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Abstract 
 

 

Regarding of high density deployment of PV installations in electricity grids, new 

technical challenges such as voltage rise, thermal loading of network components, 

voltage unbalance, harmonic interaction and fault current contributions are being added 

to tasks list of distribution system operators (DSOs) in order to maintain at least the 

same power quality as before PVs were not revealed. Potential problems caused by 

high amount of PV installations can be avoided with technical study of both power 

system and power electronics areas that also benefit for new grid connection 

requirements. Any network management scheme or weakly-prepared grid connection 

requirements without paying attention to PV integration problems can bring potential 

risk of unintentional disconnections of these generating plants that likely increase 

payback time and extra energy losses of these renewable energy sources. On the other 

hand, unnecessarily strict grid connection requirements may cause less utilization of 

solar potential and may lead to additional cost on PV plants. 

 

PV based generating plants are basically interfaced to electricity grid via power 

inverters. Hardware and control design requirements of these inverters may depend on 

grid connection rules which are forced by DSOs. Minimum requirement expected from 

PV inverters is to transfer maximum power by taking direct current (DC) form from PV 

modules and release it into AC grid and also continuously keep the inverters 

synchronized to the grid even under distorted conditions. Chapter 2, therefore; 

overviews the latest ancillary services such as real power reduction during over 

frequency/over voltage events and reactive power control for static grid voltage support 

function of PV inverters.  In case of high density of PV integration, grid connection 
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rules which do not consider interaction among multiple PV inverters with the grid may 

allow unlimited number of PV plant connections and lead to unstable network 

operation. Harmonic emissions from multiple inverters connected to the same feeder 

and resulting in a network resonance can be a good example for this problem but PV 

inverters connected to highly capacitive networks are able to employ extra current and 

voltage harmonics compensation to avoid triggering network resonances at low order 

frequencies. The barriers such as harmonics interaction, flicker, fault current 

contribution and dc current injections from inverters can be figured out as long as the 

maximum PV hosting capacity of networks fully exploits available solar potential of 

geographical region. Therefore, grid voltage rise and thermal limits of network 

components will be considered as the most prevalent barriers in the thesis.     

   

One of the focuses in this thesis is to develop a simulation tool and methodology for the 

estimation of maximum PV hosting capacity of LV distribution networks based on grid 

voltage rise and transformer hot-spot temperature limitations (Chapter 3 and 4). 

Rooftop PV installations in power capacity below 6 kWp have widespread usage in 

residential areas and are usually single-phase connected to 230/400-V grid. Since 

realistic assessment of PV integration should include both single- and three-phase PV 

connections, a three-phase load flow script which is able to allow more precise 

estimation of PV hosting capacity in unbalanced cases has been developed in Chapter 3 

for future studies. Modeling of power system components has been revised in three-

phase coordinates. The developed script has been validated with comparison results 

obtained from IEEE distribution test networks and from commercial software within 

the tolerable errors. 

 

Current status on planning and operation of distribution networks has been also briefly 

summarized from PV integration perspective in Chapter 4. The possible network 

problems arisen from high penetration of PV plants or in other words, network 

limitation factors against increasing PV penetration to further levels can differ 

depending on network structures. For example, voltage rise will likely be essential 

limiting factor in the networks which have long-distant feeders. Unfortunately, there is 
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Chapter 1  

Introduction 
 

This chapter presents the background and the motivation of the thesis, followed by the 

aims of the project, continuing with a list of the main contributions and concluding 

with the outline of the thesis.  

 

1.1 Background and Motivation 
20-% target of total energy production from renewables until 2020 and national 

stimulations around Europe make renewable sources more attractive. Although 

electricity cost generated from photovoltaics (PV) is still high at the moment, recent 

results from European Photovoltaic Industry Association (EPIA) shows that PV is 

highly accelerated and coming into picture with more amounts as compared to the other 

renewable sources (Fig. 1.1) [1.1]. For example, PV installation booming has been 

clearly observed in Denmark from 2010 to 2011 by means of introducing net-metering 

tariff for private residential and institution units. More than 58% of the cumulative 

installed capacity has been realized only in 2011 and grid-connected distributed PV 

applications constitute large amount (90% by the end of 2011) of the cumulative 

installed PV capacity [1.2]. Thus it is expected that electricity generation prices will 

become well-balanced between wind and PV technologies in near future around 

Europe. 

