
 

 

ABSTRACT  

CHANDEL, AYUSH. Transient Analysis of Large Scale Photovoltaic Plant Interacting with 

Active Distribution Loads. (Under the direction of Dr. David Lubkeman). 

 

New and replenishable energy resources are being tapped by the electric utilities 

worldwide. Focus on solar photovoltaics (PV) to meet the sustainable and ecological 

developmental goals has been growing recently. Prior to integrating any new energy 

resources with the existing system, integration studies are required to be performed. With 

unprecedented PV penetration in distribution system, new problems based on their 

interaction with modern distribution loads are being witnessed by the power system 

operators. One of these associated problems is the PV plant interaction with the grid system.  

The present thesis work thus emphasizes on this interaction problem in the electric grid. 

To address the problem models considered in the study are based on actual circuit 

parameters. In addition to the steady state and power flow analysis, dynamic and transient 

system impact studies are performed to examine the performance and behavior of the 

distribution circuit under various operating scenarios. Problems arising due to sudden 

energization of large photovoltaic plant transformers with the industrial distribution loads 

after an event are considered and examined. Since, the industrial load comprises of motor 

drive systems and programmable logic controllers therefore, active rectifier model based on 

DQ theory for load modeling is utilized in the study. The controller delay, passivity and 

instability are important aspects in the converter design and are considered. In power 

electronic based systems, stability of the converter needs to be ensured when there is a 

variation of system impedance. Current and voltage harmonic analysis of converter load 

before and after the photovoltaic transformer connection in the system under study is 

intensively studied. Subsequently, the cause and effect as to why an industrial plant drive 

trips, after the PV transformers are connected are also dealt-with in the present work. The 

research work explores the feasible solutions to the problems aforementioned.  
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CHAPTER 1  

INTRODUCTION AND RESEARCH OBJECTIVE 

A new zenith in electrical energy consumption has touched globally. From Baroque to 

Progressive-era to the present day Information-age focal point of global economy is energy 

and fuel. Post 1900s world is known to have entered the age of oil, which is quite apt. The 

critical ófuelô, which drives the wheel of growth, prosperity, socio and economic 

development of human civilization, requires a revamp. This is due to the challenges which 

are presently prevalent in the conventional electrical power system. Consequently, increasing 

consumption of conventional fuels to supply present energy demands has generated a 

resurgence of interest in the alternate energy resources.  

1.1 Drivers for the Photovoltaic Growth 

Electricity demand is increasing day by day, thereby causing unbalance in the present grid 

system. This results in various causes like load shedding, unbalance voltage etc. which 

ultimately affect the consumers. Thus it should be our top priority to set a framework that 

could be utilized to meet the energy requirements of the upcoming generations without 

exploitation and mal-administration of conventional sources of energy. Considering the 

current consumption rate of fossil fuel based energy sources and the tremendous rise in 

emission of greenhouse gases and the global warming posing a serious threat to the whole 

world. Effects of these are quite visible with drastic climatic changes and harsher weather [1-

2].  

In the year 2014, International Energy Agency issued a statement which mentioned that with 

the development of affordable, more efficient, clean and inexhaustible solar energy 

technology, the world shall observe huge long-term benefits. This will help nations to 

address their energy security demands by relying on indigenous, vast, and import-

independent resource. This in turn shall enhance energy security, power stability, 

sustainability, reduce carbon-foot print, tackle global warming and maintain the price of 

fossil fuels [3]. 
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The world is witnessing an unprecedented growth of photovoltaic (PV) since the last decade. 

Solar systems are the fastest-growing renewable energy sources which are now being 

integrated worldwide with the distribution systems. Global generation capacity of PV is as 

given in Table 1.1. 

Table 1.1 Generation Capacity of PV around the World. 

Recent and projected capacity (MWp) 

Year-end 2012 2013 2014 2015 2016 2017* 

Cumulative 100,504 138,856 178,391 229,300 304,300 389,000 

Growth Percent 43% 38% 28% 29% 32% 28% 
 

*  Projected growth rate 

 

With increasing PV penetration levels, generation by PV plants is becoming comparable to 

the existing energy generation sources. Further the novel distributed sources are bound to 

play a vital role in the quality of supplied power, reliability of the grid, need of appropriate 

resources to transfer bi-directional power effectively and efficiently. In Figure 1.1, the 

projected estimates show that PV system cost per Watt might fall below $1.00 mark by 2020. 

 
Year 

 

Figure 1.1 Commercial photovoltaic system pricing i.e. cost per watt over years [4-5]. 

Since late 19
th
 century, the structure of electric grid has almost remained consistent and 

invariable. The current electric grid was designed to accommodate unidirectional power flow 

from a central generation source to the transmission system and eventually to the distribution 

feeders. At power delivery level or the distribution end, the system is optimized to carry 

power from substation to the loads. With the introduction of distributed energy sources 
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particularly solar PV, there is a paradigm shift in the load flow and the cost models. Also 

with an increase in the overall efficiency of photovoltaic plants and lower investment the 

basic nature of distribution network is changing currently. With more and more distributed 

generators being incorporated in the distribution system the unidirectional power flow is also 

changing. The percentage of penetration of renewable sources in the power system is on an 

exponential rise especially solar photovoltaic [5]. Therefore, the current power system must 

adapt to the upcoming challenges and should be able to maintain power quality standards.  

Conversely, most of the conventional distribution system equipment and control components 

such as voltage regulators, load tap changers (LTCs), and protection systems are not 

designed for reverse directional power flow and bi-directional fault currents. Consequently, 

induction of large-scale PV plants in the electric grid poses serious challenges to 

coordination of field devices, excessive modifications in protection schemes, and need of 

additional distribution equipment in the system. However, with the introduction of power 

electronic controlled devices the present passive electric power system is now evolving 

hugely to an active integrated, interdependent and smart electric grid. 

With large scale photovoltaic plants and increasing distributed energy resources penetration 

in the existing power grid, utilities are facing a lot of issues and laborious challenges. Major 

concerns arise when the connected feeder load equals to the generation via distributed energy 

resources say PV. In such cases managing protection-coordination schemes become a very 

serious matter. Furthermore, when a fault is encountered near the PV feeder, in order to save 

the panels from damage, the plant has to be immediately turned off. Such a situation 

sometimes might lead to unforeseen consequences in the operation of the grid.  

Better guidelines, updated and comprehensive good deal of power system studies and 

analysis are essential with the introduction of solar plants in the electric grid. There is a great 

deal of technical concern when high penetration photovoltaics are integrated with the grid, 

such as impact on system frequency, voltage regulation, power quality and protection and 

coordination.  
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Consequently, these issues need to be addressed so that the grid stability is maintained with 

the integration of distributed generators. PV integration studies are discussed in a nutshell in 

the succeeding sub-section. 

1.2 Solar Photovoltaics Grid Integration  

Electricity generation via photovoltaics is characterized by their variability and uncertainty. 

Integration of large scale PV is henceforth an arduous and difficult task. Utilities are 

accommodating improved and efficient forecasting systems with real time data effective 

control strategies. These plans are improving the operational practices of PV plants. The 

report published by IEA International Energy Agency titled, ñHigh Penetration of PV in 

Local Distribution Gridsò in 2014 aptly summarizes the various strategies opted by different 

countries around the globe in context to solar PV penetration [3-5]. Based on the case-study 

collection cited above the focus of the utilities around the globe for power system distributed 

energy resources (DER) studies is as enlisted below: 

¶ Grid Planning  : Cost, operation, viability and expansion   

¶ Voltage Drop Analysis : Effects of incorporation of PV plant on system voltage profile 

¶ Short Circuit Studies : Behavior of PV plant and effect on substation during fault 

¶ Grid Protection   : Coordination of Field IEDs is very crucial 

¶ Steady State Power Flow : System losses, power factor and flow of real & reactive power 

¶ Power Quality  : Stress on voltage flicker, frequency, waveform distortion 

In addition to the above studies which are carried out prior to the installation and 

commissioning of a new PV power plant utilities, put emphasis on terms and conditions and 

interconnection issues [6-10]. Terms and conditions incorporate metering options, 

restrictions on size, type of protection system installed, cost of insurance and operation and 

maintenance (O&M) cost; while interconnection issues highlight more on personal safety 

standards, reliability of service and quality of delivered power. IEEE has published a number 

of standards related to the integration of distributed resources and their related issues. These 

are summarized as below. 
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¶ IEEE 1547-2003 Standard for interconnecting distributed resources with electric power 

systems. The document gives information and enlists requirements with respect to 

performance, safety considerations, optimum operation, testing and maintenance of the 

interconnection. At point of common coupling the criterion and requirements in the 

standard are applicable to all distributed energy resources. 

¶ IEEE Standard 929-2000 is a comprehensive document which enlists the power quality 

concerns to be addressed by the utilities. The standard ratifies the guidelines with respect 

to equipment and necessary functions ensuring safe operation of parallel connected 

photovoltaic systems. 

¶ UL Std. 1741 covers the safety requirements of inverters, converters, controllers, and 

interconnection system equipment required to be used with distributed energy resources. 

¶ IEEE 519 is a guideline to be followed by utilities for system harmonics. But at point of 

common coupling the norms are not enforced stringently [7]. 

With the integration of renewable resources with the grid major attention is given to the 

voltage fluctuations problems caused due to the transients and immediate power drop 

scenarios. For this power system simulator tools (PSS/E or PSLF) are extensively utilized to 

simulate, analyze and optimize system performance of the electrical transmission networks. 

These software tools provide probabilistic and dynamic models and hence extensively used 

for planning.  

Further, leading energy consulting companies recommend following steps to overcome the 

PV integration challenges: 

¶ Continuous Regulator addition downstream of the PV Plant 

¶ Inverters should operate at unity power factor 

¶ Modern Energy Storage systems should be employed 

¶ Energy generating sources should be diversified 

¶ Regular operation and maintenance is necessity.  
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1.3 Necessity of PV Integration Studies   

The above mentioned simulators, planning tools and recommendations provide decent 

solution sets to steady state system performance, voltage drop analysis and cost based system 

design studies. Besides these studies, there is a huge need of extensive and dynamic System 

Impact Studies. These deal with the transient and dynamic behavior of the new system being 

integrated with the grid. The important issues which are highlighted in Impact Studies are 

enlisted underneath: 

¶ : Adverse effect on system stability  Power Quality and Harmonics

¶ Transient studies with respect to pre-fault and post fault  System Impedance Behavior:  

conditions and effects at customer end 

¶  Assessment of reactive power requirement by Volt-VAr Control Operations:

asynchronous sources.     

