be same in both the 

planning Cases A(2) and A(3). These are found to be set at the rated VAr capacity of the 

series inverter. 

 

6.6.1.2 Minimum bus voltage magnitude 

The minimum bus voltage magnitudes obtained with Cases A(1)-A(3) are shown in 

Figs. 6.13(a)-(f) for the weekday and weekend of different seasons considering 6% of 

annual load growth. The results of the 1st year and 5th year after the UPQC-O installation 

are shown. The results show that the minimum bus voltage magnitude of network is varying 

with the variation in load demand. For the obvious reason, the minimum bus voltage 

magnitude of network is found to be less in the 5th year as compared to the 1st year. In the 

5th year, the minimum bus voltage magnitudes obtained without UPQC-O {in Case A(1)} 

are violating the limit set. However, with the UPQC-O {in Case A(2) and Case A(3)} the 

bus voltage magnitude is found to be well above the limit. It implies to the fact that the VAr 

supports provided by the UPQC-O in both the cases improve the bus voltage magnitude of 

the network. The results also show that the minimum bus voltage magnitude obtained with 

Case A(3) is slightly better than that of the Case A(2). The reason is that the UPQC-O 

provides three-point compensation in Case A(3). However, in Case A(2), UPQC-O 

provides single point compensation with a shunt inverter. 

 

6.6.1.3 Cost benefit analysis 

The cost benefit analysis is provided considering two cost components: (i) cost of 

placement of UPQC-O, and (ii) saving due to the energy loss reduction. The unit cost for 

placement of UPQC-O is computed as [92]: 

𝐶𝑈 = 0.0003𝑆𝑈
2 − 0.2691𝑆𝑈 + 188.2  ($/𝑘𝑉𝐴)   (6.31) 

where, 𝑆𝑈 is the total VA-rating of UPQC-O in MVA. 

This does not include the cost of smart grid technologies, such as, costs of communication 

network, smart meters, high speed computers, control systems. The annual energy loss (in 

kWh) of distribution network is computed as: 

𝐴𝐸𝐿 = 1000𝑆𝑏𝑎𝑠𝑒 ∑ 𝑡𝑦 ∑ 𝑡𝑤 ∑ 𝑡𝑦𝑤ℎ ∑ 𝐼𝑒𝑓𝑑𝑦𝑤

2 𝑅𝑒𝑓𝑒𝑓∈𝜇𝑑𝑦𝑤∈Γ𝑦𝑤𝑤∈𝛽𝑦∈∆  (6.32) 
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The saving from energy loss reduction in the 1st and 5th years are computed as: 

𝐶𝐴𝐸𝐿1 = 𝐶𝐸(𝐴𝐸𝐿𝑏𝑎𝑠𝑒1 − 𝐴𝐸𝐿𝑈1)      (6.33) 

𝐶𝐴𝐸𝐿5 = 𝐶𝐸(1 + 𝑟𝑒)4(𝐴𝐸𝐿𝑏𝑎𝑠𝑒5 − 𝐴𝐸𝐿𝑈5)     (6.34) 

 

 

 

(a) 

(c) 

(e) 

Fig. 6.13: Minimum bus voltage magnitude of the network obtained for: (a) winter weekday, (b) winter weekend, (c) summer 

weekday, (d) summer weekend, (e) spring weekday, and (f) spring weekend in the 1st and 5th years for Cases A(1)-A(3) 

 

 

 

(b) 

(d) 

(f) 
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where, 𝐴𝐸𝐿𝑏𝑎𝑠𝑒1 and 𝐴𝐸𝐿𝑏𝑎𝑠𝑒5 are the annual energy loss of base-case network (without 

UPQC-O) in 1st and 5th years, respectively; 𝐴𝐸𝐿𝑈1 and 𝐴𝐸𝐿𝑈5 are the annual energy loss  

of network with UPQC-O in 1st and 5th years, respectively. The average annual saving due 

to the energy loss reduction is computed as: 

𝐶𝐴𝐸𝐿
𝐴𝑣𝑔

=
𝐶𝐴𝐸𝐿1+𝐶𝐴𝐸𝐿5

2
        (6.35) 

The return of investment (%) after completion of planning horizon (𝑇ℎ) is computed as: 

𝐼𝑅 = 100
𝑇ℎ𝐶𝐴𝐸𝐿

𝐴𝑣𝑔

1000𝐶𝑈𝑆𝑈
        (6.36) 

 

Table 6.1 shows the different parameters related to the cost-benefit analysis. The 

results show that the return of investment in planning Case A(3) is more as compared to 

Case A(2) because of the less VA-rating requirement of UPQC-O in Case A(3). It is 

noteworthy that the numerical value provided in Table 6.1 for return of investment is only 

in view of saving due to the energy loss reduction. There is another important benefit of 

planning Cases A(2) and A(3). The deployment of UPQC-O in distribution networks defers 

the network upgrade cost to the future years. The inclusion of this would further increase 

the percentage of return of investment. 

