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ΠΕΡΙΛΗΨΗ 
 
 
Τα τελευταία χρόνια, η αυξανόμενη ανησυχία για τις κλιματικές αλλαγές και η φιλελευθεροποίηση 

της αγοράς ενέργειας έχουν δημιουργήσει τις κατάλληλες προϋποθέσεις για προώθηση των 

ανανεώσιμων πηγών ενέργειας. Ειδικότερα σε περιοχές με υψηλή ηλιακή ακτινοβολία, η διείσδυση 

φωτοβολταϊκών (ΦΒ) συστημάτων αναμένεται να είναι αρκετά μεγάλη στο εγγύς μέλλον, καθώς η 

τεχνολογία γίνεται όλο και πιο ανταγωνιστική. Η υψηλή διείσδυση φωτοβολταϊκών συστημάτων θα 

έχει σίγουρα σοβαρές συνέπειες για τη λειτουργία του δικτύου ηλεκτρικής ενέργειας και νέες 

προκλήσεις ενδέχεται να προκύψουν καθώς τα επίπεδα διείσδυσης αυξάνονται. Η ερευνητική αυτή 

εργασία αποτελεί αποτέλεσμα της ανάγκης για μελέτη της αυξανόμενης διείσδυσης των 

φωτοβολταϊκών συστημάτων με πρώτιστο στόχο την ανεύρεση των πιθανών προβλημάτων που 

ενδέχεται να παρουσιαστούν με την ανεξέλεγκτη διασύνδεση τους στο δίκτυο διανομής ηλεκτρικής 

ενέργειας. Συγκεκριμένα, η ερευνητική αυτή εργασία επικεντρώνεται στην ακριβή μοντελλοποίηση 

των ΦΒ συστημάτων προκειμένου να γινεί εφικτή η μελέτη της συμπεριφοράς του δικτύου διανομής 

υπό συνθήκες μεταβλητών συγκεντρώσεων ΦΒ συστημάτων. Αρχικά, δύο νέα μοντέλα ΦΒ 

συστημάτων έχουν δημιουργηθεί για μελέτες σταθερή κατάστασης. Τα μοντέλα αυτά (με 

επονομασία απλό και προηγμένο ΦΒ μοντέλο αντίστοιχα) έχουν χρησιμοποιηθεί για τη μελέτη της 

τάσης και των αρμονικών του δικτύων διανομής υπό συμμετρικές συνθήκες. Στην συνέχεια, ένα 

λεπτομερές μοντέλο ΦΒ συστήματος ρυθμίζεται και επαληθεύεται χρησιμοποιώντας  μετρήσεις και 

ακολούθως αξιοποιείται σε μελέτες τάση, αρμονικών, ρύθμισης τάσης και σφαλμάτων. Επιπλέον, 

ένα γενικευμένο μοντέλο ΦΒ συστήματος έχει αναπτυχθεί για μελέτες στιγμιαίας απόκρισης και έχει 

την δυνατότητα να προσομοιώνει με ακρίβεια την δυναμική συμπεριφορά ενός φωτοβολταϊκού 

συστήματος σε συμμετρικές και ασύμμετρες συνθήκες τάσης. Το προτεινόμενο μοντέλο στιγμιαίας 

απόκρισης μπορεί να ρυθμιστεί με την βοήθεια μεθόδου καθορισμού παραμέτρων για να 

προσομοιώνει με επαρκή ακρίβεια την στιγμιαία απόκριση μετατροπέων με διαφορετική 

παραμετροποίηση. Επίσης, μπορεί να χρησιμοποιηθεί σε μελέτες, αρμονικών. Η ορθότητα της 

δυναμικής συμπεριφοράς του μοντέλο έχει επαληθευτεί με τη χρήση δεδομένων προσομοίωσης από 

το λεπτομερές μοντέλο ΦΒ συστήματος. Η σύγκριση μεταξύ του προτεινόμενου μοντέλου 

στιγμιαίας απόκρισης και του λεπτομερές μοντέλου ΦΒ συστήματος διεκπεραιώνεται υπό τις ίδιες 

διακυμάνσεις τάσης και υπό τις ίδιες μεταβολές ενεργού/άεργου ισχύος. 

Η ανάδειξη τυχόν προβλημάτων ποιότητας ισχύος και η μελέτη της συμπεριφοράς του δικτύου 

διανομής στην παρουσία ΦΒ συστημάτων γίνεται με την βοήθεια ευρέως αναγνωρισμένων δεικτών 

ποιότητας ισχύος λαμβάνοντας υπόψη τα τρέχοντα διεθνή πρότυπα και πρακτικές. Επιπλέον, 

προέκταση της διατριβής αυτής αποτελεί η ακριβής μοντελλοποίηση του δικτύου διανομής, η οποία 

συνεισφέρει στην ορθή μελέτη των προβλημάτων ποιότητας ισχύος και συμβάλλει στην σύνθεση 

ενός ολοκληρωμένου εργαλείου προσομοίωσης για την μελέτη της συμπεριφοράς των ΦΒ 

συστημάτων. 

Ο απώτερος στόχος της παρούσας διατριβής είναι η βελτίωση της δυνατότητας διασύνδεσης  
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υψηλών συγκεντρώσεων φωτοβολταϊκών συστημάτων στο δίκτυο διανομής, προτείνοντας 

ακριβής/απλουστευμένες μεθόδους μοντελλοποίησης για την μελέτη της ποιότητας ισχύος, των 

σφαλμάτων και της ασσυμετρίας φάσεων. Η ανάπτυξη κατάλληλων μοντέλων προσομοίωσης θέτει 

τις βάσεις για την ανεύρεση/κατανόηση των προβλημάτων ποιότητας ισχύος που σχετίζονται με 

την διεσπαρμένη παραγωγή για την περαιτέρω επίλυση τους.
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ABSTRACT  
 
 
In recent years, increasing concerns about climate change and the liberalisation of the energy market 

have provided the necessary impetus for alternative energy sources.  Especially in regions with high 

solar irradiance, high penetration of photovoltaic (PV) systems is expected to arise in the near future 

as the technology becomes more competitive. High penetration of Photovoltaic (PV) systems will 

definitely have serious consequences on the operation of the electricity grid and further challenges 

will arise as penetration levels increase. The motivation of this work is the aforementioned expected 

increased penetration of PV and the potential problems associated with the uncontrolled deployment 

of PV technology. In more detail, the current research work focuses on the accurate modelling of PV 

systems for assessing the power quality behaviour of the distribution grid while varying the PV 

capacity. Initially, two PV system models are developed for steady-state studies. The aforementioned 

models, named simple and advanced PV system models, are used for the study of the voltage and 

harmonic behaviour of distribution grids under balanced conditions. In the next step, a detailed PV 

system model (DPVSM) is tuned and validated using measurements and further utilized in voltage, 

harmonic, voltage regulation and fault studies. Furthermore, a generic PV system model is developed 

for transient studies capable of representing the response of the PV system during balanced and 

unbalanced conditions. The proposed transient PV system model (TPVSM) is tuneable and via a 

parameter estimation method it can adapt to represent the transient response of various inverters 

found on the market. Also, it can be used for harmonic studies as well. The transient response of the 

proposed transient PV system model is validated by using simulation data from the detailed PV 

system model.  The comparison is achieved by imposing both the DPVSM and the TPVSM under 

the same voltage fluctuations and active/reactive power changes.  

The evaluation of power quality problems via the study of the distribution grid in the presence of PV 

systems is done with the help of widely accepted power quality indices and by taking into account 

the latest international standards and practices. Additionally, as an extension of the above work, 

accurate distribution grid modelling is undertaken which contributes in formulating a complete 

simulation tool for studying the behaviour of PV systems and enables the proper study of power 

quality problems. 

The ultimate aim/goal of this PhD work is to improve the potential of installing high quantities of 

PV systems via the proposed accurate/reduced models of PV generation designed for use in power 

quality and fault/unbalanced studies. The development of appropriate models will improve the 

understanding of problems relative to distributed generation and will lead to the development of 

appropriate solutions. 
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Chapter 1 
Introduction 
 

1.1 Motivation 
     During the last years, a significant effort has been devoted to the definition of power 

quality and formulation of appropriate standards to guide utilities in revealing and mitigating 

power quality problems, in view of the upcoming technological advances and environmental 

challenges which started to impose an evolution in the structure and operation of electricity 

grids with both positive and negative consequences [1]–[3].  

     With the liberalization of the energy market, the power quality aspects are becoming a 

critical issue for distribution systems, as power quality can be transformed into a source of 

financial gain or an incentive for new electricity utilization strategies. For example, smart 

inverters and intelligent distribution transformers can be utilized in distribution grids to 

provide ancillary services on voltage regulation aiming in maximizing the allowable active 

power production from RES [4]. Consequently, the introduction of distributed energy 

sources into the electricity grid sets new requirements for utilities and power producers and 

creates a new market force that will inevitably change the structure of current distribution 

grids and move towards a more intelligent management of produced electrical energy. As a 

result, complete and revolutionary restructuring of the electricity network will have to take 

place in order to accommodate increased penetration of renewable energy sources (RES) and 
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distributed generation (DG) which is associated with electricity production from RES [5]–

[10]. 

On the other hand, the daily activities of contemporary customers rely on 

electronic/electrical equipment requiring a reliable/good quality power supply to operate 

correctly and this imposes a burden on utilities to supply good quality electrical energy at all 

times. Although estimating the economic consequences of poor power quality in different 

sectors of daily life is quite difficult, a power quality survey conducted in the USA showed 

that the economic losses range roughly between 119 to 188 billion dollars a year. The main 

causes of the economic losses are supply outages and power quality related problems across 

all business sectors [5], [6]. Power quality costs in Europe are responsible for serious and 

avoidable reduction in industrial performance with an economic impact exceeding 150 

billion Euros annually [7]. Recently, the Electric Power Research Institute (EPRI) has 

developed a detailed vision paper for power quality research for the next years. The target 

of the specific vision paper is not only to define the objectives of power quality research for 

the next 10-20 years and fill in critical gaps, but also to specify the role of power quality in 

enhancing the economic performance of modern electric suppliers and key organizations and 

companies [11].  

      The question arising from the power quality considerations relates to the steps required 

for effective and timely preconditioning of the distribution network to enable all the 

upcoming technological advances. One way to achieve the above is the establishment of 

reference standards for the design of the electrical devices and the proper development of a 

distribution network. This contribution is mainly concerned with one of EPRI’s vision 

directions [11]: The improvement of power quality and reliability with network design in the 

presence of RES and in particular Photovoltaics (PV). Through the procedure adopted in this 

work, general conclusions about the impact of high connection densities of PV systems on 

the power quality response of the network were extracted through computer simulations. In 

particular, results showed that the levels of power quality of buses inside a distribution 

network can decrease by installing PV systems if proper planning is not undertaken. 

Therefore, this work aims to depict the need for appropriate standard and studies for the 

installation of PV systems inside the distribution grid.  

      More specifically, current trends and standards in PV system design were considered in 

order to construct PV system models for steady-state and transient analysis. The proposed 

PV system models are built and verified using experimental/simulation data, and further used 

to investigate the power quality behaviour of different PV penetration scenarios. Also the 

models are used to determine the effect of increased PV capacity on frequency and voltage 
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variations and to assess their response during faults. Modification of the models to 

incorporate reactive compensation algorithms proposed by standards gives the possibility to 

evaluate the distribution grid response during voltage regulation as well. Moreover, an 

accurate and simple distribution grid model is formulated to enhance the voltage regulation 

and power quality studies. In the final stage, an accurate and generic transient PV system 

model for power quality studies is developed. The proposed model is an important task as 

the implementation of an accurate transient PV system model gives the opportunity to 

analyse more aspects of power quality and voltage stability with higher accuracy.   

1.2 Research objectives 
This work aims to achieve the following objectives: 

 Development of a Simple PV system model (SPVSM) - Three phase current source 

configured using measurements.  

 Development of an Advanced PV system model (APVSM) - Three phase power sources 

configured via the help of regression fit equations - The voltage of fundamental frequency 

and voltage harmonics are used as an input to the model.  

 Development of a Detailed PV system model (DPVSM) - Complete PV system model 

which includes DC/DC converter, AC/DC converter, MPPT , filter and Control Circuit - 

Validated and tuned using measurements.  

 Power Quality Measurements in different PV installations – Investigation of power 

quality response of large PV Parks of 100 and 150 kWp, in order to gather data for the 

validation of the new PV models to be developed.  

 Development of an accurate PV system model to represent the transient behaviour of the 

detailed PV system – Validation of the proposed PV system model via simulations. 

 Investigation of power quality behaviour of the electricity grid in the presence of 

different concentrations of PV systems, aiming at the development of guidelines for 

utilities.  

 Reactive power management for assessing the benefits and the compensation level 

required.  

 Investigation of the impact of PV generation on fault studies in electricity grids with 

different PV penetration levels. 

1.3 Research Achievements 
     For the task of configuring the SPVSM, a unique measurement analysis method has been 

formulated with which the optimum number of simulation cases is selected. The 

Mina
s P

ats
ali

de
s



 Chapter: Introduction 

   4 

measurement data were analysed using the k-mean clustering algorithm and it was found 

that solar irradiance had a strong correlation with power quality indices. From the data 

analysis, three solar irradiance cases were extracted in order to render the simulations more 

tractable from a computational point of view.  

     A new PV system model (Advanced PV system model - APVSM) using regression fit 

equations, which is computationally efficient has also been developed. With this model both 

voltage levels and harmonic distortion of a proposed distribution grid is assessed. 

     Furthermore, a Detailed PV system model (DPVSM) is tuned and validated using 

measurements from a 150 kWp PV system and it is then used in the simulation of different 

concentration scenarios. Its response is verified by utilizing measurements obtained before 

and after the installation of the 150 kWp PV system. Moreover, the DPVSM is further used 

in the evaluation of different voltage regulation algorithms. Finally, the DPVSM is used in 

the study of fault response of the distribution grid. 

     In addition, a generic and accurate PV system model is developed for transient studies, 

the parameters of which can be tuned using transient data. The proposed model is a three 

phase representation capable of simulating with sufficient accuracy normal/unbalanced 

operating conditions and voltage regulation. Harmonics are also considered during the 

development of the aforementioned model. 

     Finally, a novel method for defining the distribution grid dynamics using power 

measurements has also been developed and used in improving the accuracy of power quality 

simulations. The method is critically essential in the evaluation of different PV penetration 

levels and voltage regulation methodologies. 

1.4 Outline of the proposal 
     The PhD thesis is divided and organized into ten chapters. Specifically, chapter 1 is the 

introduction and includes the motivation, research objectives and achievements of the 

proposed thesis. A general overview for the different PV system modelling techniques and 

advances in PV technology and its usage are presented in chapter 2. Based on the literature 

findings, the aims and novelty of this work are presented. A description of power quality, 

current standards and PV inverter capabilities are given in chapter 3. In chapter 4, the Simple 

PV System model (SPVSM) formulated initially for the investigations is presented and 

evaluated and its weaknesses are identified. In the same chapter, a detailed overview of 

power quality measurements and data acquisition done in the framework of PV system 

modelling is provided as well as details for all the instrumentation associated with the 

investigations. Chapter 5 presents the Advanced PV system model (APVSM) developed by 
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considering both the weaknesses of the SPVSM and the gap in PV system modelling 

revealed by the literature findings. In chapter 6, the Detailed PV system model (DPVSM) is 

presented along with its tuning and validation procedure. Also, voltage regulation algorithms 

are incorporated into the DPVSM in order to assess their performance. Moreover, the 

simulation results for the power quality and fault investigations done for different PV 

concentration scenarios are presented. Chapter 7 describes and explains the development of 

an accurate and generic PV system model for transient power quality studies. The procedure 

followed for the formulation of the models is described thoroughly. Details for the 

distribution grid topologies/dynamics are presented in Chapter 8. In the same chapter the 

methodology followed for the development of an accurate equivalent distribution grid model 

is described. Furthermore, applications of the proposed equivalent distribution grid model 

are provided in Chapter 9. Finally, in the last chapter, chapter 10, the conclusions and future 

work are outlined.  
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Chapter 2 
Literature Review 
 

2.1 Introduction  
    The objective of this chapter is to present the need for assessing the effects of high PV 

penetrations and provide an overview of the existing PV system models. Based on the 

literature search findings, it has been found that the development of accurate and simplified 

PV system models is crucial in performing power quality studies in large power networks or 

in the context of the whole power network. Furthermore, it is evident from the literature that 

the distribution grid dynamics play a significant part in the simulation results. 

The task of developing usable/practical models and simulation tools will enable the better 

understanding of the effects and impact of high PV penetration and will eventually allow 

solutions to be proposed. Until now, there is a lack of universal models or procedures for use 

in complete, accurate and computationally efficient power quality studies. This constitutes a 

major challenge for researchers which is discussed in detail in this chapter along with the 

novel contribution of this PhD work. Finally, the broad spectrum of PV inverter capabilities 

is highlighted to manifest the need for further studies using the appropriate simulation 

models which provide the required insight into how the future structure and 

efficient/reliable/optimum operation of electricity grid will be in the presence of distributed 

generation.  
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2.2 High PV penetration and Concerns about Uncontrolled 
Deployment: Problems and Possible Solutions  
     The large scale integration of photovoltaic systems and their effect on distribution 

networks is of great interest [12]–[14]. In recent years, research efforts have been initiated 

aiming to reveal the impact of uncontrolled deployment of photovoltaic systems. Three main 

concerns are arising when having a high PV penetration inside the electricity grid. The first 

one is the voltage rise beyond the limits proposed by international standards when the PV 

production is high and the load demand is low. The second concern is the extensive voltage 

distortion caused by distorted PV current or parallel and series resonance phenomena. The 

third main concern is actually the islanding operation of PV systems during the loss of utility 

supply after the occurrence of a fault. High PV penetrations have already materialised in 

different locations around the world and constitute invaluable sources of knowledge. Gunma 

village in Japan is one such example, where 553 houses have currently PV systems installed 

on their roofs [15]. In this specific case, the first preliminary results for approximately the 

first 200 installed residential PV systems indicated that both the PV production and reduced 

load increased the occurrence of over-voltages that were causing substantial yield reduction 

of the output power of PV systems [16]. No significant voltage distortion has been observed 

during the operation of the PV systems in Gunma village. It is reported that each PV system 

may cause different distortion levels depending on the inverter manufacturer [17].  

     Curtailment of PV produced power [18], voltage control strategies, reactive power 

control [19]–[22] and means of storage [15] are adopted to minimize the over-voltages 

observed and to improve the voltage profile during the variation of PV produced power in a 

proposed distribution grid with high PV penetration. The effect of weather conditions on 

voltage quality of a distribution grid is investigated in [23], [24] and the limits in installing 

high penetration of distributed generation (DG) in urban areas, using as a reference the 

ampacity of the cables, is considered in [25]. The electrical impact of PV plants in rural and 

urban networks is analysed in the framework of the EU project POLYCITY [26]. It has been 

demonstrated in [24] via Monte-Carlo simulations that the installation of PV-DGs may affect 

the power quality in the case when some background harmonics are present in a distribution 

system. The economical impact of poor power quality in rural and urban feeders due to PV 

system integration is also investigated by a group of researchers in [27]. The islanding 

behaviour of clustered PV systems is assessed using an experimental setup similar to a 

distribution feeder in [28] and by computer simulations using experimental data from one 

PV system in [29] and [30]. In [14], it is observed that clustered PV systems are not causing 

extensive voltage distortion if linear loads are connected in the distribution network. It is 

Mina
s P

ats
ali

de
s



 Chapter: Literature Review 

   8 

also shown that the voltage distortion exceeds the limits proposed by the international 

standards if a certain number of nonlinear loads are used for the simulations.  

     Measurements done in Denmark on 29 houses each having 1 kWp PV installed showed 

no detectable impact from the PV installations on the local voltage distortion. The highest 

voltage distortion was actually caused by external sources despite the fact that the installed 

capacity was reaching 30% of the feeding transformer’s rated capacity [31].  A solar village 

located at the Sydney Olympic Site in Australia consists of up to 665 homes each having a 

1 kWp PV system. The results of the measurements from the Sydney Olympic Village 

showed that harmonic voltages were far below the IEEE 519-1992 limits even when all PV 

inverters were in operation on the same feeder [32]. In Bavaria (Germany), a real network is 

under development which will be used to conduct analysis and to perform field tests. The 

test region counts among those with the highest PV penetration in Germany. Currently, the 

ratio of installed PV capacity per household is as high as 3.9 kWp (early 2010) in some low 

voltage networks and is expected to increase by 60 % in the coming years [33]. The 

simulations in [34] showed that it would take more than 80% saturation by the PV systems 

to cause the voltage distortion to exceed the IEEE recommended maximum of 5%. The 

capacitance at the interface of many DG units may cause harmonic resonances or shift 

resonant frequencies to lower values where the emission is higher. Resonance at frequencies 

below 1 kHz seems unlikely to happen and attention should be given to the potential 

resonances at higher frequencies [35]. Proper introduction of PV systems inside the 

electricity grid can eliminate the need for voltage regulators and phase balancers, reducing 

in that way the capital and maintenance costs as mentioned in [36].  

     Clearly, the impact of high penetration of PV systems is very important and appropriate 

modelling is required to reveal all the possible unwanted consequences of large deployment 

of PV systems as noted in the 2013 Annual Report of the International Energy Agency (IEA) 

[37]. The main goal of Task 14 of IEA is to promote the use of grid-connected PV systems 

as an important source in electricity grids at the higher penetration levels that may require 

additional efforts. The aim is to reduce the technical barriers to achieving high PV 

penetration levels and propose appropriate grid configurations to enhance this effort [9], 

[10]. 

2.3 Existing Photovoltaic System Models  
Detailed modelling of PV systems has already been conducted by many researchers in an 

attempt to understand their behaviour,  to develop new maximum power point tracking 

(MPPT) mechanisms for better utilization of solar energy [38] and to incorporate additional 
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functionalities like voltage regulation and reactive compensation [39]–[42]. In general, 

detailed models (MPV1) are very useful in testing new control algorithms and new circuit 

topologies such as for example the z-source inverter [43]. Additionally, detailed modelling 

is utilized in fault studies [44], [45], in testing multilevel inverters for their performance in 

terms of efficiency and power quality [46], in evaluating frequency/voltage support using 

PV systems with storage [47], [48], in active power curtailment studies for distribution grid 

feeders [18] and in the assessment of the behaviour of PV generation in microgrids [49], 

[50]. Even an embedded technique to determine the utility grid impedance is incorporated 

among other advanced robust control strategies into the control circuit of detailed PV system 

models [51], [52]. The question arising from complex modelling representations, is how 

these models are going to be used efficiently in the simulation of large power networks. 

Until recently, the main research interest on PV system modelling has focused on steady-

state models which are easier to use during load flow studies and PV produced power 

estimation. The model presented (MPV2) in [53] can simulate steady-state operation of PV 

systems when meteorological, PV system and power grid parameters are given. The 

simulation error of this model when compared with the actual PV system measurements 

indicated very small deviations during noon time and acceptable error during the afternoon. 

The model is built based on the principle of instantaneous power balance and it can be 

applied easily to a great number of topologies but it cannot perform simulations for transient 

analysis/harmonic studies. PV systems were simulated as negative constant power loads [54] 

or constant real power generators [26] (MPV3). These methods for model simplification are 

appropriate for static analyses but they are not suitable for dynamic studies and control 

strategy development. 

Performance models (MPV4) which are able to predict the active power produced from 

PV systems by using the solar irradiance, temperature, efficiency of the system and/or 

measured performance coefficient (applicable to all commercial inverters) are found in the 

literature [55]–[57] but they cannot be used in transient and power quality studies as they do 

not consider the dynamics of the PV inverter [58]. Nevertheless, they have been used for 

defining the steady-state voltage levels in a distribution grid with varying PV concentrations 

[59], [60]. Additionally, the steady-state behaviour of PV systems has been characterized by 

recurrent neural networks (MPV5) in [61] and compared with the traditional component 

based model [62] mentioned previously (found in [55]). In a few cases, for simplification 

purposes, the dynamics of the PV array and the MPPT are replaced with a voltage source 

which is then connected to a detailed inverter model. The aforementioned simplified model 

(MPV6) has been used in power quality studies [63] and stability analysis [64] despite the 
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fact that part of the PV inverter dynamics is omitted. Average and phasor models (MPV7) 

are developed in [65]. A PV system is firstly simplified by reducing the whole circuit into a 

current source and then the high frequency from power electronics is removed. Further 

simplification is achieved by implementing a phasor model in which the fundamental 

frequency is disregarded for the sake of reducing the simulation effort and time. Moreover 

the results are compared with the average model instead of the detailed one. A simplified 

phasor model (MPV8) is also described in a National Renewable Energy Laboratory report 

[66] according to which the PV system is modelled as a current source and configured using 

only the current magnitude and angle of the fundamental frequency. A similar model is 

presented (MPV9) in [19] based on which the PV inverter is composed of a current source 

with grid synchronization and voltage control strategies under the assumption of fixed PV 

power and 100% converter efficiency. In this model representation, the current is defined by 

using the voltage RMS and angle at the connection point having as an input the apparent 

power needed to be produced by the PV system. As the scope of this work was to study the 

voltage rise in distribution grid feeders, the total generation efficiency of the inverters, 

harmonics, switching and network transients are neglected. 

An analytical model (MPV10) for PV distributed generators is proposed in [67]. The PV 

system is initially represented by a voltage source and an inductor which is interfaced with 

a power source. The aim was to create a distribution grid equivalent circuit from which the 

dynamics of the PV system for the fundamental frequency are extracted and used to 

configure a voltage-controlled current source. Consequently, harmonic analysis cannot be 

performed when the models in [19], [66], [67] are used. Harmonic analysis is considered in 

[23], in which the PV plant is modelled as a set of current sources (MPV11) representing the 

generated output current and its harmonic component according to [68], [69]. The amplitude 

and harmonics of voltage are not taken into account in the modelling procedure thus 

increasing the uncertainty and error of the simulation results. In [70] the PV inverter was 

approximated by an averaged model, but the controls for MPPT were represented in detail 

(MPV12), including the dynamics of the phase-locked loop from which the sine wave 

reference was derived. The approximation for this specific average model is acceptable at 

the beginning of the cycle of the sine wave and as long as the hysteresis bandwidth is small. 

Also, the use of this model can lead to misleading results concerning the impact of high PV 

penetration if it is not configured and handled appropriately [71]. 

The work in [72] proposes a passive impedance network (current source in parallel and 

in series with two complex impedances) as a model (MPV13) that can capture effectively 

the PV system behaviour. The values of the complex impedances are calculated with the use 
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of experimental data for the fundamental frequency given that in the experimental topology 

only a linear load has been used and the harmonics were negligible in that case. With this 

modelling approach it has been observed that the PV inverter exhibits negative impedance 

characteristics which are commonly found in power electronic switching converters and also 

proves that the behaviour of the PV system can be successfully described by a first order 

transfer function [73]. In a recent work, a simplified PV system model for transient analysis 

is proposed but not validated experimentally [74]. A detailed model is simplified as a 

controlled current source having as an advantage that this model (MPV14) captures the 

dynamic behaviour of the PV system and at the same time preserves some of the control 

signals. This model, having the reactive support capability enabled, has been used further in 

voltage stability investigations [75] as it is suitable for fundamental frequency studies. Also, 

from this work another simplified approach has been developed which models the PV system 

as a voltage source (MPV15) that preserves all the control signals of the PV inverter. It is 

worth noting, however, that this can only simulate the fundamental frequency component 

with the harmonics being ignored and the controlled voltage source is defined by a signal 

that only contains the fundamental frequency component of the corresponding signal and 

any higher frequency harmonics observed during the analysis of the detailed model are 

ignored. 

Verified models for PV generation suitable for transient response and stability analysis 

have been developed in [76] and used to assess the fault response of different PV penetration 

levels [77]. The dynamic model proposed (MPV16) in [76] was constructed to match 

experimental data from a certain PV panel and inverter, and the mathematical equations were 

developed regardless of the actual system configuration, which limits the control 

development.  Moreover, the power quality response of distribution grids with PV systems 

under different solar irradiation conditions and with various concentrations of such systems 

was investigated by the authors using a steady-state modelling (MPV17) method [78]. 

Models (MPV18) appropriate for fast and accurate transient and steady-state simulation of 

PV systems are developed in [79], [80] but their drawback is that they require the impedance 

characteristics of the PV system and the distribution network to be completely defined. A 

simple dynamic PV system (MPV19) and a network topology are considered in [81] and 

represented using space vector theory. The transient PV system model is developed using d-

q space vector representation to make the simulation simpler and computationally efficient. 

Its performance is satisfactory under steady-state conditions but presents a mismatch with 

the behaviour of the detailed model during transient conditions. An advanced version of d-q 

space vector PV system model (MPV20) with voltage regulation capability is used in [82] 

Mina
s P

ats
ali

de
s



 Chapter: Literature Review 

   12 

for voltage stability studies. Impedance models (MPV21) are also becoming popular for their 

simplicity [83] but still no work describes how these models can represent accurately the PV 

inverters found on the market. 

     Summarizing, a large number of PV system models do exist in the literature, most of 

them do not realistically capture the dynamics introduced by the PV inverter control circuit 

and consequently they cannot be used for complete power quality studies. Furthermore, the 

majority of the models do not retain the control signals and they are mostly developed on 

the concept of full switching representation of the converter that imposes a high 

computational burden on power system simulations. On the other hand, a subset of PV 

system models requires parameters that are not calculated in a convenient way or are not 

readily available by the manufactures. Clearly, the impact of high penetration of PV systems 

is very important and appropriate modelling is required to reveal all the possible unwanted 

consequences of large deployment of PV systems [37]. A thorough research study conducted 

by Sandia National Laboratories states the need for accurate, flexible and standardized 

analysis in addressing new and more interactive distribution systems. Modifications to 

distribution engineering tools are necessary to take into consideration the transient behaviour 

and simplify their use to handle efficiently PV systems and distributed generation [84]. 

2.4 Equivalent Distribution Grid Models  
     Simulation studies are a powerful tool for engineers as they can provide significant 

insight into the operation of power systems. Quite often, detailed power grid representations 

are inserted into simulation software for power quality and stability investigations [85]–[88].  

However, simplified simulation models of the power grid are very useful for many reasons 

if they can represent correctly a physical process. On one hand, simplified/universal power 

grid models can decrease the simulation time or/and scale down the computational power 

required for understanding complex systems. On the other hand, such models can be adopted 

and used by a wider group of engineers [89]. When medium/high voltage networks are quite 

large, parts of the network are replaced with Norton equivalent models obtained via 

coherency based techniques by grouping parts of the network behaving similarly [90]–[92]. 