 

This increasing amount of solar photovoltaic (PV) installations into electrical power 

systems can create potential risk of unintentional trips of these sources which likely 
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generation and minimum network reinforcement at the same time is becoming a 

challenging task. Voltage rise, thermal limits of components, voltage unbalance, 

network losses, harmonic emissions, network resonance and dc injections are the 

possible problems which need detail attention when high number of PV generators is 

integrated into the network. 

 

Grid voltage limitation and thermal overloading of network components 

(transformers, cables etc.) are considered as the most prevalent barriers for high 

penetration of PV systems in distribution networks. Voltage limit usually becomes 

more critical than the thermal overloading of network equipments in rural and farm 

distribution networks since thermal limits of transformers and cables are usually high 

enough not to create overloading condition but long radial feeders can elevate the 

equivalent impedance seen by the PV systems. The question of how much voltage rise 

is allowed with DG connections is clearly defined in EN 50160 [1.3] based grid codes 

as ±10% band in most European countries. On the other hand, some inverter control 

measures [1.4] such as reactive power absorption from the grid when local voltage is 

being increased can cause equipment overloading in the network. Therefore, parameter 

settings of local voltage support strategies become a challenging task for reducing 

network losses, reactive energy consumption and thermal loading of network 

equipment. 

 

Residential PV systems less than 5 kW ranges are mostly connected to the grid through 

single-phase inverters. In this case unbalanced power flow arises in the network if PV 

systems are connected unevenly to the grid among three phase lines. In addition to grid 

voltage rise and transformer thermal limits, voltage unbalance problem may become 

another notable limitation on the amount of PV connection. So, realistic three-phase 

network models are required to assess these problems with minimum level of 

assumptions. 
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1.2.2 Objective 
The goal of this project is to analyse, model and develop new local voltage support 

strategies of PV inverters for increasing PV hosting capacity of low voltage (LV) 

distribution networks. A new simulation tool that accounts of unbalances has been 

developed for future uses. Two new grid voltage support strategies based on reactive 

power supply are proposed, investigated and verified by extensive load flow 

simulations and implementation. 

 

1.2.3 Limitations  
In reality, irradiance is the primary energy source for PV systems. Electrical power 

generated by PV modules can additionally vary depending on ambient/module 

temperature and DC voltage across the modules. Among these, irradiance and ambient 

temperature are environmental factors that are not controllable and only DC voltage is 

regulated in such a way that maximum DC power is extracted from the modules by 

means of maximum power point trackers (MPPT). Then, DC-AC voltage source 

inverters are employed to interface DC power to the distribution network. After all, 

certain level of power will be lost through MPPT, converters, wiring, etc. During this 

study, for the sake of simplicity, rated power of PV systems are directly specified as 

kW and kVAr referenced to the grid side and are modelled as constant P-Q sources. In 

future study, irradiance level on the module surface and ambient temperature can be 

specified as input data, and average models of converters can be exploited with realistic 

conversion efficiency curves. Distributed PV inverters which are less than 10-kW 

ratings are taken into consideration in the project. Inverters implemented in the 

laboratory setup are limited to maximum 1.5-kW real power operation.   

 

Regarding of steady-state voltage and transformer loading analysis, only fundamental 

frequency (50 Hz) voltages and currents are considered here. 

 

As the most prevalent used structure, distribution networks are operated in radial 

configuration although some particular implementations may utilize meshed structure. 
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Chapter 2  

Overview of Grid Static Voltage Support Strategies 

with PV Inverters 
 

This chapter highlights how PV inverters could be actually a controllable element in 

distribution network by supporting the grid voltage profile; eventually maximizing their 

penetration level without violating power quality limits. Firstly, some important 

distributed PV-grid interaction issues reported in the literature are briefly presented. 

Then, recent grid standards related to connection of distributed generators into the low 

voltage (LV) distribution networks are mentioned to realize network limitations, 

followed by the discussions about the voltage support methods proposed so far to 

increase PV hosting capacity of LV networks. In conclusion, advantages and 

disadvantages of reactive power methods are summarized. 

 

2.1 Background 
The primary function of a PV inverter is to inject current synchronized with the grid 

where its magnitude depends on available PV power on the dc side and its angle with 

referenced to the grid voltage is adjusted in such a way that unity power factor is 

achieved unless reactive power service is requested by local network operator. Besides 

real power injection, secondary functions such as static reactive power service [2.1]-

[2.10], low voltage fault ride-through (LVRT) [2.11], real power curtailment, voltage 

unbalance correction [2.12] can be added as ancillary services for providing reliable 

operation of distribution networks. 
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Some arising interaction problems between distributed generators (PV systems in this 

thesis) and LV networks can be grouped as: Voltage rise, harmonics, unintentional 

islanding, voltage dips and unbalance, DC injections and grid impedance variation. 