¶  Sudden loss of generators & Anti-Islanding detection Frequency Disturbances: 

¶   Robust protection-coordination system Fault Ride Through:

However, lack of proper power electronics and switching models for PV projects are one of 

the biggest hindrances for PV integration system impact studies and analysis. The problem 

aggravates due to the deficiency of resources and plethora of cases which make dynamic-

transient studies time consuming and iterative.  

Usually prior to PV system integration power system analysis such as voltage profile, Volt-

VAr regulation and protection and coordination of electrical equipment are properly 

considered. Further, the system impact studies which concentrate on transient and harmonic 

issues require to be given priority. As no distribution system is identical to one another, 

transients can pose problems in one circuit and may not in the others. Further, owing to 

modernization and up-gradation of distribution load with power electronic devices, drives 

and constant power loads, transient studies, effect of harmonics and stability aspects have 

become very crucial issues. Consequently, for safe, reliable and quality power delivery, 

utilities and transmission distribution services (TDS) need to opt and adapt better norms 

regarding harmonics and transient problems. Research studies in this area have therefore 
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become essential. A new modified approach is outlined in the flowchart for the PV planning 

in Figure 1.2. 

 

Figure 1.2 PV system planning procedure. 

Flowchart of the complete process for planning and guidelines for induction of large scale 

PV plants with electric grid is shown in Figure 1.2. Consequently, there is a need for proper 

planning between the transmission and distribution service operators in the presence of DGs. 

It is very crucial to improve effective management and to remove associated problems 

causing bottleneck issues [8]. Some of these important issues are as discussed below: 

Cost-Based:  Location, Feasibility, Deadlines, Reliability, Steady State Based- Voltage 

Control, Power Quality and Harmonics, Protection and Coordination, Losses. 

Impact Studies:  Transients Analysis, Stability Analysis, Inrush and Power Electronics. 

Stability Studies: Resonance occurrence between line capacitances and supply inductance 

and interaction between leakage inductance and cable inductance. These further deal with:  

(i) advanced and updated data for distribution system modeling, (ii) improved PV simulation 

and hardware tools, (iii) integrated devices and system research, (iv) better sensing 
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equipment and upgraded forecasting techniques and (v) consensus has to be made while 

selecting corner cases and Monte Carlo scenarios. 

Therefore, more scientific research investment and investigation is the need of the hour. In 

addition to the standard power system studies as mentioned above, thorough and extensive 

System Impact studies and research related to dynamic analysis and transient studies is 

required to ascertain the effects of PV on distribution system [7-10].   

1.4 Literature Review and Background 

The case studies and reports of National Renewable Energy Laboratory (NREL) published in 

January 2013 throw some light on large scale PV installations, where penetration levels were 

greater than 15% at maximum feeder load. Quite often it may occur that the PV penetration 

of large PV plants connected to the distribution system during minimum daytime loading 

might even reach 80% to 100% range and the PV system power output may exceed the load 

on the substation. This necessitates the concerns of the utilities highlighting problems related 

to solar transients, output intermittency, sudden output drops and voltage suppression due to 

power losses in the vicinity of point of interconnection in the study [11-14]. Steady-state 

voltage profile along the circuit and desensitization of substation protection relays during 

additional power injections are also major causes of concern.  

A few research papers related to the impedance behavior and transient studies of pre-fault 

and post-fault conditions with PV grid integration are reported in the literature. Therefore, 

the same is explored in detail in the research work embodied in the present thesis.  

In article entitled óTransformer Inrush Currentsô Turner et al. [15] have mentioned and throw 

light on the harmonic analysis of the transformer inrush currents in the offshore power 

systems. The interaction of system impedance and shunt capacitance gives rise to low natural 

or resonant frequency. When transformer is energized huge inrush currents are drawn, these 

currents contain various harmonic components. Even if one of the component is close to the 

resonant frequency it might generate sustained overvoltage [15]. 
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The transformer inrush phenomenon was observed way back in late 19
th
 century (1892) and 

various experiments were conducted by Fleming to study and methodology to observe the 

phenomenon [13]. However, this century old power system singularity is still causing 

problems in the proper operation of the power system equipment. Inrush also causes 

problems during energizing High Voltage direct current controlled converter transformers. 

Inrush is also observed during power system restoration of HV transmission networks at light 

load conditions. Quite often in an industrial distribution system with power factor correction 

capacitor banks, resonance due to the harmonics present in the transformer inrush current is 

also experienced. 

Subsequently, the above mentioned studies have focused more into the analysis of the over 

voltages caused by resonance caused by the initial-rush-of-current (inrush) and system 

impedance [14-18]. The inrush transient currents are almost unidirectional in nature. These 

suddenly rise to their maximum value in the first half cycle after energization of the 

transformer and are sustained until the steady state magnetization conditions are achieved. 

Harmonic producing loads such as variable frequency drives, electric motors and telephone 

cables are designed in such a way that these devices do not excite resonance. However, there 

is no such stringent enforcement on the harmonics produced by the Power Transformers. 

Furthermore, the harmonics caused due to transformer energization are often neglected in the 

power system studies. IEC 60076-8 discusses transient saturation of transformers and inrush 

currents [27]. The decay of inrush current heftily depends on the type, construction, and loss 

parameter of the power transformer. Larger the transformer with low core loss, very long is 

the decay [18]. The percentage of harmonic disturbance caused by the inrush current is far 

higher than the existing steady state value which might be well below the desired 3% value. 

The harmonic distortion is caused due to the severe distortion in current and voltage 

waveforms. Power quality deteriorates drastically for a prolonged period [18-23].  

During the initial transformer energization the effective impedance is lower than its steady 

state value which in turn affects the equivalent system impedance and behavior leading to 

reduced system resonant frequency. This reduced resonant frequency is in vicinity with the 

controller bandwidth of the power electronic circuits and interacts with the converter controls 
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and power electronic switching devices. The resonant conditions and high harmonic content 

reduce the stability region of the drive and thus pushes it into the unstable region. This event 

causes the drives to behave unexpectedly, leading to increased losses, high harmonic 

generation and eventually leads to tripping of drives. Abrupt loss of industrial drives causes 

hefty losses in output and affects productivity. A comprehensive tabulation of the main 

outcomes and the research focus in some of the relevant works in the research area under 

consideration and reported in literature are presented in Table 1.2. 

  
Table 1.2 Main Outcomes and Focus of some Referred Literature  

Ref. 

No. 
Author  Year 

Journal/ 

Conference 
Title  

Main Outcomes and 

Research Focus 

[14] 
J. V. Paatero 

and P. D. Lund 
2007 

Renewable 

Energy, Elsevier 

Effects of large-scale 

photovoltaic power 

integration on electricity 

distribution networks 

DESIGEN simulation 

method is utilized to 

evaluate the effect of large 

scale PV installations. 

[6] 
El Chaar 

et al. 
2011 

Renewable and 

Sustainable 

Energy Reviews 

Review of development 

of photovoltaic 

technologies 

Various PV technologies 

are enumerated along with 

an overview. 

[9] 
Ari and 

Baghzouz 
2011 

Int. Conf. Clean 

Electrical 

Power 

Impact of high PV 

penetration on voltage 

regulation in electrical 

distribution systems 

Focus on voltage regulation 

and performance of PV 

systems under transient 

solar insolation. 

[10] 
Katiraei and 

Aguero  
2011 

IEEE Power & 

Energy 

Magazine 

Solar PV integration 

challenges 

Need of dynamic power 

flow studies and concern 

over steady state impacts 

are highlighted. 

[13] 
N. K. Roy and 

H. R. Pota 
2013 

Smart Energy 

Grid 

Engineering  

Impact of high PV 

penetration into 

distribution networks 

under contingencies 

 

Static voltage stability 

analysis is carried out for 

distribution networks with 

PV systems. 

[11]  J. Bank et al. 2013 
NREL-Case 

Studies 

High penetration PV case 

report 

Some of the problems faced 

by utilities are enlisted and 

some mitigation techniques 

suggested. 

[3]  
R. Bründlinger 

and C. Mayr 
2014 

IEA- PV Power 

System Program 

Effects of high PV 

penetration in 

distribution grids 

Case studies and problems 

faced in large scale PV 

plans in different countries 

are reported.  

[12] Utility Article  2015 
NREL 

Workshop 

High solar penetration 

issues and approaches 

Power flow and voltage 

issues are raised. 
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Research related to the causes and effects of post PV system energization with regards to 

voltage, current, harmonic prolife along with its consequence on system impedance is still 

wanting. Consequently, the present research focuses on various scenarios when 

transformer(s) of a photovoltaic plant is/are energized. Transformer draws a huge inrush 

current from the source and thus causes excessive current harmonic injection, voltage 

distortion in the distribution system and very often leads to the tripping of industrial drives in 

an adjacent circuit. Subsequently, the main objective of the present work is to provide 

remedial and mitigation strategies to the problems associated to the interconnected PV-DG 

system with distribution network in the vicinity of the point of coupling, thereby, preventing 

an adverse impact of such an interconnection on the grid. Therefore, the present research 

work is an attempt in this direction. 

1.5 Research Problem  

Transient and inrush impact analysis is the core focus of study in the present thesis. Research 

highlights the effects and performance of large photovoltaic (PV) transformer(s) connected 

with distribution network. The behavior of power converters at the load end of such 

distribution network is recorded, observed and analyzed. Various scenarios are studied when 

transformer(s) of the PV plant is (are) energized. Examination of system performance 

parameters post abrupt connection of the power transformer with the distribution grid is the 

key concern of the present work.  