Also, model order reduction methods are applied to replace large scale distribution grids of 

low importance with state-space models [93]. The formulation of both Norton equivalent 

and state-space models requires explicit knowledge of the power system and the 

characteristics of its components which may become a very challenging and difficult task 

due to lack of required/accurate data.  Thevenin equivalent circuits are used in simulation 

studies in order to simplify the majority of the power network [94]–[99]. More specifically, 
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a Thevenin equivalent circuit (TEC) can be defined at the busbar of the distribution 

transformer or at the point of common coupling (PCC). Defining the TEC with adequate 

accuracy can have multiple benefits especially for integration/planning/stability analysis 

[99]–[103] and in particular for appropriately sizing the power generators according to the 

grid requirements prior their installation. The need stems from the fact that in low voltage 

networks the X/R ratios are lower than unity which means that in such a case voltage 

regulation via reactive absorption/injection may not be effective [104]. Great variability of 

Thevenin equivalent impedance (grid impedance) at PCCs [99] unavoidably leads to 

different voltage regulation requirements [105]. So far, an accurate TEC has been used for 

the calculation of the short circuit current [106] (at a connection point of interest) and for 

control purposes in an attempt to ensure the stability of the power system [107]. 

Additionally, in integration studies, the TEC is chosen randomly according to the needs of 

the investigation or on an empirical basis (taken from survey data [108]) giving useful but 

general results, which may differ from real case scenarios.  Furthermore, despite the fact that 

online methods for defining TEC do exist [109], [110], they can only utilize the capabilities 

of an already installed distributed generator (as the aforementioned methods are incorporated 

into the inverter control circuit) and cannot contribute in distribution grid expansion and 

planning. This work moves one step forward by using a validated/accurate TEC for voltage 

quality studies and for evaluating voltage regulation schemes based on the actual distribution 

grid dynamics at the PCC. Finally, the work undertaken establishes a methodology which 

can be followed to assess the actual grid requirements with considerable precision. 

2.5 Power Electronics – PV Inverter Capabilities 
     Power electronics are widely used for many applications as they can be found wherever 

there is a need to modify voltage levels, frequency characteristics or convert the DC energy 

into AC and vise versa. The conversion is not always done in a perfect way and depending 

on the control characteristics of the converter the absorption or injection of distorted current 

into the electricity grid can affect the normal operation of the electricity grid and may cause 

problems to utility customers [111]. Currently, the PV inverter manufacturers are obliged to 

produce inverters that comply with the standard IEC 61727 [112] limiting partly the injection 

of current harmonics into the electricity grid. Fortunately, the power inverters have the 

ability to suppress harmonics [113] and regulate the voltage levels if properly designed 

[114]. Up to now, different regulation methods have been used depending on the case and 

cost. Among them, power curtailment, installation of storage means and regulation of 

reactive power [107], [115] are the main methods available to help in maintaining the voltage 
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of distribution grids to desirable levels. The choice of the voltage regulation method should 

be preferably done based on the characteristics of the PV system installation. Power 

curtailment is an attractive option for voltage regulation as it can contribute in frequency 

control as well [116]–[118], but a significant waste of valuable energy may occur during 

long and often overvoltage events. Reactive power control can be used for effective voltage 

regulation but it may result in higher currents, losses in the feeder and lower power factors 

at the input of the feeder [119]–[123]. In addition, the apparent power of the inverters and/or 

the size of conductors might have to be increased to reduce the line impedances in order to 

fulfil the requirements for voltage regulation. Upgrading the conductors can be an expensive 

approach, especially for underground feeders [118]. Energy storage units are usually 

expensive and the benefit-cost ratio can be quite low if they are sized to store the surplus of 

energy produced by high penetration of RES [124]. 

     It is apparent that as generation penetrates into the distribution network, voltage control 

is becoming necessary at distribution level hence, decentralized storage is gaining 

importance.  Consequently, a lot of work is required to introduce such kind of power control 

schemes into the low and medium voltage distribution grid and subsequently to incorporate 

active control schemes into commercial PV inverters without increasing the cost. Currently 

investments in this direction are slow mainly due to cost and regulatory objections than 

availability of mature technology.  

     It is widely accepted that distributed generation and especially PV systems that 

incorporate fully functional inverters which can control quality at the connection point can 

contribute significantly in improving the levels of power quality of the future electricity grids 

[125].   

2.6 Novelty of this PhD work 
     Initially, a unique measurement and analysis method has been formulated to configure 

the SPVSM with which the optimum number of cases is selected to assist simulations. Also, 

in this work, a novel PV system model using regression fit equations, which is 

computationally efficient has been developed. With this model the voltage levels and 

harmonic distortion of a proposed distribution grid can be assessed. From the literature 

findings it has been observed that such model that is capable of taking into consideration the 

voltage harmonics of the grid to perform calculation of the amplitude and phase of the 

injected current harmonics has not been proposed yet.  

     In order to produce simulation results with good accuracy, it is required for the network 

grid dynamics to be known. For this purpose, a new/practical method for defining the 
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network dynamics has been developed. In more detail, the distribution grid is replaced by an 

accurate Thevenin equivalent circuit which can be easily obtained via waveform or phasor 

measurements. Until now, researcher were using this equivalent circuit in some studies but 

they were not defining accurately its parameters. The accurate parameters of the Thevenin 

equivalent circuit has been used until now for the calculation of the short circuit current 

[106] (at a connection point of interest) and to track weak grid conditions [107] but not for 

building an accurate equivalent circuit for simulation studies. In this PhD thesis, an improved 

methodology is developed based on the existing knowledge found in literature in order to 

define an accurate distribution grid equivalent for simulation studies. 

     Furthermore, a Detailed PV system model (DPVSM) is tuned and validated using 

measurements from 150 kWp PV systems and it is then used in the simulation of different 

concentration scenarios. Its response is verified by utilizing measurements obtained before 

and after the installation of the 150 kWp PV system in an industrial area. It is one of the few 

attempts made to measure data before and after the installation of a PV system inside the 

distribution grid which are utilized for the development of a PV system model. Moreover, 

the DPVSM is further used in the evaluation of different voltage regulation algorithms and 

in the study of fault response of an industrial grid topology.  

     Another important novelty of this research work lies in the development of a generic and 

accurate PV system model, which is presented in chapter 7 of this thesis. This PV system 

model gains the ability to characterize the transient behaviour of PV systems in a generic 

way via a parameter estimation process. The proposed model gives the opportunity to 

analyse more aspects of power quality and voltage stability with higher accuracy under 

balanced and unbalanced conditions.    
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Chapter 3 
Power Quality 
 

3.1 Introduction  
     In this chapter, power quality is defined as it is directly related to the operation of PV 

systems. The importance of power quality in the operation of current and future power 

networks is stated briefly. In addition, common power problems and the main standards 

referring to power quality are presented along with the most important power quality indices 

and limits. Lastly, the recently adopted standards for voltage regulation are included in this 

chapter as they are one of the very early but important steps undertaken towards the smart 

grid concept aiming to maintain the voltage variation inside the acceptable range and 

contribute in the stability of the power system in the presence of localized energy production. 

3.2 Power/Voltage Quality 
     Power (or Voltage) quality is an area of research that has been under investigation for the 

last two decades. A problem that belongs in the category of power quality is actually any 

kind of abnormal voltage or current condition that can cause economic or technical damage 

to the users of the power network. The changes in the distribution network imposed by the 

massive introduction of power electronic devices and distributed generation make power 
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quality problems very important nowadays. Normally, the conventional way of transferring 

the energy from the power stations to customers does not induce serious problems on the 

distribution network when the power supply is strong enough to absorb disturbances. 

Sometimes a few customers may experience power quality problems in a local area 

depending on the type of the load and the distance from the power generation.  

     The task of estimating the economic consequences of poor power quality in the daily 

activity of different utility users is quite difficult [126]. According to a survey conducted in 

the USA, the economic losses due to power quality range roughly between 119 to 188 billion 

dollars a year [5], [6]. It is estimated that power quality issues in Europe are causing serious 

and avoidable reduction in industrial performance with an economic impact exceeding 150 

billion euros annually [127]. The causes of the economic losses are mainly the supply 

outages and power quality related problems across all business sectors. With the 

liberalization in the electricity market, power quality is becoming a critical matter for the 

future electricity grid as it can be transformed into a source of financial gain. Thereafter 

research on power quality may play a significant role in enhancing the economic 

performance of modern utilities and key companies and organizations [11].  

     Utility customers are becoming more and more demanding in terms of energy 

consumption and they need good supply to operate reliably. At the same time they tend to 

disturb the utility supply with the equipment used for their main daily activities. Such kind 

of equipment may include variable speed drives, computers, electronic ballasts and power 

electronic devices. This is imposing a higher burden on utilities to supply good quality 

electrical energy. On the other hand, the European Union has ambitious targets for electricity 

generation from RES in the upcoming years. Consequently, renewable energy sources and 

distributed generation (DG) will play a significant role in the energy mix in the future and 

further investigation is required to optimize the grid development strategies and improve 

power quality [8]–[10], [128], [129]. 

3.3 Power Quality Problems 
In order to understand and solve the power quality problems it is important to classify them 

into categories. There are different classifications for power quality issues which are 

characterised by specific properties. Some of the properties (shown in Table 3.1) classify the 

power quality events as "steady-state" and "non-steady-state" phenomena. In some 

regulations/standards the most important factor is considered to be the duration of the power 

quality event. On the other hand, some standards use the waveform shape or the frequency 

range of the event to characterize the power quality problem and classify it into a specific 
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category. Table 3.2 shows the classification of electromagnetic phenomena used by the 

power quality community. Also, in the following subsections, the main power quality 

problems are discussed briefly. 

Table 3.1. Properties used for the categorization of power quality events [130] 

Steady-state phenomena Non-steady-state phenomena 
Amplitude Rate of rise 
Frequency Amplitude 
Spectrum Duration 
Modulation Spectrum 
Source impedance Frequency 
Notch depth Rate of occurrence 
Notch area Energy potential 
 Source impedance 

Table 3.2. Definition of power system disturbances [130]–[132] 

Disturbance  Category  Sub‐category 
Typical spectral 

content 
Typical duration 

Typical voltage 
magnitude 

Transients  Impulsive  Nanosecond 5ns rise <50 ns 

 
 

Microsecond 1μs rise 50 ns–1 ms 

Millisecond 0.1ms rise >1 ms 

  Oscillatory  Low frequency <5 kHz 0.3–50 ms  0–4 pu

 
Medium frequency 5–500 kHz 20   μs  0–8 pu

High frequency 0.5–5 MHz 5 μs  0–4 pu

Short‐duration 
variations 

Instantaneous  Interruption 

 

0.5–30 cycles  <0.1 pu 

 
Sag (dip) 0.5–30 cycles  0.1–0.9 pu

Swell 0.5–30 cycles  1.1–1.8 pu

  Momentary  Interruption 30 cycles–3 s  <0.1 pu

 
Sag (dip) 30 cycles–3 s  0.1–0.9 pu

Swell 30 cycles–3 s  1.1–1.4 pu

  Temporary  Interruption 3 s–1 min  <0.1 pu

 
Sag (dip) 3 s–1 min  0.1–0.9 pu

Swell 3 s–1 min  1.1–1.2 pu

Long‐duration 
variations 

Interruption, 
sustained 

 

>1 min  0.0 pu 

 
Undervoltages  >1 min  0.8–0.9 pu

Overvoltages  >1 min  1.1–1.2 pu

Voltage/Current 
unbalance 

  Steady state  0.5–2% 

Waveform 
distortion 

DC offset  Steady state  0–0.1% 

 

Harmonics  0–100th harmonic Steady state  0–20%

Interharmonics  0–6 kHz Steady state  0–2%

Notching  Steady state 

Noise  Broadband Steady state  0–1%

Voltage 
fluctuations 

    <25 Hz  Intermittent  0.1–7% 

  Flicker    0.2–2 Pst

Power frequency 
variations 

      <10 s   

3.3.1 Transients 
For a long time, the term “transients” has been used in the analysis of power system 

variations to denote events which are undesirable and momentary in nature. Another simple 

definition for the word “transient” adopted quite commonly in international standards is “a 

phenomenon or quantity which varies between two consecutive steady states during a time 

interval which is short compared with the time-scale of interest” [133]. Transients can be 
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classified into two categories: impulsive and oscillatory. An impulsive transient is a sudden 

frequency change in the steady-state condition of voltage, current, or both. Their 

characteristics and waveforms depend on the mechanism of generation and the distribution 

network parameters. Impulsive transients are normally characterized by their rise and decay 

times, which can also be revealed by their spectral content. The most common cause of 

impulsive transients is a lightning current surge. Such an example of a typical current 

impulsive transient caused by lightning is shown in Fig. 3.1. 

 
Figure 3.1.  Lightning stroke current impulsive transient [130] 

An oscillatory transient is a sudden frequency change in the steady-state condition of 

voltage, current, or both that includes both positive and negative polarity values. Oscillatory 

transients can be a result of appliance switching, fast acting overcurrent protective devices, 

capacitor bank switching and ferroresonance. An example of oscillatory transient voltage 

caused by back-to-back capacitor switching is shown in Fig. 3.2. 

  
Figure 3.2.  Oscillatory transient voltage caused by capacitor bank energisation [132] 
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3.3.2 Short-Duration Voltage Variations 
In this category, there are three different types of short-duration events designated as 

instantaneous, momentary, and temporary. Each subcategory is divided into interruption, 

sag, and swell. Short-duration voltage variations are caused by fault conditions, large load 

energisation and loose wiring connections. In the case of a fault, the impact on the voltage 

is of short-duration variation because protective devices operate immediately to clear the 

fault. An interruption occurs when the supply voltage decreases to less than 0.1 pu for less 

than 1 minute. Some causes of interruption are equipment failures, control malfunction or 

breaker opening. The difference between interruption and long/sustained interruption is that 

in the former the supply is restored automatically in a few cycles, but during the latter the 

supply should be restored manually. Interruption is characterized based on its duration 

according to Table 3.2. An example of momentary interruptions due to a fault is shown in 

Fig. 3.3.  

 
Figure 3.3.  Momentary interruptions due to a fault [132] 

A sag is a decrease to between 0.1 and 0.9 pu in rms voltage or current at the power frequency 

for durations from 0.5 cycle to 1 min. Voltage sags are the main reason for malfunction of 

electrical low-voltage devices which are usually caused by energisation of heavy loads, 

starting of large induction motors and single line-to-ground faults. Uninterruptible power 

supplies or power conditioners are mostly used to prevent voltage sags. A voltage sag caused 

by a single line-to-ground fault is depicted in Fig. 3.4. 

 
Figure 3.4.  Voltage sag waveform for a single-line-to-ground fault [130] 
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The increase of voltage magnitude between 1.1 and 1.8 pu is called swell. The most accepted 

duration of a swell is from 0.5 cycles to 1 minute. Swells are not as common as sags and 

their main causes are switching off large loads, energising a capacitor bank, or single line-

to-ground faults. If a single-line-to-ground fault is observed on one of the three phases, then 

voltage swells may arise on the other two phases. Such a voltage swell is represented 

graphically on Fig. 3.5.  

 
Figure 3.5.  Instantaneous voltage swell caused by a single-line-to-ground fault [130] 

3.3.3 Long-Duration Voltage Variations 
The deviation of the rms value of voltage from the nominal value for longer than 1 minute 

is categorized as long-duration voltage variation. Long-duration voltage variations can be 

overvoltages, undervoltages or sustained interruption. Overvoltages and undervoltages 

generally are not the result of faults, but can be induced by load variations and switching 

operations. Inadequate voltage regulation or incorrect tap settings on distribution 

transformers can also result in overvoltage events. An overvoltage is an increase in the rms 

ac voltage greater than 110 percent for a duration longer than 1 min. On the other hand, an 

undervoltage is a decrease in the rms ac voltage to less than 90 percent for a duration longer 

than 1 min. Undervoltages are the result of switching events that are opposite to the events 

causing overvoltages. Specifically, a heavy load connection or a capacitor bank 

disconnection can both cause an undervoltage which is maintained until voltage regulation 

mechanisms of the power system restore the voltage back to its nominal value. Overloaded 

circuits can result in undervoltages as well. When the supply voltage has been zero for a 

period of time in excess of 1 min, the long-duration voltage variation is classified as 

sustained interruption. Voltage interruptions longer than 1 min are usually permanent events, 

which must be handle in a manual way by the utility personnel in order to resolve any 

problems and restore the voltage back to the nominal value. 
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3.3.4 Voltage/Current Unbalance 
At the case when the voltages/currents of a three-phase system are not identical in magnitude 

and/or the phase difference between them is not exactly 120 degrees, voltage/current 

unbalance occurs. Voltage/Current unbalance is defined in standards with the help of 

symmetrical components. In more detail, the ratio of either the negative or zero sequence 

component to the positive-sequence component can be used to specify the percent of 

unbalance. Figure 3.6 shows an example of the aforementioned ratios obtained from a 

residential feeder. Sometimes voltage/current unbalance is defined as the maximum 

deviation from the average of the three-phase voltages/currents, divided by the average of 

the three-phase voltages/currents, expressed in a percentage.  

 
Figure 3.6.  Voltage unbalance trend for a residential feeder [130] 

The main causes of voltage imbalance in power systems are: a) the unbalanced single-phase 

loading in a three-phase system, b) overhead transmission lines that are not transposed, c) 

blown fuses in one phase of a three-phase capacitor bank, and d) severe voltage imbalance 

(more than 5%), which can result from single phasing conditions [132]. 

3.3.5 Waveform Distortion 
A steady-state deviation from a sine wave of power frequency is called waveform distortion. 

The five primary types of waveform distortions are the DC offset, harmonics, 

interharmonics, notching, and the noise. A Fourier series is commonly used for the analysis 

of a non-sinusoidal waveform. The presence of a DC voltage or current in a power system 

is termed DC offset. This can occur as the result of a geomagnetic disturbance or asymmetry 

of electronic power converters. DC can have a harmful effect on transformer cores if it bias 

them so they saturate in normal operating conditions. This can cause additional heating and 

reduction of transformer life. Furthermore, DC may cause the erosion on grounding 

electrodes or other connectors. Harmonics are sinusoidal voltages or currents with 

Mina
s P

ats
ali

de
s



 Chapter: Power Quality 

   23 

frequencies that are integer multiples of the fundamental frequency. Periodically distorted 

waveforms can be decomposed into a sum of fundamental component and harmonics. 

Harmonic distortion is created by nonlinear devices or loads connected on the power system. 

Harmonic distortion levels are described by the complete harmonic spectrum with 

magnitudes and phase angles for each individual harmonic component. It is also common to 

use the total harmonic distortion (THD) index to characterize the overall harmonic distortion. 

 
Figure 3.7.  Distorted waveform and its harmonic components 

Interharmonics are harmonic components which are not integer multiples of the fundamental 

frequency and they can appear as discrete frequencies or as a wideband spectrum. The main 

sources of interharmonics are the static frequency converters, the cycloconverters, the 

induction furnaces, and the arcing devices. Notching is a periodic voltage disturbance caused 

by the normal operation of power electronic devices when current is commutated from one 

phase to another (Fig. 3.8).  

 
Figure 3.8.  Example of voltage notching caused by a three-phase converter [130] 
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During the notching period, a momentary short-circuit is created between the commutating 

phases which reduces the line voltage (the amplitude of reduction is affected the system 

impedance). Finally, electric noise is defined as unwanted electrical signals with broadband 

spectral content lower than 200 kHz superimposed on the voltage/current waveform. Noise 

may result from faulty connections in transmission or distribution systems, arc furnaces, 

electrical furnaces, power electronic devices, control circuits, improper grounding etc. 

3.3.6 Voltage Fluctuation and Flicker 
Voltage fluctuations are systemic variations of the voltage envelope or random voltage 

changes, the magnitude of which does not normally exceed the voltage limits. Voltage 

fluctuations are divided into two categories. Those are the step-voltage changes which are 

regular/irregular in time and the cyclic/random voltage changes produced by load variations. 

Voltage fluctuations degrade the performance of electronic equipment and they may cause 

instability of its internal voltages/currents. Despite this, voltage fluctuations with an 

amplitude of less than 10% (in comparison to the nominal voltage) do not affect electronic 

equipment. Some of the main causes of voltage fluctuation are start-up of drives, arc 

furnaces, drives with rapidly changing loads, and rolling mills. A subcategory of voltage 

fluctuation is flicker which has been described as "continuous and rapid variations in the 

load current magnitude which causes voltage variations". The term “flicker” is derived from 

the impact of the voltage fluctuation on lamps in such a way that they are perceived by the 

human eye. An example of voltage fluctuation that can cause flicker are shown in Fig. 3.9.  

 
Figure 3.9.  Example of voltage fluctuations caused by arc furnace operation [130] 

3.3.7 Power Frequency Variations 
Power frequency variations are defined as the deviation of the system fundamental frequency 

from it specified nominal value. The power system frequency is directly related to the 

rotational speed of the generators supplying the loads of the system. Normally, slight 
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variations in frequency arise in the attempt of balancing the generation with the load demand. 

The size of the frequency variations and its duration depend on the load characteristics and 

the response of the generation control system to load changes. Frequency variations that go 

outside of accepted limits for normal steady-state operation of the power system can be 

caused by faults on the bulk power transmission system, heavy load disconnection, or loss 

of significant power generation. For modern interconnected power systems, significant 

frequency variations are a rare phenomenon but they may appear on power systems which 

are isolated from the utility grid [130]–[132]. 

3.3 Power Quality Standards  
The most common power quality standards in use nowadays are the EN 50160 [134], 

[135], the IEC 61000-4-30 [136] and the IEEE Standard 519-1992 [137]. The standard EN 

50160 provides recommended levels of different power quality parameters, specifying also 

the time-based percentage during which levels should not be exceeded. The IEC 61000-4 

provides the adequate methods for measuring voltage and current quantities, defines the 

aggregation periods, describes the measurement formulas and sets the accuracy levels. 

According to the European standard EN 50160 (IEC 50160), accommodated by most 

European Grid Codes, “Voltage characteristics of electricity supplied by public distribution 

systems”, the voltage root-mean-square (RMS) should vary in the range of ±10% of the 

nominal voltage (230 V) for 95% of total operating time (at least one week). Also, the limit 

for total harmonic distortion should not exceed 8 %, including up to the 40th harmonic. More 

details are found on Tables 3.3 and 3.4. 

Table 3.3. EN50160 power quality limits and acceptable time interval of tolerance 

Power Quality Parameter Supply voltage characteristicsaccording to EN 50160 
Grid frequency Mean value over 10 seconds 

 -6% / +4% (47Hz to 52Hz) during 100% of the time 
 ± 1% during 99.5% (49.5Hz to 50.5Hz) of the time 

Supply voltage variations (under 
normal operating conditions, 
excluding situations arising from 
faults or voltage interruptions) 

Mean value over 10 minutes 
 Un ±10% during 95% of one week (This report adopts a more restrictive limit 

opposed by Electricity Authority of Cyprus which actually is Un -6%/+10%) 
 Un -15%/+10% during 100% of the time 

Flicker severity Plt≤1 for the 95% of the time 
Rapid voltage changes Un ±5% normal, Un ±10% infrequently with a short duration 
Supply voltage dips Duration < 1 seconds ,Depth <60% 

 Locally limited dips caused by load switching on: 
Low Voltage (LV):10-50% and Medium Voltage (MV):10-15% 

Short Interruptions of supply 
voltage 

LV, MV: (up to 3 minutes) 
few tens –few hundreds / year 

Long Interruptions of supply 
voltage 

LV, MV: (longer than 3 minutes) 
< 10 - 50 /year 

Temporary, power frequency 
overvoltages 

LV: <1.5 kV rms 
MV: 1.7 Uc (solid or impedance earth) 
2.0 Uc (unearthed or resonant earth) 

Transient overvoltages  LV: generally < 6kV (Occasionally higher; rise time: ms – μs) 
Supply voltage unbalanced LV, MV: up to 2% for 95% of week, mean 

10 minutes rms values 
Harmonic voltage 8% Total Harmonic Distortion (THD) - LV, MV: For more details see Table 3.4 
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Table 3.4. Values of individual harmonic voltages at the supply terminals for orders up to 25, given in 
percent of Un 

Power Quality Parameter Supply voltage characteristics 
according to EN 50160 Not multiples of 3 Multiples of 3 

Order h Relative voltage (%) Order h Relative voltage (%) Order h Relative voltage (%) 
5 6 3 5 2 2 
7 5 9 1.5 4 1 
11 3.5 15 0.5              6....24 0.5 
13 3 21 0.5  
17 2  
19 1.5 
23 1.5 
25 1.5 

                                                                                                                              Un- Nominal voltage of the supply system (rms) 

The IEEE Standard 519-1992 “Recommended Practices and Requirements for Harmonic 

Control in Electrical Power Systems” specifies the limits of harmonic voltage and current at 

the point of common coupling between end user and distribution utilities. The approach 

adopted in this standard requires the participation of both end users and utilities. The limits 

established by this standard are equal to 5 % for the voltage and current total harmonic 

distortion that the producer can provide to the customer. The limits for the maximum 

individual harmonic components are also determined and must be 3 % for voltage lower than 

69 kV. 

Table 3.5. Current Distortion Limits at STC 

Current Distortion Limits at STCa (IEC 61727)

Odd Harmonics Distortion Limit 
3rd through 9th  Less than 4.0% 

11th through 15th  Less than 2.0% 
17th through 21st  Less than 1.5% 
23rd through 33rd  Less than 0.6% 
Even Harmonics Distortion Limit 

2rd through 8th  Less than 1.0% 
10th through 32nd  Less than 0.5% 

Current Distortion Limit at STCa 
Total Harmonic Distortion (THD) Less than 5.0% 
                                                                                                                   a. STC - Standard Test Conditions 

The European standard EN 61727 (IEC 61727) “Photovoltaic (PV) systems - 

Characteristics of utility interface” (Table 3.5) has established less restrictive limits for 

current harmonics. The total harmonic distortion shall be less than 5 % at rated inverter 

output and even individual harmonics shall be less than 25 % of the lower odd harmonic 

limits [112]. However, concerns about the shortfalls of current standards have started to 

emerge in the literature and the attempt to validate their usefulness in modern grids 

constitutes a significant issue that must be investigated [138]–[142]. Some standard which 

are related to power quality are found in Tables 3.6 and 3.7. 
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Table 3.6. IEEE and ANSI guidelines [131] 

IEEE 4 Standard techniques for high-voltage testing 

IEEE 100 Standard dictionary of electrical and electronic engineering 
IEEE 120 Master test guide for electrical measurements in power circuits 
IEEE 141 Recommended practice for electric power distribution for industrial plants with effect of voltage disturbances 

on equipment within an industrial area 
IEEE 142 Recommended practice for grounding of industrial and commercial power systems 
IEEE 213 Standard procedure for measurement of conducted emissions in the range of 300 kHz–25MHz from 

television and FM broadcast receivers to power lines 
IEEE 241 Recommended practice for electric power systems in commercial buildings 
IEEE 281 Standard service conditions for power system communication equipment 
IEEE 299 Standard methods of measuring the effectiveness of electromagnetic shielding enclosures 
IEEE 367 Recommended practice for determining the electric power station ground potential rise and induced voltage 

from a power fault 
IEEE 376 Standard for the measurement of impulse strength and impulse bandwidth 
IEEE 430 Standard procedures for the measurement of radio noise from overhead power lines and substations 
IEEE 446 Recommended practice for emergency and standby systems for industrial and commercial applications (e.g., 

power acceptability curve, CBEMA curve) 
IEEE 449 Standard for ferroresonance voltage regulators 
IEEE 465 Test specifications for surge protective devices 
IEEE 472 Event recorders 
IEEE 473 Recommended practice for an electromagnetic site survey (10 kHz–10 GHz) 
IEEE 493 Recommended practice for the design of reliable industrial and commercial power systems 
IEEE 519 Recommended practice for harmonic control and reactive compensation of static power converters 
IEEE 539 Standard definitions of terms relating to corona and field effects of overhead power lines 
IEEE 859 Standard terms for reporting and analyzing outage occurrences and outage states of electrical transmission 

facilities 
IEEE 944 Application and testing of uninterruptible power supplies for power generating stations 
IEEE 998 Guides for direct lightning strike shielding of substations 
IEEE 1048 Guides for protective grounding of power lines 
IEEE 1057 Standards for digitizing waveform recorders 
IEEE P1100 Recommended practice for powering and grounding sensitive electronic equipment in commercial and 

industrial power systems 
IEEE 1159 Recommended practice on monitoring electric power quality. Categories of power system electromagnetic 

phenomena 
IEEE 1250 Guides for service to equipment sensitive to momentary voltage disturbances 
IEEE 1346 Recommended practice for evaluating electric power system compatibility with electronics process 

equipment 
IEEE P1453 Flicker 
IEEE/ANSI 18 Standards for shunt power capacitors 
IEEE/ANSI C37 Guides for surge withstand capability (SWC) tests 
IEEE/ANSI C50 Harmonics and noise from synchronous machines 
IEEE/ANSI C57.110 Recommended practice for establishing transformer capability when supplying no sinusoidal load currents 
IEEE/ANSI C57.117 Guides for reporting failure data for power transformers and shunt reactors on electric utility power systems 
IEEE/ANSI C62.45 (IEEE 587) Recommended practice on surge voltage in low-voltage AC power circuits, including guides for 

lightning arresters applications 
IEEE/ANSI C62.48 Guides on interactions between power system disturbances and surge protective devices 
ANSI C84.1 American national standard for electric power systems and equipment voltage ratings (60 Hz) 
ANSI 70 National electric code 
ANSI 368 Telephone influence factor 
ANSI 377 Spurious radio frequency emission from mobile communication equipment 

Table 3.7. IEC guidelines [131] 

IEC 38 Standard voltages 

IEC 816 Guides on methods of measurement of short-duration transients on low-voltage power and signal lines. 
Equipment susceptible to transients 

IEC 868 Flicker meter. Functional and design specifications 
IEC 868-0 Flicker meter. Evaluation of flicker severity. Evaluates the severity of voltage fluctuation on the light flicker 
IEC 1000-3-2 Electromagnetic compatibility Part 3: Limits Section 2: Limits for harmonic current emissions (equipment 

absorbed current <16 A per phase) 
IEC 1000-3-6 Electromagnetic compatibility Part 3: Limits Section 6: Emission limits evaluation for perturbing loads 

connected to MV and HV networks 
IEC 1000-4 Electromagnetic compatibility Part 4: Sampling and metering techniques 
EN 50160 Voltage characteristics of electricity supplied by public distribution systems 
EN 50438 Requirements for micro-generating plants to be connected in parallel with public low-voltage distribution 

networks 
EC/EN 60868 Flicker meter implementation 
IEC 61000 Electromagnetic compatibility (EMC) 
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3.4 Standards for Voltage Regulation 
     The need for voltage regulation in distribution grids with significant amount of distributed 

generators has been identified and added as a requirement in the latest standards for 

generating plants installed in public low-voltage distribution networks. According to the 

newly published European standard (EN) 50438:2013, which refers to micro-generators 

(sources of electrical energy designed to operate in parallel with a public low voltage 

distribution network with nominal currents up to and including 16 A per phase), the reactive 

power exchange with the electricity grid for voltage regulation purposes should follow the 

characteristic curve provided by the Distribution System Operator (DSO) within active 

factors cosφ = 0.9under-excited to cosφ = 0.9over-excited when the active power output of the micro-

generator is more than or equal to 20 % of its nominal active power. Furthermore, the micro-

generator is not allowed to exchange more reactive power than 10 % of the micro-generator’s 

nominal power when the active power output is less than 20 % of its nominal active power 

[138]. A European standard that will set the requirements for connection of generators above 

16 A per phase is still under development due to variations in the electricity grids of different 

European countries [139], [140]. Nevertheless, the requirements stated in EN 50438:2013 

are in line with the German Guideline "Generating Plants Connected to the Medium-Voltage 

Network" [115]. 
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Chapter 4 
Simple PV System Model (SPVSM) 
 

4.1 Introduction  
     The most straightforward method found in the literature for the PV systems modelling 

was adopted for the initial power quality investigations. More specificity, the PV system is 

modelled as a set of harmonic current sources which are connected in parallel at the point of 

common coupling with the utility. The harmonic current sources are configured either by 

using analysed or raw measurements data. The power related measurements are acquired 

using the power quality analysers ACE 4000 and Fluke 1760. The solar irradiance and 

temperature measurement data are taken from the measurement database of the PV 

Technology Laboratory, University of Cyprus. Furthermore, weather measurements were 

taken from the Metrological station in Akrotiri, Limassol (also operated by the PV 

Technology Laboratory). Simulation results for different PV concentrations are obtained by 

using the Simple PV System Model (SPVSM) and an evaluation is performed for the model, 

network topology and methods used in the simulation studies. More details about the 

distribution grid topology and methodology followed in the simulations while using the 

SPVSM are also presented in this chapter. 
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4.2 Measurements and Data Acquisition  

4.2.1 Power Quality Analysers/Recorders  
     For the power quality measurements two powerful, versatile three-phase electric power 

quality analyser/recorders were used. Those are the ACE 4000 and the Fluke 1760. Both 

have enough processing power and robust data management capabilities that allow the 

acquisition of highly accurate measurements even on distorted waveforms. The intuitive 

Windows interface makes the setup of measurements and the analysis of data a simple 

procedure.  