 

2.1.1 Voltage rise  
One of the notable impacts of high number of distributed PV inverters along LV 

network is the voltage rise. Fig. 2.1 demonstrates a typical radial feeder voltage profile 

under peak power consumption-no generation and light power consumption-maximum 

generation cases. The maximum voltage drop under peak consumption is an essential 

technical requirement of distribution network planning procedure so that tap settings of 

transformers and cross section of cables can be determined based on this requirement 

including economic considerations as well. However, when total power generation 

exceeds total consumption of the local feeder, then net power is exported to MV 

network. Depending on the amount of power flowing along the feeder, the cross-

section of cables and feeder length, this reverse power flow will result in certain level 

of voltage boost. The highest voltage rise appears at the furthest end of the feeder due 

to more impedance seen by this node. Therefore, network operator should reserve an 

extra voltage margin for distributed PV systems in network planning stage by limiting 

PV connection capacity from the beginning.  

 

2.1.2 Harmonics  
One of the most concerns by network operators is the harmonic effect on public grid. 

The main question arises here as: Even individual PV inverters comply with standards; 

does the same thing happen with large number of PVs on the grid? On the other hand, 

which order harmonics induced by grid-interfaced inverters are the most critical? 

Considering network impedance and inverter output filters, the effect of high-order 

current harmonics are assumed to be damped sufficiently. However, it will be required 

to utilize big filters to suppress low-order harmonics from inverters therefore current 

controller based solutions must be developed for the low-order harmonics. 
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Fig. 2.1. Typical LV feeder voltage profile with various power consumption and 

generation amounts 

 

Small distributed PV inverters might trigger a parallel resonance due to interaction 

between equivalent line inductance, capacitance of line and residential units, and 

injected harmonic currents by PV inverters. Especially, instead of using bigger 

inductors in the output filters, using larger capacitors are preferred by inverter 

manufacturers. Thus, equivalent resonance frequency of public LV network can 

decrease down to the fifth harmonic depending on the number of residential units, 

inverter output filter capacitances with high number of inverters, and line impedance 

[2.14]. 

 

Furthermore, normal operation of PV inverters might be also affected by background 

voltage distortions existing in the network if grid synchronization and current 

controllers are sensitive to the grid voltage. To improve the stability of PI current 

controllers especially during transients, grid voltage feed forward is typically included 
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PV inverters can be tailored as parallel active filter for the attenuation of background 

voltage distortions. For example, in [2.16], an adjustable voltage harmonic 

compensator which can be integrated into distributed PV inverters has been proposed. 

A strategy of harmonic compensation in islanded operation has been also developed to 

share harmonic compensation loading between multiple inverters by using droop 

characteristic [2.17]. 

 

On the other hand, as an example, the effect of low solar irradiation level on injected 

current emissions is investigated in [2.18] with 14-kWp PV site measurements from 

Cyprus. Voltage and current THDs were monitored over a period of two weeks. As 

depicted in Fig. 2.3, total current THD is sensitive to irradiation changes whereas the 

total output voltage THD does not depend on irradiation level strongly. 

 

 

 

 
Fig. 2.3. Voltage (top) and current (bottom) THD vs. solar irradiance. This test result 

is published in [2.16]. 
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2.1.3 Network islanding  
Islanding is another interaction problem which should be taken into consideration when 

the penetration of PV inverters reach to critical levels compared to the peak demand 

capacity. Keeping in mind that most of the grid-connected inverters employ only inner 

current and outer dc voltage controllers based on the measured local grid voltage. In the 

absence of grid, voltage magnitude and its frequency will be determined by real and 

reactive power balance of total demand and generation in the isolated region.  If a part 

of distribution network is disconnected due to maintenance purpose, short circuit faults 

or equipment failure, then inverters located in the isolated region shall cease current 

injection to avoid potential risks for line workers and damaging other electronic 

equipment. For this reason, islanding condition should be detected fast and accurately 

[2.19]-[2.20]. 