One such issue in a distribution system is discussed as under. Figure 1.3 shows simplified 

model of grid connected solar power plant with the distribution grid under consideration. The 

first event was a fault down on the Feeder C, which also feeds the solar farm. The monitor is 

on the substation bus. The downstream fault at Feeder C is picked up by the intelligent 

electronic device of solar power plant and Feeder C relays, which in turn disconnects the 

power plant from the grid. During the fault the recloser D opens the solar farm. Fault current 

as well as Feeder B load is fed through the substation. Voltage sag and rise in current level is 

observed at the substation monitor, this is verified by the field measurements. The fault 

duration is about 278 milliseconds. 
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Figure 1.3 Simplified circuit diagram of distribution system. 

After fault is cleared the downstream link of Feeder C energizes again. The industrial plant 

experienced this entire event and rode through the events with no problems. Nearly after 

three minutes the Solar Farm is brought on-line. The recloser D closes and suddenly after a 

few cycles the servos, programmable logic controllers and drives at industrial plant trip. 

The various research objectives identified and dealt-with to accomplish the above defined 

research problem are enumerated as follows: 

¶ Pre-fault and post-fault transient studies.  

¶ Inrush studies of transformers. 

¶ Multiple transformers online simultaneously and energized sequentially. 

¶ Single transformers with controlled rectifier load with and without capacitor bank. 

¶ Multiple transformers with controlled rectifier load with and without capacitor bank. 

¶ Comparative analysis using different simulation environments. 

A concise tabulation of the main outcomes and the research challenges in some of the 

relevant research works reported in literature in this area are presented in Table 1.3. 

  

Fault 
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Table 1.3 Research Objectives and Outcomes of some Referred Literature  

Ref. 

No. 

Authors Source, 

Year 

Research Objectives 

 

Main Outcomes 

[16] J. A. Fleming  
JIEE  

1892 

To observe and investigate any inrush 

current and the behavior of 

transformers during energization.  

Eleven different experiments 

devised to observe the óinrush 

currentô phenomenon in 

transformers. 

[25] 

 

Blume et al. 

 

 

AIEE  

1944 

 

The effects and influence of 

transformer magnetizing inrush currents 

on system operation are presented in 

this article. 

Effects of inrush on equipment, 

phenomenon of inrush and 

overview to the methods of 

reducing inrush problem are 

examined. 

[34] Middlebrook  
IEEE 

IASAM 

1976 

System stability can be studied by 

analyzing the equivalent system 

network impedance. 

The methodology proposed is 

limited to DC networks but can 

be extended to AC networks. 

[17] 
Povh and  

Schultz  

IEEE 

TPAS  

1978 

The overvoltages caused by the inrush 

current of transformer during switching 

are considered. 

Transformer model is reported 

which takes into account the 

harmonics generated during 

energization. 

[22] Witte et al.  
IEEE 

TIA  

1994 

The concerns of over-voltages on 

industrial power systems during 

transformer energization and 

resonances caused by inrush transients 

are raised in the paper. 

The cause of prolonged high 

voltages at the load end due to 

system resonances is 

elaborated. 

[28] 
Marta 

Molinas et al. 

IEEE 

ISIE  

2008 

Instability issues caused by constant 

power loads in AC distribution systems. 

The cause of instability is 

proposed to be negative 

incremental resistance by CPL. 

[15] 
Turner and 

Smith  

IEEE 

IAM  

2010 

The effects of transformer inrush 

currents on offshore systems are 

discussed.  

Temporary over-voltages 

noticed due to interaction 

between harmonics and low 

system resonances. 

[38] 
Harnefors  

et al. 
IEEE 

TIE 2015 

Using theory of passivity, improved 

controller design method is proposed to 

make input admittance of a grid-

connected VSC passive. 

Electrical resonance and 

instability issue in VSC are 

verified experimentally.  

[36] 
Lissandron  

et al. 

IEEE 

JESTPE 

2016 

Small-signal stability analysis of single-

phase interconnected power systems 

with grid-feeding inverters. 

Stability criterion based on 

dynamic phasor approach 

presented. 

[35] 
Awal and 

Husain 

ECCE  

2017 

Converter input admittance used to 

understand the interaction of switching 

components with system. Based on 

passivity analysis, design of stable 

controllers. 

Instability in converters is 

observed due to LC admittance 

resonance of VSC.  
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It is inferred from Table 1.3, that transient analysis and inrush studies of transformers are 

given due attention by numerous researchers since quite long time. This study in the present 

context where the large photovoltaics are being installed in the distribution network has 

become significantly important and therefore needs to be properly addressed. The cause of 

tripping of electrical drives at industrial plant due to inrush harmonics, system impedance 

variation and power electronic converter behavior based on theory of passivity are taken up 

in the present thesis. 

1.6 Organization of the Thesis 

The present research work is divided into various chapters for meticulous presentation and 

understanding, which are organized as follows. The present Chapter 1 introduces the topic of 

the thesis. The growth and importance of solar photovoltaic is highlighted. A review of the 

work reported in literature is provided. The various methods and issues in photovoltaic 

integrated power system are highlighted. The research objective is identified. 

 

In Chapter 2, the test circuit and distribution system modeling is presented. The chapter 

outlines the design parameters of the system in different software platforms. Chapter 3 deals 

with distribution circuit analysis. The chapter focuses on the steady state analysis of the 

distribution system. Effective circuit models are designed using power system softwares and 

henceforth an equivalent model is created for system impact studies. 

The simulative experimental results and their discussion for transient system impact studies 

on loads are presented in Chapter 4.  The main conclusions drawn and recommendations 

from the present thesis are presented in Chapter 5. The future scope of the research work is 

also identified. 
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CHAPTER 2  

TEST CIRCUIT AND DISTRIBUTION SYSTEM MODELING 

Motivation and research problem of the work carried out in this thesis are discussed in 

Chapter 1. In the present chapter, the test circuit and the distribution system models of the 

work accomplished are dealt-with and presented in detail. Different softwares and tools viz. 

Milsoft-WindMil, PSCAD, MATLAB and PLECS are used to determine the practical 

outcomes of the test systems under consideration and discussed in this chapter. 

2.1 Substation Data 

Substation data are important when integration of a renewable resource has to be studied. 

The substation source data of the system mentioned in Figure 2.1 are presented in Table 2.1.  

The substation impedance data are given in Table 2.2. 

 

 

Figure 2.1 Single line diagram of the distribution system under consideration. 
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Table 2.1 Substation Source Data 

Nominal Voltage 22.86 kV (line-line) 

Source Voltage 24 kV (line-line) 

System Frequency 60 Hertz 

Number of feeders  2 

Connection Type Star Connection with neutral grounded 
 

Table 2.2 Substation Impedance Data 

Source Equivalent Impedance 

Substation Bus Voltage 24 kV 

 R jX  

Z1 0.49363 (ohms) 3.46349 (ohms) 

Z0 0.4009 (ohms) 3.04589 (ohms) 

Substation MVA Base 100 MVA 

Z1 0.0857 (Per Unit) 0.6013 (Per Unit) 

Z0 0.0696 (Per Unit) 0.5288 (Per Unit) 

Fault Type 3-  ʟPhase Fault 1-  ʟPhase Fault 

 3961 (Amps) 4128 (Amps) 

 

To study the problem a three phase voltage source model of the system shown in Figure 2.1 

is modeled in PSCAD. Impedance source is R-R||L type. Base voltage for this system is 

22.86 kV rms line to line. Input time constant is considered as 0.05 seconds. Positive and 

zero sequence impedance are thus defined based on field values as given in Table 2.2. 

Voltage at the substation is regulated at 24 kV. 

Source impedance matrix of the distribution system under consideration is Z.  

Where, 

                    Z = R + jX  

πȢτφσὮσȢσςτ πȢπσρὮπȢρσω πȢπσρὮπȢρσω
πȢπσρὮπȢρσωπȢτφσὮσȢσςτ πȢπσρὮπȢρσω
πȢπσρὮπȢρσω πȢπσρὮπȢρσωπȢτφσὮσȢσςτ

 

 

Source impedance matrix is obtained by entering the substation data in WindMil which 

generates 3x3 impedance and admittance matrixes as given above. The substation impedance 

is in ohms. 
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2.2 Overhead Line Modeling 

The main overhead conductors in the system along with their ampacity are given in Table 

2.3. Effective length of the overhead feeders from substation to industrial load is 2.3 km and 

from substation source to solar photovoltaic plant is 0.11 km. It is seen that the PV plant is in 

close vicinity to the substation. Table 2.3, provides detail of the distribution lines. Appropriate 

tower construction for 30 feet vertical pole is used in the modeling. 

Table 2.3 Main Conductors in the Distribution Circuit  

Sr.No. Conductor Type Nominal Ampacity 

1 477 kCMIL AAC 640 Amps 

2 #4/0 AWG ACSR 365 Amps 

3 #1/0 AWG ACSR 240 Amps 

4 #2 AWG AAAC 191 Amps 

5 #4 AWG ACSR 140 Amps 

 

Table 2.4 Detail of Distribution  Feeders 

Total Number of Distribution Feeder Sections 11 

Total Distribution Feeder Length (Feeder 1
0
) 23403.8 feet  

Total Distribution Feeder Length (Feeder 2
0
) 11072.0 feet  

 

The Bergeron model for distribution lines is considered and it is based on the distributed LC 

parameter travelling wave line model. The PI ( )́ sections representing L and C are 

distributed throughout the line. Model is approximate to infinite number of ˊ sections; except 

the resistance is modeled as a lumped parameter with 50% at the middle and 25% at each end 

of the line. 

To have more numerically intensive line models, frequency (or phase) dependent model can 

be utilized. However, for the system under consideration in the present study, the line length 

is not very large. Therefore, multiple small sections in Bergeron model provide decently 

accurate values. While in PLECS modeling, the  ́ section model is utilized for faster 

simulation runs. 
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2.3 Transformer  Model 

For a three-phase transformer the peak magnitude of the asymmetric inrush current can be 

more than ten times the rated line current. The following factors shape the magnitude and 

duration of the transient inrush current in a transformer: 

(i) The circuit impedance from the source to the transformer. 

(ii)  The switching angle or the point on voltage wave at the transformer energization. 

(iii)  The nonlinear magnetic saturation of the transformer core, its size and shape. 

(iv) The value and sign of the residual flux linkage. 

