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Abstract 

 

In this thesis, the behaviour of a weak power distribution grid at the Point of Common 

Coupling (PCC) in the presence of a Photovoltaic (PV) inverter and Electric Vehicles (EV) as 

loads is analyzed. The grid connected to PV and EV has high impedance. The impact at PCC 

when the injected power varies in conjunction with the frequency and voltage deviation with a 

delay in inverter fed power is elaborated. Various measures such as peak shaving, coordinated 

charging, voltage drop correction have already been developed to mitigate the impact at PCC. 

These measures are observed on a combined EV and PV setup. In general, the grid tied inverter 

injects power based on an average grid voltage calculation at stable synchronization with the grid. 

If an error (for instance, an error in average grid voltage calculation) persists in such a case 

causing a loss in synchronization between the PV inverter and the grid, then a delay in the power 

injected may result in an oscillation at the PCC. A simple two bus system is considered to 

analyze the result of transportation delay. The delay and droop parameters of the PV inverter are 

altered whose results are quantitatively analyzed. The model abides the grid codes for active 

power reduction and static voltage support requirements. Further, the impact of a fault along with 

an inverter delay is analyzed. Simulative analysis is performed in the DIgSILENT PowerFactory 

software. To reduce the impact at PCC, performance criteria are analyzed whose parameters 

could be measured and altered. Scenarios are developed to analyze EV‟s impact in the presence 

and absence of storage and Distributed Generator (DG) that can be extended onto the micro grids. 
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1 Introduction 

The energy demand in the coming decade is projected to double due to a continuous 

population growth [1]. Improvement in energy efficiency of current technologies along with 

renewable energy sources integration is seen to feasibly answer this energy demand. With a focus 

toward Renewable energy grid integration, countries such as Germany, Spain and USA have 

improved their legislation framework to promote the same. Several countries have shown 

dedicated research through dynamic and stability analysis due to the increase in grid tied systems. 

Through the changes happening toward a renewable environment, new problems have risen. The 

integration of a substantial share of decentralized generators into a conventional grid which 

wasn‟t designed for this purpose could create instability issues to the grid. The increase in PV 

must be compensated with new dynamic compensation solutions that independently allow the 

conventional active power trade between PV and utility. This also includes measures such as 

voltage control, power oscillation damping, power factor correction and harmonic filtering. These 

measures are expected to be more predominant in the near future due to the increase of not just 

the renewable penetration, but also due to the projected market growth of EV sales. Many 

countries worldwide have set several aggressive targets for the wide spread use and adoption of 

the EVs. Figure 1 shows the national sales targets set by various countries for EVs by the year 

2020 [2].  
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Figure 1 National EV sales targets, 2010-2020 [2] 

 

 

 

Figure 2 Increase in renewable energy sources in Germany [3] 

Similarly significant analysis for PV grid connected systems can be obtained through 

information from German National Renewable Energy Action Plan (NREAP). It is seen that 

since 2004, Germany in particular has seen a huge growth in PV installations. This is mainly due 

to the feed-in tariff policy mechanism and relevant subsidies that have been in effect. It is evident 

from Figure 2 that from 2008, Germany‟s renewable power has been tracking a huge increase 

until now. 
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Impact of PV and EV on a weak grid  

The rigidity of a grid is determined based on the short circuit power ratio. This is a ratio 

of apparent short circuit power to the maximum apparent power at the PCC where PV and EV are 

connected. A detailed explanation of the ratio in a weak grid will be discussed in later chapters. 

In a weak grid, the voltage level is not constant as compared to a normal grid [4]. The voltage 

values and fluctuations in a weak grid must be taken into account because of its higher 

probability to exceed the standard limits. The grid impedance is significant and has to be 

considered in order to have valid conclusions. A normal grid designed for relatively small loads, 

turns into a weak grid due to an addition of large electric loads that increase the impedance of a 

grid. The summation of impedance of the line, transformer and other circuit components add to 

the total impedance at PCC. The loads add to this impedance and hence the presence of EV 