 

Islanding detection methods are mainly implemented in two ways assuming that a 

supervisory system with communication infrastructure does not exist in the network: 

Passive and active methods. While only local measurements are utilized to determine 

grid condition for passive methods, current or power injections by disturbing grid 

locally without loss of power quality are required for the active methods. In [2.21], 

passive methods are presented as over/under voltage (OUV), over/under frequency 

(OUF), voltage harmonics and phase monitoring based methods. Current harmonics 

injection, real/reactive power variation, capacitor connection, Sandia voltage shift 

(SVS), slip-mode frequency shift (SMS) methods are listed as active methods and their 

operation is basically based on perturbation of the local grid and measurement of the 

resulting grid voltage [2.22]. In case of multiple inverters located closer to each other, 

these grid perturbations due to islanding detection methods may cause unwanted 

inverter trips unless perturbation instances from multiple inverters are not 

synchronized. 

 

2.1.4 Voltage dips  
Voltage dip can be defined as drop of root-mean-square (RMS) of grid voltage in the 

range of 1-90 % of the nominal value within duration of half cycle to several seconds 
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Fig. 2.4. Fast disconnection problem (first row), current controller problem (second 

row), slowness of MPPT (third row), good example of fast MPPT (fourth 

row), good example of ride-through (bottom). Test results are published by 

[2.26]. 

 

2.1.5 DC injections  
DC current circulating in the network might saturate grid-interfaced magnetic 

components; generate pulsating torques, vibration and additional heating on electrical 

machines. Further on, half-cycle saturation causes reactive power loss in distribution 

transformers due to orthogonality of half-cycle current and voltage vectors [2.27]. 

Cyclo-converters and transformerless inverters are the potential reasons of dc current 

injection into LV network [2.28]-[2.29]. A dc detection device with disconnection 

feature for transformerless inverters is required in Germany, UK, Japan, Australia and 













Chapter 2 Overview of Static Grid Voltage Support Strategies with PV Inverters 
 

 

23 
 

2.3 State-of-the-Art Strategies for Increasing PV Hosting 

Capacity of Distribution Networks 
In this subsection, regarding of the voltage rise issue, some proved solutions from the 

literature to enable more generator connections are given briefly. The proved solutions 

mentioned here are not limited to only local autonomous operation of the generators in 

LV networks, but also the solutions requiring communication infrastructure have been 

considered.  So, available grid voltage support strategies can be summarized as 

following: 

1) Controlling real and reactive power supply of the generators, 

2) Active transformer management, 

3) Increasing cable cross-sections, 

4) Energy storage, 

5) Interconnecting distribution feeders (end nodes of feeders are connected), 

6) Demand side management (DMS) 

 

Real-reactive power control of the generators, active transformer management, energy 

storage system and DMS usually require a supervisory controller for optimal operation 

of the distribution networks whereas increasing cable cross-sections and 

interconnecting feeders are basically passive solution methods. 

 

Load density, available network structure, technical and economical limitations will 

determine the most optimal solution. In [2.38], five different voltage support strategies 

except for real and reactive power control of the generators as listed above have been 

investigated. For instance, as comparing solution 3 and solution 4 with simulation of a 

test distribution network, the cost of battery has resulted 36 times higher than the cost 

of cable doubling to reduce grid voltage level in the same amount [2.38]. However, 

revenue of the battery energy storage system can be increased further by combining it 

with demand side management system. Also, the location of storage system can affect 

the voltage support performance. The best result is achieved with the storage system 

connected to the end of feeder. As emphasized in [2.38], applying multiple voltage 

support solutions simultaneously could enhance the generator connection capacity 
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more. For instance, active transformer management and cable doubling together would 

increase the generator capacity without grid voltage violation equivalent to 5 times of 

the peak load. When each solution is utilized alone, then the maximum allowable 

generator connection capacity becomes 2 times of the peak load [2.38]. On the other 

hand, combination of the strategies does not always give the optimum result. It was 

investigated in the paper that the storage system and feeder interconnection strategies 

would result in a generator capacity with 2.7 times of the peak load. 

 

In [2.39], the authors have employed three alternative voltage control solutions (real 

power curtailment, reactive power control and coordinated voltage control by using on-

load tap changers-OLTC) on a 11-kV generic rural MV network model for increasing 

wind farm penetration level. An optimal power flow (OPF) has been developed with 

the following objective function [2.39]: 

 

1

min
n

curt
t Gi

i

C P                                                                                                (2.2) 

 

where n is the total number of generators in the MV network, i is the node number, 
curt

GiP  denotes the real power curtailment needed at ith node, and Ct is the price of 

generation curtailment. In addition to objective function, network constraints (voltage 

and thermal limits, tap limits, reactive power limits) are also introduced to OPF. Then a 

wind farm is connected to a weak bus in the network with short-circuit power of 12 