The first two factors mentioned above are dependent on circuit interconnections and 

switching arrangement [21]. When a transformer is de-energized, both the voltage and 

current values decay to zero. However, the core flux retains a specific value. This retention of 

residual flux is termed as remanence [24].  

 

Figure 2.2 EMTP model for a single-phase transformer. 

 

When a large power transformer is energized, a high magnitude of inrush current flows. This 

current can be resolved into harmonics and a DC component. The inrush current is rich in 

second, third, fourth and fifth harmonics in addition to a DC offset [25]. The electro-

magnetic transients program (EMTP) model for a single-phase transformer is shown in 

Figure 2.2. 
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Figure 2.3 B-H curve of magnetic material and peaky transformer magnetization current. 

 

B-H curve of magnetic material and peaky transformer magnetization current are depicted in 

Figure 2.3. Unified Magnetic Equivalent Circuit (UMEC) based transformer model is 

considered in the present study. The UMEC transformer model focuses more on the magnetic 

coupling between winding of different phases along with coupling between the winding of 

the same phase. The non-linearity of the transformer core is defined by the piece-wise linear 

voltage-current (V-I) curve, which models the equivalent branch conductance. Per unit 

voltage-current characteristics for saturation of transformer core are shown in Figure 2.4. 

[26]. Furthermore, the interpolation algorithm is used for calculation so as to improve 

accuracy.  

 
Figure 2.4 The per unit voltage-current characteristics for saturation of transformer core. 
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The base current (IBase) and base phase (ɮ  are given by eqs. (2.1) and (2.2) respectively. 

These are computed from Figure 2.4 as,                                                                                   

            )  Ѝς                                                                                (2.1) 

          )  
Ȣ

Ѝς υσυȢψ ! 

           ɮ  Ѝς                                                            (2.2) 

          ɮ  
ρσȢρωψ

ςʌφπ
Ѝς τωȢυ 

 

From Figure 2.4 it is found that IBase is 535.8A and ɮ  is 49.5.  

2.3.1 Computations and Observations 

Both high voltage (HV) and low voltage (LV) base impedance, side leakage inductance, no 

load loss and full load loss for two different transformers namely, 15-20-25MVA and 2MVA 

transformers are computed and presented here [27]. 

A. (15-20-25) MVA Transformer  

For a 15-20-25 MVA transformer the high voltage line-line voltage is 22.86 kV (Star). The 

low voltage line-line voltage is 480 volts (Delta). The HV and LV base impedance are given 

by (2.3) and (2.4). 

Zbase_HV side  
    

       (2.3) 

                         
Ȣ

 
στȢψσψ     

 

Zbase_LV side  
    

      (2.4) 

                          
 

πȢπρυσφ   

Leakage Inductance per unit    πȢρ ὴὩὶ όὲὭὸ έὶ ρπ Ϸ 
 

HV side leakage inductance 
Ȣ 

      (2.5)  
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πȢρ στȢψσψ

ς“ φπ
ωȢςτ ρπ ὌὩὲὶὭὩί 

            LV side leakage inductance 
Ȣ 

                                                 (2.6) 

 
πȢρ πȢπρυσφ

ς“ φπ
τȢπχρπ ὌὩὲὶὭὩί 

 

Winding Resistance per unit  πȢππυ ὴὩὶ όὲὭὸ έὶ πȢυ Ϸ     

  ὙὥὸὭέ
Ȣ
ςπ 

Therefore it is computed that, 

No Load Loss (per unit)ς ρπ ÐÕȟ and 

Full Load Loss (per unit at 75↔ C)χ ρπ ὴόȢ 

B. 2 MVA Transformer  

For 2 MVA transformer, HV line-line voltage = 22.86 kV (Star) and LV line-line voltage is 

480Volts (Delta).  Using eqs. (2.3) to (2.6) gives: 

Zbase_HV side  
    

 
Ȣ

 
στȢψσψ    

 

Zbase_LV side  
    

 
 

πȢπρυσφ   

 

Leakage Inductance per unit    πȢπυωχ ὴὩὶ όὲὭὸ έὶ υȢωχ Ϸ 

 

Winding Resistance per unit  πȢππυχ ὴὩὶ όὲὭὸ έὶ πȢυχ Ϸ     

  

  ὙὥὸὭέ
Ȣ

Ȣ
ρπȢτψ 

Hence it is computed that, 

 

No Load Loss ρȢχυρπ ÐÅÒ ÕÎÉÔȟ and 

Full Load Loss (75↔ C) χȢτυρπ ὴὩὶ όὲὭὸ. 
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2.4 Load Models 

 

In the present study, the industrial plant and associated distribution system loads are modeled 

as constant power loads (CPLs) and combination of constant power loads. The major share of 

the aggregated load at Feeder B is considered to be due to the variable frequency and 

controlled motor drives of the industrial plant. The total load at industrial plant is 11 MVA 

with nearly 0.9 power factor lagging. 

Current modern power delivery systems are witnessing unprecedented emphasis on safety, 

reliability, effective controllability and strict power quality regulations. With advancement in 

power electronics and switching devices active front ends are becoming part and parcel of 

AC distribution grids. These controlled loads with power electronic interface to the grid act 

as constant power loads for a wide frequency range [28-29]. 

Furthermore, the phenomenon of negative incremental resistance due to the large share of 

constant power loads in power grid can lead to system instability. This is predominant 

especially during transient and voltage disturbances. The ratio of small voltage change over 

small change in current is known as input resistance denoted by RCPL. 

Ὑ ḙ 
Ў

Ў
        (2.7) 

ὖ  ὖ – ὺ ὭȠ   ὺ       (2.8) 

 

Differentiating voltage with respect to current leads to: 

  –  –  Ὑ       (2.9) 

 

In PLECS simulations a voltage active boost rectifier is considered at the load end. As the 

transformer(s) is/are connected, the transient effect on the drive is observed.  
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2.4.1 Active Rectifier Model Based on DQ Theory 

The equivalent circuit of a three-phase boost rectifier is presented in this sub-section. A three 

phase voltage source PWM boost rectifier is shown in Figure 2.5. Source voltages are 

denoted by ea, eb, and ec and the input currents are denoted by ia, ib, and ic. L and R are the 

inductor and parasitic resistance of the synchronous inductance of the system. 

 

 

Figure 2.5 Structure of a three phase ac to dc PWM boost rectifier. 

Differential equations for the rectifier in the synchronous reference frame are given below: 

ὒ Ὑ Ὥ  ‫ ὒ Ὥ  Ὡ  ὺ   (2.10) 

ὒ Ὑ Ὥ  ‫ ὒ Ὥ   ὺ    (2.11) 

ὅ  ὴ Ὥ ὴ Ὥ Ὥ   (2.12) 

In eqs. (2.10) to (2.12), ed, eq and id, iq are input voltages and currents in the synchronous 

reference frame. Here, pd and pq are the switching functions and vd and vq are control inputs. 

ὺ  ὴ  ὥὲὨ ὺ ὴ  Ƞ Ὥ     (2.13) 

On multiplying equation (2.12) by vdc on both the sides and substituting values from equation 

(2.13), this leads to: 
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ὅ ὺ  ὺ Ὥ ὺ Ὥ    (2.14) 

Equation (2.14) is power balance equation between the dc side and the ac side. The 

equivalent circuit shown in Figure 2.6 can be obtained from the above equations. 

 

 

Figure 2.6 Equivalent circuit in synchronous frame. 

 

A feed-forward decoupling controller is utilized in the model. Decoupling can be achieved by 

nullifying the effects of current-controlled dependent voltage sources by appropriately 

adjusting control inputs which are shown in Figure 2.6.  

ὺ
ὺ  

ὺ ὺ
ὺ ὺ Ƞ 

ὺ
ὺ  

‫ ὒ Ὥ

‫ ὒ Ὥ
 
ὴ

ὴ
   (2.15) 

Substituting equation (2.15) ac side differential equations in equation (2.10) results in: 

 ὒ Ὑ Ὥ  Ὡ  ὺ    (2.16) 
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 ὒ Ὑ Ὥ   ὺ    (2.17) 

The DC side differential equations obtained after substituting equation (2.15) into equation 

(2.14) gives,  

ὅ ὺ  ὺ Ὥ ὺ Ὥ    (2.18) 

The rectifier under consideration is considered to be running at unity power factor. This 

makes the average value of iq to be zero. Thus component due to vq2 x iq is considered as a 

small disturbance in d-axis. 

Hence equation (2.18) becomes, 

ὅ ὺ  ὺ Ὥ     (2.19) 

 

 

Figure 2.7 Equivalent circuit in synchronous frame after decoupling. 

The equivalent circuit in the synchronous frame after decoupling is provided in Figure 2.7. 

Equations (2.16) to (2.19) can be rearranged slightly to give the following set of differential 

expressions: 

ὒ Ὑ Ὥ  Ὡ  ὴ ὺ    (2.20) 
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ὅ  ὴ Ὥ    (2.21) 

Equations (2.20) and (2.21) define the d-axis second order non-linear model responsible for 

power delivery and equation (2.22) defines q-axis first order linear model for reactive power 

control or power factor regulation [30]. 

ὒ Ὑ Ὥ   ὺ    (2.22) 

The transfer function can henceforth be evaluated as below: 

      (2.23) 

ὺ Ὑ Ὀ     (2.24) 

ὺ Ὑ Ὀ      (2.25) 

ῳ  φὒὙὈ ὅί φὙὈ ὒί σὒς‫ὒὙὈ ὅ ὙὈ τ‫ὒ ὙὈ ί φ‫ὒὙὈ     (2.26) 

where, R1 is the inductor parasitic resistance, L is input inductor, R is the output resistor, C is 

output capacitor, vd is voltage in d axis, Dd denotes switching function in d-axis [31]. 

 

Figure 2.8 Equivalent circuit of AC to DC converter. 

From Figure 2.8 the similarities between a DC-DC boost rectifier and AC-DC converter 

under consideration can be clearly noted. The plant transfer function is given by equation 

(2.27) for current loop based on the above expressions. 

 
Ȣ Ȣ Ȣ

Ȣ Ȣ Ȣ
    (2.27) 
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Based on the above transfer function, controller design is carried out using MATLAB 2017® 

SISO Tool keeping current loop bandwidth around (1/10
th
) of the basic switching frequency 

i.e. 10 kHz. 