     The measurements can be exported in text file or excel format for further analysis using 

other processing software. Measurement surveys can be performed by selecting either fully 

automatic or customizable setup options. All AC and DC measurements can be made without 

any programming required. Recording triggers can be specified for any power quality 

characteristic, and measurements can be made with multiple recording rates. All power 

quality measurements are simultaneously recorded in the instrument’s high-capacity hard 

drive with true cycle-by-cycle measurement and a minimum of 256 samples per cycle on 

every channel.  

Table 4.1. Main functionalities/Measurements of Power Quality Analyzers/Recorders 

Measurement Types 

The instruments combine many different measurement types, also referred to as “virtual instruments”: 

 Digital recording of measured data (data logger) 

 Power measuring device (recording of load profiles) 

 Recording of power frequency 

 Power Quality Analyser  

 Fast transient recorder  

 Ripple control signal analyser 

 Harmonics analyser 
 Voltage disturbances analyser (events) 

Measurements 

The following measurements can be made: 

 RMS values of voltage and current as well as power 

values with programmable averaging time 

 Oscilloscope data (instantaneous value, sensing value) 

 Powerful and versatile triggering engine 

 Load and energy measurements 

 Analysis of voltage and current 

harmonics/interharmonics 

 Fast transient analysis 

 Signalling voltage, ripple control signal 

analysis 

All recorded data (samples, phasors, waveforms, harmonic spectra and measurement text) 

can be displayed in real-time. Once a measurement survey has been completed, data may 

easily be exported for use in any spreadsheet or other data analysis application. Fluke 1760 

can also perform statistical analysis on data based on the EN50160 standard. The main 

functionalities and measurements available are mentioned in Table 4.1.  
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4.2.2 Environmental Conditions Measurements Infrastructure  
     Both meteorological and PV system measurements are being acquired and stored through 

an advanced measurement platform at the PV Technology Laboratory. The platform 

comprises of meteorological and electrical sensors connected to a central data logging 

system that stores data at a resolution of 1-second and accumulation steps of 15-minute 

averages.  

     The monitored meteorological parameters include solar irradiance, wind direction and 

speed as well as ambient and module temperature. The electrical parameters measured 

include DC current and voltage, DC and AC power at MPP as obtained at each PV system 

output. The meteorological station in Akrotiri has the same capabilities in terms of weather 

measurement quantities from which data have also been obtained [108].  

4.2.3 Data Collection - PV related Measurements 
     For proper modelling of the PV systems, measurements were undertaken at grid 

connected photovoltaic systems that are located in different locations around Cyprus. A 

power quality analyser was placed at the output of single or three phase photovoltaic systems 

to measure the appropriate power quality parameters.  

     Also solar irradiance was monitored using a pyranometer in some cases when the PV 

system was located nearby a meteorological station. The quantities recorded are the solar 

irradiance, power factor, the amplitude and angle of individual current harmonics, the Total 

Harmonic Distortion (THD), active and reactive power harmonics and RMS values of 

voltage and current for a time period of two weeks (one week before the connection of the 

PV system to the grid and one week after the connection). A typical example of the solar 

irradiance measurements for an average day in Cyprus is shown in Fig. 4.1a. The solar 

irradiance profile for a low irradiance day is shown in Fig. 4.1b. By comparing the results 

for current THD on an average day shown in Fig. 4.1c with that measured on a low irradiance 

day, Fig. 4.1d, it can be deduced that solar irradiance plays some role in the distortion of the 

current waveform and hence the quality of supplied energy. The current and voltage 

waveforms during different solar irradiance conditions are shown in Fig. 4.1e and 4.1f. Due 

to the fact that the energy input at low irradiance periods is low, the harmonic content of 

current waveform is getting significant in comparison to the fundamental frequency. The 

opposite applies for high solar irradiance conditions. Moreover, the current distortion 

observed on current waveforms does not affect the voltage significantly.  
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Fig. 4.1a.  Solar Irradiance observed for an average day Fig. 4.1b.  Solar Irradiance observed for a low solar irradiance 
day 

Fig. 4.1c.  Current THD measured for an average day Fig. 4.1d.  Current THD measured for a low solar irradiance 
day 
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Fig. 4.1e. Voltage and Current Waveforms measured during 
high irradiance (950 W/m2) 
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Fig. 4.1f. Voltage and Current Waveforms measured during 
low irradiance (250 W/m2) 

Figure 4.1.  Measurements observed during different solar irradiance conditions 
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Fig. 4.2a. Measured Voltage THD vs Solar Irradiance 
measured at the PV Technology Laboratory 

Fig. 4.2b. Measured Current THD vs Solar Irradiance Measured 
at the PV Technology Laboratory 

Figure 4.2. Measured Voltage and Current THD vs Solar Irradiance Measured at the UCY PV Park 

 
Figure 4.3. Harmonics RMS vs Solar Irradiance Measured at the PV Technology Laboratory 

Figure 4.4a.   Voltage RMS before and after the installation of 
the PV system 

Figure 4.4b.   Voltage THD before and after the installation of 
the PV system 

Figure 4.4. Measurements obtained at the busbar of the distribution transformer before and after the installation of a 150kWp PV 
system in an industrial area under investigation 
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However, this will have a tremendous effect at high concentration scenarios. In order to 

formulate a clearer view of the effect of solar irradiance on voltage and current waveform, 

power quality quantities were correlated with the instantaneous solar irradiance measured 

during a two week period and the results are shown in Fig. 4.2a and 4.2b for the voltage and 

current THD respectively. The current THD measured at the output of the PV system under 

investigation is very sensitive to changes of incident radiation. This occurs because of two 

reasons: a) The THD index is inversely proportional to the current amplitude (as seen by 

equation (4.1)) and consequently inversely proportional to solar irradiance and b) The root 

mean square of current harmonics is promotional to the solar irradiance as depicted in Fig. 

4.3. Both the THD index and the root mean square (RMS) value of the total harmonics of a 

signal are defined as follows:  

஺ܦܪܶ ൌ 	
ோெௌܪ
ଵܣ

ൌ
ටܣଶ

ଶ ൅ ଷܣ
ଶ൅ܣସ

ଶ ⋯൅ ௡ܣ
ଶ

ଵܣ
																																																																						ሺ4.1ሻ 

where ܪோெௌ is the root mean square of harmonics up to the nth order, ܣ௡ is the RMS of nth 

harmonic and ܣଵ	is the RMS of fundamental frequency. On the other hand, the voltage 

harmonics are not strongly dependent on the fluctuations of solar irradiance, as the 

impedance seen by the PV system is not significant to amplify the injected current harmonics 

and convert them into voltage harmonics. If the impedance was significant, the linear 

relationship between solar irradiance and current harmonic would be reflected on voltage 

THD index as well. The total voltage harmonic distortion is found to range from 1.2 % to 

3.5 %, as shown in Fig. 4.2a. Also, the current total harmonic distortion has a larger range 

of values, from 3.8% to 103.4% (Fig. 4.2b). In general, the current distortion consists a result 

of switching operation of the inverter which can be boosted by the inability of control circuit 

and sensors of the inverter to measure and maintain the sinusoidal waveform shape of the 

output current. Furthermore, the nonlinearity of the inverter due to factors such as (i) the 

dead time, (ii) the delay in gate drive circuits, (iii) turn-on and turn-off delays, (iv) parasitic 

capacitance effects, (v) voltage drop in switching devices, (vi) zero-current clamping and 

(vii) short pulse dropping can play a significant role in the distortion of output current [141]. 

     Fig. 4.4 shows the resulting voltage RMS and voltage distortion at the busbar of the 

distribution transformer of an industrial area with and without the presence of the PV systems 

(Phase A). Similar results are observed on all the three phases. The aforementioned results 

observed are similar in the majority of places where large PV systems are installed and 

consequently are used further in the modelling and simulation procedure explained in the 

next chapters. 
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4.3 SPVSM - Network - Methodology  

4.3.1 SPVSM - Set of parallel Harmonic Current Sources 
     Firstly, the PV system has been modelled as a set of harmonic current sources and it has 

been configured using the measurements from the PV systems. Two different ways were 

adopted in using the aforementioned model depending on the simulation type and software 

used. The model used in PSCAD software is shown in Fig. 4.5. Details about the model 

formulated in DigSilent software are found in subsection 4.3.3.1.   
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Figure 4.5. SPVSM - Three phase current source configured using measurements 

At the beginning, the model was inserted into DigSilent software for performing steady-state 

simulations. In order to obtain the data required for configuring the current source, statistical 

analysis was performed on measurements from which three different simulation cases have 

been extracted based on solar irradiance. The phase of measured harmonic currents was 

modified according DigSilent requirements in order to be inserted into the aforementioned 

software having the right format. In the second phase, the model was inserted into PSCAD 

software and the simulation was repeated using the raw harmonic measurements. The 

correction for phasor angles has been provided from a Phase Lock Loop Element (PLL). An 

advanced version of the aforementioned model is found in [19] which takes into account also 

the voltage at the fundamental frequency to adjust the fundamental frequency current (but it 

does not model current harmonics) and it is further used in the study of the voltage levels in 
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a distribution grid with high PV penetrations. In [19], the voltage harmonic distortion is not 

considered. 

4.3.2 Distribution Network under investigation - Radial Topology 
     The network configuration chosen for simulation while using the SPVSM is shown in 

Fig. 4.5. The topology is composed of linear loads (nonlinear loads are not considered as the 

investigation is focused only on the voltage distortion caused by PV systems), grid connected 

photovoltaic systems and a step down transformer. The representation of consumption has 

been done by linear loads to ensure that the produced distortion in the network will be due 

to the presence of the modelled PV systems. The external grid supplies the network at 11 

kV. The voltage is stepped down to low voltage in a distribution substation to supply the 

energy needs of the loads. Two types of distribution substations were considered, having 

transformers of 500 kVA and 1000 kVA rated power respectively. Grid connected 

photovoltaic systems were added to the network topology to satisfy part of the energy 

demand (up to 70% of load demand). It must be mentioned that the distribution transformer 

operates in the linear region and consequently the distribution network itself (without the 

modelled PV systems) is linear.   

 
Figure 4.6. Radial Network Topology - SPVSM 

     The installed photovoltaic systems (two to three systems on each feeder) have a rated 

value of 15 kWp each, exactly the same as the capacity of the PV Park where the 

measurements were taken from and statistically quantified. This is in line with the future 
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penetration scenarios of PV in Cyprus where the current feed-in-tariff scheme clearly 

favours installations of such size. Linear loads vary from 4 to 35 kVA and have a power 

factor that lies in the range of 0.8 to 0.99, according to the diagram shown in Fig. 4.6. It was 

felt that this is the most common situation that may arise in the typical low voltage grid.  

     The models of the transmission lines and transformers used by DigSilent PowerFactory 

Software are described in [142] and the calculation of power indices is defined in [143]. The 

equipment data used for the modelling of distribution lines, cables and transformers are those 

used for the analysis and simulation of the distribution network belonging to the Electricity 

Authority of Cyprus. 

4.3.3 Methods adopted for the SPVSM 
     Measurements from the output of a 15 kWp PV system located at the PV Technology 

Laboratory of the University of Cyprus are used to configure the PV system model developed 

and to extract the simulation cases. The measurements were acquired using a power quality 

analyser with a sampling time of one minute for a period of two weeks. Measurements of 

solar irradiance were also obtained from a pyranometer in a synchronized way with the 

power quality measurements.   

     Firstly, it was necessary to perform analysis on the measurements in order to observe the 

variation characteristics of power quality quantities and the main factors causing this 

variation. The measurements were analysed and subsequently subdivided into the optimum 

number of groups according to their variation using the k-mean cluster algorithm. After the 

analysis, it was observed that the variation of the current phasors has a strong correlation 

with the solar irradiance and hence the subdivision of the different cases was done based on 

the solar irradiance profile. This subdivision aims to create groups of measurements with 

small variations that can produce similar simulation results if randomly selecting a cycle 

measurement from the same group. It is important to mention that the definition "cycle 

measurement" refers to all the simultaneous measurements acquired during one time-cycle 

lasting for 0.02 s including all the individual current harmonic phasors.  

     The PV systems are modelled as current sources which are configured using the average 

measurement findings of the applied analysis for each case. Special attention was given to 

the proper amplitude and phase assessment of the current harmonics obtained from 

measurements, which were then used in the model. In particular, the harmonic angles were 

adjusted using the bus voltage and current angles, as described in the following section 

(4.3.4), before being inserted into the software [144]. The derived simulation cases are 

inserted into DigSilent PowerFactory to obtain the desirable simulation parameters of a 
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proposed distribution grid for the different cases. In that way, the solar irradiance dependent 

level of harmonic distortion due to PV generation is assessed.  

     In order to get a better sense of how the outcomes compare with the standard EN50160 

it was necessary to perform simulations for each time measurement and analyse the results 

based on the requirements of the standard EN50160. For the aforementioned requirement, 

the PV system model (current source) was configured using the raw measurement data and 

the simulation was repeated using the PSCAD software. The outcomes of the simulation 

were analysed and it was found that the high solar irradiance case was giving the most 

representative results according to the EN50160 standard. As the high solar irradiance case 

was the most representative one and at the same time the worst case scenario (regarding 

voltage distortion observed on the buses of the simulated distribution topology), it was 

further used to investigate various PV concentration scenarios and concentration limits in 

chosen buses of the proposed distribution network using the high irradiance case in 

conjunction with DigSilent PowerFactory. Results for the voltage RMS and the voltage 

distortion are presented and analysed in an attempt to determine how power quality 

quantities are affected by changes in PV penetration in the adopted grid topology.  

     In this work it is assumed that all the PV systems are located in the same area close to 

each other and therefore are exposed to the same levels of solar irradiance and reacting in 

the same manner in terms of power quality. In practice, dispersed PV systems will usually 

experience different irradiance levels depending on where the systems are installed. 

Therefore, a more realistic approach would be to use solar irradiance data from all the 

installation points or perform Monte-Carlo simulation by statistically varying the solar 

irradiance [145]. However, the focus of this work to date has been to develop the appropriate 

model in order to be able to study the power quality behaviour of the PV systems and to 

predict the maximum penetration limits based on the worst case scenario, which is the case 

when all the systems produce at their maximum (i.e. a high solar irradiance day with 

completely clear weather) as has been seen by the findings. Also the following assumptions 

have been considered to be valid: 

 No PV systems export reactive power into the system. 

 The substation bus is a strong bus (low impedance supply – bus with voltage which 

is insensitive to load variations). 

 Stability and transient phenomena are not considered. 

 The loads are linear and consume constant active and reactive power (a constant 

power load model is used according to [146]). 

 The power factor of the loads is considered to be in the range of 0.8 - 0.99. 
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 The PV systems are installed on feeders of the same distribution transformer. 

The inverter under investigation complies with the following standards: EN 61000-6-

3:2002-08, EN 61000-6-4:2002-08, EN 550222:003-09, EN 61000-3-3:2002-05, EN 

61000-3-2:2001-12, EN 61000-6-1:2002-08, EN 61000-6-2:2002-08 

 4.3.3.1 Harmonic Origins and Power Flow 

Since PV systems are connected to the grid via inverters, we usually talk about inverter 

related distortion. Theoretically the most commonly used Pulse-Width Modulation (PWM) 

inverters produce only high order harmonic distortion, mainly attenuated by the system, 

associated with switching frequency  ௦݂௪ and given by: 

௛݂ ൌ ݇ଵ ௦݂௪ േ ݇ଶ ଵ݂																																																																																																																							ሺ4.2ሻ 

where ݇ଵ, ݇ଶ are integers and  ଵ݂ is the fundamental frequency. 

     However, low order harmonic currents are also produced from deficiencies in the inverter 

control loop and the connection of the inverters to weak or distorted grids. The distorted grid 

voltage behaves like an external disturbance resulting in a distorted output current. 

Therefore, measurement of the actual current harmonic content of the inverter output and its 

use in simulations is justified. 

     At the fundamental frequency, conventional methods such as “Newton-Raphson” are 

used for power flow analysis. Harmonic power flow modelling techniques include time-

domain, harmonic domain and hybrid approaches. In the harmonic load flow calculation 

DigSilent PowerFactory software, for example, carries out a steady-state network analysis 

at each frequency defined by harmonic sources and then applies phase corrected 

superposition to calculate the harmonic currents. Thus a fundamental frequency load flow 

study needs to be performed before a harmonic penetration analysis, in order to determine 

fundamental voltage and current magnitudes as well as phase angles [143], [144]. Harmonic 

current sources are considered as:  

௛ܫ ൌ ݇௛݁௜௱ఝ೓ ൈ	ܫଵ݁௜ఝభ																																																																																																															ሺ4.3ሻ 

where ߮߂௛ ൌ ሺሺ݄ െ 1ሻ߮ଵ ൅ ሺ߮௛ െ ߮ଵሻሻ, ݄ is the harmonic order, ܫଵ the fundamental 

frequency current and ݇௛ ൌ   .ଵ is the harmonic relative magnitudeܫ/௛ܫ

     The current angle of each harmonic is referenced to the fundamental current angle at each 

bus. Obviously, harmonic currents are changed from absorbing to injecting when a change 

of 180o is observed on the current harmonic phase. 
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4.3.4. Analysis of Measurements - Choice of Best Data Clusters 
     In order to obtain the best way of grouping and defining the effect of solar irradiance on 

produced current harmonics, and thus to make the simulations more computationally 

efficient, the k-means clustering algorithm was utilized to subdivide data into categories. 

The main objective is to define a certain number of centroids that are placed as far as possible 

from each other and to have objects belonging to each centroid with minimum variance. This 

task can be achieved by minimizing an objective function, which in this specific case is the 

squared error function (4.4), by reassigning the objects into the group with the closest 

centroid,  

ܧܵ ൌ෍෍ቛݔ௜
ሺ௝ሻ െ ܿ௜ቛ

ଶ
௡

௜ୀଵ

	

௞

௝ୀଵ

																																																																																																								ሺ4.4ሻ 

 

where ቛݔ௜
ሺ௝ሻ െ ܿ௜ቛis a distance measure method between a data point ݔ௜

ሺ௝ሻand the cluster 

center ܿ௜ [147], [148]. The Euclidean distance was used as a metric for classifying data into 

groups. Multiple runs of the k-means algorithm with different, randomly selected, initial 

conditions ensured that the solution obtained was close to the global minimum.  Prior to 

applying the k-means method, it was also necessary to convert the phasors of the current 

harmonics from polar to Cartesian coordinates to avoid any discontinuities arising from the 

representation of the phase.  

      In the histogram of the 2nd order harmonic angle (Fig. 4.7a), two different groups of 

values can be distinguished. By taking an average on the specific data, a misleading mean 

value is calculated. By looking at the polar form of the 2nd order harmonic angle (Fig. 4.7b), 

Figure 4.7a. 2nd Order Harmonic Angle on Phase L1 - Histogram 
 

Figure 4.7b. 2nd Order Harmonic Angle on Phase L1 – Polar Coordinates 

Figure 4.7. Variation of 2nd Order Harmonic Angle on Phase L1 
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it is clear that the values of the 2nd order harmonic angle vary around an area that includes 

both 0˚ and 360˚.  

Consequently, it is more convenient if polar coordinates are used to preserve the continuity 

properties of the measurement data, otherwise the k-means partitioning method will divide 

the data into the wrong clusters.  

     The number of harmonic phasor groups has been chosen according to the average 

silhouette values after performing a k-means analysis for a different number of clusters 

[149]. The k-mean analysis was applied to a three dimensional space having as dimensions 

the real and imaginary part of the current harmonics and the solar irradiance. To achieve this 

task it was necessary to correlate the solar irradiance with each harmonic phasor. 

 
Figure 4.8. Average Silhouette value vs number of Clusters – Choice of harmonic phasor grouping 

 
Figure 4.9. 4th Order harmonic phasor divided into four Clusters (Yellow: Extremely Low Solar Irradiance 
case, Red: Low Solar Irradiance Case, Green: Average Solar Irradiance Case, Blue: High Irradiance Case) 

 

     The methodology of calculating the mean silhouette value has been applied to each of the 
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for the simulation as they were the most significant in amplitude. The average silhouette 

value for each harmonic is graphically presented for different number of clusters in Fig. 4.8. 

From this figure, it can be seen that as the number of clusters increases, the grouping of data 

is done in a less efficient way. Furthermore, it has been observed that if we choose to have 

four clusters, the data will group efficiently together and will be located close enough to the 

nearest centroid having in this way the minimum variance within the cluster. Therefore, 

harmonic phasor-solar irradiance measurements are subdivided into four groups using the k-

means partitioning method as shown in Fig. 4.9. 

4.3.5. Extraction of Simulation Cases 
     After the subdivision of data, a very useful observation was made with regard to the 

variation of the quantities in relation to the solar irradiance. It is obvious from Fig. 4.9 that 

the fluctuation of harmonic phasors is highly dependent on solar irradiance. Thereafter, the 

extraction of simulation cases can be effectively and efficiently done based on solar 

irradiance. The cluster of data with the highest variation referring to the situation where the 

solar irradiance reaches quite low levels (Extremely Low Solar Irradiance case) is not going 

to be considered in the simulations as these extreme fluctuations will give results of 

decreased accuracy and confidence. 

 

Figure 4.10. Density Distributions of the Four Solar Irradiance Cases 

 

     In the next step, the range of variation of each solar irradiance case was defined by 

creating a frequency distribution of solar irradiance for each grouping category considering 

all the harmonics up to the 17th order. The frequency distributions for the four solar 

irradiance cases are shown in Fig. 4.10. As the distributions of the four solar irradiance cases 

were overlapping slightly, it was necessary to isolate the overlapping data and calculate the 
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Figure 4.11a.  Average Percentage of Current Harmonic Amplitude 

measured on Phase L1 (%) – High Solar Irradiance Case 
Figure 4.11d. Average Current Harmonic Angle on Phase L1 (˚) - 

High Solar Irradiance Case 

 
Figure 4.11b.  Average Percentage of Current Harmonic Amplitude 

measured on Phase L1 (%) - Average Solar Irradiance Case 
Figure 4.11e. Average Current Harmonic Angle on Phase L1 (˚) - 

Average Irradiance Case 

 
Figure 4.11c. Average Percentage of Current Harmonic Amplitude 

measured on Phase L1 (%) - Low Solar Irradiance Case 
Figure 4.11f. Average Current Harmonic Angle on Phase L1 (˚) - 

Low Irradiance Case 

Figure 4.11. Average Current Harmonic Amplitude and Angles used as an input to the simulator 

 

 

 

 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

3

3.2

Harmonic Order

A
m

pl
itu

de
 (
%

)

 

Mean Value

Standard Deviation

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

-180
-160
-140
-120
-100
-80
-60
-40
-20

0
20
40
60
80

100
120
140
160

Harmonic Order

A
ng

le
 ( 

)

 

Mean Value

Standard Deviation

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
0

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2
2.4
2.6
2.8

3
3.2
3.4
3.6
3.8

Harmonic Order

A
m

pl
itu

de
 (
%

)

 

Mean Value

Standard Deviation

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

-180
-160
-140
-120
-100
-80
-60
-40
-20

0
20
40
60
80

100
120
140
160

Harmonic Order

A
ng

le
 ( 

)

 

Mean Value

Standard Deviation

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
0

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2
2.4
2.6
2.8

3
3.2
3.4
3.6
3.8

4
4.2
4.4
4.6
4.8

5
5.2
5.4
5.6
5.8

6

Harmonic Order

A
m

pl
itu

de
 (
%

)

 

Mean Value

Standard Deviation

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

-180
-160
-140
-120
-100
-80
-60
-40
-20

0
20
40
60
80

100
120
140
160

Harmonic Order

A
ng

le
 ( 

)

 

Mean Value

Standard Deviation

Mina
s P

ats
ali

de
s



 Section: Simple Photovoltaic System Model 

   44 

 
Figure 4.12a. High Irradiance Case – Mean = 12.123 

 
Figure 4.12b. Average Irradiance Case – Mean = 9.767 

 
Figure 4.12c. Low Irradiance Case – Mean = 6.434 

Figure 4.12. Current RMS measured on Phase L1 for the three simulation cases 

     Following the analysis of the data, three cases were extracted from measurements and the 

average values of each case for phase L1 are shown in Fig. 4.11. The three simulation cases 

are named:  
 

• High Solar Irradiance Case (757.27  ܹ/݉ଶ	 and above). 

• Average Solar Irradiance Case (between 535.32 and 757.26  ܹ/݉ଶ	 ). 
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• Low Solar Irradiance Case (between 230.27 and 535.31  ܹ/݉ଶ	 ). 

The average amplitudes of the first seventeen harmonics for the three simulation cases are 

presented in Figs. 4.11a-c. The mean of the individual current harmonics decreases as the 

solar irradiance increases. A similar observation applies for the variance of the amplitude of 

the current harmonics. The circular nature of harmonic angles prevents the use of commonly 

used statistical techniques, as the methods utilized by such techniques would provide 

inaccurate or misleading results. For the calculation of the average harmonic angles under 

investigation it was required to use Circular Statistics explained in [150] and [151]. The 

resulting angles are shown in Figs. 4.11d-f. From Figs. 4.11d-f, it can be noted that the 

variance of current harmonic angles decreases as the solar irradiance increases. The analysis 

presented in Fig. 4.11 has been done for all the three phases. The current amplitude (in 

amperes) was also needed to adjust fully the current sources that have been set using the 

mean value of each chosen simulation case. In Fig. 4.12, the distribution of the current 

measured at the output of the PV system is graphically presented. From the results in Fig. 

4.12 it can be concluded that the mean value is considered to be a suitable representation for 

the most probable situation. 

 
Figure 4.13a. Whole set of data (Raw Data) 

 
Figure 4.13b. High Irradiance Case (Raw Data) 

 
Figure 4.13c. Average Irradiance Case (Raw Data) 

 
Figure 4.13d. Low Irradiance Case (Raw Data) 

Figure 4.13. Variation of 5th Harmonic Angle on Phase L1 before and after subdivision of raw data 
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The variation of the 5th harmonic angle is shown in Fig. 4.13 (The red line presented in each 

graph depicts the average value of the mentioned angular quantity). It is clear that the 

subdivision of data into clusters limits the variation of the angle into a smaller range. For the 

three different cases chosen in the specific study, the variation of angle within the clusters 

does not vary significantly. The variation of the harmonic angles increases only during 
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Figure. 4.14a.  Voltage THD vs Bus ID - Low Irradiance Case 
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Figure. 4.14b. Voltage THD vs Bus ID - Average Irradiance Case 

Bus ID
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

V
ol

ta
ge

 T
H

D
 (

%
) 

- 
P

ha
se

 A

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

500kVA Distribution Transformer 

1000kVA Distribution Transformer     

 
Figure. 4.14c.  Voltage THD vs Bus ID - High Irradiance Case 

Figure 4.14. Voltage THD vs Bus ID for different irradiance cases 
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extremely low irradiation conditions whilst the inverter is not functioning in an optimum and 

proper way due to insufficient input energy. After obtaining all the required information to 

fully configure the current sources, the modelling of PV systems becomes feasible.   

4.4 Simulation Results - Simple PV System Model 
     The Simple PV System was firstly simulated with the DigSilent PowerFactory Software. 

Voltage distortion caused by nearby installed inverters was not investigated due to the nature 

of modelling adopted.  The results obtained from the simulation of the two topologies for a 

500 kVA and 1000 kVA distribution transformer are shown in Fig. 4.14. In both cases, it is 

obvious that the THD of all buses increases as the solar irradiance increases. Nevertheless, 

the Average Current Harmonic Amplitudes in the high irradiance case are much lower than 

in the medium and low irradiance cases. Despite this fact, their effect on the voltage THD is 

more pronounced since the power contribution from the photovoltaic system is much higher 

during this period. Buses that are located at the end of the radial network and have 

photovoltaic systems connected are also experiencing problems with harmonics. The voltage 

THD obtains the highest value at the point of the network where the highest concentration 

of photovoltaic systems exists (Bus ID 6 - Fig. 4.6). In addition to this, the network with the 

high capacity distribution transformer has more immunity to voltage pollution caused by 

harmonics. In other words, the stronger the network at the point of connection to the medium 

voltage grid the better for the customers in terms of quality of supply.  