(larger loads) might increase the impedance at the PCC. A grid can be characterized either weak 

or strong by different parameters. In addition to its voltage level and its total power capability, 

the short circuit capacity (SCC) can be defined which is mainly dependent on the rated voltage 

and the absolute value of impedance of the grid that can be measured at this point. Hence, it is 

possible that the additional loads might turn the grid weak. The grid impedance is the sum of all 

the grid components which might differ from region to region. It consists of the impedance of the 

transmission line, which mainly depend on material, diameter and length of the line. Further this 

grid, limits the PV power that can be injected into it after reaching a certain limit. The reason is 

that the additional loads add to the high impedance leading to a voltage level below the minimum 

limit. This can be related with the PV nose curve characteristics. Here, the thermal limits are 

exceeded and no further power can be absorbed by the grid. In such a case, an increase in the 

penetration of PV power at PCC might lead to voltage violations. Further if the PV inverter loses 

synchronism with the grid due to an error, it might cause an unexpected delay in power injection 

leading to oscillations at PCC. In a MG with rated active loads and renewable sources, the Short 

Circuit Raio (SCR) at the PCC is defined as (2.1) [5]. 

    
     

 

           
 

(2.1) ( 
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Aim and objectives of thesis 

This thesis analyzes the impact of PV penetration and EV loads in a distribution network. The 

investigation is extended through a simulative analysis, abiding the grid codes, to study the 

impacts of EV and PV at the grid.  

 A Review over the existing EV charging strategies and measures to dampen its impact on 

the Power Distribution Grid (PDG). 

 Simulative analysis of  

o Interaction between an inverter controller and the network, 

o Steady state active power reduction, voltage support and analysis during fault.  

Study purpose  

The reason for this study is to learn about the potential impacts that may arise due to high 

EV and PV penetration. The study will include a mixture of both of these elements in power 

system under different scenarios. Analysis of a few performance criteria and measures to reduce 

the combined electrical impact at the PCC is a part of the study. In general, for systems which are 

in the planning stage, similar to the research in this thesis, typical models and parameters are 

created for an initial study. Hence a simple model‟s operational problems are analyzed in a 

simulative environment. An analytical study of the simple grid includes steady state and faulted 

condition analysis. A detailed modeling of the relevant components is presented. It is expected 

that these results would support the industry partner‟s project goals.   

 

Advantages of EV and PV integration in the power grid 

 The main reasons for integrating EVSE into the power grid are that the EV is pollution 

free at the point of use, provides freedom for consumers to choose their own charging time, 

charging rate and the ability of V2G power flow for grid stabilization. Due to the charging time 

and evening peak load overlap [7][14], strategies must be initiated to mitigate its impact.  

A control through an Energy Management System (EMS) at the PCC where the EV and PV are 

connected can alter the power flow to the battery. When power production through PV is higher, 
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through the control one can shift this power to match the peak load demand time. The possibility 

of utilizing the EVs as a storage medium and exchange with grid is advantageous. This 

opportunity to level out the demand during day (for example when PV production is high) to 

evening load demand can be efficiently met. Further, EVs in society would help reduce air 

pollution compared to conventional vehicles. An efficiency of the EV conversion is about 59-

62% of electrical energy from the grid to power its wheels, compared to a gasoline car which 

converts typically 17-21% of energy stored in gasoline to power its wheels [8].  All these features 

allow EV as battery storage to stand out and importantly counter the fluctuations caused due to 

PV production to help balance the entire system.  

 

Extending the objective to a simple model and a case study 

In a power system network consisting rotating generators, frequency droop control is one 

of the ways to stabilize the grid based on the mechanical inertia of the generating turbine. In case 

of static generators like PV inverter, similar control strategies can be implemented. The two 

control loops, frequency control which controls active power and the voltage control loop which 

controls reactive power injected into grid are the basis of any power system network control. One 

of the methods is droop control, which injects the active power as a function of frequency 

change, P (  ) and reactive power as a function of voltage change, Q(  ). This control is studied 

here on a simple model to relate the power injected into the grid. The simple two bus system 

consists of an inverter rated 0.5MW and load rated 0.25MW. Also, the active power reduction 

and reactive power for voltage support features are studied. Controllers are designed for a 

specific model. However, the actual system differs from the model, leading to imperfections in 

the control strategy. In this context, we study a delay in the power injected at the PCC. The delay 

results a low voltage and low frequency fluctuation of ranges (for example, 5 to 10 Hz) at the 