 

Figure 2.9 Bode plot of plant id/dd. 

 

Figure 2.10 Nyquist plot and system response of 

the plant. 

 

Figure 2.9 shows the open loop plant transfer function, where two zeros and three poles can 

be clearly identified thru the picture. Figure 2.10 shows the Nyquist plot and step response of 

the system under consideration. 
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Figure 2.11 Bode plot of closed loop current 

transfer function. 

 

Figure 2.12 Nyquist Plot and step response of the 

controlled system under consideration. 

Figure 2.11 shows the bode plot of the closed loop current transfer function. The bandwidth 

of the current loop is 1050 Hz which is approximately one tenth of the switching frequency. 

Step response of the system is shown in Figure 2.12. The time constant for step response of 

closed loop is 1.47×10
-4 

seconds. The value of integral constant is 2960 and the value of the 

proportional constant is 9.4 for PI controller.  

Similarly for the outer voltage loop the transfer function can be derived from the above 

equations as given in (2.28). 

 
ὺέ  

Ȣ Ȣ ᶻ

Ȣ Ȣ Ȣ
   (2.28) 
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Figure 2.13 Bode plot of voltage loop transfer 

function. 

 

Figure 2.14 Nyquist and Step response of the 

voltage loop. 

 

Figure 2.13 shows Bode plot of voltage loop transfer function, while Figure 2.14 gives the 

Nyquist and step response. The outer voltage loop controls the DC bus voltage of the output 

capacitor and hence the outer loop of the system can be slower than the inner current control 

loop. Bode plot of the closed voltage loop is shown in Figure 2.15 and Figure 2.16. The 

bandwidth of closed loop voltage controller is 203 rad/sec and the time constant for step 

response is 4×10
-3

 seconds. In practice the outer voltage loops are quite slower than the inner 

current control circuit. 
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Figure 2.15 Bode plot of closed loop for voltage 

control. 

 

Figure 2.16 Nyquist and Step response of the 

closed loop. 

Figure 2.17 to Figure 2.19 show the control circuit employed for active voltage controlled 

boost rectifier. Converter side inductor currents are utilized to control the converter which is 

shown in Figure 2.17. The control loops are shown in Figure 2.18, with respective PI 

controllers. 

 
 

 

Figure 2.17 Circuit to convert inductor current 

fr om abc to dq frame. 

 
 

 

Figure 2.18 Control loops where outer one is for 

voltage and inner for current . 

 

Figure 2.19 illustrates the generation of gate pulses from the generated control signals. To 

incorporate the controller delay, a ótransport delayô block (highlighted in red box) is added in 
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the circuit. Active rectifier also models the delay in the control circuit for more realistic 

modeling [32]. 

 

Figure 2.19 Control circuit showing control delay block and PWM signal generator. 

 

2.4.2 Interaction of Controlled Voltage Source Loads with System Impedance 

Current controlled voltage source converters (VSCs) have become a part and parcel of our 

electric power systems. VSCs in distributed energy sources, active front-end drives, 

advanced active power filters and HVDC systems have become the new norm. These new 

power electronic loads might not only behave as constant power loads, but also introduce 

severe non-linearity in the system. Ensuing stable converter operations throughout system 

disturbances is one of the major challenge faced by these power electronic drives and 

converters.   

The major problems due to harmonics and converter interaction were highlighted by 

Möllerstedt and Bernhardsson in their article titled óOut of control because of harmonicsô 

which gave an insight about disruption of locomotive services in Switzerland on 9
th
 April 

1995 [33]. Thus, to ensure safe operation of power electronic based systems, stability of the 

converter needs to be safeguarded when there is variation of system impedance as seen by 

the converter. 

For large system analysis, Middlebrookôs impedance criterion extension [34] for AC systems 

is extensively used to offer feasible and definitive solutions. Small signal stability conditions 

can be effectively obtained by the impedance criterion. But to predict the behavior of the 

converter under varying and uncertain impedance, frequency domain passivity analysis is 
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required. Most of the utility power electronic applications utilize inner current loop which is 

fast and an outer slower voltage loop to regulate the DC bus. In our model the converter side 

current of the voltage source boost rectifier is considered to be controlled. 

 

Figure 2.20 The equivalent model of power stage with linear controller. 

 

In Figure 2.20 the portion highlighted in pink color is the controller section and the light 

green section is the power converter stage. Term Fc(s) is the linear controller in stationary 

frame and delay caused due to control circuit is denoted by Td. Generally aggregate 

controller time delay can be approximated as one to one and half switching cycles. In the 

present study the value of Td is considered as 1 switching cycle. The small signal response of 

control to output signal is given by equation (2.29) and G(s) the transfer function of the 

power stage of the converter by equation (2.30): 

Ὕί  ὊίȢὋίȢὩ      (2.29) 

Ὃί       (2.30) 

where, L2g = L2+Lg is effective grid impedance as seen by the converter. Note that L2 is the 

grid side inductor of LCL filter, Lg is the grid inductance, L1 is converter side inductor of 

LCL input filter and Cf is the capacitor of LCL filter. Effective modeling of equivalent grid 

impedance is a laborious task. If conventional frequency domain analysis is used to obtain 

the grid impedance then for every variation in system conditions the grid impedance is 

required to be re-calculated iteratively. Thus an analytical method to predict stability 

regardless of impedance changes as perceived by the converter is essential [36]. 

The current injected by the VSC into the grid can be given by following equations: 
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Ὥ  Ὕ Ὥ ὣ ὺ     (2.31) 

Ὥ  
Ȣ

Ȣ Ȣ Ὥ  
Ȣ

Ȣ Ȣ ὺ     (2.32) 

where T1c is the closed loop reference to output response, while Y1c is the equivalent 

admittance at PCC by VSC.  If HF = 0, then Y1c can be decomposed in two parts Y1p and Y1a. 

×ÈÅÒÅ      ὣ  
Ȣ
ȟ     ὣ  Ȣ      (2.33) 

 

 
Figure 2.21 Approximate equivalent circuit 

diagram of the VSC. 

 
Figure 2.22 Converter impedance segregated in 

separate parts. 

  

 

Figure 2.23 Circuit diagram of VSC with equivalent grid impedance. 

 

An approximate equivalent circuit diagram of the VSC is seen in Figure 2.21. Figure 2.22 

shows that the converter impedance is segregated in separate parts. From Figure 2.23, iL in 

terms of grid voltage can be determined. From equation (2.34) it can be stated that the ratio 

of VSC admittance and equivalent grid admittance as seen by the converter at the point of 

common coupling (PCC) is the determining factor for stability of the system. Thus extending 

the Middlebrookôs stability assessment criterion of cascaded DC systems to single and three 

phase AC systems. 

L2 

L2 Zg Zg 

Vg 
Vg Cf 

Cf 

Y1c(s) 

T1C(s).iref 
T1C(s).iref 

Y1a(s) 

Y1p(s) 

T1C(s).iref 

Y1c(s) 

Zg,eq 

Vg 



 

 

34 

 

Ὥ  
 ȟ

Ὥ  
 ȟ

ὺ     (2.34) 

In frequency dominant passivity theory the grid impedance can be considered as an 

amalgamation of electrical passive components such as inductors, resistors and capacitors. 

This guarantees the passivity of equivalent grid admittance Yg,eq(s). On the other hand as 

voltage source converter is an actively controlled device and offers non-passive admittance. 

From stability point of view it is very crucial to maintain passivity of VSC in lieu of grid 

impedance variations. It is an impractical goal to attain passive converter admittance over all 

frequency range for an active VSC.  

 

Moreover, from equation (2.33) the admittance of VSC can be separated in passive 

component that is Y1p(s) and a non-passive admittance component Y1a(s). Active controller 

transfer function and delay are associated with the non-passive admittance component. Based 

on passivity analysis when the grid admittance Yg,eq shows capacitive nature, it couples with 

Y1c and causes a parallel LC resonance. If the resonant point lies in the non-passive region, 

the resonance is amplified because of negative resistance of Y1c [36-38]. In such a condition 

the power system becomes unstable. Therefore the operation of the system has to be in the 

passive region.  

 

2.5 Summary 

In this chapter, model descriptions for overhead lines, power transformers and loads of a 

distribution system are presented. The active rectifier model based on DQ theory is 

discussed. It is seen that controller delay and instability are important aspects in the system 

design. In power electronic based systems, stability of the converter needs to be protected 

when there is variation of system impedance. These issues are dealt-with in this chapter. The 

next two chapters deal-with the simulation results of the system under consideration along 

with their implications.  
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CHAPTER 3  

DISTRIBUTION CIRCUIT ANALYSIS  

The distribution power system considered in the present work is based on actual field 

parameters. A single-line diagram of the test system under study is given in Figure 3.1. The 

distribution system has two main feeders and a lateral feeder connecting the PV plant. The 

total system load is 16 MVA with 0.875 power factor lagging. This load is supplied from a 

PV system and sub-station source. During peak generation via PV plant, solar penetration 

exceeds 100% in the distribution system. The results obtained by various simulation analyses 

are presented in this chapter.  

3.1 Reduced Circuit Modeling and Power Flow Analysis 

The nodal reduction of the main distribution circuit was carried out using CymeDist v5.04 

[39]. The effectively reduced circuit with designated parameters is used to analyze the nature, 

performance and behavioral response. The schematic in Figure 3.1, shows the distribution 

model designed in Milsoft-WindMil. Load locations are depicted at various nodes. At node 

N2-5 the industrial plant is modeled. Power Flow studies and short circuit analysis are 

carried out using Milsoft-WindMil  [40]. The PV plant generation is varied from 0 to 20 

MVA  at unity power factor and is connected to substation via over-head line OH1-3. 

 

Figure 3.1 Distribution circuit schematic designed in Milsoft-WindMil . 
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3.1.1 Distribution Circuit Power Flow  

Figure 3.2 shows the variation of line current from the substation to the industrial plant. It 

can be clearly inferred from the graph that most of the required load current is fed through 

the photovoltaic plant. Figure 3.3 shows the voltage profile. In this plot a slight overvoltage 

is recorded. This voltage is due to the PV plant. 