Bus ID
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25C

u
m

u
la

tiv
e
 D

is
tr
ib

ut
io

n
 T

H
D

 V
a
lu

e
s 

fo
r 
th

e
 9

5
%

of
 th

e 
T
ot

a
l O

pe
ra

tin
g 

T
im

e

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

Voltage THD Values for 95% 
of Operating Time
Voltage THD Limit (EN 50160)

 

Figure 4.15. Cumulative distribution of Voltage THD vs bus ID for 95% of the total operating time 

 
According to the EN 50160 standard the limit for voltage THD is 8% including up to the 

40th harmonic. As can be seen in Fig. 4.14c, the voltage THD on Bus ID 6 is approaching 

6.3%. A significant observation made is that the limits described in IEEE Standard 519-1992 

“Recommended Practices and Requirements for Harmonic Control in Electrical Power 
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Systems” are exceeded. The EN 50160 standard sets the limit for voltage THD to 8% and 

the specific limit should not be exceeded for more than 5% of the total operating time. Fig. 

4.14 shows that the limits are not exceeded. However, the most representative results are 

those shown in Fig. 4.14, according to which the limits of the EN 50160 standard are not 

exceeded for 95% of the total operating time. In order to obtain the results of Fig. 4.15-4.16, 

it was necessary to use the PSCAD software to perform the simulations. 

  
Figure. 4.16a. Voltage Variation on Buses 1-5 

 
Figure. 4.16b. Voltage Variation on Buses 6-10              

 
Figure. 4.16c: Voltage Variation on Buses 11-15 

    
Figure. 4.16d: Voltage Variation on Buses 16-20            

 
               Figure. 4.16e. Voltage Variation on Buses 21-25

Figure 4.16. Voltage Variation on the Buses of the Proposed Distribution Network Topology 
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From the comparison of outcomes from DigSilent PowerFactory and PSCAD it is observed 

that the simulation case seen to be in line with the EN50160 standard analysis is the high 

solar irradiance one. During high solar irradiance conditions the PV inverters are operating 

at rated conditions so from the aforementioned observation it becomes clear that by using 

the characteristics of the inverter at rated conditions (high irradiance case) it is feasible to 

get a good estimate of how the distribution network will react in the presence of high PV 

penetrations.  

     By studying the voltage profile of the network buses using PSCAD software (Fig. 4.16), 

it can be noted that the voltage limits are exceeded for more than 5% of total operating time 

on a certain number of buses even if the taps of the transformer are adjusted to their 

maximum permissible level. The simulation time presented in Fig. 4.16 is actually equivalent 

to one week’s operation of the distribution topology in the presence of PV systems 

considering only the daytime hours (approximately 13 hours per day).    

4.4.1. Investigation of Concentration Limits  
     In this section, the high solar irradiance case has been chosen to be used in DigSilent 

PowerFactory for the simulation of the different concentration scenarios as it constitutes the 

worst case scenario and secondly because it gives results based on the EN50160 standard 

analysis as has been seen in the previous section.  

Five different PV concentration scenarios were considered in order to observe the harmonic 

response of the proposed distribution network in each case. The busbars with PV systems 

are shown in Table 4.2. In each busbar only one PV system is connected. From the simulation 

results shown in Fig. 4.17, it is clear that the busbar voltage THD increases as the 

concentration of photovoltaic systems increases. The installation of a PV system on a certain 

bus gives rise to voltage THD on the specific bus and when PV systems are installed also on 

neighbouring buses, the value of voltage THD can also rise dramatically on neighbouring 

buses, exceeding the EN 50160 limits in some instances. It is important to mention at this 

point that the limit is exceeded only by the first seventeen harmonics and obviously the limits 

described in IEEE Standard 519-1992 are exceeded.  

     Generally, the effect of harmonics is not so pronounced with low concentrations of PV 

systems, but the situation gets worse as the installed PV capacity increases. The calculations 

show (Fig. 4.17), that the voltage THD limits are not exceeded even when the installed PV 

capacity reaches 24% (120 KVA Installed PV Capacity divided by the Power Rating of the 

Distribution Transformer) of the transformer size. Proper planning of PV system installation 

on the grid is therefore important to avoid severe voltage distortion.  
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     The voltage variation on the busbars of the proposed distribution topology has also been 

considered after performing simulations in PSCAD (configuring the current sources using 

the raw measurements file) for the different concentration scenarios and is shown in Fig. 

4.18. As the concentration of PV systems inside the distribution network increases, the 

voltage levels rise respectively. The plots of Fig. 4.18 present the upper and lower limits of 

voltage for 95% of total simulation time (one week period). The red line represents the limits 

for voltage that must not be exceeded for more than 5% of the total operating time. From 

Fig. 4.18 it can be observed that by increasing the concentration of PV systems inside the 

distribution network, the variation of voltage increases. Despite the fact that the voltage 

limits may be exceeded under high concentration of PV systems, it can be seen that in some 

cases PV systems improve the voltage levels.  

Table 4.2. Different Concentration Scenarios 

Bus  
ID 

Installed PV System Capacity
15KVA  

(1 system) 
60KVA 

 (4 systems)     
120KVA 

(8 systems) 
240KVA 

 (16 systems) 
375KVA 

(25 systems) 
1    √ √
2   √ √ √
3     √
4    √ √
5   √ √ √
6    √ √
7 √ √ √ √ √
8    √ √
9    √ √

10     √
11   √ √ √
12    √ √
13     √
14     √
15  √ √ √ √
16   √ √ √
17     √
18  √ √ √ √
19     √
20    √ √
21    √ √
22     √
23     √
24  √ √ √ √
25     √
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Figure 4.17a. Voltage THD vs Bus ID – 15 KVA Installed PV 
Capacity (1 system) 
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Figure 4.17b. Voltage THD vs Bus ID – 60 KVA Installed PV Capacity  
  (4 systems) 
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Figure 4.17c. Voltage THD vs Bus ID – 120 KVA Installed PV 
Capacity (8 systems) 
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Figure 4.17d. Voltage THD vs Bus ID – 240 KVA Installed PV Capacity 
(16 systems) 
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Figure 4.17e. Voltage THD vs Bus ID – 375 KVA Installed PV Capacity (25 systems) 

Figure 4.17. Voltage THD vs Bus ID for different concentration scenarios 
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Figure 4.18a. Voltage Variation vs Bus ID – 15 KVA Installed PV 
Capacity (1 system) 

 
Figure 4.18b. Voltage Variation vs Bus ID – 60 KVA Installed PV 

Capacity (4 systems) 

 
Figure 4.18c. Voltage Variation vs Bus ID – 120 KVA Installed PV 

Capacity (8 systems) 

 
Figure 4.18d.Voltage Variation vs Bus ID – 240 KVA Installed PV 

Capacity (16 systems) 

 
Figure 4.18e.Voltage Variation vs Bus ID – 375 KVA Installed PV Capacity (25 systems) 

Figure 4.18. Voltage Variation vs Bus ID for different concentration scenarios 
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Figure 4.19a. Investigation of Concentration Limits on an Edge Bus 
 

Figure 4.19b. Investigation of Concentration Limits on a 
Transformer’s Neighbouring Busbar 

Figure 4.19. Investigation of Concentration Limits on selected buses 
 

     Some busbars are less sensitive to voltage variations and consequently they are better 

candidates for the installation of PV systems.  The voltage of buses that are already below 

the lower limit can be improved by installing PV systems and on buses that the voltage is 

approaching the upper limit PV systems must be avoided. For this purpose, the harmonic 

response of two types of buses of the proposed distribution network was simulated with 

DigSilent PowerFactory using the worst case scenario data. In order to obtain a feel of the 

concentration limits, single point PV installations of various sizes are further examined. In 

this part of the simulation, the capability of installing more than one PV system on one 

busbar, before exceeding the limits proposed by the EN 50160 and IEEE 519-1992 

standards, is investigated. 

     The main parameter considered in this case was the immunity of certain buses to voltage 

disturbances. One bus with high and one with low immunity to voltage disturbances were 

chosen. Frequently, buses that are located at the end of a radial network (Bus ID 15 - Fig. 

4.6) have lower immunity to voltage disturbances and buses that are connected close to the 

distribution substation, the beginning of a distribution line, (Bus ID 11 - Fig. 4.6) have higher 

immunity. 

     The simulation results for the low voltage immunity case are shown in Fig. 4.19a. The 

installation of photovoltaic systems was done on bus 15 (Fig. 4.6) and the maximum capacity 

was found to be four systems with 15 kVA rated power (60 kVA to 75 kVA). The fifth PV 

system forced the voltage THD of bus 15 to exceed the EN 50160 standard, whereas the 

limits described in IEEE Standard 519-1992 were exceeded after the installation of the third 

PV system (45 kVA). The maximum voltage THD value was observed on the bus where 

photovoltaic systems are connected. This is quite a straightforward result, having in mind 

that buses located at the edge of a radial power network are weaker in terms of short circuit 
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current and that a significant part of the energy required on that bus is provided mostly by 

PV systems with distorted characteristics on the same bus. 

      The simulation procedure was repeated for bus 11 (Fig. 4.6) and the results are shown in 

Fig. 4.19b. The maximum PV capacity for this case was found to lie in the range of 90 kVA 

to 105 kVA, whereas the limits described in IEEE Standard 519-1992 were exceeded after 

the installation of the sixth PV system. The maximum voltage THD is not observed on the 

same bus where the PV systems are installed due to the fact that the energy required for this 

bus is mainly supplied by the distribution transformer [8]. 

4.5 Conclusions 

     The main focus of the work above has been to develop a preliminary PV system model 

in order to be able to study the power quality behaviour of the PV systems and to predict the 

maximum penetration limits. The measurement based analysis presented, identifies that the 

maximum permissible concentration of PV can be reached under certain circumstances 

related to the distribution grid topology, inverter technology and the solar irradiance level. 

From the findings, it has been noted that the levels of power quality of busbars inside a 

distribution network decrease by installing higher concentrations of PV systems if proper 

planning is not taken into consideration. Also, an important observation made is that the 

buses located closer to the distribution transformer have higher immunity to voltage 

disturbances than those located at the end of the radial network. Finally, a general outcome 

obtained is that the case when all the systems produce at their maximum constitutes a 

representative scenario for evaluating the harmonic response of the distribution grid.  

     However, the simulation results can be improved if the voltage of fundamental frequency 

and harmonics are considered in the PV System Model. Moreover, the exact dynamics of 

the distribution grid under investigation are crucial in performing reliable power quality 

studies and consequently they should be modelled in a convenient and accurate way. Lastly, 

a validation/verification procedure is required to be developed to ensure that the simulation 

outcome yields credible results. 
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Chapter 5 
Advanced PV System Model (APVSM) 
 

5.1 Introduction  
     Modifications and additions to the simple model produced an advanced model which is 

essentially a power source configured using harmonic measurements of active and reactive 

power. The APVSM if compared to the SPVSM has the advantage of taking into account 

the voltage variations and it can adjust accordingly the output current of the power source 

based on the variation in the voltage level and phase.  

     On the other hand, the dynamics of the distribution grid in the industrial area are modelled 

via the harmonic distribution grid equivalent described in Chapter 9. It is inevitably evident 

that an accurate equivalent distribution grid model is required in order to assess correctly the 

impact of PV market deployment on the  electricity grid network, imposed by the power 

quality constrains. Furthermore, the dynamics of the distribution grid should be known in 

order to define the PV penetration limit and proposed voltage regulation methods to increase 

the PV capacity. The proposed model describes adequately the distribution grid dynamics 

and it is used along with the APVSM in the simulation of different PV penetration levels. 

The simulation results and models utilized are evaluated at the end of this chapter. 
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5.2 APVSM - Network - Methodology  

5.2.1 APVSM - Set of parallel Harmonic Power Sources 
     The APVSM has been built based on the SPVSM presented in the previous chapter.  In 

general, the APVSM is a power source which is composed of a set of harmonic power 

sources that take into account the grid voltage and voltage harmonics (the output current of 

APVSM is the sum of harmonic currents produced by the individual harmonic power 

sources). The novelty of the proposed APVSM lies in the fact that the output current 

harmonics are calculated using the voltage harmonics of the grid. The PV system model 

developed is unique and it has not been proposed in literature before. Also, in the calculation 

of output current harmonics, both solar irradiance (GH) and power measurements (P,Q for 

active and reactive power respectively) are considered. 
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+
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Figure 5.1. APVSM - Three phase power sources using regression fit polynomial models 

 
The only problematic condition possible to occur while using the proposed model is the case 

when the amplitude of a voltage harmonic is exactly zero. At that situation, the issue is 
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resolved by setting the amplitude of the specific voltage harmonic to a very small nonzero 

value. It must be mentioned although that this situation has zero probability to occur in reality 

(due to the nonlinear loads which are connected on the electricity grid) therefore the 

aforementioned assumption is quite reasonable.  

     The power measurements needed for the development of the APVSM are taken from a 

150 kWp PV system and are further utilized to define the polynomial regression models with 

the highest possible accuracy. The internal model signals driving the current sources are 

defined based on the significance of measured power harmonics. The general diagram 

showing the structure of the APVSM is shown in Fig. 5.1. The measurements used for 

defining the regression models are the solar irradiance, the fundamental and harmonics of 

active and reactive power, the voltage RMS and Total Harmonic Distortion. The symbolic 

form of regression input variables is depicted in Table 5.1. 

Table 5.1. Regression models input variables and their reduce symbolic form  

Symbol Input Variables 

x1 Solar Irradiance 
x2 Active Power Fundamental Reference 
x3 Reactive Power Fundamental Reference 
x4 Voltage RMS 
x5 Voltage THD 

 

The current for the fundamental frequency is calculated by the Fundamental Controller 

shown in Fig. 5.2. The Fundamental Controller takes as input the solar irradiance (GH) and 

the reference signal of reactive power (ܳோ௘௙௘௥௘௡௖௘
௙భ	ி௨௡ௗ௔௠௘௡௧௔௟).  

Regression Model S

Power Module

1  Fundamental
Reference ( )fQ Var

1f  d axis
Calc I 1f  q axis

Calc I

GH

1 1f f

V 
Fundamental Controller

1  Fundamental
Reference ( )fP W

 
Figure 5.2. APVSM – Fundamental Controller 

The solar irradiance is used as an input to the Regression Model S which is defined based 

on field measurements of solar irradiance and active power (of fundamental frequency) 

obtained from the 150 kWp PV system. The generalized form of the adopted linear regression 
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model that represent the relationship between a response variable and one or more predictor 

variables is described by the equation (5.1): 

ݕ ൌ ෍ߚ௞ ௞݂ሺ

௡

௞ୀଵ

,ଵݔ ,ଶݔ … ௡ሻݔ ൅  ሺ5.1ሻ																																																																																																			ߝ

where y is the response variable, n is the number of linear component composing the 

response variable, xk are the predictor variables, fk is any function formulated by the 

predictors xk, βk are the unknown parameters to be estimated and ε is the error between the 

actual response and the estimated response. The regression model is defined by applying 

stepwise regression which is a systematic method for adding and removing terms from a 

multi-linear model based on their statistical significance. The method/algorithm begins with 

an initial model and then compares the explanatory power of incrementally larger and 

smaller models. The method terminates when no single step improves the regression model 

[152]. The unknown parameters itself are estimated by applying robust regression which 

minimizes the least-squares error via iterative methods [153]. The details for the regression 

model S (both statistics and parameter estimations) are depicted in Table 5.2.    

Table 5.2. Regression model S 

Active Power Reference – Regression model parameter and statistics 

Linear regression model: 
    y ~ βο + β1x1 

Confidence Interval of ࢑ࢼ 

Parameter Estimated 	࢑ࢼ SE tStat pValue Lower Bound Upper Bound 

(Intercept) -0.25261 0.01094 -23.091 4.64E-100 -0.2741 -0.2312 
x1 0.24107 0.000132 1827.4 0 0.2408 0.2413 

 

From the table, it is evident that three measures of statistics are used for evaluating the 

validity of the regression model. Those are the standard error (SE), the t-statistic (tStat), and 

the p-value for the hypotheses tests (pValue) which are described by equations (5.2), (5.3) 

and (5.4) respectively.  

ܧܵ ൌ ඨ∑ 	൫ܻ െ
෠ܻ൯

ଶ

ܰ
																																																																																																																						ሺ5.2ሻ 

where ܵܧ is the standard error of the estimate, N is the number of pairs of observations, ܻ is 

an actual response values, and ෠ܻ  is a predicted/estimated response values. The numerator is 

the sum of squared differences between the actual response values and the predicted response 

values. For a hypotheses test on coefficient	݇, with: 

:଴ܪ ௞ߚ ൌ 0  

:ଵܪ ௞ߚ ് 0  
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the t-statistic is: 

ݐ ൌ
௞ߚ

௞ሻߚሺܧܵ
																																																																																																																																						ሺ5.3ሻ 

where ܵܧሺߚ௞ሻ is the standard error of the estimated coefficient ߚ௞. If there is no linear 

relationship between the predictor’s function	 ௞݂ and the response variable then	ߚ௞ ൌ 0. 

Alternatively, if there is a linear relationship then	ߚ௞ ് 0. In linear regression, the t-statistic 

index is useful for making inferences about the regression coefficients. The hypothesis test 

on coefficient ݇ examines the null hypothesis according to which the corresponding term is 

not significant versus the alternate hypothesis that the coefficient is different from zero. The 

null hypothesis is evaluated by comparing the t-statistic index with the critical values of t-

distribution having ܰ െ ሺ݊ ൅ 1ሻ degrees of freedom and a significance level (ܽ). If the 

critical values of the t-distribution are lower than the t-statistic index then the null hypothesis 

is rejected. On the other hand, the p-value is the estimated probability of rejecting the null 

hypothesis (ܪ଴) when the null hypothesis is true. In other words, the p-value represents the 

probability of observing a test statistic more extreme than what it has been observed 

assuming that the null hypothesis is true. If  ܺ   the random variable representing the observed 

data, ݔ  a single instance and ܪ  the statistical hypothesis then the "more extreme than what 

was actually observed" can either mean ሼܺ ൒ ሽ (right tail event) or ሼܺݔ ൑  ሽ (left tail event)ݔ

or the "smaller" of ሼܺ ൒ ሽ and or ሼܺݔ ൑  ሽ (double tailed event). Thus the p-value is givenݔ

by 

p െ value ൌ ቐ
		Pr	ሺܺ ൒ 																																																																			ݐ݊݁ݒ݁	݈݅ܽݐ	ݐ݄݃݅ݎ	ܽ	ݎ݋݂	ሻܪ|ݔ
		Pr	ሺܺ ൑ 																																																																						ݐ݊݁ݒ݁	݈݅ܽݐ	ݐ݂݈݁	ܽ	ݎ݋݂	ሻܪ|ݔ
	2 ∗ ሺܺ	ሼPr݉ݑ݉݅݊݅݉ ൒ ሺܺ	ሻ,Prܪ|ݔ ൑ 							ݐ݊݁ݒ݁	݈݅ܽݐ	݈ܾ݁ݑ݋݀	ܽ	ݎ݋݂	ሻሽܪ|ݔ

				 ሺ5.4ሻ 

The smaller the p-value, the larger the significance because it reveals that the hypothesis ܪ 

may not be adequate to explain the observation. More specifically, the hypothesis ܪ଴ is 

rejected if any of these probabilities is less than or equal to the significance level which is 

typically set to 0.05. Also, the accuracy of the regression models has been defined using the 

R-square (R2) value to provide a measure of how reliably the trend is described by the 

polynomial fit (a high R2 value shows good agreement between measurements and 

regression fit model while values close to unity denote perfect much between measurements 

and regression fit). In general R2 is defined as: 

ܴଶ ൌ 1 െ
∑ ௜ܯ െ ௜ܨ
௡
௜ୀଵ

∑ ௜ܯ െ ഥ௞ܯ
௝ୀଵ

																																																																																																																ሺ5.5ሻ 

where ܯ௜ are the observed values, ܨ௜  are the modelled values and ܯഥ  is the mean of the 

observed values. Lastly, the coefficient confidence intervals provide a measure of precision 

for linear regression coefficient estimates. A 100 ∗ ሺ1 െ ܽሻ% confidence interval gives the 
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range that the corresponding regression coefficient will be in with 100 ∗ ሺ1 െ ܽሻ%  

confidence. The 100 ∗ ሺ1 െ ܽሻ%  confidence intervals for linear regression coefficients is 

given by: 

 ,
(1 ,n p)

2

kLower Upper a kCI St E 
 

  																																																																																													ሺ5.6ሻ 

where ߚ௞ is the coefficient estimate, ܵܧሺߚ௞ሻ is the standard error of the coefficient estimate, 

and ݐሺଵିೌ
మ
,௡ି௣ሻ is the 100(1–α/2) percentile of t-distribution with n – p degrees of freedom, n 

is the number of observations and p is the number of regression coefficients [154]. 

The d-q axis current for the fundamental frequency are calculated based on the schematic 

diagram shown in Fig. 5.3 which derives from equation (5.6). 

1 1

1 1

**

 d axis  q axis* * 1 1
1 1 1 1 1 1

1 1

2 21

2

2f fd qL L
L L L L L L Calc Calc f f

L L

S aS S
S V I I I jI I jI

V V V 


        


  
       

 
       

  												ሺ5.7ሻ 

where 1LS


is the apparent power of phase L1, the 1LV


is the voltage phase of phase L1, the 1LI


is current phasor for phase L1 and the
*

1LI


 is the conjugate of current phasor 1.LI


 It is 

considered that the three power system under consideration is balanced as the analysis is 

performed only for phase L1.  Despite this, by applying modifications to the proposed model 

and by performing analysis on all phases it can become feasible to perform studies for 

unbalanced conditions as well. 
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Figure 5.3. APVSM – Power Module 

The voltage phasor 1 1
1

f f
LV V  


is obtained by applying Fourier analysis based on 

equation (5.7) on a running average window of one cycle. 
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fሺtሻ ൌ
ܽ௢
2
൅෍ܽ௡ cosሺ݊߱ݐሻ ൅

ஶ

௡ୀଵ

ܾ௡ sinሺ݊߱ݐሻ																																																																										ሺ5.8ሻ 

where n represents the rank of the harmonics (n = 1 corresponds to the fundamental 

component.) The magnitude and phase of the selected harmonic component are calculated 

by equations: 

|௡ܪ| ൌ ඥܽ௡ଶ ൅ ܾ௡ଶ																																																																																																																												ሺ5.9ሻ 

௡ܪ∠ ൌ tanିଵ ൬
ܾ௡
ܽ௡
൰																																																																																																																						ሺ5.10ሻ 

where 

ܽ௡ ൌ
2

௡ܶ
න ݂ሺݐሻ

௧

௧ି ೙்

ܽ௡ cosሺ݊߱ݐሻ݀ݐ 																																																																																												ሺ5.11ሻ 

ܾ௡ ൌ
2

௡ܶ
න ݂ሺݐሻ

௧

௧ି ೙்

ܽ௡ sinሺ݊߱ݐሻ݀ݐ 																																																																																												ሺ5.12ሻ 

௡ܶ ൌ
1

௡݂
						 ௡݂ െ  ሺ5.13ሻ																																																																																	ݕܿ݊݁ݑݍ݁ݎ݂	ܿ݅݊݋݉ݎ݄ܽ

For the first cycle of simulation, the Fourier output is held to the values specified by the 

initial conditions and consequently the results are valid from the first cycle and after. The 

current for the chosen harmonic frequencies is calculated by the Harmonic Controller (n) 

shown in Fig. 5.4. The regression model (n) for selected harmonics (found in Table 5.3) is 

defined based on the concepts mentioned previously having as predictors the parameters of 

Table 5.1.    
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Figure 5.4. APVSM – Harmonic Controller (n) 
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Figure 5.5a.   Even/Odd harmonics of Active Power 

  
Figure 5.5b.   Even/Odd harmonics of Reactive Power 

Figure 5.5. Harmonics of Active and Reactive Power 

 As can be seen in table 5.3 the even harmonics and harmonics of order higher than the 11th 

are not considered in the modelling as their amplitude is insignificant. This observation can 

be seen from Probability of Occurrence of Power Harmonics in Fig. 5.5. The regression 

models and their estimated fit accuracy are shown in Table 5.3.  

Table 5.3. Regression models used in the PV System modelling and their fit accuracy  

Internal Model 

Signals 

Input Variables Accuracy 

(R2) 

Regression Model - 

Polynomial Degree 

Active Power 

Fundamental 

Solar Irradiance 1.000 Second Degree 

Active Power 

3rd Harmonic 

Current RMS, Active Power Fundamental, Reactive 

Power Fundamental, Voltage RMS, Voltage THD 

0.858 Four Degrees per 

variable 

Active Power 

5th Harmonic 

Current RMS, Active Power Fundamental, Reactive 

Power Fundamental, Voltage RMS, Voltage THD 

0.947 Four Degrees per 

variable 

Active Power 

7th Harmonic 

Current RMS, Active Power Fundamental, Reactive 

Power Fundamental, Voltage RMS, Voltage THD 

0.951 Four Degrees per 

variable 

Active Power 

9th Harmonic 

Current RMS, Active Power Fundamental, Reactive 

Power Fundamental, Voltage RMS, Voltage THD 

0.904 Four Degrees per 

variable 

Active Power 

11th Harmonic 

Current RMS, Active Power Fundamental, Reactive 

Power Fundamental, Voltage RMS, Voltage THD 

0684 Four Degrees per 

variable 

Reactive Power 

3rd Harmonic 

Current RMS, Active Power Fundamental, Reactive 

Power Fundamental, Voltage RMS, Voltage THD 

0.894 Four Degrees per 

variable 

Reactive Power 

5th Harmonic 

Current RMS, Active Power Fundamental, Reactive 

Power Fundamental, Voltage RMS, Voltage THD 

0.981 Four Degrees per 

variable 

Reactive Power 

7th Harmonic 

Current RMS, Active Power Fundamental, Reactive 

Power Fundamental, Voltage RMS, Voltage THD 

0.919 Four Degrees per 

variable 

Reactive Power 

9th Harmonic 

Current RMS, Active Power Fundamental, Reactive 

Power Fundamental, Voltage RMS, Voltage THD 

0.871 Four Degrees per 

variable 

Reactive Power 

11th Harmonic 

Current RMS, Active Power Fundamental, Reactive 

Power Fundamental, Voltage RMS, Voltage THD 

0.675 Four Degrees per 

variable 
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The voltage total harmonic distortion (VTHD) index is calculated by using equation (4.1). 

The amplitude of individual voltage harmonics is obtained by applying Fourier analysis on 

voltage waveforms. The regression model results for the 3rd Harmonic Active Power and the 

3rd Harmonic Reactive Power are presented in Tables 5.4 and 5.5 respectively. Similar 

results are obtained for the remaining power harmonics found in Table 5.3.   