 

Table 6.1: Cost benefit analysis without and with UPQC-O 

Costs and operational parameters Case A(1) Case A(2) Case A(3) 

Annual energy loss in the 1st year (MWh) 1233.2115 943.4183 950.4731 

Reduction in annual energy loss with UPQC-O in 1st year (%) - 23.4991 22.9270 

Saving from energy loss reduction in 1st year ($) - 23092.544 22619.072 

VA-rating of UPQC-O (MVA) - 1.7991 1.5811 

Installation cost of UPQC-O (×105$) - 3.3793 2.9740 

Annual energy loss in the 5th year (MWh) 2038.5334 1570.4532 1583.6506 

Reduction in annual energy loss with UPQC-O in 5th year (%) - 22.9616 22.3142 

Saving from energy loss reduction in 5th year ($) - 43807.0103 42571.8830 

Average of 1st and 5th years saving ($) - 33449.7772 32595.4775 

Return of investment after completion of 5 years (%) - 49.4922 54.8007 

 

6.6.1.4 Comparison of annual energy losses obtained with variable and constant/rated  

VAr set points of UPQC-O  

This section provides the comparison between two approaches of energy loss 

minimization with UPQC-O. These are: (i) UPQC-O with variable set points and (ii) 

UPQC-O with constant/rated set point of UPQC-O. The annual energy losses obtained in 

the 1st year of planning horizon with variable and constant VAr set points of UPQC-O are 
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shown in Table 6.2 for the planning Cases A(2) and A(3).  The simulation results show that 

the UPQC-O with variable VAr injection set points yields lower energy loss as compared 

to the UPQC-O with constant/rated VAr injection. The integration of UPQC-O with 

variable VAr injection set points results in 10611.7 kWhr and 8365.8 kWhr of energy 

saving for the planning Cases A(2) and A(3), respectively.  

 

Table 6.2: Annual energy loss of distribution network with variable and constant VAr injection set points of UPQC-O 

Annual energy loss of the network Case A(2) Case A(3) 

Without UPQC-O (MWh) 1233.2115 1233.2115 

With variable set points of UPQC-O (MWh) 943.4183 950.4731 

% reduction w.r.t. without UPQC-O 23.4991 22.9270 

With constant set point of UPQC-O (MWh) 954.0300 958.8389 

% reduction w.r.t. without UPQC-O 22.6386 22.2486 

Saving of energy with variable set points of UPQC-O w.r.t. constant set 

point of UPQC-O (kWh) 

10611.7000 8365.8000 

 

Another case study is provided by varying the load demand of the same network 

according to the load demand duration curves of different regions of India [163], as shown 

in Fig. 6.14. The single point compensation using a shunt inverter {i.e., Case A(2)} is 

chosen for this study. The total energy losses obtained in 1st year of planning horizon with 

variable and constant/rated VAr set points of UPQC-O are shown in Table 6.3. The load 

factor (LF) corresponding to each load demand duration curve is also shown in Table 6.3. 

The results clearly show that the variable VAr injection set points of UPQC-O result in 

higher energy loss reduction and greater saving in energy as compared to the constant/rated 

VAr injection. It is also observed that the energy saving with the variable VAr injection set 

 

Fig. 6.14: Load demand duration curves for different regions of India [163] 
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points of UPQC-O is more if the LF of demand duration curve is less. Hence, the proposed 

approach of energy loss minimization is more effective in those areas where LF is low as 

the north eastern region of India. 

 

Table 6.3: Annual energy loss obtained by varying the load demand according to the demand duration curves of different regions of 

India with variable and constant VAr set points of UPQC-O 

Annual Energy loss of the network  Load demand variation according to the load demand duration curve of different 

regions in India 

Northern 
region 

(LF=0.8570) 

Western 
region 

(LF=0.8641) 

Southern 
region 

(LF=0.8826) 

Eastern 
region 

(LF=0.85) 

North Eastern 
region 

(LF=0.7412) 

Without UPQC-O (MWh) 1104.4853 1098.9245 1145.3691 966.8841 691.8902 

With variable set points of UPQC-O (MWh) 846.4569 842.2293 877.4489 742.2120 532.7079 

% reduction w.r.t. without UPQC-O 23.3619 23.3588 23.3916 23.2367 23.0069 

With constant set point of UPQC-O (MWh) 853.9861 850.0108 883.0378 755.3617 569.8538 

% reduction w.r.t. without UPQC-O 22.6802 22.6507 22.9036 21.8767 17.6381 

Saving of energy with variable set points of 

UPQC-O w.r.t. constant set point of UPQC-O 
(kWh) 

7529.2 7781.5 5588.9 13149.7 37145.9 

 

6.6.1.5 Comparison among different compensation approaches for the energy loss  

reduction of distribution network 

In the literature, several approaches are reported for energy loss reduction in 

distribution networks. In this section, a case study is presented for the comparison of the 

solutions obtained with the proposed approach with two similar approaches. The following 

approaches of energy loss minimization are considered: 

 Case 1: In this case, the sizes of series and shunt inverters of UPQC-O in a location are 

determined using the modelling provided in subsection 2.2.3. 

 Case 2: In this case, the sizes of series and shunt inverters of UPQC-O are determined 

through optimization by setting minimum and maximum set values for the VA-ratings. 

The Case 1 and Case 2 have two subcases: 

 In Cases 1(a) and 2(a), the energy loss is minimized with variable VAr injection set 

points of UPQC-O.  

 In Cases 1(b) and 2(b), the energy loss is minimized with constant/rated VAr 

injection of UPQC-O. 

 Case 3: In this case, the energy loss is minimized with the allocation of DSTATCOM. 

The size of DSTATCOM is determined through optimization by setting minimum and 

maximum set values for the VA-rating of DSTATCOM for energy loss minimization 

in peak load condition. 
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 Case 4: In this case, the energy loss is minimized with the allocation of fixed capacitor 

bank. The size of capacitor bank is also determined through the optimization for energy 

loss minimization in peak load condition.  