MVA. Annual generator revenue was a performance measure of active network control 

[2.39]. OLTC based coordinated voltage control has the highest revenue as penetration 

level increases (see Fig. 2.9) [2.39]. The least revenue was obtained at generation 

curtailment control. On the other hand, OLTC based coordinated voltage control would 

require communication infrastructure where this additional costs would decrease the 

revenue as well [2.39]. In the end, wind farm installation capacity has been increased 

10 times by including OLTC control into active network management compared to lack 

of any solution. 
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Fig. 2.9. Annual revenue comparison of a wind farm under different voltage control 

strategies. This simulation result published in [2.39]. 

 

If automation and communication platforms in distribution networks are not adequate 

to deliver and receive set commands/measurements to/from the generators and remote 

terminal units (RTUs), then local voltage support strategies could be fully utilized to 

enhance the connection capacity of the generators in the network. In [2.40], extensive 

load flow simulations on a particular MV network have been performed to assess 

different settings of local voltage dependent reactive power-Q(V) characteristic of PV 

inverters (shown in Fig. 2.10) on the voltage profile, network losses and total reactive 

energy imported. Dead-band, slope and minimum power factor are the required 

parameters to form a Q(V) characteristic. It was emphasized that dead-band should be 

used to reduce network losses and reactive energy import. Minimum power factor limit 

of 0.9 has been suggested for better voltage profiles. Eventually, the authors have 

proposed the following settings: Vn=1.05 p.u. (rated voltage after OLTC), Vmax=1.09 

p.u., dead-band=2%, minimum power factor=0.9 and the resulting slope=24.2 [2.40]. 

 

A local reactive power control has been proposed by Kerber et al. [2.10] on the basis of 

grid impedance measurement at each node. Location adaptive V-Q characteristic 

includes a dead-band as similar to Fig. 2.10 where the inverter operates at unity power 

factor in order to eliminate unnecessary reactive power flow on the network. Based on 

the value of equivalent impedance seen from the connection point toward the 

transformer, dead-band is adjusted in such a way that more reactive power would be  
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Chapter 3  

A New Three-Phase Unbalanced Load Flow Tool 

for Distribution Networks 
 

 

This chapter presents an unbalanced three-phase load flow program that is mainly 

developed for investigation of steady-state voltage variations, thermal limits of network 

components and resulted power losses in distribution networks. A breadth-first search 

algorithm based ordering scheme is described and used with backward-forward sweep 

load flow solution. Next, modelling of some power system components (lines/cables, 

transformers, voltage regulators, shunt capacitors and loads) are briefly given in three-

phase representation. Finally, load flow solver developed in Matlab® is validated on 

IEEE 4-bus and 13-bus test networks. As an ancillary service provided by state of the 

art PV inverters, thus, different reactive power control strategies can be implemented 

by means of this tool. 

 

3.1 Background 
Power balance between generation-consumption and power quality are two essential 

targets on the overall electrical power system to be continuously maintained within the 

most economical way of delivery. Assuming that power balance, accordingly frequency 

control is provided by central generators under varying power demand conditions, 

network components will be exposed to certain amount of current and voltage stresses 

and will generate losses in the network. Load flow study here plays an important role as 

a tool to assess these stresses and network losses in the steady-state domain. Therefore, 
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The first version of load flow solvers were mostly based on Gauss-Seidel (GS) iterative 

methods that are resulting in poor convergence and high sensitivity to ill-conditioned 

situations for large-scale networks. In order to overcome these problems, network 

impedance matrix (Zbus) based Gauss iterative method was proposed by H.E. Brown 

et.al. [3.1] in 1963. A similar approach (Gauss implicit Zbus) but requiring less matrix 

formation subroutine was presented in [3.2] for finding solution of three-phase 

unbalanced distribution networks. Achieving less amount of computation time and 

preserving three-phase unbalanced situations were presented in [3.3] by means of 

phase-decoupled Gauss approach with implicit factorization of Ybus matrix. Recently, an 

open source power system modelling and simulation environment, GridLAB-D, has 

been developed by U.S. Department of Energy in order to model smart grid 

applications in wide spectrum [3.4]. The simulation program currently uses GS method 

for the operation of transmission networks, and BFS method for the distribution 

networks that works separately. Three-phase current injection based GS method is 

being developed as reported in 2009 [3.4] so that a unique solver both for transmission 

and distribution networks will be implemented. The primary reason of choosing GS 

method is that the simulation environment can be performed on multiple processors as 

long as phase-decoupled Gauss approach is implemented. Another important reason is 

that GS method can start from poor initial guess voltages without loss of convergence 

although number of iteration increases to find the solution. 