Table 5.4. Regression models for the 3rd Harmonic Active Power  

Active Power - 3rd Harmonic 

Linear regression model: 
    y ~ Linear formula with 45 terms and 5 predictors

Confidence Interval of ࢑ࢼ 

Parameter Estimated 	࢑ࢼ SE tStat pValue Lower Bound Upper Bound 

(Intercept)  ‐0.5181  0.061543 ‐8.4185 9.68E‐17 ‐0.6388  ‐0.3974

x1  0.082704  0.037008 2.2347 0.025598 0.0101  0.1553

x2  0.002345  0.000261 8.9877 8.39E‐19 0.0018  0.0029

x3  0.014678  0.000717 20.467 3.24E‐81 0.0133  0.0161

x4  ‐0.04747  0.003432 ‐13.831 9.11E‐41 ‐0.0542  ‐0.0407

x5  ‐1.8514  0.31019 ‐5.9686 3.06E‐09 ‐2.4599  ‐1.2429

x12  0.021833  0.005642 3.8696 0.000114 0.0108  0.0329

x1x2  ‐0.00057  0.000152 ‐3.7214 0.000206 ‐0.0009  ‐0.0003

x1x3  ‐0.00181  0.000421 ‐4.2996 1.83E‐05 ‐0.0026  ‐0.001

x32  ‐0.00016  7.55E‐06 ‐21.758 4.13E‐90 ‐0.0002  ‐0.0001

x1x4  0.010686  0.001899 5.6269 2.23E‐08 0.007  0.0144

x42  0.002725  0.000177 15.434 1.39E‐49 0.0024  0.0031

x1x5  0.61674  0.16539 3.7289 0.0002 0.2923  0.9412

x2x5  0.007763  0.001294 6.0012 2.52E‐09 0.0052  0.0103

x3x5  ‐0.02526  0.001735 ‐14.564 1.03E‐44 ‐0.0287  ‐0.0219

x4x5  0.17785  0.013594 13.083 6.82E‐37 0.1512  0.2045

x52  1.9782  0.2598 7.6144 4.98E‐14 1.4686  2.4879

x13  ‐0.00347  0.001185 ‐2.9306 0.003441 ‐0.0058  ‐0.0011

x12x4  ‐0.00057  0.000207 ‐2.7335 0.00635 ‐0.001  ‐0.0002

x1x42  ‐0.00012  3.10E‐05 ‐3.8777 0.000111 ‐0.0002  ‐0.0001

x43  ‐0.00016  5.91E‐06 ‐26.56 3.45E‐125 ‐0.0002  ‐0.0001

x12x5  ‐0.0578  0.021106 ‐2.7385 0.006254 ‐0.0992  ‐0.0164

x1x2x5  ‐0.00191  0.000626 ‐3.0583 0.00227 ‐0.0031  ‐0.0007

x1x3x5  ‐0.00558  0.000946 ‐5.8981 4.65E‐09 ‐0.0074  ‐0.0037

x1x4x5  0.018938  0.005295 3.5766 0.00036 0.0086  0.0293

x2x4x5  ‐0.00034  4.18E‐05 ‐8.1713 7.00E‐16 ‐0.0004  ‐0.0003

x3x4x5  0.001987  0.000125 15.949 1.46E‐52 0.0017  0.0022

x42x5  ‐0.00781  0.000514 ‐15.192 3.28E‐48 ‐0.0088  ‐0.0068

x1x52  ‐0.0657  0.06387 ‐1.0286 0.30386 ‐0.191  0.0596

x2x52  ‐0.00755  0.001017 ‐7.428 1.96E‐13 ‐0.0095  ‐0.0056

x3x52  0.019414  0.002928 6.6313 4.82E‐11 0.0137  0.0252

x4x52  ‐0.08315  0.011523 ‐7.2163 8.92E‐13 ‐0.1058  ‐0.0605

x53  0.007141  0.036899 0.19354 0.84657 ‐0.0652  0.0795

x12x4x5  0.002554  0.000862 2.9616 0.003114 0.0009  0.0042

x1x42x5  ‐0.00016  3.95E‐05 ‐4.0993 4.39E‐05 ‐0.0002  ‐0.0001

x12x52  0.021413  0.012845 1.667 0.095745 ‐0.0038  0.0466

x1x3x52  ‐0.00088  0.000348 ‐2.5112 0.012148 ‐0.0016  ‐0.0002

x3x4x52  0.000529  8.44E‐05 6.2658 4.99E‐10 0.0004  0.0007

x42x52  ‐0.00202  0.00034 ‐5.9368 3.70E‐09 ‐0.0027  ‐0.0014

x1x53  ‐0.04508  0.012883 ‐3.4994 0.000482 ‐0.0704  ‐0.0198

x3x53  0.013486  0.001553 8.686 1.08E‐17 0.0104  0.0165

x4x53  ‐0.05335  0.006185 ‐8.6257 1.77E‐17 ‐0.0655  ‐0.0412

x54  0.011671  0.00522 2.2357 0.025534 0.0014  0.0219
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Table 5.5. Regression models for the 3rd Harmonic Reactive Power 

Reactive Power - 3rd Harmonic 

Linear regression model: 
    y ~ Linear formula with 42 terms and 5 predictors

Confidence Interval of ࢑ࢼ 

Parameter Estimated 	࢑ࢼ SE tStat pValue Lower Bound Upper Bound 

(Intercept) 0.19434 0.10152 1.9143 0.055798 -0.0048 0.3935 
x1 -0.11936 0.060738 -1.9651 0.04961 -0.2385 -0.0002 
x2 -0.00122 0.000432 -2.8176 0.004909 -0.0021 -0.0004 
x3 0.00888 0.001154 7.6958 2.72E-14 0.0066 0.0111 
x4 -0.02837 0.008377 -3.3864 0.00072861 -0.0448 -0.0119 
x5 -0.5172 0.21994 -2.3515 0.01884 -0.9487 -0.0857 
x1

2 -0.0571 0.008808 -6.4824 1.27E-10 -0.0744 -0.0398 
x1x2 0.001083 0.000255 4.2561 2.23E-05 0.0006 0.0016 
x1x3 -0.00225 0.00066 -3.4121 0.0006638 -0.0035 -0.001 
x1x4 0.01666 0.004679 3.5605 0.0003831 0.0075 0.0258 
x3x4 -0.00097 4.61E-05 -21.088 1.88E-85 -0.0011 -0.0009 
x4

2 0.002433 0.000223 10.888 1.65E-26 0.002 0.0029 
x1x5 0.3234 0.090849 3.5597 0.00038423 0.1452 0.5016 
x2x5 0.001352 0.000916 1.4765 0.14005 -0.0004 0.0031 
x3x5 -0.02622 0.003613 -7.2567 6.70E-13 -0.0333 -0.0191 
x4x5 0.032735 0.01918 1.7068 0.088098 -0.0049 0.0704 
x5

2 -3.08 0.81979 -3.7571 0.00017932 -4.6882 -1.4718 
x1

3 0.006943 0.001625 4.2721 2.07E-05 0.0038 0.0101 
x1

2x4 0.002103 0.000232 9.0505 4.89E-19 0.0016 0.0026 
x1x4

2 0.000193 3.33E-05 5.8081 7.89E-09 0.0001 0.0003 
x4

3 -0.00018 8.32E-06 -21.96 1.60E-91 -0.0002 -0.0002 
x1

2x5 -0.11872 0.046335 -2.5622 0.01051 -0.2096 -0.0278 
x1x3x5 -0.00757 0.002083 -3.636 0.00028746 -0.0117 -0.0035 
x1x4x5 0.027533 0.008754 3.145 0.0016973 0.0104 0.0447 
x2x4x5 0.000317 8.18E-05 3.8797 0.0001097 0.0002 0.0005 
x3x4x5 0.003377 0.00018 18.811 3.23E-70 0.003 0.0037 
x4

2x5 -0.01406 0.000744 -18.908 7.50E-71 -0.0155 -0.0126 
x1x5

2 -0.06483 0.026096 -2.4844 0.013097 -0.116 -0.0136 
x2x5

2 0.014043 0.003445 4.0763 4.85E-05 0.0073 0.0208 
x3x5

2 0.058466 0.004432 13.191 1.93E-37 0.0498 0.0672 
x4x5

2 -0.25851 0.018387 -14.059 5.62E-42 -0.2946 -0.2224 
x5

3 -1.6889 0.33148 -5.0948 3.99E-07 -2.3391 -1.0386 
x1

3x5 0.017728 0.00805 2.2021 0.027827 0.0019 0.0335 
x1x3x5

2 -0.00513 0.001455 -3.5222 0.00044239 -0.008 -0.0023 
x1x4x5

2 0.020212 0.006013 3.3613 0.00079755 0.0084 0.032 
x3x4x5

2 0.001082 0.000116 9.3315 4.19E-20 0.0009 0.0013 
x4

2x5
2 -0.00403 0.000461 -8.7317 7.35E-18 -0.0049 -0.0031 

x1x5
3 -0.03946 0.008946 -4.4103 1.11E-05 -0.057 -0.0219 

x2x5
3 0.00667 0.001352 4.9327 9.13E-07 0.004 0.0093 

x3x5
3 0.031749 0.002757 11.516 2.52E-29 0.0263 0.0372 

x4x5
3 -0.12355 0.011115 -11.115 1.62E-27 -0.1454 -0.1017 

x5
4 0.051667 0.01169 4.4197 1.07E-05 0.0287 0.0746 

For the proper synchronization of the fundamental/harmonic current signals, the CDSC-PLL 

is utilized. The CDSC-PLL is shown in Fig. 5.6 and it is used for detecting/tracking the phase 

angle of the grid voltage for both the fundamental frequency and the harmonics under 

consideration. More information about the CDSC, dqPLL and Phase correction modules 

composing the CDSC-PLL (Fundamental & Harmonic PLL Blocks) are found in [156]. The 

abc to Alpha-Beta (αβ) block performs a Clarke transformation on the three-phase abc 

voltage signal according to equation (5.14): 
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Fundamental PLL  (50Hz) 

( )abcv t

abc


( )v t

1CDSC

1 ( )v t


1dqPLL Phase Correction (+1)

1̂ 

11 f  

Harmonic  PLL (n*50Hz) 

nCDSC
( )nv t

ndqPLL Phase Correction (n)
ˆn nfn 

 

Figure 5.6. Fundamental and Harmonic PLL Modules 

The input to the three phase current source has been calculated using the dq0/abc 

transformation described by equations (5.15). Id and Iq represent the real and imaginary part 

of the calculated current phasor respectively.   
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൰ ے1

ۑ
ۑ
ۑ
ې

቎
ௗܫ
௤ܫ
௢ܫ
቏																																																											ሺ5.15ሻ 

where ܫ௔,ܫ௕ and ܫ௖ are the phase currents and the ܫௗ,ܫ௤ are the d and q axis components of 

the calculated current phasor respectively.	ܫ௢ is the zero-axis component which is equal to 

zero for balanced analysis. 

5.2.2 Industrial Area Distribution Grid under Investigation 
     Different PV concentrations are investigated by using the APVSM to assess the power 

quality behaviour of a quite common distribution grid topology. The grid topology represents 

an industrial area in which power quality measurements were performed before and after the 

connection of a 150 kWp PV system. The system topology of the distribution grid in the 

industrial area is shown in Fig. 5.7. Moreover, the response of the distribution grid before 

and after the installation of the 150 kWp PV system is shown in Fig. 4.4. Based on 

measurements done in the industrial area the load power consumption follows the curve of 

Fig. 5.8. Subsequently, the data obtained from the measurements were further used in the 

simulation of the industrial area distribution grid. It is considered that the background total 

harmonic distortion (THD) of the voltage on the distribution transformer is approximately 

1% (this assumption agrees with the measurements done on the distribution transformer). 
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Figure 5.7. Industrial Area Network Topology under Investigation 

 

Figure 5.8. Load profiles for the cases under investigation 

5.2.5 Methodology adopted for the APVSM  
     Measurements from the 150 kWp PV System located in the industrial area under 

investigation are used to adjust the regression parameters required for the configuration of 

the APVSM. More specifically, data of one week are utilized to define the parameters of all 

the regression models of APVSM. The APVSM is then inserted into the electricity grid 

network of the industrial area to study the behaviour of different PV penetration scenarios. 

The distribution transformer and the medium voltage network are replaced by their 

equivalent circuit according to the methodology presented in Chapter 9. For simulation 
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purposes, up to three PV systems are installed on the distribution grid and the voltage 

distortion and voltage levels are considered.  

5.3 Simulation Results - APVSM 
     The distribution grid topology of the industrial area is utilized for power quality 

investigations while using the APVSM as the specific circuit topology has been tuned and 

validated using experimental results. Three 150 kWp PV systems are introduced inside the 

distribution grid topology and the simulation results are shown in Fig. 5.13. By comparing 

the response of the distribution grid before and after the installation of the 150 kWp PV 

system shown in Fig. 4.4 with Fig. 5.9 it is evident that a good agreement exists between 

measured and simulated data. More specifically, from Fig. 5.9a it can be seen that the 

distribution grid will not experience problems with voltage harmonics as the injection of 

current harmonics is not significant (applies for EN 61727 compatible inverters). The dashed 

red line in Fig. 5.9b represents the EN 50160 limit of voltage RMS for the distribution grid. 

Figure 5.9a.   Voltage THD obtained from the simulation of the 
industrial area distribution grid 

 
Figure 5.9b.   Voltage RMS obtained from the simulation of the 

industrial area distribution grid 

Figure 5.9. Simulation results for the industrial area case using the APVSM 

As shown in Fig. 5.9b, the voltage limit is slightly exceeded with the installation of the third 

150 kWp PV system as the produced power during times of high solar irradiance is well 

above the demand of the local area loads.  

5.4 Conclusions 
In this chapter, a new PV system model for the study of power quality problems in 

distribution grids is developed based on the extension of SPVSM. The model is used for the 

study of varying PV penetrations in an industrial distribution grid network which is tuned 

and modelled using power measurements. Along with the new Advanced PV System model 

(APVSM), an accurate distribution grid model is proposed as well as an adequate validation 

procedure for comparing power quality measurements with simulation results. The 
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validation procedure is required in order to verify the accuracy of the models developed and 

to increase the confidence of simulation results. By comparing the response of the 

distribution grid before and after the installation of the 150 kWp PV system it is evident that 

a good agreement exists between measured and simulated data. After the simulation results 

are verified, they are compared to the international standard EN 50160 which is adopted for 

power quality by many utilities worldwide. From the comparison, it has been observed that 

EN 61727 compatible inverters do not cause noticeable voltage distortion in distribution 

grids as the PV capacity increases up to almost four times the load demand. Furthermore, 

the voltage levels can be improved by installing the appropriate PV capacity depending on 

the local load demand. On the other hand when exceeding the aforementioned PV 

penetration limit, overvoltages can occur and loss of invaluable PV produced energy. In 

conclusion, the APVSM has been shown to produce acceptable steady-state response during 

solar irradiance variations. In addition, the transient response of the APVSM did not seem 

to react abnormally during the changes of solar irradiance and voltage grid variations but in 

order to get a more accurate view for the transient response of the PV systems a complete 

PV System Model representation is required to be developed.    
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Chapter 6 
Detailed PV System Model (DPVSM) 
 

6.1 Introduction 
     The third PV system model adopted for the simulations is a detailed circuit representation 

which includes a DC/DC converter, an AC/DC converter, a Maximum Power Point Tracking 

(MPPT), a filter and a Power/Protection Control Circuit. The specific model has been 

validated and tuned using measurements from a 150 kWp PV system. The detailed model 

has been implemented to assess the steady-state/transient behaviour of PV systems and to 

provide the insight and data required for the simplification process with an ultimate aim to 

enable the ability of performing efficient power quality investigation on larger power 

systems. Thereafter, the work presented in this chapter focuses firstly on the accurate 

modelling of PV systems and secondly on the study of varying concentrations of 

photovoltaic (PV) systems on a proposed electricity grid with and without voltage regulation. 

Furthermore, apart from power quality investigations, the detailed PV system model has 

been used in fault studies in the presence of high PV penetrations. From simulations of 

varying concentrations of PV systems, it has been observed that no significant voltage 

distortion is caused when the inverters comply with standard EN 61727. The only problem 

seen while increasing the PV penetration levels above the load demand is the overvoltages 
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during high PV power production. For the latter case, different voltage regulation schemes 

are utilized to maintain the voltage quality at acceptable levels set by international standards.  

     Finally, the use of DPVSM made it possible to quantify the level of transient voltage 

levels by changing the load and solar irradiance conditions during the occurrence of a single-

phase fault. It is important to be mentioned at this point that the modelling methods, 

presented earlier, cannot be used in the study of voltage regulation and faults as they do not 

take into account the additional functionalities incorporated into the control circuit of the PV 

inverter. Modifications to the PV System models presented in the previous chapters could 

enable the study of voltage regulation or even fault capability, but significant effort is 

required to make the models respond accurately during transient conditions.           

6.2 DPVSM - Network - Methodology  

6.2.1 DPVSM - Complete PV system circuit representation 
     The DPVSM proposed for the simulations consists of a PV array, a diode, an inverter and 

a power grid interface as shown in Fig. 6.1. The PV array is modelled according to its 

equivalent circuit shown in Fig. 6.2, by using the equations deriving from the circuit 

representation.  

  

Figure 6.1. Proposed model for Grid-Connected Photovoltaic Systems 

 

Figure 6.2. Equivalent circuit of a PV array 

In particular, the behaviour of the PV array model is affected by the solar irradiance, the 

temperature and the specific characteristics of the chosen PV module technology. The PV 
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inverter circuit is composed of a DC to DC converter, which is necessary to track the 

maximum power point of the PV arrays, a DC to AC converter to transform the DC power 

into AC, means of energy transfer to absorb fast voltage variations and filters to eliminate 

undesirable harmonic components. The modular circuit configuration of the PV inverter is 

shown in Fig. 6.3 [155]. 

 
Figure 6.3. PV Inverter Circuit Topology 

A maximum power point (MPP) tracking mechanism to extract the maximum power 

available from the PV array is also considered. The maximum power point tracking adopted 

is the incremental conductance method with an integral regulator to minimize the error in 

tracking the MPP. More information about the specific algorithm is found in [156] and [157].  

The current controller is based on the feedback linearization scheme [158] according to the 

following equations expressed in the synchronously rotating d-q reference frame: 

Vୢ ൌ Eୢ ∙
Nଵ
Nଶ

െ ߱ ∙ ܮ ∙ I୯ െ  ሺ6.1ሻ																																																																																																		ௗݑ

V୯ ൌ E୯ ∙
Nଵ
Nଶ

െ ߱ ∙ ܮ ∙ Iୢ െ  ሺ6.2ሻ																																																																																																		௤ݑ

and 

ௗݑ ൌ ൬ܭ௣ ൅
௜ܭ
ݏ
൰ ሺܫௗ

∗ െ  ሺ6.3ሻ																																																																																																										ௗሻܫ

௤ݑ ൌ ൬ܭ௣ ൅
௜ܭ
ݏ
൰ ሺܫ௤∗ െ  ሺ6.4ሻ																																																																																																										௤ሻܫ

where Eୢ and E୯ are the d- and q- axis components of the grid-side voltage, Vୢ and V୯ are 

those of the inverter voltage, ߱ is the system angular frequency, ܮ the reactance of the 

transformer, ܫௗ
∗  and ܫ௤∗ the corresponding reference currents, ܫௗ and ܫ௤ the actual currents at 

the inverter output, Nଵ/Nଶ the transformer ratio and ܭ௣ and ܭ௜ are the proportional and 

integral gains of the PI controller. The parameters ݑௗ and ݑ௤ are the control rules (PI 

controller) for the d- and q- axis respectively.  
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     The above model was chosen to be used as it represents, if properly tuned, the behaviour 

of the inverter during real time conditions that include variations in solar irradiance, 

temperature and supply voltage. In addition, the voltage regulation has been achieved via the 

PV inverter by controlling the amount of reactive power absorbed or injected into the grid. 

In this work, the performance of three different reactive power regulation methods is tested, 

two of them are static and one is dynamic. The regulation methods chosen are the following: 

a) Fixed Power Factor: The power factor at the output of the PV system is pre-set to a 

certain value (-0.95) and it is kept constant during active power production. 

b) Adaptive Power Factor: The power factor at the output of the PV system is defined 

according to the variation of active power production. The relationship of power factor with 

active power production is shown on Fig. 6.4 [159].      

 
Figure 6.4. Adaptive Power Factor Method 

c) Dynamic Power Factor Method: The power factor value is set dynamically according 

to the voltage level measured at the output of the PV system. The reactive power in this case 

is adjusted by changing the power factor based on the following algorithm (a similar voltage 

regulation scheme is found in [160] according to which the reactive power is varied in 

relation to the voltage level) : 
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and 

    
min min

1 2    

1 1
        

Upper Limit Dead Band Dead Band Lower Limit

High Low

PF PF
A A

U U U U

 
 

 
                                                                (6.6) 

where ௚ܸ௥௜ௗ is the RMS voltage measured on phase L1 (it is assumed that the power system 

is balanced), ௅ܷ௢௪
஽௘௔ௗ	஻௔௡ௗ and 	ܷு௜௚௛

஽௘௔ௗ	஻௔௡ௗ are the lower and upper limits of dead band zone 
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in which no voltage regulation is performed, ܷ௅௢௪௘௥	௅௜௠௜௧ and		ܷ௎௣௣௘௥	௅௜௠௜௧ are the lower and 

upper limits of voltage range in which voltage regulation is performed and 	ܲܨ௠௜௡ is the 

lower limit of the permissible power factor. A negative power factor value means absorption 

of reactive power. The above voltage regulation algorithms are based on voltage regulation 

methods described in [159]. It must be mentioned that the reactive power regulation methods 

adopted for the investigation are proposed by the German Guideline "Generating Plants 

Connected to the Medium-Voltage Network" [115]. 

6.2.2 Detailed PV System Model - Validation Procedure   
     The measurements taken from a 150 kWp PV system using a power quality analyser are 

utilized for the modification/tuning and the verification of the proposed model. Specifically, 

the modification/tuning of the DPVSM has been done manually but likewise a parameter 

estimation procedure could be used for this purpose. Moreover, the solar irradiance during 

power quality measurements at the PV system was obtained from a Meteorological Station 

which is located nearby the system. The same solar irradiance profile was used for the 

simulations (Fig. 6.5). 

 
Figure 6.5. Solar Irradiance Profile vs Time 
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Figure 6.6a.   Solar Irradiance vs Current Total Harmonic Distortion 

 
Figure 6.6b.   Current RMS - Phase L1 vs Solar Irradiance 

 
Figure 6.6c.   2nd Order Current Harmonic vs Solar Irradiance 

 
Figure 6.6d.   3rd Order Current Harmonic vs Solar Irradiance 

 
Figure 6.6e.   4th Order Current Harmonic Probability Distribution 

Figure 6.6. Comparison between measured and simulated results 

 

By using the measured irradiance as input to the simulation model a comparison between 

the simulation and experimental results was made possible as demonstrated in Fig. 6.6a-

6.6e. The PV inverter model produced only odd harmonic currents at rated conditions as it 

is evident in Fig. 6.6c-6.6e. This is what expected from theory considering the operation of 

the power electronics during the conversion of DC power into AC.  The current THD of the 
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inverter at rated operating conditions is lower than 5%.  Also all individual harmonics up to 

the 17th have been checked and were found to be lower than the limits mentioned in Table 

3.5. Consequently, the inverter under investigation complies with the standard EN 61727 

(IEC 61727:2004) “Photovoltaic (PV) systems/ Characteristics of utility interface” (Table 

3.5) as can be concluded from the measurement results. The actual comparison of the 

different measured and simulated quantities has been done with the "Theil inequality 

coefficient". The specific inequality coefficient provides a measure of how well a time series 

of observed values compares to a corresponding time series of estimated values. Values 

lower than 0.3 depict good agreement between estimated and observed data [161], [162]. As 

can be seen from the obtained results and inequality coefficients good agreement has been 

obtained between simulated and measured results. Following its validation, the detailed PV 

model can be used in the investigation of different PV concentration scenarios.    

 6.2.3 Distribution Grid Topologies under investigation 
     Different PV concentrations are also investigated by using the DPVSM to assess the 

power quality behaviour of two distribution grid topologies.  

 

Figure 6.7. Distribution grid of the residential area 
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The first one represents the industrial area in which power quality measurements were 

performed before and after the connection of a 150 kWp PV system and the second one is a 

residential area grid. The system topology of the distribution grids in the industrial and 

residential areas is shown in Fig. 5.7 and Fig. 6.7 respectively. It must be mentioned that the 

simulations for the industrial area have been undertaken in Chapter 5 using the APVSM. 

Due to this fact a comparison can be performed on the response of the industrial distribution 

grid for the two different models.  

     The load profile (Fig. 5.8) and the distribution grid topology (Fig. 5.7) for the industrial 

case are found in subsection 5.2.2. Measurements of load power consumption for summer 

and winter (Fig. 6.8) from a residential distribution transformer were also used for the 

simulation of the residential scenario. More information about the load variation in industrial 

and residential areas can be found in [163]–[165]. It is considered that the background total 

harmonic distortion (THD) of the voltage on the distribution transformer for both cases is 

approximately 1% (this assumption agrees with the measurements done on the distribution 

transformer for both areas). 

Figure 6.8. Load demand of the residential area 

6.2.4 Methodology adopted for Detailed PV System Model  
     The measurements from the output of the 150 kWp PV system located in the industrial 

area were used to develop a detailed PV system model. For the proper modelling of the PV 

system model, power quality measurements were undertaken at the grid connected PV 

system. The quantities recorded are the power factor, the amplitude and angle of individual 

current harmonics, the Total Harmonic Distortion (THD) and RMS values of voltage and 

current for a time period of two weeks. The solar irradiance was obtained also from a nearby 
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meteorological station and was employed in the development of the model after it was 

synchronized with the power quality data. The solar irradiance was monitored every minute 

and the power quality quantities every 30 seconds. Measurements of current amplitude and 

harmonics were then used to tune and validate the proposed PV system model. More 

information about the validation can be found in subsection 6.2.2.  

     The validated PV system model was further used in the simulation of two quite common 

distribution topologies. The first network represents an industrial area for which 

measurements are available before and after the installation of a 150 kWp PV system and the 

second one is a residential area. The effect before and after the installation of the PV system 

observed from the measurements in the industrial area was utilized for the validation of the 

simulation results. For the industrial area case study, up to three 150 kWp PV systems are 

connected to the distribution grid and the response of the distribution grid is evaluated. A 

residential distribution topology is then considered with 150 kWp PV installed capacity and 

its response is simulated both for summer and winter load profiles. The distribution grid 

dynamics are determined by performing dedicated analysis on power quality measurements 

obtained at the busbar of the distribution transformer and appropriate modelling of the 

distribution grid is achieved based on the findings of the analysis. More details can be found 

in Chapter 9. 

     From the results it was obvious that no significant voltage distortion is caused if EN 

61727 compatible inverters are installed. However, it has been observed that overvoltages 

can occur after exceeding a certain capacity of PV systems in the specific distribution grid 

topology. In addition, appropriate corrective actions able to keep the power quality within 

acceptable levels in the presence of high PV concentrations were considered. More 

specifically, three different voltage regulation algorithms found in the literature and in 

technical guidelines for the connection distributed generators on the low voltage network 

were employed to improve the voltage levels in the cases when more than one PV systems 

were installed in the grid. Finally, the response of the distribution grid during the occurrence 

of a fault was evaluated while changing the load conditions, the solar irradiance and PV 

penetration levels. 

6.3 Simulation Results - DPVSM 
     Initially, the industrial area distribution grid was modelled properly and simulated in the 

presence of one 150 kWp PV system. For this purpose, it was necessary to treat carefully the 

distribution grid dynamics as described in Chapter 9. The obtained simulated results are 
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compared with the measurements obtained before and after the installation of the 150 kWp 

PV system shown in Fig. 6.9.  

Figure 6.9a.   Voltage RMS before and after the installation of the PV 
system 

 
Figure 6.9b.   Voltage THD before and after the installation of the PV 

system 
Figure 6.9. Measurements obtained at the industrial area distribution grid 

Then two more PV systems were introduced in order to investigate the effect of higher 

concentrations of PV systems on the grid. From the results in Fig. 6.10a it can be seen that 

the distribution grid will not experience problems with voltage harmonics as the injection of 

current harmonics is very low even during high solar irradiance conditions. The dashed red 

line in Fig. 6.10b represents the EN 50160 limit of voltage RMS for the distribution grids. 

This limit is exceeded with the installation of the third 150 kWp PV system as the produced 

power during times of high solar irradiance is much more than the demand of the local 

distribution grid. 

Figure 6.10a.   Voltage THD obtained from the simulation of the 
industrial area distribution grid  

 
Figure 6.10b.   Voltage RMS obtained from the simulation of the 

industrial area distribution grid 

Figure 6.10. Simulation results for the industrial area case 

The PV produced energy raises the grid voltage when the load is supplied by local PV 

generation and the excess of PV generated power is flowing thought the transformer into the 

medium voltage network.  
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     In general, the violation of the voltage limit can have undesirable consequences for both 

energy producers and utility customers. On the one hand, it will force the inverters to trip 

and lead to loss of energy production each time the violation occurs and on the other hand it 

may cause malfunction or permanent damage to electrical devices and sensitive electronic 

equipment. For simulation purposes the inverter has not been designed to have a protection 

circuit and neither has been programmed to trip after exceeding certain voltage or frequency 

limits.  This constitutes the main reason why overvoltage was allowed during the simulation 

process. Then a residential grid was considered in the presence of one PV system. The 

simulation results are shown in Fig. 6.11 and 6.12. It is important to be noted that the 

variation during winter load conditions is greater than the voltage variation during summer 

load conditions for the aforementioned PV installed capacity. The voltage THD index 

remains almost unaffected by the operation of the single 150 kWp PV system installed on 

the residential distribution grid during the two seasons.   

Figure 6.11a.   Voltage RMS obtained from the simulation of the 
residential area distribution grid for summer load conditions 

 
Figure 6.11b.   Voltage THD obtained from the simulation of the 

residential area distribution grid for summer load conditions 

Figure 6.11. Simulation results for the residential area for summer load conditions 

Figure 6.12a.   Voltage RMS obtained from the simulation of the 
residential area distribution grid for winter load conditions 

 
Figure 6.12b.   Voltage THD obtained from the simulation of the 

residential area distribution grid for winter load conditions 

Figure 6.12. Simulation results for the residential area for winter load conditions 

Mina
s P

ats
ali

de
s



 Chapter: Detailed Photovoltaic System Model 

   80 

Figure 6.13a.   3rd Harmonic Phasor vs Solar Irradiance Figure 6.13b.   5th Harmonic Phasor vs Solar Irradiance 

Figure 6.13. Harmonic Phasors vs Solar Irradiance 

It is observed however that the voltage profile changes after the installation of a large PV 

system. The voltage variation increases from 6 to 12 volts in the summer as shown in Fig. 

6.11a. On the other hand, in the winter the variation increases from 9 volts to 13 volts as 

observed in Fig. 6.12a. By observing the variation of the current harmonic phasors shown in 

Fig. 6.13, it can be concluded that in some instances the current harmonics may assist in 

improving the voltage THD when the harmonics of the grid have 180 degrees phase 

difference from the current harmonics of the inverter. This condition may be quite probable 

as the deficiencies in inverter control may cause harmonics of random phase and angle that 

may eliminate harmonics of the distribution grid voltage.   

     From Fig. 6.10b it is evident that in order to install more than two PV systems on the 

same distribution grid it is required to utilize a voltage regulation mechanism to maintain the 

voltage within acceptable levels since automatic voltage regulation is not an available option 

at the local distribution transformer. When the voltage regulation capability of the PV 

inverters is enabled, the voltage profile at the transformer's busbar can be improved only if 

the appropriate voltage regulation algorithm is selected based on network dynamics as can 

be seen on Fig.6.14. In Fig. 6.14a, the response of the grid voltage in the presence of two 

150 kWp PV systems with voltage regulation is presented. From the results of Fig. 6.14a it 

can be seen that the Adaptive Power Factor methods do not provide any improvement in the 

voltage behaviour. On the contrary, the aforementioned methods force the grid voltage to 

operate close to the allowable voltage limits and can cause voltage variations that can be 

harmful for the operation of the utility grid during solar irradiance fluctuations. This also 

applies to the three 150 kWp PV capacity case (Fig. 6.14b). On the other hand, the Fixed 

Power Factor method achieves to set the voltage within an acceptable range but it can also 

cause large voltage deviations that are not desirable. The best performing voltage regulation 
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algorithm proved to be the Dynamic Power Factor method which not only it can lower the 

upper value of the voltage but additionally it can decrease the voltage variation in a quite 

small range even for the three 150 kWp PV capacity. When the voltage regulation capability 

of some of the PV inverters is enabled, the voltage profile at the transformer's busbar can 

also be improved as can be seen in Fig. 6.15 (the dynamic power factor scheme is adopted 

which can achieve a power factor correction reaching at minimum 0.6). The comparison 

with the voltage limits described in EN 50160 standard can be done by referring to the 

cumulative distribution function (CDF) presented in the aforementioned graph.  