 

The single point compensation is chosen for this case study. The results obtained with these 

four cases are shown in Table 6.4. The results show that the variable VAr set points of 

UPQC-O in Case 1(a) and 2(a) provide better compensation to obtain higher energy loss 

reduction as compared to Cases 1(b) and 2(b), respectively. The solutions obtained with 

Case 1(a) and Case 2(a) show similar annual energy loss reduction. However, the VA-rating 

requirement for UPQC-O for solution obtained with Case 2(a) is higher as compared to 

Case 1(a). The allocation of DSTATCOM in Case 3 provides similar annual energy loss 

reduction as obtained with the solutions of Cases 1(a) and 2(a). The size of DSTATCOM 

is also found to be similar as obtained with Case 1. Among all the above mentioned 

approaches, the allocation of fixed capacitor bank results in comparatively lesser energy 

loss reduction in network because of the constant VAr injection in Case 4. Although the 

installation of capacitor bank for VAr compensation is an economical option, it is not skilled 

to mitigate any of the PQ issues. UPQC-O with its series inverter can protect the 

downstream load from voltage sag occurring in upstream section. The voltage sag 

mitigation can be done with a DSTATCOM installed in a similar strategic location. 

However, this needs additional DSTATCOM and it will increase the total VA rating. 

 

Table 6.4: Comparison among different compensation approaches of energy loss reduction 

Solution obtained with 
different types compensation 

approaches 

Case A(1) 
 

UPQC-O Allocation DSTATCOM 
allocation  

(Case 3) 

Capacitor 
allocation 

(Case 4) 
Case 1 Case 2 

Case 1(a) Case 1(b) Case 2(a) Case 2(b) 

Annual energy loss (MWh) 1233.2115 943.4183 954.0300 942.5683 963.9156 943.7999 965.0003 

VA-rating of shunt 
compensator (MVA) 

- 1.6078 1.6078 1.778 1.778 1.792 1.792 

VA-rating of series 

compensator (MVA) 

- 0.1913 0.1913 0.359 0.359 - - 

Total VA-rating  - 1.7991 1.7991 2.137 2.137 1.792 1.792 

 

6.6.2 Simulation results with planning Case B 

For planning Case B, single point compensation using one shunt inverter located at 

bus 6 is considered. The load growth is not considered in this study. The simulation results 

obtained with planning Case B are discussed in subsequent subsections. 
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6.6.2.1 PV capacity of each bus 

The PV capacity of each bus as obtained with the Stage 1 optimization problem is 

shown in Fig. 6.15. From the bar chart, it is observed that the buses near to the substation 

can allow more integration of PV than the buses distant away from the substation. It also 

provides the information of maximum PV generation that a network can accommodate in 

each bus during peak generation hour. The allowable maximum PV generation in each bus 

would be equal to the PV capacities of the respective buses. 

 

 

6.6.2.2 Hourly energy loss and minimum bus voltage magnitude 

The hourly energy loss obtained with Cases B(1)-B(3) are shown in Figs. 6.16 (a)-  

(c) for the different seasons in a year. The results show that the energy loss of the network 

is varying with the variations in load demand and PV generation in Cases B(2) and B(3). 

The energy loss reduction in Case B(2) is observed only during PV generation hours as 

compared to Case B(1). However, the energy loss reduction in Case B(3) is observed 

throughout the day as compared to Cases B(1) and B(2). It is due to the VAr compensation 

provided by the inverters of UPQC-O in addition to the active power compensation 

provided by the PV. The numerical values for annual energy loss are provided in Table 6.5 

for Cases B(1)-(3). 

 

The minimum bus voltage magnitude obtained with Cases B(1)-(3) are shown in 

Figs. 6.17 (a)-(c) for different seasons in a year. The results show that the minimum bus 

voltage magnitude is also varying with the variations in load demand and PV generation in 

Cases B(2) and B(3). In Case B(2), significant improvement in minimum bus voltage 

 
Fig. 6.15: Bar chart for the PV capacities in each bus of 33-bus radial 

distribution network 
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magnitude is observed during PV generation hours as compared to Case B(1). In Case B(3), 

the improvement in minimum bus voltage magnitude is observed throughout the day as 

 

 

 

(a) 

(b) 

(c) 

Fig. 6.17: Minimum bus voltage magnitude of the network 

obtained with Cases B(1), B(2), and B(3) for the weekday and 

weekend of: (a) winter, (b) summer, and (c) spring seasons  

 

Fig. 6.16: Hourly energy loss of the network obtained with 
Cases B(1), B(2), and B(3) for the weekday and weekend of: 

(a) winter, (b) summer, and (c) spring seasons  

 

 

 

 

(a) 

(b) 

(c) 
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compared to Cases B(1) and B(2) due to the VAr compensation provided by the inverters 

of UPQC-O. 

Table 6.5: Annual energy loss obtained for different planning cases of Case B 

Parameters Case B(1) Case B(2) Case B(3) 

Annual energy loss (MWh) 1233.2115 878.5402 609.3889 

% reduction w.r.t. Case B(1) - 28.7600 50.5852 

 

6.6.2.3 VAr injection set points for the inverters of UPQC-O 

The VAr injection set points obtained for the shunt inverter of UPQC-O during 

hourly load demand and PV generation variations are shown Fig.6.18 for Case B(3). It is 

observed that the VAr injection set points for the shunt inverter are varying with the 

variations in load demand and PV generation. It means that different amount of VAr 

injection is required in different load and PV generation scenario to minimize the energy 

loss of a distribution network. The results show that the higher amount of VAr injection is 

required during higher load demand or/and PV generation hours to minimize the energy 

loss for a distribution network. Thus, the shunt inverter needs to be set at the rated VAr 

capacity in some of the higher load or/and PV generation hours. The VAr compensation set 

points obtained for the series inverter of UPQC-O during hourly load demand and PV 

generation variations are found to be same in the planning Case B(3). These are found to 

be set at the rated VAr capacity of the series inverter. 