 

Application of NR iterative technique on the load flow studies firstly appeared in late 

1950s [3.5]. However, at that period, GS based load flow solution methods were more 

common network planning tool until that optimally ordered and sparsity-oriented NR 

iterative programming techniques were developed to help improving memory space 

and ill-conditioned problems [3.6-3.7]. Today, NR based load flow method including 

its fast-decoupled and current injection variants [3.8-3.12] is widely employed in 

transmission networks for contingency and optimization analyses. Although NR based 

methods provide superior performance over the other methods in the sense of number 

of iterations, it may take longer time due to forming a Jacobian matrix and computing 

inverse Jacobian at each iteration. Regarding the distribution networks, first of all, large 
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capacitor currents from end buses toward the source bus. Similarly, by following 

backward sweep step and starting from the specified source voltage level, forward 

sweep computes the voltage drop and updates branch currents/power flows along the 

feeder with its associated laterals. Backward and forward sweeps repeat in sequence 

until the bus voltages fulfil a certain convergence criteria. Several possibilities of 

current/power flows and voltage updates during backward-forward steps diversify the 

main concept of BFS algorithm in four different classes as presented in [3.21]: 

1. Bus voltages as well as branch currents (VI-VI-BFS) or alternatively, bus 

voltages and branch power flows (VS-VS-BFS) are updated during both 

backward and forward steps,  

2. Only bus voltages are updated during forward sweep. Backward sweep 

updates both bus voltages and branch currents/power flows (V-VI-BFS or 

V-VS-BFS), 

3. Bus voltages as well as branch currents/power flows are updated during 

forward sweep, on the other hand only branch currents/power flows are 

updated during backward sweep (VI-I-BFS or VS-S-BFS), 

4. In this class of BFS algorithm, bus voltages during forward sweep and 

branch currents/power flows during backward sweep are updated (V-I-BFS 

or V-S-BFS). 

 

V-I-BFS algorithm will be considered for the rest of the dissertation due to having less 

computational burden compared to the other classes of BFS algorithm [3.21]. 

 

Regardless of what class of the algorithm is used, it should be noticed that BFS 

procedure shall follow the branch current and bus voltage updates along the branches in 

a proper sequence although the sequence of branches are not directly and properly 

provided by the user. Before adopted bus/branch numbering technique is presented in 

more details under the next sub-chapter 3.3, first of all, information which is required 

to form network bus-branch connection structure (Fig. 3.1) should be known. 

Therefore, solution of V-I-BFS algorithm on a simple two-bus system as shown in Fig. 

3.2 will be summarized next. 
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Components. Only series impedance of lines or cables will be taken into account 

because the effect of line charging capacitors on voltage variation is negligible for 

short-distance distribution networks. 

 

3.3 Data Preparation and Bus Numbering Technique 
Backward-forward sweep algorithm as shown above converges to a unique and 

accurate solution as long as bus-branch connection structure for the whole network is 

provided. An m-bus distribution network is built by means of (m-1) branch sections. 

Each branch located between two buses (that is, from bus and to bus) is the only input 

data to the load flow solver. Based on [3.21] and considering V-I-BFS algorithm, 

assignment of five data types to every bus will be sufficient to form a bus-branch 

connection structure by traversing adjacency list of (m-1) branches. Table 3.1 presents 

the adopted bus data structure. 

 

Table. 3.1. Bus data structure as proposed in [3.8] for the bus-branch connectivity of 

entire network 

Bus data types Description 
bus(i).parent parent bus of the ith bus 
bus(i).inbranch incoming branch of the ith bus  
bus(i).nsubs number of child bus(es) of the ith bus 
bus(i).next the child bus located on the same lateral of the ith bus 
bus(i).subbus the child bus located on the sub-lateral of the ith bus  

 