Figure 6.14a.   Voltage RMS on transformer's busbar for two 
150kWp PV systems with and without voltage regulation 

 
Figure 6.14b.   Voltage RMS on transformer's busbar for three 150kWp 

PV systems with and without voltage regulation    

Figure 6.14. Voltage RMS on transformer's busbar with and without voltage 

 
Figure 6.15a.   Voltage RMS on transformer's busbar for two 150kWp 

PV systems with and without voltage regulation 

 
Figure 6.15b.   Voltage RMS on transformer's busbar for three 

150kWp PV systems with and without voltage regulation 

Figure 6.15. Voltage RMS on transformer's busbar with and without voltage regulation 
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Figure 6.15a.   Power Factor for two 150kWp PV systems installed 
capacity with voltage regulation capability 

 
Figure 6.15b.   Power Factor for three 150kWp PV systems installed 

capacity with voltage regulation capability 

Figure 6.16. Power Factor at the output of PV systems during voltage regulation 

The improvement for one PV system without voltage regulation capability (VRC) and one 

with (Fig. 6.15a) is only 4 volts but for two 150 kWp PV system with VRC (Fig. 6.15b) the 

improvement reaches 7 volts and it is essential for the healthy operation of the distribution 

grid. The power factor for the different PV concentration cases is shown in Fig. 6.16. For 

the two 150 kWp PV system installed capacity case, the inverter is performing correction on 

the voltage by decreasing the power factor to 0.7 (lagging) in order to enable the network to 

accept more active power (Fig. 6.16a). In the  three 150 kWp PV system installed capacity 

case, the two PV systems with VRC need to operate with a power factor reaching the value 

of 0.65 (lagging) so that the voltage is maintained at the desirable limits described by 

international standards (Fig. 6.16b). Additionally, from Fig. 6.16b it can be observed that the 

operation of the two PV systems with VRC is very similar in terms of reactive power 

regulation. Deviation in behaviour is mostly due to the fact that there is a slight difference 

in the voltage levels observed on the buses where PV systems are installed (it is known that 

the reactive power sharing or the active power curtailment is not done in an equal way among 

DGs due to fact that each point of common coupling has different voltage/impedance 

characteristics [18], [105], [166], [167]). It is clear thus that over-sizing the PV inverters 

becomes a necessity when regulation of reactive power is required to be achieved [168], 

[169]. 

     Finally, the fault behaviour of the industrial area distribution grid has been evaluated 

during the occurrence of a fault on Phase A of Feeder 3 as shown on Fig, 6.17. The fault 

lasts for 5 cycles until the protective relays of the distribution grid detect and clear it. The 

protection control circuit of the PV system detects the large deviation in frequency during 

the fault occurrence and terminates the operation of the PV system.  
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Figure 6.17. Introduction of Fault on Phase A of Feeder 3 

As long as the fault is not cleared the PV system does not produce any power. When the grid 

voltage reaches again normal operation conditions, the PV system starts to generate power. 

Depending on the level of solar irradiance and local area load consumption, a transient is 

produced which may have an amplitude greater than the normal voltage operating condition 

in some instances. By performing parametric studies, it was possible to quantify the level of 

transient voltage levels by changing the load and solar irradiance conditions as can be seen 

in Fig. 6.18. The higher transient voltage occurs during high solar irradiance and no load 

conditions (Fig. 6.18a). The lower transient voltage is only affected by the load conditions 

as the PV system is deactivated while the fault is occurring (Fig. 6.18b). The maximum 

frequency value occurs mostly during medium solar irradiance conditions and it does not 

seem to be affected by the load consumption (Fig. 6.19a). Mina
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Figure 6.18a.   Maximum Voltage value during the occurrence of the 

Fault on Feeder 3 

 
Figure 6.18b.   Minimum Voltage value during the occurrence of the 

Fault on Feeder 3 

Figure 6.18. Voltage Levels during the occurrence of the Fault on Feeder 3 

 
Figure 6.19a.   Maximum Frequency value during the occurrence of 

the Fault on Feeder 3 

 
Figure 6.19b.   Minimum Frequency value during the occurrence of 

the Fault on Feeder 3 

Figure 6.19. Frequency Levels during the occurrence of the Fault on Feeder 3 

 
Figure 6.20a.   Maximum and Minimum Voltage levels for different 
concentrations of PV during the occurrence of the Fault on Feeder 3 

 
Figure 6.20b.   Maximum and Minimum Frequency levels for different 

concentrations of PV during the occurrence of the Fault on Feeder 3 

Figure 6.20. Voltage and Frequency Deviations levels for different concentrations of PV during the occurrence of the Fault on 
Feeder 3 
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On the contrary, the lower frequency level improved while the PV production is increasing 

as shown on Fig. 6.19b. The worst case in terms of voltage (no load and high solar irradiance 

conditions) is used to investigate different PV concentrations and results obtained are shown 

in Fig. 6.20. From Fig. 6.20a it can be observed that the voltage variations reduce as the PV 

capacity increases. On the other hand, the upper frequency value improves while increasing 

the PV capacity but the lower value gets even lower (Fig. 6.20b).  

6.4 Conclusions 
     This chapter presents the Detailed Model Representation of the PV System as well as a 

voltage regulation algorithm able to maintain the voltage below the limits proposed by 

international standards. From the findings of the simulations it has been found that EN 61727 

compatible inverters do not cause significant voltage distortion in distribution grids. 

However, it has been observed that overvoltage can occur during high PV production. In 

order to increase the installed PV capacity above the threshold imposed by the distribution 

grid dynamics and loading it is required to utilize the appropriate voltage regulation scheme. 

Apparently, the voltage regulation capability of the PV inverters will be enabled in future 

large PV installations to ensure the stability of power system operation and to maintain the 

good quality of supplied voltage.  

     On the other hand, it has been shown that the Detailed PV System Model can be used 

effectively in assessing the behaviour of the distribution grid during faults as modifications 

in the control circuit of the inverter to incorporate protection functionality is possible. Based 

on the observations made in this chapter it is evident that the use of PV system models 

operating at unity power factor will be limited. The most appropriate PV system model 

should not only consider the transient response of the inverter during changes of input power 

but also the transient response of the inverter during voltage variations. Any attempt for the 

development of simplified models should take into account the full functionality and 

capabilities of the inverters in order to be practical and useful in power studies of large power 

networks.    
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Chapter 7 
Transient PV System Model (TPVSM) 
 

7.1 Introduction  
Photovoltaic (PV) technology is already one of the main alternative sources able to cover 

significant energy demand.  The deployment of PV technology in local distribution grids is 

usually done in an uncontrolled way which may induce power quality issues as penetration 

increases. Simulation models and related studies are critical tools that reveal possible 

unwanted problems during the design stage prior to realization. The utilization of accurate 

simulation models is of great importance in an attempt to assess the real consequences of 

localized energy production from distributed energy sources and in particular PV. A generic 

PV system model for transient studies, the parameters of which can be tuned using transient 

data is proposed in this work. The model is tuned and validated using transient data obtained 

from a detailed PV system circuit topology developed in Matlab Simulink. The model is a 

three phase representation capable of simulating with sufficient accuracy normal/unbalanced 

operating conditions and voltage regulation. Harmonics are also incorporated into the model 

to reveal its capability for use in complete power quality studies. The main novelty of this 

work lies in the fact that the proposed model can be tuned in order to represent accurately 

the dynamic behaviour of PV systems for both balanced and unbalanced conditions. The 

Mina
s P

ats
ali

de
s



 Chapter: Transient Photovoltaic System Model 

   87 

developed model is used along with the detailed PV system model to assess the voltage 

transient response of a distribution grid busbar. Finally, the transient behaviour of the 

distribution grid busbar having different grid impedance values is also evaluated utilizing 

the proposed model. The estimated and observed results are compared with the Theil 

Inequality coefficient depicting good agreement.      

7.2 Transient PV System Model  

7.2.1 Existing PV System Models - Comparison 
     The modelling capabilities of the PV system models presented in Chapter 2-Section 2.3 

are summarized in Table 7.1. It is evident that a comparison is made feasible between the 

proposed PV system model and the existing models found in the literature via the main 

modelling capabilities shown in Table 7.1. An aspect derived from the literature search, 

which may not be so obvious, but it can be quite important for simulation studies, is the 

ability of a specific modelling capability to be tuneable. A considerable number of PV 

system models found in the literature cannot be tuned/adjusted in order to represent 

accurately the dynamics of each PV system found on the market constituting a great 

drawback for simulation studies. The adjustability of a specific modelling capability can help 

in representing accurately PV systems with different parameters. 

Table 7.1. Capabilities of models found in the literature and comparison with the model proposed in this work 

Model Name 

Modelling Capabilities 

Steady State 
Response 

Transient 
Response 

Balanced 
Conditions 

Unbalanced 
Conditions 

Filter 
Harmonics 

Switching 
Harmonics 

Control 
Harmonics 

 Tuneable  Tuneable  Tuneable  Tuneable  Tuneable  Tuneable  Tuneable 
MPV1 

(detailed PV 
System 
model) 

√ Yes √ Yes √ Yes √ No √ Yes √ Yes √ No 

MPV2 √ Yes × No √ Yes × No √ No × No × No 
MPV3 √ Yes × No √ Yes × No × No × No × No 
MPV4 √ Yes × No √ Yes × No × No × No × No 
MPV5 √ Yes × No √ Yes × No × No × No × No 
MPV6 √ Yes √ Yes √ Yes √ No √ Yes √ Yes √ No 
MPV7 √ Yes √ Yes √ Yes × No × No × No × No 
MPV8 √ Yes √ Yes √ Yes × No × No × No × No 
MPV9 √ Yes × No √ Yes × No × No × No × No 
MPV10 √ Yes √ Yes √ Yes × No × No × No × No 
MPV11 √ Yes × No √ Yes × No × No √ Yes × No 
MPV12 √ Yes √ No √ Yes × No × No × No × No 
MPV13 √ Yes √ Yes √ Yes × No × No × No × No 
MPV14 √ Yes √ Yes √ Yes × No × No × No × No 
MPV15 √ Yes √ Yes √ Yes × No × No × No × No 
MPV16 √ Yes √ Yes √ Yes × No × No × No × No 
MPV17 √ Yes × No √ Yes × No × No √ Yes × No 
MPV18 √ Yes √ Yes √ Yes × No √ Yes √ Yes × No 
MPV19 √ Yes √ Yes √ Yes × No × No × No × No 
MPV20 √ Yes √ Yes √ Yes × No × No × No × No 
MPV21 √ Yes √ Yes √ Yes × No √ Yes √ Yes × No 

Proposed 
Model 

√ Yes √ Yes √ Yes √ Yes √ Yes √ Yes √ Yes 
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7.2.2 Methodology 
A generic PV system model is developed based on the circuit topology and control 

scheme of a detailed three phase PV system. Analysis of the switching circuit representation 

in d-q synchronous frame is performed to extract the equations and transfer functions 

required for the formulation of the proposed model. The DC link of the PV inverter is 

considered to be constant and is omitted from the analysis as the dynamics of the DC link 

are much slower than the dynamics of the inverter. The transfer functions derived from the 

analysis for balanced and unbalanced conditions are used to define a parametrized/generic 

model of which the parameters are determined using the Nelder-Mead simplex estimation 

method. The specific parameter estimation method compares the performance of the 

proposed model with transient data from the detailed PV system model while varying its 

parameters in order to establish the correct transient behaviour. The new model is capable 

of simulating in an accurate and efficient way normal and unbalanced operating conditions. 

The novelty of this work lies in the fact that the transient behaviour of the PV inverter during 

unbalanced conditions can be tuned based on the inverter characteristics; an option that is 

not given by the other models found in literature.  Finally, simplified modelling of harmonics 

is also undertaken in order to make the model more useful for power quality studies in an 

attempt to highlight the full capabilities of the proposed model.      

7.2.3 Detailed PV System Model 
     A common detailed PV system model is formed by a PV array, an inverter and a power 

grid interface. The PV array is affected by the solar irradiance, the temperature and the 

specific characteristics of the chosen PV module technology. The PV array converts the solar 

irradiance into DC power which is then delivered to the distribution grid via the DC/AC 

inverter. A Maximum Power Point Tracking (MPPT) Controller consisting mainly of a 

DC/DC converter is used to extract the maximum available energy by adjusting the voltage 

at the output of the PV array. The PV array and DC/DC converter are connected to a DC link 

whose voltage is maintained constant by a DC/AC inverter circuit topology. In more detail, 

the DC/AC inverter is set to inject the power reaching at the DC link into the electricity grid 

and in that way the DC link remains constant. A filter is always placed at the output of the 

inverter to eliminate undesirable harmonic currents produced by the switching operation of 

the inverter. The modular circuit configuration of the PV system is shown in Fig. 7.1 [155]. 
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DC       DC DC       AC FILTER

Control
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Figure 7.1. General schematic of a Detailed Photovoltaic System 

Considering the large dc link capacitor, and the lower than fundamental frequency control 

bandwidth of the DC bus voltage [170], [171], the DC link can be assumed constant. The 

assumption of constant DC link is reasonable if it is also taken into account that the DC/AC 

inverter has a much faster current control loop response compared to the changes in solar 

irradiance and temperature [172]. 
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Figure 7.2. Detailed circuit topology of the adopted PV system [173] 

The circuit topology of the detailed PV system model is shown in Fig. 7.2 [174], [175]. The 

current controller is based on the feedback linearization scheme [158] according to the 

following equations expressed in the synchronously rotating d-q reference frame: 

d d o q du E LI m                                                                                                                (7.1) 

q q o d qu E LI m                                                                                                                  (7.2) 

and 

( )( )i
d p dref d

K
m K I I

s
                                                                                                            (7.3) 

( )( )i
q p qref q

K
m K I I

s
                                                                                                            (7.4) 
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where Ed and Eq are the d- and q- axis components of the grid-side voltage, ud and uq are 

those of the inverter voltage, ωo is the system angular frequency, L the total inductance of 

the filter (L1+L2), Idref and Iqref the corresponding reference currents, Id and Iq the actual 

currents at the inverter output, and Kp and Ki are the proportional and integral gains of the 

PI controller. The parameters md and mq are the control rules (PI controller) for the d- and 

q- axis respectively. Moreover, a Phase Lock Loop (PLL) is employed to track the phase 

angle of grid voltage for use in transforming AC quantities into the d-q synchronous 

reference frame and vise versa. The decoupling of active and reactive line current 

components, by projecting them onto a synchronously rotating d-q reference frame, allows 

the independent control of active and reactive power supply. The active (Idref) and reactive 

(Iqref) current references are calculated by using the active (Pref) and reactive (Qref) power 

references as follows:    

2

3dref ref
d

I P
E

     and      2

3qref ref
d

I Q
E

                                                                                    (7.5) 

The outer voltage loop is omitted due to the fact that it is assumed that the DC link is 

constant. Depending on the chosen voltage regulation method, the reactive power reference 

(Qref) is set or adjusted accordingly. The aforementioned detailed model was chosen to be 

used as it can represent the transient behaviour of the inverter during real time conditions 

that include variations in solar irradiance, temperature and supply voltage. The LCL filter is 

defined according to the guidelines given in [176]. 

7.2.4 Proposed PV System Model Description 
    The generalized schematic diagram of a PV system is shown in Fig. 7.3. The main 

components are the filter, the utility grid interface and the power stage interface. The power 

stage is managed by the control unit based on the grid synchronization and power 

measurement signals.  

Filter

Utility Grid

Power
Stage

Control Unit

Grid 
Synchonization 

Unit

Power
Measurements 

Unit

Pref

Qref

Detailed PV System Model
 

Figure 7.3. Generalized Schematic diagram of a PV System [173], [177] 
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The PV system model proposed in our work is depicted in detail in Fig. 7.4 and it is designed 

according to the generalized structure presented in Fig. 7.3. The PV system model is 

composed of a three-phase current source (power stage interface), an LCL filter and a control 

circuit defined in d-q synchronous frame (control unit) [173], [177].  
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Figure 7.4.  Detailed diagram of the proposed PV System Model 

In the literature, a current source with a C/LC filter has been proposed in [175], [178] for 

simulation studies but the specific model does not have the ability to be tuned/adjusted in 

such a way to represent the transient behaviour of various inverters. The control circuit of 

the proposed model includes a specially formulated transfer function (TF) which can be 

tuned via an estimation method by only using transient data of current obtained from the 

output of a simulation PV system model or a real PV system. The estimation method varies 

the parameters of the TF, until the model current output matches the provided transient data. 

The LCL filter parameters can also be estimated via transfer function identification while 

using harmonic data of voltage and current phasors captured at the output of the inverter 

under test. The PLL dynamics are decoupled from the proposed model dynamics by utilizing 

a PLL with fast response. As the DC link is assumed constant [179], the dynamics of the 

DC/DC converter, the MPPT and the PV array are omitted from the analysis but it is possible 

to include their effect into the model by adding a transfer function that will relate the solar 

irradiance GH with the active power reference (Pref) signal of the control unit [180]–[185]. 

By replacing the DC link with a DC source, the nominal power of the model becomes 

unlimited which is a great advantage when needing to use the model to represent various PV 

systems.  Finally, it is important to mention that the analysis presented in this work can be 

applied for proportional-resonant (PR) current controllers as well [186], [187]. The abstract 

representation of the proposed model including the input/output signals and the parameters 

required for balanced/unbalanced and harmonic modelling is shown in Fig. 7.5. When using 

the developed model, no prior knowledge is prerequisite about the modelling techniques 

applied for the formulation of the model, but just only the parameters characterizing a 
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specific PV system (shown in Fig. 7.5). The main advantage of the proposed model over the 

detailed PV system model is that it can be tuned and represent accurately the transient 

behaviour of the PV system under unbalanced conditions (something not possible when 

using the detailed PV system model). 
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Figure 7.5. Proposed Transient Photovoltaic System Model (TPVSM) 

7.2.4.1 LCL filter Parameters Estimation 

     Defining the parameters of the LCL filter can be done in various ways. The parameters 

are usually not available by the manufacturer and therefore accessing the internal circuit of 

the inverter can reveal the type of the filter and the values of filter elements.  Another method 

for estimating the filter parameters can be the identification of the filter transfer function 

using harmonic impedance data. The harmonic impedance data can be obtained if the 

inverter is set at zero state in reference to the well-known space-vector pulse switching 

modulation and by performing simultaneous measurements of voltage and current phasors 

at different harmonic frequencies. The filter topology at zero state is shown in Fig. 7.6.  

Ea Eb Ec

L1 L2

C

Rc

Voffset

+
-

 

Figure 7.6. Filter topology at zero state [188] 

By shorting the left side of inductor L1 a connection is created between the L1 and the 

common point of capacitor bank having a DC offset difference (assuming that the system is 

balanced). According to the superposition theorem [189], if analysis is performed on 

harmonics, the two points are electrically connected with a short circuit for harmonic 

frequencies. In this work, voltage and current phasors were employed from the first to the 

eleventh harmonic frequency and by dividing the voltage phasors with the current phasors it 

becomes possible to calculate the actual harmonic impedance values.  
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Figure 7.7. Bode Diagram of Filter Impedance 

The estimated transfer function of the harmonic impedance is obtained by applying the 

estimation algorithm found in [190] and is then compared to the actual transfer function of 

an LCL filter. The actual harmonic impedance and the estimated transfer function response 

are both depicted in Fig. 7.7. The transfer function of the filter impedance is given by 

equation (7.6) and the estimation method provides a transfer function of the same form given 

by equation (7.7) [191]. 
3 2

1 2 1 2 1 2
2

1

( ) CR ( )
( )

C CR 1
act c
f

c

s L L C s L L s L L
Z s

s L s

   


 
                                                                               (7.6) 
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A s A s A s
Z s

B s B s

 


 
                                                                                                          (7.7) 

The mathematical formula (7.6) has four unknowns which can be easily calculated from the 

system of five equations obtained via equating equation (7.6) with (7.7).  

1 1 2

2 1 2

3 1 2

1 1

2

( ) CR

C
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c

c

A L L C

A L L

A L L

B L

B


    
 



                                                                                                             (7.8) 

The estimated and actual values of the LCL filter impedance are shown in Table 7.2. 

Table 7.2. Filter Parameters 

By applying the Thevenin to Norton transformation on the LCL circuit topology it is possible 

to derive the impedances 
oZ and 

xZ by using the following equations. 

LCL Filter Parameter Detailed PV System Model Values Estimated Values Error 

L1 (H) 0.0017 0.0017 1.02% 
L2 (H) 9.6243e-05 9.287e-05 3.50% 
RC (Ohms) 0.0449 0.0453 0.89% 
C (F) 2.0057e-04 1.9893e-04 0.81% 
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2
1 1
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1

CR
( )

C CR 1
c

o
c

s L sL
Z s

s L s




 
                                                                                                              (7.9) 

2( )xZ s sL                                                                                                                                (7.10) 

7.2.4.2 Transfer Function of the proposed PV system model for balanced 
conditions 

The main core of the model formed to represent accurately the dynamic behaviour of PV 

systems is the transfer function shown in Fig. 7.4 for d and q synchronous reference frame 

respectively. In order to formulate the required transfer function it is first assumed that the 

filter at the output of the inverter is an L filter and not an LCL. This is reasonable due to the 

fact that the dynamic behaviour of an LCL filter is similar to the L filter at low frequencies 

which coincide with the current controller bandwidth [192]. It must also be mentioned that 

in order to design a PI current controller for an inverter it is recommended to neglect the 

filter capacitor using the L approximation mentioned above [193]. This approximation gives 

reasonable results and at the same time makes the analysis and derivation of the required 

transfer function simpler. The ac dynamics of the three phase inverter omitting the switching 

effects is derived from equation (7.11): 

t

di
L Ri v E

dt
  
                                                                                                                              (7.11) 

where Lt is the total inductance of the output filter, Rt is the total resistance of the output 

filter, i

the instantaneous output current, v


 the instantaneous voltage at the inverter side and

E

 is the instantaneous voltage of the grid side. Transforming equation (7.11) into d-q 

synchronous frame yields: 

c
c c c c

t

di
L Ri j Li v E

dt                                                                                                               (7.12) 

where c
d qi I jI  is the d-q frame output current, c

d qE E jE   the d-q frame voltage of 

the grid side, c
d qv V jV   the d-q frame voltage at the inverter side  and  is the system 

angular frequency.  A PI current controller with grid voltage feedforward and d-q cross 

coupling cancellation is utilized for the inverter control task [194]:    

(i ) ( )(i )c c c c c c c c ci
ref PI ref o p ref o

k
v G i j Li aE k i j Li aE

s
                                                                 (7.13)  

where c
refv is the control rule for the d-q synchronous frame, c

ref dref qrefi I jI   is the d-q 

frame reference output current and	ܽ the feedforward cancellation factor which can either be 

a transfer function or a constant less than or equal to unity. For proper operation of the current 

controller the parameter	ܽ is considered to be unity which is valid for the DC variations 
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occurring in d-q frame. As discussed in the following subsection for unbalanced condition 

modelling, this is not valid if harmonics appear at the controller.  Based on the above, the 

current controller diagram for d-axis is shown in Fig. 7.8 [195]. The same applies for the q-

axis.  

+
-

GPI
Idref

GD GF

GC

Id

+ +

-+

Ed

 
Figure 7.8. Current controller in d-q synchronous frame for d axis 

From the diagram of the current controller, the transfer function relating the output current 

in the d-q frame with the reference current and the feedforward voltage is described by 

equation (7.14) [191]. 

 

( ) ( )

( 1)
i

1 1
c c cF D CPI D F

ref
PI D F PI D F

g s y s

G G GG G G
i E

G G G G G G

 
 

  
                                                                                        (7.14)  

where  

i
PI p

k
G k

s
          1

F
t t

G
L s R




      
2 2

1

1 0.5
dsT

D
d d

G e
T s T s

 
 

     2 21 0.5csT
c c cG e T s T s                        

The inverter control delay DG  [195] is approximated by a second order Pade formula [196], 

[197]. DG  is the output filter transfer function and CG the compensation/feedforward filter 

transfer function [194], [195]. As mentioned before, it is assumed that D CG G  is exactly equal 

to unity (equivalent to	ܽ feedforward cancellation factor equal to unity) which is indeed valid 

for DC variations [194] and therefore equation (7.14) reduces to (7.15): 

2 2
3 2

i i
1

( ) ( )
2 2

p ic c cPI D F
ref ref

d dPI D F
t t d t d t p t i t

k s kG G G
i

T TG G G
s L s LT R s T R k L k R


 


      

                                     (7.15) 

By considering also that the compensation/feedforward transfer function and the Pade 

formula transformations, it is possible to define a relationship between the actual grid voltage 

and the voltage passed into the controller given by (7.16): 

2 2 2 2(1 0.5 ) v v (1 0.5 )
c

c c c c
ref d d d d ref

D

v
v T s T s T s T s v

G
                                                                  (7.16) 

Combining equation (7.15) with (7.16) it becomes possible to define the relationship 

between the reference active ( ௥ܲ௘௙)/reactive (ܳ௥௘௙) power with the actual inverter active 

( ௜ܲ௡௩) /reactive (ܳ௜௡௩) power: 
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 (7.17) 

which yields: 

inv
G

ref

P
TF

P
     and   inv

G
ref

Q
TF

Q
                                                                                                          (7.18) 

The target transfer function (TF) required for the power control circuit of the proposed PV 

system model can be obtained by analysing the control diagram of Fig. 7.9. It is assumed 

that the power losses at the output filter are negligible as modern inverters are designed to 

have less than 3% power losses in total at their output in comparison to the input power.  

+
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Pref Pact=Pinv +
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TF
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Figure 7.9. Power control circuit of the proposed PV system model 

Finally, the target transfer function is given by (7.19): 

11 1

inv inv

ref ref G

inv inv G

ref ref

P Q

P Q TF
TF

P Q TF
P Q

  
 

                                                                                                      (7.19) 

After substituting (7.17) into (7.19), a transfer function is obtained which has the same order 

as the transfer function in (7.17): 
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2 2 2 2 3 2

4 3 2 1 2 3 4

( ) ( )
2 2

(b )
( ) ( ) ( )

2 2 2 2

d d
p i p d p i d i

d d d d
t t d t p d t t i p d t i d

T T
s k s k k T s k k T k a s a s a s a

TF
T T T T s s b s b s b

s L s LT R k s T R L k k T s R k T

       
 

          

   (7.20) 

7.2.4.3 Phase Lock Loop (PLL) requirements 

     The phase lock loop (PLL) required for the realization of the model is an important 

element which must have quite fast response to minimize its transient effect on the proposed 

model. Also, it is required to have the capability of estimating d-q components for balanced 

and unbalanced conditions. For this purpose, three types of PLLs and a Discrete Fourier 

transform (DFT) sequence analyser [198], [199] are evaluated in order to identify which one 

has the most accurate and fast response.  The three PLLs under test are: ddsrfPLL [200], 

[201], CDSC-PLL [202] and DSC-PLL [203]. The dynamic response of the d-q 

synchronization methods under consideration for a positive sequence voltage variation is 

shown in Fig. 7.10 (the same exact dynamic response is observed for negative positive 
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sequence voltage variations). From Fig. 7.10, it is evident that the CDSC-PLL is the most 

appropriate as it fulfils the application requirements. 

 

Figure 7.10. Dynamic response of d-q synchronization methods under consideration 

7.2.4.4 Transfer Function of the proposed PV system model for unbalanced conditions 

     In order to model the transient behaviour of the inverter control circuit under unbalanced 

conditions an important observation must be taken into account. In d-q coordinates, the 

unbalancing in grid voltage is transformed into second order harmonic [201], [204] via the 

d-q transformation and therefore a second order harmonic is superimposed on the DC 

quantities if unbalanced voltage conditions occur. In [205], a current controller for 

unbalanced conditions is developed as well and in such a case the analysis presented in the 

previous subsection (subsection 7.2.4.2) should be repeated for obtaining the characteristic 

transfer function for unbalanced behaviour modelling of the inverter. For this case, as the 

transient behaviour of the inverter for balanced conditions has already been defined in 

subsection 7.2.4.2, superposition circuit analysis will be applied to study the control circuit 

only in the presence of the second order harmonic. Consequently, the current controller 

under unbalanced conditions is shown in Fig. 7.11. As can be seen from the circuit diagram, 

the reference currents are zero because the inverter is not designed to handle/react to 

unbalanced conditions. The part of the control diagram enclosed in the dashed rectangle 

reacts differently in the presence of the second order harmonic. More specifically, the 

product D CG G  is not unity for non-DC quantities if a slight difference exists between DG  

and CG or in the absence of the compensation transfer function
CG . 
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Figure 7.11. DQ synchronous frame current controller under unbalanced conditions 

The product D CG G  is given by equation (7.21) based on which a sensitivity analysis is 

performed by increasing the difference between cT and dT . 

2 2

2 2

1 0.5

1 0.5
c c
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d d

T s T s
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T s T s

 


 
                                                                                                         (7.21) 

The frequency response of D CG G  is presented in Fig. 7.12 and it is evident that the presence 

of the second order harmonic enables the factor (s)y  of equation (7.14).  

 

Figure 7.12.  D CG G  Bode diagram 

As a consequence, the transfer function of the negative sequence current is represented in 

the d-q frame with equation (7.22): 

( )

( 1)

1
n nF D C
dq dq

PI D F

y s

G G G
i e

G G G

 



                                                                                                                 (7.22)     

where 

n n n
dq d qi i ji     and   2 ( )( ) ( )(cos( 2( )) sin( 2( )))oj tn n n n n

dq d q d q o oe E jE e E jE t j t 

 

             
           (7.23) 

The parameter n
dqe  is the negative sequence grid voltage expressed in the d-q frame,  is the 

angular frequency and
n
dE , n

qE  are the negative sequence components provided by the adopted 

PLL. Substituting (7.23) into (7.22) results in: 
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                                                                              (7.24)     
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                                                                                 (7.25)     

For simplification purposes, D CG G and DG are both approximated by the first order Pade 

formula as: 
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T s
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T s
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
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1C
d

G
T s




                                                                                            (7.26) 

Additionally it is assumed that the PI controller compensates exactly the effect of the output 

filter [195] yielding: 

PI F

M
G G

s
                                                                                                                                 (7.27) 

where M is a constant.  Equations (7.26) and (7.27) are then substituted into (7.24) and 

(7.25), giving: 
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  (7.28)     
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 (7.29)     

Finally, the complete circuit diagram of the proposed PV system model for 

balanced/unbalanced conditions is shown in Fig. 7.13. 
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Figure 7.13. Proposed PV System Model for balanced/unbalanced conditions 

7.2.4.5 Parameter Estimation via the Nelder-Mead algorithm 

     The generalized transfer functions obtained for balanced and unbalanced conditions 

representing the dynamics of the PV system can be further used along with current transient 
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data to form a parameter estimation problem. More specifically the transfer function for 

balanced conditions described by (20) can be represented by a PI controller in series with a 

weighted sum of poles lying in the left-half plane for the d and q axes respectively. This is 

valid for stable systems of which their poles always lie in the left-half plane. It is assumed 

that the oscillatory part (imaginary part) of complex poles is insignificant or less probable to 

occur (due to design constrains of PV system control) and therefore is omitted from the 

analysis. In general, oscillatory behaviour is not considered in this work in order to reduce 

the parameter estimation problem and for this reason equations (7.30) and (7.31) are 

proposed. If equation (7.30) does not perform as expected then equation (7.31) may be used 

(which has a double pole) or a parameter transfer function containing complex poles 

(equivalent to mathematical formula (7.18)). Equations (7.30) and (7.31) are obtained using 

the partial fraction decomposition/expansion method. 