 

 

Figure 3.2 Current profile from substation to 

Industrial Plant . 

 

Figure 3.3 Voltage Profile from substation source to 

the Industrial Plant . 

 

From Table 3.1, it is seen that as PV generation increases, the losses increase exponentially. 

It is seen that when solar power generation touches 14 MVA the system load becomes nearly 

equal to the power generated by the solar power plant. 

Table 3.1 PV Generation and the Associated Losses 

Sr.No. PV Generation 

(MVA)  

Source 

Thru Amps ( -ʟA) 

V Load 

120 base ( -ʟA) 

kW 

Losses 

kVAr 

Losses 

1 0  334 124.11 72 202 

2 1 310 124.11 71 205 

3 5 213 124.20 75 310 

4 10 92 124.21 93 654 

5 15 -30 124.22 125 1233 

6 20 -150 124.23 171 2048 
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When photovoltaic generation is more than 14 MWp injection of power back into the 

substation source takes place.  

This is explicitly seen from Table 3.1; Figure 3.4 shows that system losses increase 

exponentially with rise in PV generation. 

 

  
(a) (b) 

 

Figure 3.4 System losses with PV generation (a) in kWs and (b) in kVAr.  

 

3.1.2 Short Circuit Analysis 

Various fault scenarios are considered at nodes N1-5 and N1-4 which are downstream to the 

PV connected feeder towards the left hand side of the substation source as shown in the 

Figure 3.5. The analysis underneath shows that the fault occurs in between node N1-5 and 

N1-4. The fault analysis results obtained have been enlisted in the Table 3.2. 
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Figure 3.5 Circuit Schematic shows the fault flow results for fault at N1-5. 

While performing the short circuit studies WindMil ignores the connected load and 

secondary generators. The values of fault currents enlisted in Table 3.2, denote the value of 

current from substation source during various fault scenarios. 

Table 3.2 Faults and the Corresponding Voltages and Currents 

Sr. No. Node Fault Voltage Src (120V Base) Thru Amps (Src) 

1 

N1-4 

LG (◖-A) 47.7 Volts 1948 Amps 

2 LL (◖-AB) 63.6 Volts 2080 Amps 

3 LLL  31.6 Volts 2387 Amps 

4 

N1-5 

LG (◖-A) 71.0 Volts 1178 Amps 

5 LL (◖-AB) 73.8 Volts 1485 Amps 

6 LLL  54.7 Volts 1664 Amps 

 

Based on the available field results it can be said that the fault is 3-phase fault and peak 

phase-A current as seen by the substation monitor is nearly 3000 Amps. Assuming that load 

current and 3-phase fault current superimpose on each other, approximate peak current 

Ὅ  can be computed using equation (3.1),  
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Ὅ  Ѝς σππρφφτςχχχȢυ ὃάὴί   (3.1) 

Thus the value of Ipeak-A is in close vicinity of the field current. Moreover, based on the above 

calculations it can also be stated that the PV plant is not generating during this scenario. 

3.2 Transformer Inrush Transient Analysis 

Power system computer aided design (PSCAD
TM

) is extensively used in power system 

studies.  In the present analysis simulation investigation of transformers using PSCAD
TM

 is 

carried out and the results presented [41]. Two cases are considered in this simulation. In 

case 1 an equivalent single 15-20-25 MVA transformer (which is a large sized transformer) 

and in the second case multiple 2MVA transformers (which are smaller than the one 

considered in case 1) are used in the model, to observe and assess the differences between the 

inrush current and voltage waveforms caused by the switching of these transformers in the 

distribution system. 

3.2.1 Case A: 20 MVA Transformer  

A 15-20-25 MVA transformer energization is considered in this case study. The transformer 

has nominal rating of 15 MVA with overload rating of 20 and 25 MVA. Figure 3.6, presents 

the distribution circuit schematic designed using PSCAD
TM

. Figure 3.7 shows the current and 

voltage waveforms at the substation source. Figure 3.8 provides the inrush current observed 

during energization of the PV plant transformer. 
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Figure 3.6 Distribution circuit schematic designed in PSCAD
TM

. 
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Figure 3.7 Current and voltage waveforms at 

substation source. 

Figure 3.8 Inrush current observed during 

energization of PV Plant transformer. 

 

It is inferred from Figure 3.7 and Figure 3.8 that high inrush current is observed when the 

transformer is re-energized at 1.5 seconds. The current is unidirectional which can be clearly 

visualized from Figure 3.8. This sudden inrush current distorts the voltage waveform. Peak 

value of inrush current as observed from the simulation is 1.25 kAmps. 

 

3.2.2 Case B: 2 MVA Nine Transformers Energized Sequentially 

In this case nine transformers of 2MVA are considered as shown in Figure 3.9. These are 

energized sequentially.  Figure 3.10 shows the sequential turn-on of 2 MVA transformers. 

Figure 3.11 shows the increasing inrush current as the transformers turn-on. 
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Figure 3.9 Circuit diagram of distribution system under consideration. 
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Time 

Figure 3.10 Sequential turn-on of 2MVA transformers. 

 

 
Time 

Figure 3.11 Increasing inrush current is observed as transformers turn-on. 
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Delay of 2 cycles is kept between start of the next transformer. Increasing inrush current is 

observed as transformers turn-on as seen in Figure 3.11, where the peak value of inrush 

current is nearly 850 Amps. Comparing and correlating the simulation results obtained from 

PSCAD with the available substation waveforms, it can be inferred that that a (15-20-25 

MVA ) transformer connects the PV system with distribution grid. Consequently, more focus 

on studies based on 15 MVA transformer at the PV plant side is considered in the subsequent 

chapter. 

3.2.3 Impedance Mapping from Industrial Side 

Impedance mapping is carried out in PSCAD using the harmonic impedance component 

toolbox which plots system harmonic impedance verses defined maximum frequency. The 

output file is imported in MATLAB and impedance-phase plots are created. 

 

Figure 3.12 Impedance mapping via industrial side. 

From Figure 3.12 it can be seen that the impedance analyzer is connected at phase A of the 

load terminal. Impedance mapping is carried out for various input inductances as highlighted 

in the above figure. This equivalent impedance would be seen by the load rectifier converter 

during its operation. Figure 3.13 shows the variation of system impedance for multiple values 

of rectifier input filter inductor. 
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Figure 3.13 Phase-A System impedance as seen from rectifier.  

 

It is seen from Figure 3.13 that for lower values of filter inductors the resonant point shifts 

from lower frequency to higher frequency. Within the frequency range of 1200 Hz to 2000 

Hz, the behavior of system impedance is capacitive in nature. The capacitive nature of 

system impedance introduces a pole in the admittance part of the injected current by VSC in 

the grid, equation (2.33) defines its behavior. The pole has a negative real part which behaves 

as negative resistance in the circuit. Thus, any harmonics and disturbances which are 

introduced in the system tend to resonate and amplify.  At a particular point due to the 

capacitive nature of impedance, high frequency resonance is observed, which is as reported 

in [36]. 

3.2.4 Impedance Mapping from Substation Side 

Similarly impedance mapping from substation side is also carried out to analyze the system 

impedance behavior. The changed location of impedance analyzer can be seen in Figure 3.14. 
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The impedance analyzer is connected to the phase A of the substation bus. Figure 3.15 shows 

the phase-A system impedance as seen from substation source. 

 

Figure 3.14 Circuit schematic for impedance mapping as seen from substation source. 

 

Figure 3.15 Phase-A system impedance as seen from substation source. 

From Figure 3.15 it is seen that the impedance map does not take into account the effect of 

saturation and the transformers are considered as specified impedance elements. System 

impedance would shift due to transients introduced in the system when the transformer(s) 

energize.  
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3.3 Characteristics of Panels and PV Plant with Inverter Controls  

The circuit diagram and current-voltage characteristic of the PV plant panels is presented in 

this section. PV with inverter model is utilized to simulate the sudden change in power with 

time ( ) during PV plant abrupt turn off and post PV plant reconnection. 

 

Figure 3.16 Peak power generation by solar panels. 

 

Solar Panel model óSunPower SPR-415E-WHT-Dô with 6880 parallel strings and number of 

series-connected modules per string at 7 is considered for the PV Array. From Figure 3.16 

the maximum power point can be traced to nearly 20 Mega Watts at 25
0
 C with 1000 

Watts/m
2
 solar insolation. MPPT and power output of PV panels decrease with increase in 

ambient temperature. Equivalent circuit as used in MATLAB  2017® Simulink [42] is shown 

in the Figure 3.17 below. Power injection thru PV source into the distribution grid and 

changes in current via substation bus are recorded. From the simulation results it can be 

clearly observed that when PV turns off the industrial load is immediately supplied by the 

substation bus. Figure 3.18 shows power injection by PV Plant, while Figure 3.19 depicts the 

power flow via substation source. 
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Figure 3.17 MATLAB circuit schematic with PV.
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Figure 3.18 Power injection by PV plant. Figure 3.19 Power via substation source. 

 

Ȣ Ȣ
 - 631 W/ɛsec  (3.2) 

Ȣ Ȣ
 742.8 W/ɛsec (3.3) 

Thus it is seen that the rate of change of power during both cases i.e. both loss and rise are 

very high.  

 
Time 

Figure 3.20 Phase óAô voltage and current waveforms at substation bus terminal. 

Phase óAô voltage and current waveforms obtained at substation bus terminal are shown in 

Figure 3.20. The total harmonic distortion in current, post transformer energization are nearly 

57% and THD in voltage 10% respectively for this case.  
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3.4 Summary 

Power flow and short circuit analyses of distribution circuit are accomplished in the present 

chapter. Transformer inrush transient analysis is performed for a 20 MVA power 

transformer. Performance analysis of 2 MVA nine transformers energized sequentially is 

carried out. Impedance mapping is carried out in PSCAD
TM

 using harmonic impedance 

component toolbox. From load side impedance mapping it is clearly observed that near 23
rd

 

to 27
th
 harmonic range the impedance behaves capacitive. Impedance mapping from 

substation side is also done. The current-voltage characteristics of panels are presented. PV 

plant with inverter controls is utilized to study the sudden change in power during abrupt turn 

off and post PV plant reconnection. Transient system impact studies on loads are carried out 

in the subsequent chapter.   
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CHAPTER 4  

TRANSIENT SYSTEM IMPACT STUDIES ON LOADS 

In this research work, a 7.5 kW rectifier is considered alongside the collective industrial load. 