 

 

6.7 Conclusion  

In this chapter, an online operational optimization approach for energy loss 

minimization with load and PV generation variations has been proposed for distribution 

 

Fig. 6.18: VAR set points obtained for the shunt inverter installed at bus 6 

in Case B(3) for different seasons in a year   
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networks. The UPQC-O is modeled to provide time varying VAr compensation for the 

energy loss reduction. The infrastructure required for the real-time implementation of the 

proposed methodology are also provided. The simulation results obtained with proposed 

approach provide the following:   

 The annual load growth and variations in load demand and PV generation need the 

tuning of set points of the inverters of UPQC-O to have optimal operation. Hence, the 

optimal VAr compensation set points for shunt inverter(s) are found to be varying with 

the load growth and time varying load demand and PV generation.   

 The deployment of any of the planning cases (with UPQC-O and/or PV generation) can 

reduce significant amount of the annual energy loss. It also significantly improves the 

bus voltage magnitude of distribution networks.  

 The deployment of the planning cases with UPQC-O defers the network upgrade cost 

to future years, as well. 

 The planning Case A(3), being a three-point compensation, is the economical option 

than the Case A(2) (i.e., single point compensation) in view of higher return of 

investment and less VA-rating of UPQC-O. But, it requires more investment to establish 

the communication network and control infrastructure. 

 The UPQC-O with variable VAr set points can provide better compensation in terms of 

higher loss reduction as compared to the constant VAr set point approach. The 

deployment of proposed approach in the areas where load factor is low can save more 

energy as compared to the constant/rated VAr compensation. 

 The deployment of UPQC-O in distribution network along with the PV generation, i.e., 

Case B(3) shows its effectiveness over the Cases B(1) and B(2) in energy loss reduction 

and bus voltage improvement. It is due to the time-varying VAr support provided by 

the UPQC-O.  

 The injection of surplus PV generation {i.e., Cases B(2)-B(3)} into a network is 

advantageous for the utility, because, it reduces the energy loss and improves the bus 

voltage magnitude during PV generation hours. But, a utility needs to put some limit on 

the maximum injection of PV generation in each bus, beyond which it may deteriorate 

the operational performance of the network. The first stage optimization provides the 

frame work for this. 
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7 
Conclusions 

 

 

 The distribution networks are slowly changing from PDNs to ADNs due to the 

integration of renewable based DG units. The proper planning of ADN is required to 

flexibly work with the intermittent renewable generation and continuously varying load 

demand. The power systems researchers have significantly contributed on ADN planning 

in last few years. In Chapter-1, different ADN planning approaches reported in the literature 

have been systematically presented. These approaches are classified according to the three 

level classification tree developed based on the different attributes of planning. In the 

literature review, the special focus is given to identify the inclusion of two important 

features: (i) mitigation of the PQ issues, and (ii) integration of the energy storage unit in 

ADN planning. The qualitative assessment of presented work on ADN planning provides 

that there is need of an approach to improve PQ of distribution networks. It is also known 

that distribution networks suffer from poor energy efficiency and lower bus voltage 

magnitude due to the high resistance to reactance ratio of distribution line. Thus, there is 

need of an approach which can simultaneously improve both these aspects. The custom 

power devices are kind of compensator which can simultaneously provide reactive power 

compensation and PQ issues mitigation. The UPQC is a type of custom power devices 

which injects a series voltage and a shunt compensating current by using its series and shunt 

inverters, respectively to mitigate voltage sag/swell in supply voltage, to provide reactive 

power compensation, and to eliminate current harmonics. In open UPQC (UPQC-O) model, 
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the series and shunt inverters can be placed in different locations in a network unlike UPQC. 

This needs the modelling of UPQC-O and the formulation of planning approach for its 

optimal allocation in distribution networks. Thus, this thesis is focused on the modelling 

and allocation planning of UPQC-O to improve operational performance of distribution 

networks. The contributions of this thesis are summarized as follows: 

 In Chapter-2, the modelling of UPQC-O without and with active power injection has 

been proposed for the distribution networks. A new technical constraint, percentage of 

voltage sag mitigated load (PVSML) has been formulated to ensure the protection of a 

minimum amount of load from the supply voltage sag by the series inverter. A planning 

optimization model has been formulated to optimally place the UPQC-O in distribution 

network for the energy/power loss reduction. Its placement can also ensure desired PQ 

level. PSO based solution approach has been used to solve the optimization problem. 

Two charging schemes for the battery connected to the UPQC/UPQC-O: (i) by 

consuming/purchasing energy from the grid and (ii) with the installation of a PV array 

with each battery unit have been proposed. Cost-based analysis has been presented for 

these two schemes. A comparative study has been carried out among the UPQC and 

UPQC-O models without and with active power injection to assess the potential of 

UPQC-O in enhancing the energy efficiency and PQ of distribution networks. The 

comparative study provides that the placement of UPQC-O results in significant 

reduction in energy loss and improvement in bus voltage magnitude. It is also found to 

be an economical option due to the less battery rating requirement as compared to 