It is usual that the number of child buses may be more than two for distribution 

networks. Only one of them is chosen as the next bus to keep the backward or forward 

sweep running on the same lateral and the remaining child buses will be chosen as sub-

bus which is located on the sub-lateral of their parent bus. Since selection of the next 

bus influences the resulting bus numbering as presented later in this section, a question 

comes into picture: How a lateral is identified as sub-lateral, in other words, among 

which child bus is considered on the same lateral with its parent? As proposed in [3.21] 

and by adding a new third criterion, the selection of the next bus among several child 

buses should be based on the following typical criteria for distribution networks: 
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search method employs a FIFO (first-in, first-out) queue Q that contains only the nodes 

with state 2. When a node is discovered the first time, its state is updated to 2 and the 

node is inserted into the first-in, first-out queue Q. Meanwhile, the first node of Q is 

popped out; its child nodes are explored, state number 2 is assigned to the 

corresponding child nodes, these new child nodes are inserted into Q, and state 3 is 

assigned to the popped out node. This progress continues until reaching to an empty Q 

or having all nodes in state 3. Pseudo code of breadth-first search algorithm including 

bus data classes is presented at the next page. 

 

An example progress of breadth-first search algorithm on a given 14-node looped graph 

is illustrated in Fig. 3.3. Node 1 is chosen as the root node, and it should be noticed that 

only nodes between 1 and 12 are reachable by the root node. By applying breadth-first 

search algorithm, a possible tree structure (G1) from the given graph G is resulted as 

shown in Fig. 3.4. Generally, the output tree structure is not unique and may vary 

depending on the order of given adjacency list of the graph G. From Fig. 3.4, 

 

1 2 1,  G G G G  and 2G G  

where G1=BreadthFirst(G,s) and G2={13,14}. 

 

The property given above brings another advantage of the search algorithm before load 

flow calculation is initiated. It enables running load flow on multiple distribution 

feeders or microgrids which have individual isolated source nodes at the same time. 

Furthermore, breakpoints are inherently created on the looped graph and there will be 

no need of manually specifying breakpoints for solving weakly meshed networks. 

 

Running time of breadth-first search algorithm is a critical property and can be 

determined in worst-case by knowing the number of nodes (N) and branches (B) in a 

graph. At initialization stage (line 1-3 in pseudo-code), all nodes are called and set to 

untouched state so that the time devoted to this stage will be O(N). Besides on 

initialization duration, each node is enqueued and dequeued at most once during the 

entire search process. If single enqueuing and dequeuing operation takes O(1) time, 
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Fig. 3.3. Progress of the breadth-first search algorithm on a 14-node graph  

 

Now, bus numbering technique can be integrated into the breadth-first search 

algorithm. In [3.21], a three-index scheme that assigns lateral level (l), lateral index 

(m), bus index (n) to each bus is systematically introduced in (l,m,n) order and the same 

scheme is also used in this dissertation. The main idea behind the bus numbering 

technique is that buses located on the same lateral will be identified with the same 

lateral level l, buses on the next coming sub-laterals will have level of l+1 and so on. If 

multiple sub-laterals within the same level exist in the network (typical condition in 

distribution networks), then buses on the same level of sub-laterals can be uniquely 

identified by lateral index m. Lastly, the third index of n refers to nth bus on the lateral 

(l,m). Number of lateral levels, number of laterals on the level l and number of buses on 
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lateral (l,m) are kept recorded in three counters L, M(l) and N(l,m), respectively during 

the breadth-first search progress. Resulting bus numbering technique on the modified 

tree structure as derived previously is exemplified in Fig 3.5. Two MV/LV 

transformers, one voltage regulator and single-phase branches are added to the 

available tree structure given in Fig. 3.4 to reflect a MV main feeder and its associated 

LV distribution networks in a simple graph. 
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Fig. 3.4. Resulting tree structure after breadth-first search method  
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Fig. 3.5. An example of bus numbering on the modified tree structure  

 

Ordered list of buses or laterals can be easily built to process backward and forward 

sweep systematically once their ordered triple indexes are established. All individual 

ordered triples are inserted into an empty matrix row-by-row and the rows of resulting 
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Fig. 3.6. Typical 3-phase 4-wire overhead line segment (top), and its generalized 

circuit representation (bottom).  
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                                                                                                         (3.9) 

Neutral branch current is then found by summation of the earth leakage current Ig and 

the residual current Ires. 

 

( ) ( ) ( )n g resJ i I i I i                                                                                            (3.10) 

But this method of neutral current computation in (3.9) and (3.10) tends to cause 

convergence problem with the load flow algorithm due to not having strong constraints. 