In the current chapter the interaction of active voltage boost rectifier with grid circuit and its 

parameters are investigated. An approximate circuit equivalent model for the distribution 

circuit is used for PLECS simulations [43]. Circuit performance and changes in different 

cases are analyzed and presented.  

4.1 Single Transformer with Controlled Rectifier Load 

At the PV end as mentioned in chapter 3, the plant is not generating, thus only the 

transformer section is considered. Moreover the focus of the study is to analyze system 

behavior during large transients due to transformer inrush. In this section a 15 MVA star 

(HV)-delta (LV) transformer which is the nominal rating is considered to be at the PV 

terminal. This is because the system is being modeled without PV power being injected in the 

system. The total time for each simulation run is 4.0 seconds while prior to 2.0 seconds PV 

transformer is not connected with the grid. Thus in the simulations pre-transformer 

connection and post-transformer connection cases are compared. Comparative parameters 

include calculation of total harmonic distortion, distortion in current and voltage waveforms, 

changes in peak values and most importantly the magnitude of higher harmonics in post PV-

transformer connection. 

4.1.1 Case A: Single Transformer with Rectifier Load with a Capacitor Bank 

The simplified distribution test bed of the system under consideration with a capacitor bank 

on the feeder is shown in Figure 4.1. The left hand side of the figure emulates load as a boost 

rectifier in parallel with collective industrial plant load and the right hand side of the circuit 

shows the PV transformer. A capacitive bank is connected at the end of transmission line 

prior to the industrial load transformer in this case. The control strategy for the rectifier is 

discussed in Chapter 2. The input inductor current and voltage across capacitors are recorded 

and studied. 
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Figure 4.1 Circuit schematic of the system under consideration with capacitor bank.
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Time 

Figure 4.2 The current and voltage variations at rectifier input terminals. 

 

After the energization of the 15 MVA transformer at 2.0 seconds, distortions in current and 

voltage waveforms are clearly visible in the Figure 4.2. The peak phase óAô current reaches 

21 Amps while phase óCô reaches around 19 Amps. Unsymmetrical voltages are recorded 

post PV transformer connection at 2.0 seconds which are visualized in the above results. 

Figure 4.3 and Figure 4.4 show the Fourier analysis of current and voltage waves. Before 

transformer energization it can be seen that harmonic distortion is negligible. Post 

transformer connection harmonics are introduced and THD rises abruptly.  
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Figure 4.3 Current and voltage before the 

transformer is energized. 

Figure 4.4 Current and voltage post transformer 

energization. 

 

High 2
nd

, 4
th
, 5

th
, 6

th
 current harmonics in all three phases post transformer connection can be 

seen evidently from Figure 4.4.  Total harmonic distortions are calculated using MATLAB  

2017® in current and voltage. 

  

Figure 4.5 FFT analysis on current prior to PV 

Transformer connection. 

Figure 4.6 FFT analysis on current post PV 

Transformer connection. 

 

Fourier analysis on rectifier input current signal using MATLAB  2017® FFT Analysis 

Toolbox. Figure 4.5 and Figure 4.6 show the FFT results prior and post PV transformer 

connections. 
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Table 4.1 Current and Voltage Harmonics Before and Post PV Transformer Connection 

Parameter Before transformer connection Post PV Transformer connection 

Higher Harmonics THD Higher Harmonics THD 

Current  Low 1.57 % 2
nd

 to 7
th
 and 25

th
 42.08 % 

Voltage Negligible 0.43 % 2
nd

 to 7
th
 prominent 8.68 % 

 

 

Table 4.1 summarizes that the 2nd to 7th harmonics in current and voltage are due to the 

transformer inrush while the higher harmonic content is due to the system impedance 

interaction with active rectifier converter. For post PV transformer connection the value of 

25
th
 current harmonic increases to 3.1% of the fundamental.  

 

 
Time 

 

Figure 4.7 Current and voltage waveforms are distorted at industrial load end. 
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Figure 4.7 shows distorted current and voltage waveforms at the load terminal. Due to large 

values of lower harmonics in phase A current the peak in the negative half cycle appears to 

be clipped while the peak of phase A voltage wave is highly distorted. 

 

 
Time 

 

 

Figure 4.8 Inrush current as seen due to 

transformer energization. 

Figure 4.9 Fourier analysis of the transformer 

inrush. 

 

Figure 4.8 shows the transformer inrush at the point of interconnection. Current is unipolar in 

nature with very high DC component. Phase A current has positive DC component and a 

very high 2
nd

 harmonic. While on the other hand phase B and C currents have negative DC 

components which can be verified from the FFT presented in Figure 4.9. 

4.1.2 Case B: Single Transformer with Rectifier Load without Capacitor Bank 

15 MVA transformer is connected with the distribution grid at 2.0 seconds. However, the 

filter bank in this case before the industrial transformer (highlighted) is disconnected as 

shown in the Figure 4.10 below.  
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Figure 4.10 Equivalent circuit diagram showing disconnected capacitive filter.
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Time 

 

Figure 4.11 Variation of current and voltage with  time. 

 

For the case under investigation it is seen that the current waveform is severely distorted post 

transformer energization at 2.0 seconds. The high frequency ringing post transformer 

connection can be observed in Figure 4.11. As the capacitor bank is not enabled in the 

simulation, higher order harmonics do not damp and are carried to the industrial load. The 

FFTs shown in Figure 4.12 and Figure 4.13 clearly depicts the effect of connecting the 

transformer on the current waveform. Figure 4.14 shows the three phase current and voltage 

waveforms at the industrial load terminal. 
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Figure 4.12 Fourier analysis is prior to 

transformer connection. 

Figure 4.13 Fourier analysis post transformer 

connection. 

 

 
Time 

 

Figure 4.14 Current and voltage variations with time for collective industrial load. 
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Time 

Figure 4.15 Current and voltage variations for 

transformer.  

 

Figure 4.16 Fourier analysis of transformer inrush 

current and voltage. 
 

 

Current and voltage variations for transformer are depicted in Figure 4.15. In Figure 4.16, the 

Fourier analysis of transformer inrush current and voltage can be seen. There is no significant 

difference in the inrush current analysis as compared to case considered in section 4.1.1. A 

unidirectional current is observed which decays after a long time.  

 

Table 4.2 Current and Voltage Harmonics Before and Post PV Transformer Connection 

Parameter Before Transformer Connection Post PV Transformer Connection 

Higher Harmonics THD Higher Harmonics THD 

Current  Negligible 0.50 % 25
th
 severe 30.63 % 

Voltage Very Low 0.48 % 25
th
 prominent 6.95 % 

 

It can be seen from Table 4.2 that post transformer connection the 25th harmonic reaches 

24% of the fundamental and causes excessive distortion in current waveform. The THD in 

current is prominently due to 25
th
 harmonic in this case. 
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4.2 Multiple Transformers with Controlled Rectifier Load  

Multiple transformers with controller rectifier load are analyzed with and without capacitor 

banks in this section. 

4.2.1 Case A: Multiple Transformers with Rectifier L oad and Capacitor Bank 
 

System model of multiple PV plant transformers with controlled rectifier load with capacitor 

bank is represented in Figure 4.17.  

 

Figure 4.17 System model of multiple transformers with controlled rectifier load with capacitor bank. 

 

In Figure 4.18 the inductor current and capacitor voltage waveforms are shown for multiple 

transformers with controlled rectifier load with capacitor bank. Results of Fourier analysis 

before transformer is connected are shown in Figure 4.19. Whereas, Figure 4.20 represents 

the Fourier analysis after the transformers are connected with the capacitor bank. Figure 4.21 

depicts the inrush current and voltage waveforms at point of interconnection. It is clearly 

visible that with every next transformer energization the inrush current increases. Figure 4.22 

shows the Fourier analysis of the inrush waveforms. 
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Time 

Figure 4.18 Inductor current and capacitor voltage waveforms for multiple transformers with controlled 

rectifier load with capacitor bank. 

 

  

Figure 4.19 Fourier analysis before transformer 

connection. 

Figure 4.20 Fourier analyses post the transformers 

are connected with capacitor bank. 
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Time 

 

Figure 4.21 Inrush current and voltage at PCC. 

 

Figure 4.22 Fourier analysis of inrush waveforms. 

 

The current and voltage harmonics before and after the PV transformer connection are 

presented in Table 4.3.  

Table 4.3 Current and Voltage Harmonics Before and Post PV Transformer Connection 

Parameter Before Transformer Connection Post PV Transformer Connection 

Higher Harmonics THD Higher Harmonics THD 

Current  Negligible 1.39% 2
nd

 and 6
th
 dominant 41.78% 

Voltage Very Low 0.50% 2
nd

 and 6
th
 dominant 9.63% 

 

4.2.2 Case B: Multiple Transformers with Rectifier Load without Capacitor Bank 

2 MVA transformers are sequentially connected with the grid. Figure 4.23 gives the model of 

the system under study having multiple transformers with rectifier load without capacitor 

bank. Distortion in current and voltage waveforms begin gradually, reach a maximum point 

and then system returns to the normal state. 

Inductor current and capacitor voltage waveforms for multiple transformers with controlled 

rectifier load without capacitor bank are shown in Figure 4.24. Fourier analysis pre 
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transformer connection without capacitor bank is given in Figure 4.25, while Figure 4.26 

represents Fourier analysis after the transformers are connected without capacitor bank. 

 

Figure 4.23 System with  multiple transformers with rectifier load without capacitor bank.  

 
Time 

Figure 4.24 Inductor current and capacitor voltage waveforms for multiple transformers with controlled 

rectifier load without capacitor bank. 

  
V

o
lt
a

g
e 

(V
o

lt
s
) 

  
  
  

  
  
  

  
  
  

  
  
  

  
  

  
  

  
 

C
u

rr
e

n
t (

A
m

p
s
) 



 

 

65 

 

 

Figure 4.25 Fourier analysis before transformer 

connection without capacitor bank. 