UPQC, if it is designed for active power injection. Otherwise, UPQC placement is more 

economical option. In the connected UPQC models, the series and shunt inverters 

locations are found to be near to the substation to protect the given number of loads 

from voltage sag. But, the same can be done with UPQC-O by placing only the series 

inverter near to the substation. Hence, UPQC-O has the flexibility to place its shunt 

inverter at the location which results in higher power loss reduction. The charging of 

the battery can be done with the installation of PV array. This needs additional 

investment cost. It is found to be an economical option as compared to the cost of the 

energy purchase from the grid for the battery charging over a planning horizon. 
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 In Chapter-3, the modelling of UPQC-O has been proposed with the PV array for 

distribution networks. The planning optimization model has been formulated to 

optimally place the multiple UPQC-O in distribution networks for the energy efficiency 

and PQ improvement. PSO based solution approach has been used to solve the proposed 

optimization problem. Two case studies have been presented for energy efficiency 

improvement using two UPQC-O models: (i) UPQC-O with battery and PV array and 

(ii) UPQC-O without battery and with PV array. The relative merits and demerits of 

deploying these models in distribution networks have also been provided. The 

performance of proposed approach has been compared with the other similar 

approaches of power/energy loss reduction. The simulation studies carried out using 

two test networks, i.e., 33- and 69-bus networks, provide that the placement of any of 

the UPQC-O models with PV array can significantly improve energy efficiency, bus 

voltage profile, and PQ for the distribution networks. Also, the multiple placement of 

the shunt inverters significantly reduces the overall rating requirement for UPQC-O for 

certain type of the networks, such as the 33-bus network. It is found that the sizes of the 

PV array and battery basically depend on the minimum DG penetration limit to be set 

by the DNO. 

 In Chapter-4, mono- and multi-objective planning approaches have been proposed to 

improve the PVHC and energy efficiency of distribution networks. In this chapter, 

firstly, mono-objective planning has been carried out to maximize the PVHC of a 

distribution network. For this, the PVHC is defined considering the network power loss 

as an operational performance index. The modelling of series and shunt inverters has 

been formulated to provide reactive power compensation to the distribution networks. 

The planning optimization model has been formulated to determine the locations of 

inverters of UPQC-O and PV generation capacity in each bus, except substation bus, by 

maximizing the PVHC of distribution network constrained by the network power loss. 

PSO is used as the solution approach. The simulation results obtained with this planning 

approach provide that the appropriate placement of series and shunt inverters increases 

the hosting capacity of a network constrained by a permissible power loss. The PVHC 

of a distribution network can be of higher values if the permissible limit of the network 

power loss is set to increase. A case study has been carried out to assess the potential of 
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inverters of UPQC-O in enhancing the energy efficiency of distribution networks during 

peak load and no PV generation scenario. It is found that the placement of UPQC-O in 

other loading conditions can improve the energy efficiency and bus voltage magnitude. 

The impact of placement of single series/shunt inverter on the PVHC has also been 

provided. It shows that the placement of both series and shunt inverters provides better 

PVHC as compared to the placement of single series/shunt inverter. The performance 

of the proposed mono-objective planning approach has been qualitatively compared 

with the other similar approaches of PVHC maximization. The multi-objective planning 

has been carried out to simultaneously optimize the PVHC and energy loss of 

distribution networks with the optimal allocation of inverters of UPQC-O. For this, 

multi-objective optimization problem is formulated. In this case, Pareto-based MOPSO 

is used as the solution approach. The results show that the placement of UPQC-O 

simultaneously improves the PVHC and energy loss of the distribution networks. It also 

ensures a desired PQ level. The Pareto-approximation front obtained with MOPSO 

shows the maximization of the PVHC and the energy loss minimization do conflict with 

each other. This also provides variety of choices to an electric utility, from which it can 

decide the amount of PV generation that can be accommodated in each bus 

corresponding to the desired levels of PVHC and energy loss. The impact of set value 

of maximum PV generation capacity and UPQC-O placement on the Pareto-

approximation front is also studied. The PV generation capacities obtained in each load 

bus from both the approaches show that the buses located near to the substation is 

capable of accommodating higher capacity of PV generation as compared to the buses 

located distant away from the substation. 

 In Chapter-5, a multi-objective planning approach has been proposed for simultaneous 

improvement of peak load shaving and PQ of distribution networks. For this, the PV-

BESS integrated UPQC-O is optimally allocated in distribution networks by 

simultaneously optimizing the three objectives: (i) ratio of power supplied by PV-

BESS-UPQC-O to the base-case network peak active power demand, (ii) cost of 

placement of PV-BESS-UPQC-O, and (iii) ratio of total power loss during peak load 

demand with the placement of PV-BESS-UPQC-O to the base-case network peak 

power loss. The Pareto-based MOPSO is used to solve the multi-objective planning 
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problem. This provides a set of solutions, from which a DNO can decide the amount of 

peak load shaving to be obtained with the placement of PV-BESS-UPQC-O according 

to its capital expenditure budget and energy economy. The deployment of solution 

corresponding to the higher peak load shaving requires higher investment and incurs 

higher power loss. In addition to the peak shaving, the placement of PV-BESS-UPQC-

O in distribution networks provides multiple benefits, such as, PQ improvement, power 

loss reduction in other loading conditions, investment deferral for network 

reinforcement etc. The performance of proposed approach has also been qualitatively 

compared with the other similar approaches of peak load shaving.  

 In Chapter-6, an operational optimization approach has been proposed to determine the 

time varying reactive power injection set points of UPQC-O during time varying load 

demand and PV generation for energy loss minimization in distribution networks. A 

two–stage optimization problem has been formulated to determine the maximum PV 

generation capacity in each load bus and to minimize the energy loss in each time step. 