PCC which are analyzed. The delay in synchronization is expected to be one of the potential 

impacts caused by a PV grid tie inverter. Electric Vehicles considered as loads in such a weak 

residential grid are expected to worsen this impact. Some case scenarios are summed up as an 

extension to the analysis over simple model studied in DIgSILENT PowerFactory software.  
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Thesis Outline  

This thesis consists of six main sections. Section 2 discusses an overall view about the PV 

and EV grid connected system. This includes discussion about the expected impacts on the 

present PDG in the vicinity of EV and PV penetration. Performance criteria formulated along 

with measures to mitigate the impact in general are discussed here. The Literature overview 

includes considerable factors involved before implementing the system in a real time.  

Section 3 elaborates the theory behind the control of frequency and voltage through power 

injection at the PCC. This section discusses the droop control and introduces the basic norms of 

the German Grid Codes.  

Section 4 describes a simple model in its equivalent state space representation through 

analysis of its equivalent circuit.  

Section 5 describes an outline of the simple model in a simulative environment. The 

simple model with 0.5 MVA capacity built by DIgSILENT is elaborated. The details include 

description over the blocks and slots used in the software tool. This section further includes the 

steady state analysis for active power reduction and voltage restoration through reactive power 

support. This section also analysis the model during fault conditions. The system‟s ability when 

being used as a generic model for PV systems must comply with the grid codes. The system is 

investigated with reference to the German GC. The results are quantitatively analyzed through 

curve fitting in MS Excel. Finally, the possible extension of the simple model to a network case 

study with real time data is analyzed and documented.  

Section 6 provides literature of previous research work pursued particularly with respect 

to the charging strategies of an EV grid tied system. The conclusions include potential future 

work of this project and a summary of the thesis. The appendix section details the characteristic 

of the model used. It covers in depth details of the model including simulation language codes 

and a few other parameters of the model.  
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2 Current Scenario, Performance Criteria and Measures 

In this chapter, a study of the current distribution system that is designed typically for a 

specific load carrying capability purely based on daily load consumption patterns is analyzed. 

When EVSE is deployed in such a system, the electric power demand patterns change due to the 

added load. Moreover, fast charging of EVs delivers high energy transfer that results in voltage 

flicker at the PCC [9]. Over the past few years, there has been a concern at the PDG with respect 

to the renewable penetration. This chapter analyzes the potential impacts on a grid tied PV 

inverter with an EV at the PCC. Possible remedies are explored and corresponding measures to 

mitigate the impact are formulated in reference to the listed performance criteria.  

2.1 Current Scenario and Problems 

As mentioned earlier, the present PDG can handle only a specific capacity of load, 

considering the daily load distribution at the consumer end. Sudden inclusion of EV loads is 

expected to impact the PDG‟s characteristics. There are several problems discussed in research 

articles and reports, of which a few issues are listed below.  

 Violating Voltage limit: Voltage drop or rise also termed as swell and sag respectively at the 

PCC may be due to fast charging stations for electrical vehicles [9]. The energy consumption 

may vary significantly due to the stochastic nature of uncontrolled EV charging leading to 

voltage violation at PCC. 

o The standard BS EN 50160 on “Voltage characteristics of electricity supplied by 

public distribution systems” (cf.[11]. p.3), provides limits and tolerances for various 

phenomena occurring at the PCC. 

o The addition of DERs along with uncontrolled EVs charging may cause voltage 

fluctuations in the LV network [12]. In particular, higher DER power injection could 

lead to overvoltage problems in LV networks. Generally accepted standards expect 

the voltage to be between 95 % and 105 % of the base network voltage. 
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 Voltage flicker: The randomness or fluctuation in loads such as EV and sources such as PV, 

may lead to a pulsating load causing a variation of the voltage with a sufficient duration 

known as flicker. Voltage flicker may also be caused by inter-harmonics emitted by power 

electronic interfaces used for connecting EV and PV units. It might cause additional voltage 

peaks at the LV distribution transformers, adjacent cable systems, PCC & other power 

distribution components [13 pg. 72]. 