 

Figure 4.26 Fourier analysis post the transformers 

are connected without capacitor bank. 

 

Table 4.4 Current and Voltage Harmonics Before and Post PV Transformer Connection 

Parameter 
Before Transformer Connection Post PV Transformer Connection 

Higher Harmonics THD Higher Harmonics THD 

Current  Negligible 0.71% 25
th
 along with 2

nd
 to 7

th
  25.04% 

Voltage Very Low 0.50% 25
th
 present 5.32% 

 

The current and voltage harmonics before and after PV transformer connection are shown in 

Table 4.4 for this case. The inrush current waveforms and Fourier analysis in this case 

resemble Figure 4.21 and Figure 4.22 respectively.  

 

4.3 Varying Switching Frequencies 

The behavior of harmonics is observed when switching frequency of the voltage source 

converter is varied. The delay and harmonic effects are observed and tabulated in Table 4.5. 

An active rectifier with 7.5 kW load is considered. Switching frequency is varied from 7 to 

25 kHz. Current controller bandwidth is 6590 rad/sec i.e. nearly 1050 Hz. The voltage 

controller has a very low bandwidth. The pre-transformer energization leads to negligible 

harmonic content. 
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Table 4.5 Post Transformer Energization with Varying Switching Frequency 

Switching 

Frequency 

Delay Td ~ 0s Delay Td ~ (1/Fs) s Harmonics Post Transformer 

Energization 

 

7 kHz Stable Unstable 25
th
 Harmonic (1500Hz) detected 

in current and voltage 

9 kHz Stable Unstable 25
th
 Harmonic (1500Hz) detected 

in current and voltage 

10 kHz Stable Stable 25
th
 Harmonic reaches 25 % of 

the phase current 

11 kHZ - Stable 25
th
 Harmonic reaches 30% of 

phase current 

15 kHz - Stable 25
th
 Harmonic reaches 12.65% of 

phase current 

20 kHz - Stable 25
th
 Harmonic reaches 9.49% of 

phase current 

  

From Table 4.5 it is seen that 25
th
 harmonic is pre-dominant in all nearly the cases. As 

switching frequency is varied from 7 kHz to 20 kHz, the 25
th
 harmonic reduces from 30% to 

9.49% of the phase current. Below 10 kHz the rectifier goes into instability region due to 

introduction of controller delay. Here the converter óseesô the same system impedance thus 

the high frequency resonant point is invariant. This explains the presence of 25
th
 harmonic 

component in current and voltage.  
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4.4 Varying Filter inductor  

In this section the filter inductors are varied, the effects on voltage and current waveforms are 

noted. The implications arising due to the variation of filter inductances on the current and 

voltage waveforms are also discussed. For the same, the switching frequency (Fs) is kept at 

10 kHz, whereas, controller remains unchanged and the system power is 7.5 kW. The results 

obtained are shown in Table 4.6. 

Table 4.6 Analysis of Post Transformer Energization with Varying Inductors 

Filter 

Inductor  
System Peak Inductor current 

Post Transformer Energization 

Harmonics 

500 ɛH Unstable - - 

540 ɛH Stable 21 Amps phase C 
24th Harmonic (1450Hz) reaches 

25.71% of phase B current 

550 ɛH Stable 27 Amps phase A 

24
th
 Harmonic (1450Hz) reaches 79.7% 

of phase A & B current. 24
th
 Voltage 

harmonic hits 60 volts 

560 ɛH Stable 22 Amps phase C 
25

th
 Harmonic reaches 27.27% of phase 

C current 

580 ɛH Critical Case 

25
th
 Current Harmonic is 27.14% of phase current prior 

transformer is connected. 

25
th
 Current Harmonic becomes 321% of fundamental at 2.31 

second. 

25
th
 Voltage Harmonic reaches 68.57% of fundamental at 2.31 

second. 

600 ɛH Stable 27 Amps phase C 
25

th
 Current Harmonic becomes 40% of 

fundamental 

700 ɛH Stable 20 Amps phase A 
23

rd
 Current Harmonic (1380 Hz) is 

13.04% of fundamental 

800 ɛH Stable 28 Amps Phase C 
23

rd
 Current Harmonic (1380 Hz) is 

14.5 % of fundamental 

1000 ɛH Stable 18 Amps Phase C 
20

th
 Current Harmonic (1200 Hz) is 

10% of fundamental 

2000 ɛH Stable 19 Amps Phase C Current distortion due to 2
nd

 harmonic 

 

From Table 4.6 it can be inferred that as the voltage source converter sees more inductive 

impedance, the higher harmonics tend to die out. Furthermore, the peak current is also 

reduced. It can also be observed from the table that the higher frequency harmonic resonant 

point shifts with change in system impedance. 
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4.5 Effect of Current Limiting Resistor on Distribution System 

One of the traditional methods to limit inrush current is to add a pre-insertion resistance in 

series with the device that is intended to be brought online. The application of resistive 

starters for providing operation and protection to electric motors is well known. Thus, a 

similar concept to limit the inrush current of the transformer, inserting series resistance just at 

the moment of transformer energization is incorporated in this work. This is expected to take 

care of the issue of huge inrush current drawn by the transformer. 

 
 

(a) (b)  

Figure 4.27 Current limiting inductor is introduced at the point of interconnection (a) Circuit schematic 

and (b) Switch control. 

Figure 4.27(a) shows only the additional circuit corresponding to the current limiting 

inductor. The rest of the circuit is similar to Figure 4.10. Figure 4.27(b) shows the control 

circuitry for the added resistor. At 2.0 seconds the óBrk Ctrlô closes the switches. This 

introduces the pre-insertion resistor in series with the PV transformer. Waveforms for the 

case with insertion resistance of 100 ohms are discussed herewith. The circuit under 

consideration does not have a capacitor bank at the end of the transmission line connecting 

substation and the industrial load. Therefore, any effect due to the new series resistance can 

be compared with the results obtained in section 4.1.2. From  we can clearly observe that the 

rectifier peak inductor current is nearly 18 Amps as compared to 24 Amps in the previous 

case without the series resistance. The variation of inductor current and voltage with 

frequency, pre PV transformer energization can be seen in Figure 4.29. Furthermore, when 

the resistor is introduced the lower harmonics i.e. 2
nd

 to 7
th
 are completely eliminated after 

first the cycle, as shown in Figure 4.30. The maximum total harmonic distortion of 11% in 

current detected in phase óBô is also a great improvement as compared to 30% which is 

recorded in the earlier case. 
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Time 

Figure 4.28 Current and voltage waveforms at rectifier. 

 

 
Figure 4.29 Inductor I and V with frequency, pre 

PV transformer energization. 

 
Figure 4.30 Inductor I and V with frequency, post 

PV transformer energization. 
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From Figure 4.30 we can see that pre-insertion resistance eliminates the propagation of lower 

order harmonics in the circuit but still higher harmonics are observed in the system after PV 

transformer energization. 

 
Time 

Figure 4.31 Inrush after introducing pre insertion 

resistor of 100 ɋ. 

 

Figure 4.32 FFT analysis of inrush waveform after 

the first cycle. 

 

Figure 4.31 clearly shows that after first cycle the inrush current transients die and this also 

eliminates the lower order harmonics from the system. The optimum resistor selection would 

depend on power handling capability, peak current withstand and also should not cause 

voltage sag in the system. Based on real power losses (I
2
R loss) and afore mentioned 

criterion, a 100 Ý current limiting resistor would be best suited for the application under 

consideration. FFT analysis of inrush waveform after the first cycle is given in Figure 4.32. 

Inrush parameters, namely peak inrush current, current decay, voltage and current for first 

three cycles for different resistor values are shown in Table 4.7. 
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Table 4.7 Inrush Parameters with  Different Resistors 

Limiting Resistor 

(Ý) 

Peak Inrush 

Current  

Current 

decay 

First 3 Cycles (L-N rms) 

Voltage (volts) Current (Amps) 

0.1 800 Amps > 10 cycles 12353 353 

1 750 Amps ~ 10 cycles 12556 268 

5 650 Amps 3 cycles 12927 114 

10 520 Amps 2 cycles 12995 56.6 

100 130 Amps 1 cycle 12993 6.7 

 

4.6 Summary 

Transient system impact studies are carried out in the present chapter. Different practical test 

cases and scenarios are considered. Current and voltage harmonics before and after PV 

transformer connection are noted. As switching frequency is varied from 7 kHz to 20 kHz, it 

is seen that the 25
th
 harmonic is reduced from 30% to 9.49% of the phase current. It is 

observed that as the voltage source converter sees more inductive impedance, the higher 

harmonics tend to die. Introduction of a current limiting resistor provides a very encouraging 

protection effect on the system. The present analysis should prove to be very beneficial to the 

power utilities attempting to mitigate inrush-caused load trips. The main conclusions drawn 

from the present research work wil l be presented in the next chapter. 
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CHAPTER 5  

CONCLUSIONS 

Solar energy at present has become a critical component of the sustainable development. 

Constraints and barriers associated with integration of PV with power system grid are 

identified in the present work. It is found through rigorous simulations and verified by field 

results for a distribution system having PV source that during energization of PV plant, huge 

transient currents flow in the system. This is due to the inrush transformer current which 

causes erratic behavior and tripping of the motor control drives at the industrial load.  

During transformer energization it is observed that the system impedance seen by the load 

converter changes, thereby driving the converter into non-passive unstable region. This is the 

outcome of system impedance becoming more capacitive at higher frequencies (in range of 

20
th
 to 30

th
 harmonic in the present study). The LC resonance between converter admittance 

and equivalent grid admittance leads to surge in higher frequency harmonics both in current 

and voltage. Sometimes these effects lead to system instability. Consequently, a 

comprehensive and in-depth study is essential at the planning stage as well as during the 

addition of new components in the power system.  

The need of research and further analysis on system impact transient studies for grid 

connected large distribution energy sources is much challenging. This is substantiated from 

literature survey carried out and presented in Chapter 1. The performance analyses of 

industrial loads and drives with a power system comprising of large PV plant are reported in 

this thesis. Various models are considered and investigated. These provide a versatile 

verification of results using different simulation tools. The important conclusions and 

recommendations of the thesis work are presented in the following two sections.  

  