A suitable solution strategy has been devised to solve the proposed optimization 

problem. It is found that the CONOPT solver of GAMS takes less than 2 seconds to 

solve the proposed energy loss minimization problem for single load or/and PV 

generation scenario. Thus, the proposed methodology can be implemented in real-time 

with smart grid technologies. For this, the infrastructure required for real-time 

implementation of proposed methodology has also been provided. Two planning cases 

are formulated for energy loss minimization in distribution networks with UPQC-O. In 

case of operational optimization of UPQC-O with time varying load demand, the case 

study is presented with single and three-point compensations using single and three 

shunt inverter(s), respectively for energy loss minimization in distribution networks. It 

also considers the annual load growth. The cost benefit analysis for these two 

compensation approaches is carried out for a planning horizon. This study provides that 

the three-point compensation is the economical option than the single point 

compensation in view of higher return of investment. But, it requires more investment 

to establish the communication network and control infrastructure. A case study has 

been presented with the constant and variable VAr set points of UPQC-O for energy 

loss minimization in distribution networks. The results show that the UPQC-O with 
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variable VAr set points can provide higher loss reduction as compared to the constant 

VAr set point approach. The deployment of proposed approach in the areas where load 

factor is low can save more energy as compared to the constant/rated VAr 

compensation. The proposed approach of energy loss minimization is compared with 

the other approaches of energy loss minimization. In case of operational optimization 

of UPQC-O with time varying load demand and PV generation, the energy loss 

minimization study is carried out. The simulation results obtained with this planning 

case provide that the injection of surplus PV generation into a network is advantageous 

for the utility, because, it reduces the energy loss and improves the bus voltage 

magnitude during PV generation hours. But, an electric utility needs to put some limit 

on the maximum injection of PV generation in each bus, beyond which it may 

deteriorate the operational performance of the network. The first stage optimization 

provides the frame work for this. In both the planning cases, optimal VAr set points 

obtained for the shunt inverters show that the annual load growth and variations in load 

demand and PV generation need the tuning of set points of the inverters to have optimal 

operation. Hence, the optimal VAr compensation set points for the shunt inverter(s) are 

found to be varying with the load growth and time varying load demand and PV 

generation. The deployment of any of the planning cases with UPQC-O or/and PV 

generation significantly reduces the energy loss and improves the bus voltage profile of 

distribution networks. It also defers the network upgrade cost to future years. 

 

In this thesis, the modelling and allocation of different UPQC-O models have been 

presented to improve the energy efficiency, bus voltage profile, PVHC, PQ, and peak load 

shaving of distribution networks. Also, an operational planning approach has been 

developed for the operation of UPQC-O during time varying load demand and PV 

generation. The proposed approaches are compared with the other existing approaches. The 

major contributions of this thesis are summarized as follows: 

 Modelling and allocation planning of UPQC-O without and with active power injection 

have been proposed to improve energy efficiency of distribution networks by keeping 

a desired PQ level intact. 
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 Modelling and allocation planning of UPQC-O integrated PV generation system have 

been proposed for the improvement of energy efficiency and PQ of distribution 

networks. 

 Mono- and multi-objective planning approaches have been proposed to improve PVHC 

and energy efficiency of distribution networks with optimal allocation of UPQC-O. 

 Multi-objective planning approach has been proposed to simultaneously improve the 

peak load shaving and PQ of distribution networks with optimal allocation of PV-BESS 

integrated UPQC-O. 

 An operational optimization approach for UPQC-O has been proposed to minimize the 

energy loss in distribution networks with time varying load demand and PV generation. 

 

There are many practical aspects which can be incorporated in the planning models. 

The following aspects need to be investigated in future.  

 Consideration of unbalanced and mesh/ring distribution networks in planning models: 

The proposed approaches are developed for the balanced radial distribution networks. 

The study can be extend with the consideration of unbalanced distribution networks. 

Also, the distribution networks can be of ring/mesh type. Hence, there is need of 

planning model for ring/mesh type networks. 

 Development of control scheme for UPQC-O: In UPQC-O, the series and shunt 

inverters are placed in different locations of a network. Thus, they need coordinated 

control strategy to change their internal set points and to share the information of VAr 

sharing to each other during different load and generation scenarios. Although the 

research work carried out in Chapter-6 provides a frame work for the determination of 

variable VAr set points during time varying load and generation, this work does not 

propose any control scheme for the inverters of UPQC-O. Hence, there is need of 

coordinated control scheme for the optimal operation of inverters of UPQC-O for 

attaining particular objectives, such as, energy loss reduction, voltage deviation 

minimization, etc. in distribution networks during time varying load and generation. In 

case of PV-BESS integrated UPQC-O, the control scheme is required for the 

coordination among inverters of UPQC-O, PVs, and BESSs.  
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 SOC management for battery connected to the UPQC-O: In UPQC-O models with 

battery, the batteries connected to the series and shunt inverters need to be charged or 

discharged based on their SOC level. Since the load and generation are varying 

throughout the day, these need SOC management for the batteries connected to the 

inverters of UPQC-O.  

 Consideration of load and generation uncertainties in planning models: The electric 

utilities use different forecasting techniques and historical data to predict the future load 

demand and PV generation. In reality, these might have errors. Thus, the incorporation 

of load and PV generation uncertainties in the proposed planning models can be possible 

extension of this work. This needs future investigation.  

 Sensitivity analysis of proposed UPQC-O models to the different simulation 

parameters: The variation in the values of different simulation parameters may affect 

the performance the proposed UPQC-O models. Thus, the sensitivity analysis is 

required to analyze their sensitivity to the various simulation parameters used in this 

research. 
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This Appendix provides the simulation data for all the test networks used in the 

simulation which includes the bus data, line data, base MVA, base kV etc. Bus data provides 

the information of active and reactive power load demand of each bus of a network. 