1 2 2

1 2 2
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e p p p
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p p p p
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                                                                                         (7.30) 
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                                                                                                      (7.31) 

where all the unknowns in equations (7.30) - (7.31) are parameters to be estimated. Similarly, 

the parameter function for unbalanced conditions can be represented as:  

1 2 2

1 2 2

( )( cos(2 ) sin(2 ))
n n n

n n n
d qn n n

r r r
TF E E

s p s p s p
    

  
                                                                     (7.32) 

The parameter estimation is achieved with the Nelder-Mead simplex (NMS) algorithm. The 

target of the algorithm is to minimize a cost function (the sum of squared errors between 

estimated and simulated current RMS transient data) without employing a gradient 

calculation method, classifying the NMS technique in the category of direct search methods. 

The NMS simplex is a geometric shape of nonzero volume which is formed by n + 1 vertices. 

At first, the algorithm is started with an initial guess provided by the user and therefore the 

initial conditions play an important role in the duration and convergence of the estimation 

process. At every new iteration, NMS generates a new vertex based on the objective/cost 

function performance of simplex vertices. The algorithm then chooses to replace one of the 

existing vertices with the new vertex and so the technique progresses. As a consequence, the 

objective function value at each vertex is known at each iteration and the worst vertex with 

the highest value is replaced by the new vertex. The NMS simplex is rescaled by using four 

basic procedures: reflection, expansion, contraction, and shrinkage depicted in Fig 7.14. 

More information can be found in [206]–[208] .  
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Figure 7.14.  Flowchart of Nelder-Mead simplex algorithm 

In brief, the transfer functions of balanced conditions for both d-q axes are estimated by 

applying a step change in active power input. The NMS tracks the transient response error 

between the detailed PV system model and the proposed model and adjusts the parameters 

of the transfer functions until the error is minimized. Comparison of current RMS transient 

data (of only phase L1 as the system is balanced and as the parameter transfer functions are 

equal for both d and q axes a slight difference between d and q axes parameter transfer 

functions may arise if the analysis of [194] is adopted) acquired during the active power step 

change are adequate for estimating the values of the parameter transfer functions. After that, 

a step change in reactive power input is applied to fine tune the parameter transfer function 

of q axis. Finally, a change in negative sequence components of the grid voltage is used to 

define the parameter transfer functions for unbalanced conditions. In this case, current 

transient data from two out of three phases are necessary for estimating and fine-tuning the 

d-q axes parameter transfer functions for the unbalanced conditions. Despite the fact that the 

NMS is an unconstrained estimation algorithm, its application in solving the aforementioned 

problem forces NMS to progress in the left-half plane (if initial conditions are set correctly) 

because the cost/objective function gets high values in the unstable region. The unstable 
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region consists of a barrier that limits correctly the values domain/range and desirably helps 

the NMS algorithm to converge faster.   

7.2.4.6 Modelling of Current Harmonics 

     Current harmonics have their origin in two processes. The first one is the PWM switching 

and the second one is the influence of grid voltage harmonics on the inverter control circuit 

and output filter. As regards the first process, the variety of PWM switching methods can 

produce a current frequency spectrum which may differ depending on the type of the PWM 

algorithm. On the other hand, grid voltage harmonics pass through the control circuit and 

appear on the output current. More specifically, the second term of equation (7.14) is 

equivalent to an admittance component (as the case of unbalanced conditions) which 

transforms the voltage harmonics into current harmonics depending on the design parameters 

of the inverter. Based on this, it is possible to model the transient behaviour of selected 

harmonics. Alternatively, the steady-state behaviour of all the harmonics can be represented 

with an impedance element. In addition, it must be mentioned that the current harmonics 

injected into the grid are affected by the output filter as the impedance of the filter can 

interact with voltage harmonics. For this reason, the filter impedance of the proposed model 

(seen by the grid) is designed to be almost identical with the filter impedance of the detailed 

PV system model by utilizing the findings of subsection 7.2.4.1 and Norton’s theorem [83], 

[209]. The model filter impedance seen by the grid in comparison to the actual filter 

impedance of the detailed PV system model is shown in Fig. 7.15.  

 
Figure 7.15.  Comparison of model filter impedance with the actual filter impedance 

Despite the fact that it is assumed that the grid voltage harmonics are low in this work and 

do not interact with inverter control or the output filter it is evident that the proposed model 
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can effectively be used in harmonic studies as both the model filter impedance and the 

control admittance (referring to equation (7.14)) seen by the grid are exactly the same as the 

detailed PV system model. Moreover, the switching harmonics can be incorporated into the 

model by adopting the procedure mentioned in the following paragraph. A more advanced 

procedure can be applied if it is required to achieve higher accuracy on modelled harmonics. 

     As stated in [210], [211], the current harmonics can be derived from an analytical 

mathematical expression if the PWM switching methodology is known and can have a 

unique value. As the PWM scheme is not always known it is chosen to represent the current 

harmonics by their mean value which is quite reasonable if the above statement is considered 

and by noting also the results of Fig. 7.16. The current harmonics are superimposed on the 

current source and they are transformed from the inverter side current to the grid side current 

by the following formula:  

2 2
2( ) ( )(1 )inv outI h I h h CL                                                                                                       (7.33) 

where ( )in vI h and ( )o u tI h are the inverter side  and grid side current at harmonic order h 

respectively.  

Figure 7.16a.   Current Harmonics vs Normalized Power Output Figure 7.16b.   Mean and Variance of inverter grid side current harmonics 

Figure 7.16.  Statistical analysis of inverter output current harmonics 

7.2.4.7 Distribution Grid Topology 

The system topology of the distribution grid used in the simulation is shown in Fig. 7.17a. 

In order to perform reliable studies about the power quality behaviour of a distribution grid 

in the presence of distributed generation, the electrical dynamics of the distribution grid is 

required to be known. For this reason, the distribution grid is modelled as a low voltage 

Thevenin Equivalent Circuit (TEC) according to [212]. The TEC shown in Fig. 7.17b 

replaces the high voltage network and the transformer. 
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Figure 7.17a.   Distribution Grid Topology 
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Distribution Grid Model
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Figure 7.17b.   Thevenin Equivalent Circuit 

Figure 7.17.  Equivalent Distribution grid model 

7.3 Results  

7.3.1 Results for balanced conditions 
After applying the modelling procedure for balanced conditions found in the previous 

section it is possible to define accurately the transient behaviour of PV systems. More 

specifically, a step change of 0.3 p.u. in the active power input imposed a change in the 

output current which has a unique pattern depending on the design parameters and the 

dynamics of the detailed/actual PV system. The reactive power input is kept at a zero value. 

The transient response of both the detailed and the proposed PV system model during the 

step change in active power input is shown in Fig. 7.18a.  

Figure 7.18a. Output current response to a step change in active power input 
 

Figure 7.18b. Output current response to a step change in reactive power input 

Figure 7.18.  Transinet response comparison between the detailed and the proposed PV system model 

The comparison is made with the "Theil inequality coefficient" [161], [162], [213].  As can 

be seen from the obtained results and inequality coefficient in Fig. 7.18a, good agreement 
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has been obtained between the detailed and the proposed PV system model. Similarly, the 

transient response of the output current to a step change in reactive power input of 0.3 p.u. 

is shown in Fig. 7.18b, depicting satisfactory results. In this case, the active power input is 

maintained at 0.8 p.u. and therefore the change in output current is dedicatedly done on the 

reactive current component due to the change in reactive power input.    

7.3.2 Results for unbalanced condition 
The proposed model is designed to model accurately the behaviour of PV systems during 

unbalanced conditions. For this purpose, the proposed model is tested under a 5% ramp and 

a 60% step change of the negative sequence component of grid voltage. The voltage 

waveforms during unbalanced conditions are graphically shown in Figs. 7.19 and 7.20. 

 
Figure 7.19.  Voltage waveforms during unbalanced conditions - 5% ramp change 

 
Figure 7.20.  Voltage waveforms during unbalanced conditions - 60% step change 
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Figure 7.21a.   Output current response of phase L1 during transient unbalancing conditions - 5% ramp change 

 

Figure 7.21b.   Output current response of phase L2 during transient unbalancing conditions - 5% ramp change 

 

Figure 7.21c.   Output current response of phase L2 during transient  unbalancing conditions - 5% ramp change 

Figure 7.21.  Output current response during transient unbalancing conditions - 5% ramp change 

 

 

Mina
s P

ats
ali

de
s



 Chapter: Transient Photovoltaic System Model 

   107 

 

Figure 7.22a.   Output current response of phase L1 during transient unbalancing conditions - 60% step change 

  

Figure 7.22b.   Output current response of phase L2 during transient unbalancing conditions - 60% step change 

 

Figure 7.22c.   Output current response of phase L2 during transient  unbalancing conditions - 60% step change 

Figure 7.22.  Output current response during transient unbalancing conditions - 60% step change 

The results for the unbalanced transient behaviour are shown in Figs. 7.21 and 7.22.  As 

depicted in Figs. 7.21 and 7.22, the model manages to represent the behaviour of the detailed 

PV system adequately as the Theil inequality coefficient is almost zero. 
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7.3.3 Results for harmonics 
Modelling of switching harmonics is also achieved in this work and it constitutes a first 

attempt of incorporating switching harmonics into the proposed model. The method adopted 

is simple but still it can provide results that can be useful for simulations. In Fig. 7.21, the 

variation of harmonics for both the detailed and the proposed PV system model is depicted. 

The Theil inequality coefficient for all the harmonics up to the 11th harmonic is below 0.3. 

Also it must be mentioned that the adopted modelling approach performs worse for low 

power outputs as the harmonic currents in that situation are comparable with the fundamental 

current. Further research will be undertaken in the future to formulate a more accurate model 

for switching harmonics. 

 
Figure 23a.   Amplitude of 2nd harmonic vs normalized power output 

 
Figure 23b.   Amplitude of 3rd harmonic vs normalized power output 

 
Figure 23c.   Amplitude of 4th harmonic vs normalized power output 

 
Figure 23d.   Amplitude of 7th harmonic vs normalized power output 

Figure 7.23.  Amplitude of harmonics vs normalized power output 
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7.3.4 Power Quality Studies – Voltage Regulation 
The proposed model and the detailed PV system model are both connected on the 

distribution grid topology presented in subsection 7.2.4.7. The grid impedance is chosen 

according to [212]. By imposing a step change in reactive power reference (the same step 

change as the one applied for the results presented on Fig. 7.18b) on both models then the 

voltage can be varied according to the reactive power reference and the dynamics of the 

distribution grid. The transient response of voltage though depends significantly on the 

transient behaviour of the PV system current as can be seen in Fig. 7.24 (compared to Fig. 

7.18b). Via the aforementioned case study, it becomes possible to compare the proposed 

model with the detailed PV system model. From the results of Fig. 7.24, it can be clearly 

seen that the proposed model can produce simulation results of reasonable accuracy and 

importance.     

 
Figure 7.24. Transient response of voltage during a step change in reactive power reference 

Finally, the voltage response for the distribution grid busbar for different grid impedance 

values is shown in Fig. 7.25. The values of grid impedance are chosen based on the range of 

values presented in [108].   Mina
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Figure 7.25. Transient response of voltage for different grid impedance values 

From Fig. 7.25 it can be concluded that it is important to model in an accurate way the 

transient behaviour (as well as the steady-state response) of the PV systems as it can reveal 

the progress of power quality events which may be damaging for the operation of the 

distribution network or detrimental for the PV system operation itself.    

7.4 Conclusions 
     A generic PV system model for transient studies is presented in this chapter. The 

proposed model is developed to fill a gap identified in literature referring to accurate PV 

system modelling. The adopted analysis utilizes existing knowledge to formulate an accurate 

transient model that considers the PV system control circuit and dynamics. The model can 

be fully defined and tuned using transient data obtained from a detailed PV system model 

via the Nelder-Mead simplex algorithm. The generic model can be applied for 

normal/unbalanced operating conditions and is in line with current DG standards as it can 

be used for studies of voltage regulation. The aim of the aforementioned research is to 

enhance the effort of assessing the consequences of high PV penetration and facilitate 

corrective action with appropriate technical solutions so as to enable the safe and unrestricted 

deployment of these technologies in electricity grids 
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Chapter 8 
Equivalent Distribution Grid Model (EDGM) 
 

8.1 Introduction  
Renewable energy sources (RES) are expected to have a considerable share in the global 

energy mix over the next years and consequently further research is required to enhance the 

planning strategies, modify prudently the existing standards and set quality levels on 

delivered power in order to accommodate the penetration of these technologies. Depending 

on the distribution grid dynamics and the load demand, the amplitude of voltage may vary 

significantly and therefore proper simulation models are required for performing dedicated 

studies. In this chapter, a simplified and accurate model representing the distribution grid 

dynamics is introduced for power quality studies in the presence of distributed Photovoltaic 

(PV) generators. The proposed equivalent distribution grid model is validated using 

measurements and it is then used along with a verified PV system model to estimate the 

voltage variation and PV capacity of the distribution grid under investigation. Also a 

sensitivity analysis is performed by varying the parameters of the EDGM to assess how the 

PV capacity is altered. As a last step, common voltage regulation schemes are analyzed 

through the use of the proposed model, validating operational modes that can accommodate 

high distributed PV capacities. 
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8.2 Proposed Equivalent Distribution Grid Model   

8.2.1 Thevenin’s Theorem- Basic Theory 
According to Thevenin’s theorem, any linear electrical network with voltage/current 

sources and impedances can be replaced at chosen terminals (Fig. 8.1) by an equivalent 

voltage source Vth in series connection with an equivalent impedance Zth [209].  

Z

A

B

Z

A

B

Vth

+

‐

Linear
Electrical
Network

Zth

 
Figure 8.1. Graphical illustration of Thevenin’s theorem 

Thevenin’s theorem is used when part of a large network/circuit needs to be simplified. 

More specifically it can be used for the simplification of any network before and/or after any 

specific busbar inside a distribution grid. The information is given as a voltage source but it 

is possible to tranform the voltage source into current source using Norton’s Theorem.Via 

this method it is possible also to locate if other sources exist in the rest of the power network. 

For instance when there is a variation in the high voltage network (due to a fault), the 

Thevenin method finds the chatacteristics of the Thevenin impedance located at the side of 

the load [214].  

8.2.2 Methodology 
The formulation of the EDGM constitutes the starting point for performing the 

investigations for the permissible PV capacity and the voltage regulation in a typical 

distribution grid and in the presence of increased concentration of PV. The network topology 

was chosen for the investigations to represent a real case scenario for which the available 

measurements are able to define/reveal the distribution grid dynamics.  

Firstly, the EDGM is determined by performing dedicated analysis on voltage/current 

measurements obtained at the busbar of the distribution transformer and appropriate 

modelling of the distribution grid is achieved based on the findings of the analysis. The 

EDGM is validated by using the measurements obtained before and after the installation of a 

150 kWp PV system. This is achieved while using the EDGM along with the verified PV 

system model developed in Chapter 6 by studying the power quality response of the 

distribution grid topology before and after the installation of the 150 kWp PV system.  
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Following its validation, the EDGM is utilized in conjunction with the verified PV system 

model to simulate the behaviour of the distribution grid in the presence of increased PV 

penetrations. Through the simulations, it was assessed whether a violation of the voltage limit 

can occur after exceeding a specific PV capacity in the specific distribution grid topology 

under test.  

Furthermore, appropriate corrective actions able to keep the power quality within 

acceptable levels were considered.  More specifically, three different voltage regulation 

algorithms found in the literature and in technical guidelines for the connection of distributed 

generators on the low voltage network were employed to improve the voltage levels in the 

cases when the produced PV power pushes the voltage close or above the EN50160 upper 

limit [135]. Finally, the parameters of the EDGM were altered in such a way to evaluate the 

effectiveness of the applied corrective actions and to reveal their significance on the response 

of the distribution grid.  

8.2.3 Mathematical Formulation of the Proposed Grid Model 
     In order to perform reliable studies about the power quality behaviour of a distribution 

grid in the presence of distributed generation, the electrical dynamics of the distribution grid 

are required to be known. For this reason, the distribution grid is modelled as a low voltage 

Thevenin Equivalent Circuit (TEC) as shown in Fig. 8.2a. In general, distribution feeders 

and transformers can be considered as a linear time invariant RLC equivalent circuit in 

transient simulations allowing simplifications to be made. Also, it can be assumed that the 

voltage in the medium-voltage network remains constant due to the operation of on-load tap 

changer transformer. In addition, the capacitance of medium-voltage lines is low and can be 

neglected [89], leaving only a small series RL impedance to be modelled which is included 

in the estimated Thevenin equivalent impedance. Due to the above, the distribution 

transformer and the medium-voltage network can be replaced by a TEC.  

The formulation of a TEC provides insight into the voltage variation (of fundamental 

frequency) with regards to the flow of active and reactive power through the distribution 

transformer or the bus under consideration. The formula which actually represents the 

distribution grid dynamics and relates the active power, reactive power and buses voltage 

with the real and imaginary part of the Thevenin Equivalent Impedance (TEI) is shown 

below: 

2cos( )Load Load s r rRP XQ U U U                                                                                               (8.1) 

where 
LoadP is the consumed active power (consumed power is denoted with plus sign), 

LoadQ  

is the consumed reactive power, 
rU  and   are the load RMS voltage and angle respectively, 
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sU  and   are the source RMS voltage and angle respectively, R  and X are the real and 

imaginary parts of the Z  complex TEI. 

 

Figure 8.2a.   Distribution grid model - Thevenin Equivalent Circuit 

 
Figure 8.2b.   Band-Pass Filter Frequency Response 

Figure 8.2. Proposed distribution grid model 

     This new distribution grid model is defined according to the following procedure using 

voltage and current waveform measurements available from the bus under consideration. 

Initially, the voltage and current waveform data are de-noised and filtered. The de-nosing of 

the raw data is performed by wavelet coefficient thresholding using a global positive 

threshold to remove any Gaussian noise captured on voltage/current sensors due to 

environmental or load factors [215]. The filtering of the de-noised waveform data is then 

done with a dedicated band-pass filter able to reject any off-nominal frequency which is not 

close enough to the fundamental frequency. The frequency response of the band-pass filter 

is shown in Fig. 8.2b.  

     The filtered/de-noised data are used for the calculation of voltage and current phasors 

required for the estimation of the TEC parameters. The calculation of voltage/current phasors 

cannot be undertaken with the traditional Fourier method as the waveform data captured via 

measurements in real conditions do not exactly match the fundamental frequency but the 

frequency varies around it. Consequently, the Fourier method cannot be used for accurate 

phasor calculations at off-nominal frequencies neighbouring the fundamental frequency. In 

[216], different phasor estimation methods are evaluated for their ability to perform accurate 

phasor estimation at off-nominal conditions. From the aforementioned work it has been 
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shown that the dynamic methods are the most appropriate to achieve this task and introduce 

small errors at off-nominal and oscillatory conditions. For the estimation of the TEC 

parameters, the exact phasors for three successive instances are required. It is desirable to 

have the three successive instances be as close as possible in order to ensure that the upstream 

network remains constant [214]. Prony’s [217] dynamic method is found to be the most 

appropriate for the estimation of TEC parameters as it can be implemented on short time 

intervals and give accurate phasor results (as short as one cycle). The voltage/current phasors 

calculated via Prony’s dynamic method are further used for the estimation of the TEC 

parameters. In more detail, the TEC calculation concept derives from equation (8.2). By 

applying Kirchhoff's Voltage Law on the TEC, a fundamental equation is obtained as 

follows: 

( )s rU R jX I a U                                                                                                       (8.2) 

Equation (2) is valid for a specific time instance and has eight variables four of which are 

unknown (Us  X). The unknown variables cannot be obtained by direct measurements	R,	,ߜ,

and are thus estimated by assuming that the grid side is constant for a number of successive 

cycles. Under this assumption, the load variation provides adequate data that can be used for 

the estimation of the remaining unknown parameters. Based on the ideas mentioned above, 

equation (8.2) is transformed into a more useful form, equation (8.3), which is used in the 

calculation of the grid impedance. 

0 0 1 1

0 0 1 1

t t t t
r r r

t t t t

U U U
R jX

I a I a I

    
   

   
                                                                                      (8.3) 

where 0t and 1t  are two successive time moments. The main problem arising with the use of 

equation (8.3) is that it only applies if the frequency is constant. In practice, a phase drift is 

observed when the frequency is varying. This effect adds a small error in the voltage and 

current phase angles for each second cycle measurement when these are analysed with the 

Fourier method. More specifically, the reference angle is not the same between two 

consecutive cycles because the frequency variation forces it to drift. As the reference point 

is not the same between consecutive cycles, the voltage and current phasors used in equation 

(8.3) will give the wrong result and the estimated impedance phasor will be seen to rotate on 

the complex plane. By using Prony’s method, for calculating the successive phasors instead, 

the phase drift phenomenon is significantly decreased compared with traditional phasor 

calculation methods (like Fourier). For the compensation of additional errors on the phase 
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angle, the triangulation method is used [218]. According to the triangulation method, any 

possible error in angle is found by calculating the phase drift angles between three 

consecutive cycles which are required to define a TEC. In general, for a TEC to exist and be 

valid, the following condition must be true for three successive time instances: 

0 1 2

0 1 2

1 1 1

det 0t t t
r r r
t t t

U U U

I I I

 
   
  

  
  

                                                                                                          (8.4) 

The three successive time instances should be as close as possible (preferably three 

successive cycles) to ensure that the source voltage remains constant. If the phase drift due 

to frequency variation is taken into account then equation (8.4) becomes: 

1 2

0 01 1 2 2 1 2

0 01 1 2 2 1 2

1 1 1 1

det det 0

j j

t tt j t j t t
r r r r r r
t tt j t j t t

e e

U U e U e U U U

I I e I e I I I

 

 

 

 

 

  
      
     

     
     

                                                                (8.5) 

By further expanding the determinant of equation (8.5), the formulas necessary for the 

estimation of the TEI are obtained. In more detail: 

1 2' ' 0j jA B C A B e C e                                                                                                   (8.6) 

where 

0 01 2 2 1

1 2

0 01 2 2 1

' '                
t tt t t t

j jr r r r r r
t tt t t t

U U U U U U
A B C B B e C C e

I I I I I I
      

           
     

     
       

The vectors A, B' and C' should sum up to zero and consequently after using trigonometry 

the value of phase drift angles are defined by the following equations: 

1                                                                                                                   (8.7) 

2 C                                                                                                                 (8.8) 

where  

2 2 2

1cos
2

C B

C
 

   
 
  

      
2 2 2

1cos
2

B C

B
 

   
 
  

  

 

Finally, equation (8.9) is used for the calculation of TEI and equation (8.10) is used for the 

definition of the Thevenin Equivalent Source (TES) characteristics: 

0 1 1

0 1 1

t t j
r r
t t j

U U e
Z R jX

I I e









 
  

 

 
                                                                                                    (8.9) 

 0 0t t
s rU U Z I  
  

                                                                                                      (8.10) 
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where 1 is the frequency drift corrective factor, sU


 the voltage phasor of the TES, rU


 the 

voltage phasor of the point of common coupling (PCC) and I

is the phasor of the current 

passing through the TEI .Z  An important observation made and proven in [216] is that 

negative values of the real and imaginary part of the impedance depict the impedance on the 

load site and not the TEI. Based on that observation only the positive values of the real and 

imaginary part of the impedance are going to be considered. The results of the analysis are 

shown in the following section. 

8.3 Simulation Study   

8.3.1 Network Topology under Investigation 
Different PV concentrations were investigated by using the EDGM to assess the power 

quality behaviour of the distribution grid topology and by applying the appropriate voltage 

regulation algorithm. The grid topology used in this work represents an industrial area in 

which power quality measurements were performed and used for modelling purposes. The 

system topology of the distribution grid in the industrial area is shown in Fig. 8.3a.  

 
Figure 8.3a.   Network topology under investigation 

 
Figure 8.3b.   Weekly Load Demand of the industrial area 

Figure 8.3. Network topology and load demand 

The distribution transformer and the medium voltage network are replaced by an accurate 

TEC. In addition, the loads in the distribution network are replaced by an aggregated load 

connected at the busbar of the distribution transformer. The aggregated load is defined by 

the active/reactive power measurements obtained from the industrial area under 
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consideration at a resolution of one second (shown in Fig. 8.3b) and therefore the actual load 

nature is fully accommodated in the aggregated load [99], [219]. The sinusoidal current 

output of the load model is calculated based on the active/reactive power measurements and 

the voltage at the output of the load [218]. Measurements of high resolution (having a 

sampling frequency of one Hz) are used in transient simulations and they are adequate for 

producing a realistic behaviour [220]. Results of the fundamental frequency are of interest 

in this investigation and consequently harmonics or nonlinear loads (loads which produce 

harmonics) are not represented by the model and are thus not considered during the 

simulations. 

8.3.2 PV System Model Description 
The PV system model used for the simulation study is the detailed PV system model 

described in Chapter 6. 

 
Figure 8.4. Sample solar irradiance profile acquired during the measurement 

The solar irradiance used for the simulation having a resolution of one second is shown in 

Fig. 8.4. From the solar irradiance profile it can be observed that at specific time moments 

there is a decrease in solar irradiance due to shading from clouds. Consequently, the steady-

state effect of shading at the output of the PV system is taken into account. However, it must 

be mentioned that in reality each PV panel experiences a decrease in output power with 

certain delay depending on the cloud direction and speed [221]. In such a case, more than 

one pyranometers can be used along with an interpolation method to obtain a solar irradiance 

profile that will match with less error the variations in PV system output [222]. In this 

contribution, the aggregated effect of shading during cloudy weather is modelled by varying 

the irradiance input to a single PV array component (it is assumed that the PV array is not 

subjected to shading from nearby objects). As only data from one pyranometer is available 

it is chosen to model the whole PV array as a single component with one solar irradiance 
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input (and a single temperature input as well). The total power output will be the same as 

having multiple PV panels experiencing uniform solar irradiance which is reasonable for the 

size of PV system adopted for the simulations. This stems from the fact that for PV panels 

placed in the same location, the decrease in solar irradiance will be similar and almost 

instantaneous for each PV panel and thereafter the transient effect caused by shading on the 

power output of the PV system is assumed negligible. If multiple PV systems located in 

different geographical areas are required to be modelled, then the shading effect due to 

clouds can be assessed by using solar irradiance profiles obtained from the pyranometers of 

each area. 

In this case the adaptive power factor has been realized according to the following 

equation: 
. .

. . . .

1                                                                         0 0.5

0.1 ( 0.5) 1  (under-excited)              0.5 1

p u

p u p u

for P
PF

P for P

  
 

     
                                                            (8.11) 

where . .p uP  is the active power production in per unit (p.u.). 

8.4 Results   

8.4.1 Estimation of EDGM parameters - TEI 
The Voltage and current waveform measurements are analysed according to the proposed 

EDGM methodology. For the calculation of the grid impedance, acquisition of high 

resolution data is required and therefore a power quality analyser is utilized with 50 Hz timer 

synchronization capability.  

Figure 8.5a. Histogram of real part of grid impedance Figure 8.5b. Histogram of imaginary part of grid impedance  

Figure 8.5. Statisitical analysis of grid impedance data 

The power quality analyzer stores 256 samples per cycle  for both voltage and current of 

phase L1. The phasors obtained from the proposed analysis are used to determine the real 
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and imaginary part of the grid impedance for the fundamental frequency. The probability 

distribution of both real and imaginary part of the grid impedance are shown in Fig. 8.5. 

From Fig. 8.5a, it is observed that the real part of the grid impedance ranges from 0.007 to 

0.009 Ohms. On the other hand, from Fig. 8.5b, it can be seen that the imaginary part of the 

grid impedance ranges from 0.013 to 0.015 Ohms. Only the positive values of the real and 

imaginary part are considered because only these characterize the behaviour of the grid 

impedance [38]. The grid impedance is finally set equal to 0.008 ൅ 0.014݆ ൌ 0.0161∠60.3° Ohms by 

taking the mean value of the real and imaginary parts. 

8.4.2 Validation of EDGM 
The EDGM is validated by using the measurements obtained before and after the 

installation of a 150 kWp PV system.  

 
Figure 8.6a.   Results obtained before the integration of the PV system 

 
Figure 8.6b. Results obtained after the integration of the PV system 

Figure 8.6. Results obtained before/after the integration of the PV system 
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This is achieved by using the EDGM along with the verified PV system model developed 

in Chapter 6 for studying the power quality response of the distribution grid topology before 

and after the installation of the PV system. Both measurements and simulation results are 

compared with the "Theil inequality coefficient" [161], [162], [213]. As can be seen from 

the obtained results and inequality coefficients in Fig. 8.6, good agreement has been obtained 

between simulated and measured results. Following its validation, the EDGM was further 

used in the investigation of different PV concentration scenarios.    

8.4.3 Simulation Study Results 
Up to 1.5 MWp capacity of PV systems was introduced in the distribution grid topology 

under investigation. The simulation results for the voltage RMS for different PV penetrations 

are shown in Fig. 8.7. It must be noted that only results for the fundamental frequency are 

presented in this section. The dashed red line represents the EN 50160 upper limit for voltage 

RMS. The lower limit of EN 50160 (207 V) is not depicted in the graphs because the voltage 

does not go below 210 V.  As shown in Fig. 8.7, the voltage upper limit has been nearly 

reached with the installation of the 1.5 MWp PV system as the produced power during times 

of high solar irradiance is much more than the demand of the local distribution grid. The PV 

produced energy increases the grid voltage since the load is supplied by local generation and 

the surplus flows in the reverse direction to satisfy load beyond the local transformer, hence 

a voltage rise on the transformer busbar is unavoidable. It should be mentioned at this point 

that the capacity of the transformer is 1 MVA.  

 

Figure 8.7. Voltage variation for different PV concentrations 

It is evident from the results that in order to operate a PV capacity which is comparable to 

the nominal power of the transformer it is required to utilize a voltage regulation mechanism 

for maintaining the voltage within acceptable levels since automatic voltage regulation is not 

an available option at the local distribution transformer. 