Therefore, an improved neutral current determination as adopted in [3.35] will be used 
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Fig. 3.8. Typical overhead and underground layouts of distribution line/cables mostly 

used in Europe  

 

Table. 3.2. Typical layouts generated for MV and LV distribution networks 

associated with Fig. 3.8 

Layout ID Type 
1 4-wire pole for LV overhead lines 
2 4-wire pole for MV overhead lines 
3 4-wire LV underground 
4 3-wire MV underground as trefoil laid 
5 3-wire MV underground as laid direct 
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Fig. 3.9. Some pole layouts used for overhead lines and underground cables in IEEE 

distribution test feeders [3.32]  
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Fig. 3.10. Example of double-circuit pole layouts for overhead lines (left) and 

underground concentrated neutral cables (right) based on [3.28], [3.31]  

 

It is a common practise that multiple outgoing feeders from the transformer may be 

carried on the same pole with a shared neutral for a certain distance (Fig. 3.10). In this 

case, mutual couplings among multiple circuits have to be considered and the series 
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impedance of double- or multi-circuits can be determined in the same way with higher 

number of conductors this time. 

 

3.4.2 Generalized load model 
Compared to transmission networks, various balanced and unbalanced load types exist 

in distribution networks according to number of load phases (single- or three-phase) 

and connection types (delta or star). Moreover, in the sense of electricity consumption 

characteristics, constant power, constant current, constant admittance or any 

combination must be performed for the realistic load models. If a measured load profile 

is available at certain time intervals, then the class of constant power can be preferred 

load type by assigning the measured real and reactive power as scheduled power. For 

some cases, only load density along a line is specified in terms of kVA/km and usually 

assumed to be uniformly distributed for the simplicity. In accordance with this, loads 

can be further classified into spot and uniformly distributed loads, however in this 

chapter, only spot loads will be considered and uniformly distributed loads will be 

approximated by the spot loads. Fig 3.11 illustrates wye- and delta-connected spot 

loads while Table 3.3 summarizes model equations where Ik, Vk represent load phase 

currents and voltages at kth iteration, respectively. 
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Fig. 3.11. Wye (left) and delta-connected (right) spot loads 
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Table. 3.3. Spot load model equations 

  Constant Complex Power Constant Current Constant Admittance 
(impedance) 

Grounded 
wye-

connected 
load 
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1 1
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, 1 1
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1 1
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, 1 1

,

,
1 1

L ab
k k

a bk
L a

L bck
L b k k
k b c
L c

L ca
k k

c a

S
V V

I
S

I T
V VI

S
V V

  , ,

, ,

, ,

k nom
L a L ab
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From the specified rated power (SL) and rated voltage levels (Vrated) of loads, the 

nominal current (Inom) and nominal admittance (ynom) values per phase are determined 

as: 

 

    (3.18) 

Matrix T used in Table 3.3 maps the phase currents into line currents which are 

eventually necessary to compute branch currents. By applying KCL in Fig. 3.11 for 

delta connection in such a way that three current equations are exploited (e.g., IL,a=IL,ab 

- IL,ca), the transformation matrix is then obtained as: 

 

1 0 1
1 1 0

0 1 1
T                                                                                                      (3.19) 
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Without loss of generality, generator models considered here will be equivalent to 

negative constant power loads. Since most of the generators connected to MV and LV 

distribution networks operate in constant power mode, development of PV-type 

generators which regulate their terminal voltage will be studied in future for the load 

flow analysis. 

 

3.4.3 Shunt capacitor model 
Shunt capacitors are located on the distribution networks in order to help regulating 

voltage levels and compensate reactive power demand. From the modelling point of 

view, their implementation in load flow simulation is similar to the constant admittance 

load model. Thus, for the given rated reactive power and rated voltage, current 

injections can be calculated as: 

 
2

,
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2

, ,
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,
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 in siemens and current 

injections of star- and delta-connected shunt capacitor banks become, in respectively: 
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3.4.4 Three-phase two-winding transformer model 
Regarding of European distribution networks, 20-kV or 10-kV MV distribution 

networks are commonly engaged to 60-kV or 110-kV sub-transmission networks 

through the substations that usually contain delta-delta (D-D) connection type of 

transformers with on-load tap changers. On the other hand, 400-V 3-phase 4-wire 

secondary distribution feeders branch off MV feeders along delta - grounded wye (D-

Yg) transformers with off-load tap changers. 
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Fig. 3.12. D-Yg1 transformer bank connection and its positive-sequence current phasor 

diagram based on [3.31]  

 

where subscripts in big letters denote primary side phase quantities and subscripts in 

small letters represent the quantities in secondary circuit.  yns refers neutral grounding 

admittance. Accordingly, the connection matrix C and D are: 

 
































































































































































