However, line data of the network provides the information of connectivity of each bus to 

other buses and the values of resistance and reactance of each line of the network. The 

simulation data for the time varying load demand and PV generation are also provided in 

this Appendix. 

 

A.1 Simulation data for 33-bus radial distribution network 

 The 33-bus radial distribution network is a single feeder network with single 

substation. The bus 1 of this network is the substation bus and rest all are load buses. 

Simulation data for the 33-bus radial distribution network are taken from [110]. The bus 

data and line data for the 33-bus radial distribution network are shown in Tables A.1 and 

A.2, respectively. The base VA and base kV of the network are 100 MVA and 12.66 kV, 

respectively. The single line diagram of 33-bus network is shown in Fig. A.1. 

 

Table A.1: Bus data of 33-bus radial distribution network 

Bus 

number 

Load demand  Bus 

number 

Load demand  Bus 

number 

Load demand 

Active 

power 
(kW) 

Reactive 

power 
(kVAr) 

Active 

power 
(kW) 

Reactive 

power 
(kVAr) 

Active 

power 
(kW) 

Reactive 

power 
(kVAr) 

1 0 0 12 60 35 23 90 50 

2 100 60 13 60 35 24 420 200 

3 90 40 14 120 80 25 420 200 

4 120 80 15 60 10 26 60 25 

5 60 30 16 60 20 27 60 25 

6 60 20 17 60 20 28 60 20 

7 200 100 18 90 40 29 120 70 

8 200 100 19 90 40 30 200 600 

9 60 20 20 90 40 31 150 70 

10 60 20 21 90 40 32 210 100 

11 45 30 22 90 40 33 60 40 
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Table A.2: Line data of 33-bus radial distribution network 

Sending 

end 

Receiving 

end 

Resistance 

(Ω) 

Reactance 

(Ω) 

 Sending 

end 

Receiving 

end 

Resistance 

(Ω) 

Reactance 

(Ω) 

1 2 0.0922 0.047  17 18 0.732 0.574 

2 3 0.493 0.2511  2 19 0.164 0.1565 

3 4 0.366 0.1864  19 20 1.5042 1.3554 

4 5 0.3811 0.1941  20 21 0.4095 0.4784 

5 6 0.819 0.707  21 22 0.7089 0.9373 

6 7 0.1872 0.6188  3 23 0.4512 0.3083 

7 8 0.7114 0.2351  23 24 0.898 0.7091 

8 9 1.03 0.74  24 25 0.896 0.7011 

9 10 1.044 0.74  6 26 0.203 0.1034 

10 11 0.1966 0.065  26 27 0.2842 0.1447 

11 12 0.3744 0.1238  27 28 1.059 0.9337 

12 13 1.468 1.155  28 29 0.8042 0.7006 

13 14 0.5416 0.7129  29 30 0.5075 0.2585 

14 15 0.591 0.526  30 31 0.9744 0.963 

15 16 0.7463 0.545  31 32 0.3105 0.3619 

16 17 1.289 1.721  32 33 0.341 0.5302 

 

A.2 Simulation data for 69-bus radial distribution network 

 The 69-bus radial distribution network is also a single feeder network with single 

substation. The bus 1 of this network is the substation bus and rest all are load buses. 

Simulation data for the 69-bus radial distribution network are taken from [109]. The bus 

data and line data for the 69-bus radial distribution network are shown in Tables A.3 and 

A.4, respectively. The base VA and base kV of the network are 10 MVA and 12.66 kV, 

respectively. The single line diagram of 69-bus network is shown in Fig. A.2. 

 

Table A.3: Bus data of 69-bus radial distribution network 

Bus 

number 

Load demand  Bus 

number 

Load demand  Bus 

number 

Load demand 

Active 

power 
(kW) 

Reactive 

power 
(kVAr) 

Active 

power 
(kW) 

Reactive 

power 
(kVAr) 

Active 

power 
(kW) 

Reactive 

power 
(kVAr) 

1 0 0 24 28 20 47 0 0 

2 0 0 25 0 0 48 79 56.4 

3 0 0 26 14 10 49 384.7 274.5 

4 0 0 27 14 10 50 384.7 274.5 

5 0 0 28 26 18.6 51 40.5 28.3 

6 2.6 2.2 29 26 18.6 52 3.6 2.7 

7 40.4 30 30 0 0 53 4.35 3.5 

8 75 54 31 0 0 54 26.4 19 

9 30 22 32 0 0 55 24 17.2 

10 28 19 33 14 10 56 0 0 

11 145 104 34 19.5 14 57 0 0 

12 145 104 35 6 4 58 0 0 

13 8 5.5 36 26 18.55 59 100 72 

14 8 5.5 37 26 18.55 60 0 0 

15 0 0 38 0 0 61 1244 888 

16 45.5 30 39 24 17 62 32 23 

17 60 35 40 24 17 63 0 0 

18 60 35 41 1.2 1 64 227 162 

19 0 0 42 0 0 65 59 42 

20 1 0.6 43 6 4.3 66 18 13 

21 114 81 44 0 0 67 18 13 

22 5.3 3.5 45 39.22 26.3 68 28 20 

23 0 0 46 39.22 26.3 69 28 20 
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Table A.4: Line data of 69-bus radial distribution network 

Sending 

end 

Receiving 

end 

Resistance 

(Ω) 

Reactance 

(Ω) 

 Sending 

end 

Receiving 

end 

Resistance 

(Ω) 

Reactance 

(Ω) 