0 0.15 0.3 0.45 0.6 1.5
225

230

235

240

245

250

255

PV Production ( MW )

V
ol

ta
ge

 R
M

S
 (

 V
 )

 

 

Voltage Variation

EN 50160 Upper Limit

Mina
s P

ats
ali

de
s



 Chapter: Equivalent Distribution Grid Model 

   122 

 

Figure 8.8a.  Response of adopted voltage regulation methods 

 

Figure 8.8b.   Fixed Power Factor Scheme set to different values 

 

Figure 8.8c.   Response of voltage regulation methods as a function of 

the real part of TEI 

 

Figure 8.8d.   Response of voltage regulation methods as a function of 

the imaginary part of TEI 

Figure 8.8.  Simulation results for different voltage regulation schemes 

     As can be seen in Fig. 8.8a, the voltage profile at the transformer's busbar can only be 

improved adequately if the appropriate voltage regulation algorithm is selected. In more 

detail, Fig. 8a shows the response of the grid voltage in the presence of 1.5 MWp PV system 

with the voltage regulation capability being enabled. From the results, it can be observed 

that the Adaptive Power Factor scheme provides the least improvement as the voltage has a 

wider variation range which is also closer to the EN 50160 upper limit. Also, the 

aforementioned method can create larger voltage variations that can be harmful for the 

operation of the utility grid during solar irradiance fluctuations. On the other hand, the Fixed 

Power Factor method achieves to set the voltage within an acceptable range but the best 

performing voltage regulation algorithm is the Dynamic Power Factor method which can 

lower sufficiently the upper value of the voltage and can maintain it well below the 
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acceptable limit. Additionally, the Fixed Power Factor method can narrow the voltage 

variation.  

     Next, the fixed power factor scheme is considered with different values (inductive) and 

the voltage at the busbar of the distribution transformer is considered. From Fig. 8.8b, it can 

be concluded that it is sufficient to set the power at a fixed value of െ0.95	 for the voltage 

quality to be kept within the required levels. Furthermore it can be seen that the power factor 

should not be set lower than െ0.85	as the voltage variance reaches unacceptable values. 

     The effect of TEI on the voltage quality is then assessed by varying its real and imaginary 

part.  The results are shown in Fig. 8.8c and 8.8d. From Fig. 8.8c it can observed that a higher 

real part of the TEI makes voltage regulation more difficult. The power factor must be set to 

a lower value than -0.95 when the real part of the TEI obtains higher values. On the other 

hand, it is apparent that the dynamic power factor method has the ability to regulate the 

voltage better even in the case when the real part of the grid impedance is 3 times the 

estimated value (0.024 Ohms). The choice of the particular TEI values that are examined is 

reasonable if we take into consideration the standard VDE 0126-1-2006 [223]. According to 

this standard, the threshold for islanding conditions was initially set to 0.5 Ohm but this limit 

was too tight/unrealistic as observed from field experience especially in cases where many 

inverters were operating close to each other. The value has eventually been set to 1 Ohms to 

avoid false detection of islanding phenomena. 

     As can be seen in Fig. 8.8d, the imaginary part of TEI plays an important role in the 

voltage regulation process. If the imaginary part of the TEI is too low then the regulation of 

the voltage becomes difficult. It can also be seen that the voltage decreases more than desired 

with a slight reactive power absorption in the case when the imaginary part of the grid 

impedance is significant.  

     From the above it is obvious that knowledge of the TEI and the availability of a 

simplified/accurate distribution grid model will be crucial for planning studies and for the 

future development of distribution grids. As the penetration of distributed PV grows, the 

ability to measure the grid impedance during real time operation is of utmost importance in 

order to be able to apply the appropriate regulation method using optimization techniques. 

This ability will be very useful in the situation when the grid impedance varies due to 

changes in the local distribution network. In some cases, phasor/waveform measurements 

may be adequate to define the grid dynamics and help in applying the correct measures for 

voltage regulation.  As smart grids evolve and the concentration of distributed generators 

increases, such functionality will assist in maintaining the voltage envelope within system 

needs and achieve the required quality of supply. 
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8.5 Conclusions   
A new simplified distribution grid model for the assessment of the behaviour of high PV 

concentration is presented in this chapter. Furthermore, the simplified distribution grid 

model is used for the evaluation of different voltage regulation algorithms able to maintain 

the voltage within the limits proposed by international standards. From the results, it has 

been shown that in order to facilitate higher penetration of distributed generation and avoid 

the loss of invaluable RES energy due to overvoltages, the utilization of an appropriate 

voltage regulation scheme is required when the local ratio of PV penetration to the local load 

exceeds a predetermined threshold that depends on the characteristics of the local network. 

From the findings of this work, it is also apparent that appropriate/accurate simulation tools 

and models should be readily available to achieve successful deployment of distributed 

generators. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mina
s P

ats
ali

de
s



 Chapter: Application of the Equivalent Distribution Grid Model 

   125 

 

 

 

 

 

Chapter 9 
Application of the Distribution Grid Model 
 

9.1 Introduction  
The equivalent distribution grid model (EDGM) proposed in the previous chapter can have 

various applications of which three are realized and presented in this chapter. Firstly, the 

DGM is employed for the study of the voltage regulation capability of both the conventional 

adaptive power factor (CAPF) scheme and its generalized form. Secondly, a new voltage 

regulation scheme inspired by Thevenin’s Theorem (which is directly related to DGM) is 

developed and presented. The well-known dynamic power factor method is modified 

accordingly to provide a variable lower limit, which is defined by the Thevenin Equivalent 

Impedance (TEI) measured at the point of common coupling with the electricity grid. The 

new voltage regulation scheme is incorporated into the control circuit of the detailed 

Photovoltaic (PV) system model for its further evaluation via computer simulations. Lastly, 

the DGM theory is used for defining the Harmonic Thevenin equivalent impedance (HTEI) 

measured at the point of common coupling which has the ability to characterize the response 

of the distribution grid for the harmonic frequencies of interest.   

Mina
s P

ats
ali

de
s



 Chapter: Application of the Equivalent Distribution Grid Model 

   126 

9.2 Generalized Adaptive Power Factor Method (GAPF) 

9.2.1 Methodology 

The models developed in the previous chapters are utilized for the evaluation of the 

conventional adaptive power factor voltage regulation scheme and its generalized form. In 

more detail, the DPVSM was inserted into the industrial distribution grid topology presented 

in subsection 8.3.1, the parameters of which are known and can be represented with the help 

of the DGM. The performance of the GAPF is then evaluated by assessing the levels of 

voltage variation in the presence of PV generation. 

9.2.2 GAPF description 

According to the conventional adaptive power factor (CAPF) scheme described by equation 

(8.11), the reactive/voltage regulation is enabled when the output active power is greater 

than half the nominal power. In order to investigate if the proposed curve of the adaptive 

power factor is the optimum, this is expressed in a generalized form represented by equations 

(9.1) and (9.2). 

for

for

1  -1                                0

-1 ( )                1
set

set set

or P P
PF

A P P P P

 
     

                                                                                 (9.1) 

and 

min1

1 set

PF
A

P




                                                                                                                      (9.2) 

where 
setP  is the minimum active power set point at which voltage regulation is active and 

minPF is the lower limit of the permissible power factor. The generalized adaptive power 

factor (GAPF) scheme is shown graphically in Fig. 9.1.  

 
Figure 9.1.  Generalized Adaptive Power Factor Method (GAPF) 
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By varying the parameters	 ௦ܲ௘௧,	ܣ and ܲ݊݅݉ܨof the GAPF, the response of the voltage at the 

busbar of the distribution transformer is evaluated via simulation.  It must be mentioned that 

the GAPF scheme can be converted to the CAPF scheme by setting the parameter ௦ܲ௘௧ equal 

to 0.5.  

9.2.3 Simulation Case Outcomes 
A PV installation with 1.5 MWp nominal PV capacity is introduced into the distribution grid 

topology under investigation. The PV installation is equipped with a voltage regulation 

function which absorbs reactive power depending on the active power output. The simulation 

results for the voltage RMS of the distribution transformer busbar with and without voltage 

regulation are shown in Fig. 9.2. The dashed red line represents the EN 50160 upper limit 

for voltage RMS. The lower limit of EN 50160 (207 V) is not depicted in the graphs because 

the voltage does not go below 230 V. As shown in Fig. 9.2, with the 1.5 MWp PV system 

operating at unity power factor the voltage upper limit is almost reached, as the produced 

power during times of high solar irradiance was more than the demand of the local 

distribution grid. By applying the CAPF scheme, the voltage profile improves significantly. 

The 
minPF of CAPF is set to 0.95 in this case. 

 
Figure 9.2.  Voltage Profile with and without voltage regulation 

 

After choosing different values of 	 ௦ܲ௘௧ (instead of 0.5 used in the CAPF), it can be observed 

that the variation of the voltage can decrease even more as shown in Fig. 9.3.  
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Figure 9.3.  Generalized Adaptive Power Factor with		࢔࢏࢓ࡲࡼ ൌ ૙. ૢ૞ 

 

Figure 9.4.  Generalized Adaptive Power Factor with		࢔࢏࢓ࡲࡼ ൌ ૙. ૢ૙ 

Furthermore, it can be seen that if the voltage regulation function is enabled a ௦ܲ௘௧ equal to 

zero while maintaining the ܲܨ௠௜௡ equal to 0.95, the voltage is kept to a lower level due to 

the early and adequate reactive power absorption.  If the ܲܨ௠௜௡	is set to a lower value (0.9), 

the voltage variation increases (as shown in Fig. 9.4) since excessive reactive power 

absorption is taking place which is not required by the distribution grid dynamics (this is 

determined by the imaginary part of the Thevenin equivalent impedance) and specific load 

consumption. It must be mentioned that parameter ܣ in equations (9.1) and (9.2) is calculated 

by using the chosen ܲܨ௠௜௡	and ௦ܲ௘௧ values as presented in the previous subsection. 
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9.3 New Voltage Regulation Scheme based on the DGM 

9.3.1 Methodology 

A new voltage regulation scheme is developed based on the DGM theory presented in 

chapter 8. The proposed voltage regulation scheme is incorporated into the control circuit of 

the DPVSM for further investigation. The distribution grid on which the PV system model 

is coupled to, is represented by a DGM. Also, the impedance of the DGM is designed to 

experience a step change while the PV system is operated at its nominal conditions (at 

Standard Test Conditions). The voltage regulation scheme is based on the conventional 

dynamic power factor method described in technical guideline/standards, which is modified 

to have a variable power factor lower limit. The lower limit is calculated by using the 

parameters of the DGM measured at the point of common coupling with the electricity grid. 

The proposed modification improves the performance of the conventional dynamic power 

factor method and at the same time it can quantify the reactive power needed for proper 

regulation of the voltage level without losing valuable active power unless this is of utmost 

importance to preserve voltage quality and stability. 

9.3.2 New Voltage Regulation Scheme Description 

The proposed voltage regulation scheme is based on the Dynamic Power Factor method, 

which is represented by equations (9.3) and (9.4). 

  

   

  

1

2

for

for

for

1  -1                                 

-1 ( )     

1 ( )    

Dead Band Dead Band
Low High

Dead Band Dead Band Upper Limit
High High

Dead Band Lower Limit
Low

grid

grid grid

grid grid

or U V U

PF A V U U V U

A V U U V

 

   

  

 

  Dead Band
LowU





 

                                           (9.3) 

and 

min min

1 2    

1 1
        

Upper Limit Dead Band Dead Band Lower Limit

High Low

PF PF
A A

U U U U

 
 

                                                                       (9.4) 

where 
gridV  is the RMS voltage measured on phase A (it is assumed that the power system is 

balanced), 
Dead Band

LowU  and Dead Band

HighU are the lower and upper limits of dead band zone in which 

no voltage regulation is performed, Lower LimitU and Upper LimitU are the lower and upper limits of 

voltage range in which voltage regulation is performed and minPF is the lower limit of the 

permissible power factor. The proposed voltage regulation scheme is shown graphically in 

Fig. 9.5. The lower limit of the permissible power factor is determined as shown below. A 

negative power factor value means absorption of reactive power. 
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Figure 9.5.  Proposed voltage regulation scheme 

By setting the reactive power component of equation (8.1) to zero it becomes feasible to 

predict the level of voltage at the PCC when injecting a certain amount of active power into 

the PCC. Also it is assumed that the cos( )   factor in equation (8.1) is equal to unity 

which holds true for zero reactive power absorption/injection. 

 20 0 0Q Q
r S r PVU U U R P                                                                                                        (9.5) 

The required solution to the above quadratic equation is obtained by finding the positive root 

using equation (9.6). 

   
2

0 4

2
s s PVQ

r

U U R P
U    

                                                                                                        (9.6) 

By combining equations (8.1) and (9.5) a formula is derived which can define the maximum 

reactive power able to regulate adequately the voltage at PCC using a desirable voltage 

reference point. 

   2 20 0

max
( cos( ))set Q Q set

r r S r r

PV

U U U U U
Q

X

     



                                                                                (9.7) 

where 
set

rU is the desirable voltage reference point which is set to 245 V. The cos( )   

factor for non-zero reactive power absorption/injection is estimated by equation (9.8). 

2

cos( ) PV PV r

s r

RP XQ U

U U
  

 
                                                                                                    (9.8) 

Finally, ܲܨ௠௜௡	can be calculated from equation (9.9). 

max

min

2

1

1 ( )PV

PV

PF
Q

P




                                                                                                              (9.9) 
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From equations (9.5)-(9.7) it can be noticed that in order to calculate the maximum required 

reactive power, the real and imaginary part of the TEI are necessary. For this purpose, a 

module is incorporated into the inverter’s control circuit responsible for estimating the 

parameters of the Thevenin Equivalent Circuit based on equations (8.9) and (8.10). 

The PV system model has been simulated for only 10 seconds as this duration is more than 

enough to study the behaviour of the PV inverter during a change in distribution grid 

conditions (the inverter can change its output and reach a steady state in just a few cycles).  

9.3.2 Simulation Case Outcomes 
The developed model has been simulated and its response is evaluated for different 

conditions. Firstly, the model was simulated with a constant TEI of which the value is 

properly set in order for the voltage level to remain below the EN 50160 upper limit (shown 

in Fig. 9.6). It can be observed that the high solar irradiance conditions force the voltage to 

reach the maximum value of 251 V. Then, the real part of the TEI is increased by 0.06 and 

0.09 Ohm respectively, approximating in that way a significant change in the topology of 

the distribution grid and different dynamic power factor schemes are tested for their ability 

to perform adequate voltage regulation. A significant increase in grid impedance can occur 

when a part of the distribution grid (which includes power generators) is isolated due to a 

fault or probably due to a sudden loss of generating power (loss of power delivered by 

storage or renewables). Transformer tap operations can cause less significant changes in the 

grid impedance as well. The initial grid impedance value has been chosen to be 0.06 Ohms 

as this was the result of field measurements during normal conditions. The choice of the final 

values of the grid impedance is also reasonable if we take into consideration that during 

islanding conditions or disconnection of a large part of the distribution network the 

impedance can experience a step change of 1 Ohm as required by VDE 0126-1-2006 [223]. 

The threshold described in the standard was initially set to 0.5 Ohm but this limit was too 

tight/unrealistic as observed from field experience especially in cases where many inverters 

were operating close to each other. The inverter sees a higher impedance in such case due to 

the fact that the produced active energy by the inverter needs to travel more distance before 

it is consumed. The actual and estimated (by the inverter) values of the TEI during the 

simulation are shown in Fig. 9.7. As can be seen there is a good match between actual and 

estimated values of TEI. 
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Figure 9.6.  Voltage RMS at PCC vs Time – Constant TEI 

 
Figure 9.7.  Actual and Estimated values of the TEI during a step change in the real part of TEI 

A small error in tracking the grid impedance is observed due to the presence of harmonics 

produced by the inverter. The aforementioned error can be further reduced by using more 

advanced methods for estimating the voltage/current phasors similar to the ones used in 

synchrophasors theory. It must also be mentioned that the inverter is oversized in such a way 

so that it does not decrease/limit the active power output when it is required to absorb 

reactive power up to the nominal power of the PV system. Furthermore, the Dead Band

HighU and 

Upper LimitU parameters are set to 245 V and 253 V respectively for all the voltage regulation 

schemes under test. By definition, the reactive power set point acts linearly with respect to 

PCC voltage in the voltage range between Dead Band

HighU and 
Upper LimitU (see Fig. 9.5). Additionally, 

it is ensured that the aforementioned voltage range is not too tight to cause an overshoot on 

voltage during the operation of voltage regulation mechanism. The parameter 
set

rU of the 

proposed method is chosen in such a way to reduce the magnitude of voltage overshoots 
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while keeping the voltage level well below the EN 50160 limit. The voltage behaviour for 

the different voltage regulation schemes is shown in Fig. 9.8.  

 
Fig. 9.8a. Voltage RMS at PCC vs Time for different voltage regulation schemes during a step change of 0.06 Ohm 

 
Fig. 9.8b. Voltage RMS at PCC vs Time for different voltage regulation schemes during a step change of 0.09 Ohm 

Figure 9.8.  Voltage RMS at PCC vs Time for different voltage regulation schemes 

It is evident from the figure that the imposed step changes in the real part of TEI set the 

voltage above the upper limit of EN 50160 and consequently the voltage regulation function 

is necessary in such a case. When adjusting the lower limit of the permissible power factor 

to 0.95, it is clear that the voltage regulation mechanism is not capable of keeping the voltage 

within the acceptable levels. On the other hand by setting the lower limit of permissible 

power factor to 0.85 it has been shown via the simulation that the voltage remains below the 

limit of EN 50160 as long as the magnitude of the step change does not exceed a certain 

threshold. From the results, it is clear that the proposed voltage regulation method has 

performed quite well as it has the capability to estimate the lower limit of the permissible 

power factor to achieve adequate regulation of the voltage. The power factor variation 
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measured at the output of the PV inverter for the different voltage regulation schemes is 

depicted in Fig. 9.9. From this figure it can be seen that prior to the change in the real part 

of the TEI (see Fig. 9.7) the power factor does not need to go lower than 0.97.  

 
Fig.9.9a. Power Factor vs Time for different voltage regulation schemes during a step change of 0.06 Ohm 

 
Fig.9.9b. Power Factor vs Time for different voltage regulation schemes during a step change of 0.09 Ohm 

Figure 9.9.  Power Factor vs Time for different voltage regulation schemes 

However in the case when a significant increase in the TEI seen by the inverter occurs then 

a lower limit of the permissible power factor must be used. More specifically, in 

conventional distribution grids, it is not expected to have such a significant increase in the 

TEI, but this can be a possible case for a smart grid / microgrid topology in which the 

connection with the upstream power grid can experience abrupt sizeable changes (as the 

local load demand will be covered mostly by distributed generators and distributed storage). 

Despite this, the DSO is responsible for maintaining the voltage within the acceptable limits 

and thus it can utilize such dynamic methods as the one presented in this work if no other 

measures are effective during abnormal operating conditions.   
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9.4 Harmonic Distribution Grid Model (HDGM) 

9.4.1 Methodology 

Based on the theory presented in chapter 8, the harmonic impedance seen by a specific point 

of common coupling is possible to be found. This can be achieved by repeating the 

methodology of calculating the TEI for each harmonic frequency up to a specific harmonic 

order. The transfer function of the harmonic equivalent impedance is then obtained by 

applying estimation algorithms and subsequently the transfer function is built into a circuit 

using basic network synthesis techniques. In that way a more advance and complete 

distribution grid model is formulated (named HDGM) for use in accurate harmonic studies. 

The HDGM along with the DPVSM are both used to assess the harmonic response of the 

distribution grid topology depicted in subsection 8.3.1. For this purpose, simulation results 

for voltage THD are obtained from the point of common coupling (of the HDGM and the 

DPVSM) and are presented. 

9.4.2 Formulation of HDGM 

By taking into account the values of impedance for harmonic frequencies, it becomes 

possible to formulate the harmonic impedance seen by the point of common coupling and 

hence represent this harmonic impedance via a Thevenin Equivalent Circuit. As a 

consequence, the schematic diagram of Fig. 8.2a is changed to the schematic diagram of Fig. 

9.10 to include not only the fundamental frequency but the harmonic frequencies up the 

desired harmonic order (h). 

 
Figure 9.10.  Complete Distribution grid model – Harmonic Thevenin Equivalent Circuit 

Also, equation (8.9) is converted to equation (9.10) to include harmonic frequencies as well.  
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More specifically, the harmonic impedance is calculated by applying the DGM theory 

presented in chapter 8 for each harmonic frequency under consideration. The mean value of 

Mina
s P

ats
ali

de
s



 Chapter: Application of the Equivalent Distribution Grid Model 

   136 

the impedance amplitude obtained from the analysis for each harmonic frequency is depicted 

graphically in Fig. 9.11.   

 
Figure 9.11.  Amplitude of Harmonic Impedance 

The transfer function of the harmonic impedance is obtained by applying estimation 

techniques on the calculated harmonic impedance values as described in [190]. From the 

results of the estimation process it has been found that two types of transfer functions can fit 

well the harmonic impedance data. The two types of transfer function models are described 

by equations (9.11) and (9.12) respectively.  
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 
                                                                                           (9.12) 

The first transfer function model represented by equation (9.11) can fit the harmonic 

impedance data with an accuracy (R2) of fit estimation (defined by equation (5.5)) of 

90.57%. On the other hand, the second transfer function model represented by equation 

(9.12) can fit the harmonic impedance data with an accuracy (R2) of 93.2%. The amplitude 

and phase of the transfer function models 
1 ( )HDGMZ s and 

2 ( )HDGMZ s are shown in Figs. 9.12 

and 9.13 respectively. From the aforementioned graphs it is evident that both transfer 

function models can represent the calculated harmonic impedance with good accuracy. After 

transforming the impedances described by equations (9.11) and (9.12) into admittances and 

by applying basic network synthesis techniques it becomes feasible to obtain the admittance 

equations in relation to RLC circuit components [224]. Equations (9.13) and (9.14) are the 

ones derived from applying the network synthesis techniques. Subsequently, the admittance 

equations can then be converted into electrical circuits as exactly depicted in Fig. 9.14. 
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1 1
( )HDGM
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Y s sC
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 
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                                                                                               (9.13) 
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1HDGM
L

c

Y s
R sLR

sC

 
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                                                                                      (9.14) 

More specifically, the circuit topologies shown in Figs. 9.14 are actually the Thevenin 

Equivalent Circuits which can represent with quite good accuracy the harmonic impedance 

data obtained from the DGM analysis of the first fifteen harmonics. For the simulations, 

however, the  
2 ( )HDGMZ s  Thevenin Equivalent Circuit is adopted as it provides higher 

fitting accuracy (R2) than the 
1 ( )HDGMZ s  Thevenin Equivalent Circuit. 

 

 

Figure 9.12a 
1 ( )HDGMZ s  - Amplitude 

 

Figure 9.12b 
1 ( )HDGMZ s  - Phase 

Figure 9.12.   
1 ( )HDGMZ s  transfer function model vs Calculated Harmonic Data 

 

Figure 9.13a  
2 ( )HDGMZ s - Amplitude 

 

Figure 9.13b  
2 ( )HDGMZ s  - Phase 

Figure 9.13.   
2 ( )HDGMZ s  transfer function model  vs Calculated Harmonic Data 
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Us 

1
HDGMZ

HDGM 1

PCCLLR

C

 
Figure 9.14a  

1 ( )HDGMZ s - Circuit representation 

Us 

2
HDGMZ

HDGM 2

PCCLLR

CcR

 
Figure 9.14b  

2 ( )HDGMZ s - Circuit representation 

Figure 9.14.   
1 ( )HDGMZ s and

2 ( )HDGMZ s transformed into Thevenin Equivalent Circuits 

9.4.2 Simulation Case Outcomes 
While using the HDGM in simulations, the results of Fig. 9.15 are obtained which are quite 

similar with measurements recorded from PV systems in the field. From the aforementioned 

figure it can be seen that during times of high solar irradiance the amplitude of voltage 

harmonics increases. Under these conditions, the PV system produces harmonic currents 

with a higher amplitude, able to interact with the harmonic impedance of the distribution 

grid.  

 
Figure 9.15.   Voltage Total Harmonic Distortion (THD) vs time 

9.5 Conclusions 
In this chapter, a generalized adaptive power factor (GAPF) scheme is presented and 

evaluated. By choosing appropriately the parameters of the GAPF scheme, it is possible to 

decrease the voltage variation within a small range. However, the above conclusion may not 

be valid with different distribution grid dynamics and different load consumption and 

therefore simulation studies are required to establish the optimum configuration that will 

achieve improved voltage behaviour in distribution grids. Also, a new voltage regulation 
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scheme is presented able to vary the lower limit of the permissible power factor depending 

on the power production and the distribution grid dynamics. The proposed method improves 

the performance of the common dynamic power factor and at the same time it can quantify 

the reactive power needed for proper regulation of the voltage level at the PCC without 

wasting valuable active power when the PV system is not adequately sized. Future work 

includes the investigation of the applicability of the proposed algorithm for decentralized 

voltage control in the presence of high PV penetration. Finally, a harmonic distribution grid 

model is formulated which can be used in accurate harmonic studies. The advantage of the 

proposed harmonic distribution grid model is that it can produce accurate results for both the 

voltage variation of the fundamental frequency and the harmonic response of the distribution 

grid busbar under consideration. 
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Chapter 10 
Conclusions and Future Work 
 

10.1 Conclusions 
     Power quality problems are considered to be the main thread for any kind of distribution 

network, limiting also the unconditional installation of PV generation. The quest for 

increasing the energy produced by renewable sources will make the situation worse, giving 

rise to power quality problems, if appropriate protective proactive actions are not taken in 

the near future. Further research is necessary to understand the behaviour of renewable 

sources, improve the design of power electronics, establish effective guidelines for the 

proper installation of grid connected photovoltaic systems in distribution networks and 

develop the right tools to perform power quality studies. The analysis presented, identifies 

that with current inverters, maximum permissible concentrations of PV can be reached under 

certain circumstances. From this work, it has been observed that the levels of power quality 

of busbars inside a distribution network can decrease by installing higher concentrations of 

PV systems. Further research is necessary to establish effective guidelines for the proper 

installation of grid connected photovoltaic systems in distribution networks, and the 

optimum voltage regulation schemes should be defined clearly for each case. Additionally, 
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proper planning is required, which should also consider means of voltage and harmonic 

compensation as well as filtering when necessary.  

    Initially, the Simple PV System model (SPVSM) was developed for performing steady-

state investigations on distribution grid topologies to assess the voltage levels and voltage 

harmonics. As the steady-state response of the Simple PV System model was not complete 

due to the fact that the grid voltage was not considered in the Simple PV System model, the 

Advanced PV System model (APVSM) was required to be developed. The Advanced PV 

System model could be effectively used in steady-state simulations but the control dynamics 

of the PV inverter were not represented by this model. In order to have the ability to study 

the transient behaviour of PV systems and perform complete power quality studies, 

considering also the dynamics of the PV inverter, it was necessary to develop the Detailed 

PV System model (DPVSM). However, the Detailed PV System model cannot be used in 

accurate power quality studies of large power networks for both balanced and unbalanced 

conditions. For this purpose, an accurate/universal PV system model for transient 

simulations is developed for balanced and unbalanced studies which is tuneable and can 

represented the dynamics of various inverters. The switching operation is omitted from the 

proposed model making the model computationally efficient for large networks.   

     Mainly, it has been found that EN 61727 compatible inverters do not cause intolerable 

voltage distortion in distribution grids and that the only important problem needed to be 

treated carefully when the PV capacity increases more than the load demand is the 

overvoltage. In order to facilitate higher penetration of distributed generation and avoid the 

loss of invaluable RES energy due to overvoltages, the utilization of an appropriate voltage 

regulation scheme is required when the local ratio of PV penetration to the local load exceeds 

a predetermined threshold that depends on the characteristics of the local network. The new 

generation of inverters offers this capability and it is up to Distribution System Operators 

and regulators, when the price is right, to transfer this requirement in the technical 

specifications for connection. More comforting however, is the fact that in real systems the 

DG planned currently to be installed is just the amount required to meet the demand of 

customers, hence within the rating of the local network. From the findings of this research 

work, it is apparent that both harmonic injection and changes in voltage profile from local 

DG up to the full rating of the local system, are not violating the thresholds set out in the 

EN50160 standard. 

     Through the procedure adopted in this work, new knowledge relative to the PV system 

modelling has been produced. Firstly, for the configuration of the Simple PV System model, 

a unique measurement analysis method has been formulated with which the optimum 
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number of case studies is selected. Also, a new PV system model using regression fit 

equations, which is computationally efficient has been developed. With this model 

(APVSM) the voltage levels and harmonic distortion of a proposed distribution grid can be 

assessed. Furthermore, the Detailed PV System model is tuned and validated using 

measurements from a 150kWp PV system and it is then used in the simulation of different 

concentration scenarios. Its response is verified by utilizing measurements obtained before 

and after the installation of the 150kWp PV system in an industrial area. Moreover, the 

Detailed PV System model is further used in the evaluation of different voltage regulation 

algorithms and lastly in the study of fault response of the industrial grid topology and 

outcomes are presented. In order to have simulation results with good accuracy, it is required 

for the network grid dynamics to be known. For this purpose, a method for defining the 

network dynamics has been defined. Power measurements from the distribution transformer 

busbar were used to extract the required information needed to calculate the equivalent 

impedance of the grid. Based on the equivalent distribution grid model presented in this PhD 

thesis, a new voltage regulation method is formulated capable of adapting at different 

grid/impedance conditions. The new voltage regulation method manages to maintain voltage 

into the permissible voltage range even at extreme grid conditions. Finally, an accurate 

transient PV system model is developed for performing power quality studies according to 

the requirements imposed by the trends in future decentralized power generation. 

10.2 Future Work 
     As a future step, an experimental PV system setup will be developed which will be 

monitored by a state-of-art data acquisition system. The results obtained by the experimental 

setup are going to be used for the validation of the proposed transient PV system model. 

Both the experimental setup and the simulation model are going to be exposed to the same 

varying conditions to compare their response and make modifications to the proposed PV 

model if deviations exist between measured and simulated data. The interaction between 

simulations and experiment will lead in the finalization of the proposed transient PV system 

model. As a next step, further simplification of the proposed transient PV system model will 

be undertaken to enable the efficient and fast simulation of larger power networks. 

Additionally, statistical analysis on both weather and simulation data will be done in an 

attempt to minimize the simulation time needed by defining the appropriate input data to the 

simulations. The complete investigation of the impact of PV generation on power quality 

and fault studies in electricity grids with different PV penetration levels and proposal of a 

procedure for handling faults is going to be considered in more detail using the developed 
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transient PV system model. Also, a small battery will be considered to assess the benefits 

gained from charging and discharging the battery during the "right time". Further 

investigation will be performed to find the appropriate battery size which will minimize the 

voltage variations inside the distribution grid. As an extension of this work, a comparison 

with power curtailing techniques will be made. Concluding, voltage regulation methods will 

be tested for their ability to maintain the stability of voltage in large power networks with 

high PV penetrations (when the PV systems are operated either in a centralized or in a 

decentralized manner).   

      

.   
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