1 2 0.0005 0.0012  3 36 0.0044 0.0108 

2 3 0.0005 0.0012  36 37 0.064 0.1565 

3 4 0.0015 0.0036  37 38 0.1053 0.123 

4 5 0.0251 0.0294  38 39 0.0304 0.0355 

5 6 0.366 0.1864  39 40 0.0018 0.0021 

6 7 0.3811 0.1941  40 41 0.7283 0.8509 

7 8 0.0922 0.047  41 42 0.31 0.3623 

8 9 0.0493 0.0251  42 43 0.041 0.0478 

9 10 0.819 0.2707  43 44 0.0092 0.0116 

10 11 0.1872 0.0691  44 45 0.1089 0.1373 

11 12 0.7114 0.2351  45 46 0.0009 0.0012 

12 13 1.03 0.34  4 47 0.0034 0.0084 

13 14 1.044 0.345  47 48 0.0851 0.2083 

14 15 1.058 0.3496  48 49 0.2898 0.7091 

15 16 0.1966 0.065  49 50 0.0822 0.2011 

16 17 0.3744 0.1238  8 51 0.0928 0.0473 

17 18 0.0047 0.0016  51 52 0.3319 0.1114 

18 19 0.3276 0.1083  9 53 0.174 0.0886 

19 20 0.2106 0.0696  53 54 0.203 0.1034 

20 21 0.3416 0.1129  54 55 0.2842 0.1447 

21 22 0.014 0.0046  55 56 0.2813 0.1433 

22 23 0.1591 0.0526  56 57 1.59 0.5337 

23 24 0.3463 0.1145  57 58 0.7837 0.263 

24 25 0.7488 0.2745  58 59 0.3042 0.1006 

25 26 0.3089 0.1021  59 60 0.3861 0.1172 

26 27 0.1732 0.0572  60 61 0.5075 0.2585 

3 28 0.0044 0.0108  61 62 0.0974 0.0496 

28 29 0.064 0.1565  62 63 0.145 0.0738 

29 30 0.3978 0.1315  63 64 0.7105 0.3619 

30 31 0.0702 0.0232  64 65 1.041 0.5302 

31 32 0.351 0.116  11 66 0.2012 0.0611 

32 33 0.839 0.2816  66 67 0.0047 0.0014 

33 34 1.708 0.5646  12 68 0.7394 0.2444 

34 35 1.474 0.4873  68 69 0.0047 0.0016 
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Fig. A.1: Single line diagram of 33-bus radial distribution network 
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A.3 Simulation data for time varying load demand 

 The hourly average load data of three different seasons of IEEE reliability test 

system [159] are considered in this thesis to have daily variation in load demand. The hourly 

average load demand data in terms of percentage of peak load demand for three different 

seasons of a year are shown in Table A.5. 

 

Table A.5: Hourly average load demand in percentage of peak load 

Hour Hourly average load demand in percentage of peak load (%) 

Winter weeks (1 -8 & 44 – 52) Summer weeks (18 -30) Spring weeks (9-17 & 31 – 43) 

Weekday Weekend Weekday Weekend Weekday Weekend 

12-1 am 67 78 64 74 63 75 

1-2 63 72 60 70 62 73 

2-3 60 68 58 66 60 69 

3-4 59 66 56 65 58 66 

4-5 59 64 56 64 59 65 

5-6 60 65 58 62 65 65 

6-7 74 66 64 62 72 68 

7-8 86 70 76 66 85 74 

8-9 95 80 87 81 95 83 

9-10 96 88 95 86 99 89 

10-11 96 90 99 91 100 92 

11-noon 95 91 100 93 99 94 

Noon-1pm 95 90 99 93 93 91 

1-2 95 88 100 92 92 90 

2-3 93 87 100 91 90 90 

3-4 94 87 97 91 88 86 

4-5 99 91 96 92 90 85 

5-6 100 100 96 94 92 88 

6-7 100 99 93 95 96 92 

7-8 96 97 92 95 98 100 

8-9 91 94 92 100 96 97 

9-10 83 92 93 93 90 95 

10-11 73 87 87 88 80 90 

11-12 63 81 72 80 70 85 
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2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

28 

29 

47 
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36 
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37 

38 

3
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Fig. A.2: Single line diagram of 69-bus radial distribution network 
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A.4 Simulation data for time varying PV generation 

 The simulation data for time varying PV generation are taken from [160]. The PV 

generation data of three different months of a year are considered to have the seasonal 

variation in PV generation. The hourly average PV generation data in terms of peak PV 

generation are shown in Table A.6. 

 

Table A.6: Hourly average PV generation in percentage of peak PV generation 

Hour Hourly average PV generation in percentage of 

peak PV generation (%) 

Winter season Summer season Spring season 

12-1 am 0 0 0 

1-2 0 0 0 

2-3 0 0 0 

3-4 0 0 0 

4-5 0 0 0 

5-6 0 0.696864 0 

6-7 1.0453 10.80139 6.2718 

7-8 11.8467 31.70732 25.4355 

8-9 31.7073 55.74913 50.1742 

9-10 51.2195 77.35192 72.1254 

10-11 65.8537 92.68293 87.108 

11-noon 72.8223 100 93.0314 

Noon-1pm 72.4739 99.65157 92.3345 

1-2 64.8084 91.2892 85.3659 

2-3 51.9164 77.00348 69.338 

3-4 33.4495 55.74913 49.1289 

4-5 13.2404 30.66202 25.784 

5-6 1.0453 10.10453 6.2718 

6-7 0 0.696864 0 

7-8 0 0 0 

8-9 0 0 0 

9-10 0 0 0 

10-11 0 0 0 

11-12 0 0 0 
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