 

 Frequency Variation: In micro-grids and islanded systems, frequency variations can occur by 

the connection of a large number of EVs at the same time.  

o If EV load demand (due to large number of EVs at the same time) is not matched or 

compensated through increase in power generation, it might lead to variations in 

frequency at the grid level. EN 50160 defines a certain limits from the supplier‟s point 

of view for interconnected and non-interconnected systems and IEC 61000-2-2 

defines emission and immunity levels for equipment connected in LV networks 

(cf.[13]. p. 71). 

 

 Over Loading: (eg., Cable and Transformer Loading):  

o Overloading can be subcategorized into long term and short term. The former 

referring to thermal overload for example on distribution lines, transformers and other 

components. The latter can be referred to overloading at the PCC especially during 

peak load time due to additional EV loads along with conventional loads.  

o It is expected that particularly the EV loads, would tend to increase the threshold 

value of the transformer to be overloaded [14]. The threshold value is chosen to be 

1.16 for a transformer instead of 1, so that the standard transformer can withstand 

instantaneous peaks without a problem. The transformer overloading is found to be 

larger in case of an uncontrolled EV charging as explained in the appendix. Also, its 

thermal overload conditions are elaborately discussed in (cf.[15]. p. 5-26).   

 

 Power flow at the PCC: The active power consumed at PCC exceeds the limits due to the two 

EV and PV. Also the power factor at PCC is to be corrected through measures.  
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o Power factor exceeds the DSO limits mainly due to uncontrolled charging of EVs. 

o Quarter-hour energy limit (at the PCC): This relates to either excess of power flowing 

at PCC due to EV charging or another condition where the quarter-hour energy limits 

are not used to their fullest potential. Appropriate load scheduling, load shifting and 

usage of storage devices would be possible remedies here.  

o Further, the low average line capacity usage is an additional constraint that is seen to 

exceed the limits and also seen to be used lesser than its potential which requires 

measures for load scheduling and controlled charging strategies.  

The above mentioned points are in close relation to each other. It could be understood that the 

main problem in the present grid at the PCC is particularly due to the EV charging pattern and 

PV power penetration into the grid. The next sections elaborate the characteristics of PV and EV 

tied to the grid. 

2.2 Photovoltaic Generator and Electric Vehicle Grid Integration 

This section provides basic factors and characteristics for analysing the impact of PV and 

EV on the PDG. This is followed by a list of performance criteria and measures to influence and 

mitigate the impact at PCC.  

2.2.1 Photovoltaic Impact and Advantage  

Figure 3 provides three conditions in case of the system connected to grid. The 

explanation includes power consumed at the local load, PL at the PCC. PAC is the active power 

flow and Q is the reactive power flow at PCC to the grid. P is the active power that is injected at 

the point on the generator side. 

ACL PPP   
(2.1) ( 
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P

PAC

Q

P L

P

PAC

Q

P L

PCCP>0
PAC>0

P>0 or P=0
PAC<0 or PAC=0

Active Power Generation Active Power Consumption

 

Figure 3 Power flow at the PCC seen in the grid coupling converter [16]  

During the condition when generator active power P is larger than the self-consumption 

(ie., when PAC > 0, power is fed into the grid). Here, the power from photovoltaic unit 

compensates all losses. In another condition, when P < PL, then additional losses prevail, power is 

absorbed from the grid and not fed into the grid ie., PAC < 0. In the third condition, when P = 0, 

the standby losses have to be compensated by the active power from grid, resulting in PL = - PAC. 

Consideration of these conditions is necessary as the costs of energy losses compensated by the 

grid may be different when compared to the compensation by photovoltaic active power [16]. 

There are several advantages of renewable energy over conventional power generation 

(cf.[1].p.9). However, there are also considerable impacts. The following section explains these 

aspects. 

2.2.1.1 Size and Location of PV 

The impact of PV installed at various locations along with changes in its penetration 

levels has been seen to increase the voltage level. The research article [17] provides an insight 

through case studies showing PV with various penetration levels at different sites. It shows a 

variation size of 1 to 1692 kW that increases system voltage level up to 0.2%. The same research 

concludes that the best location for placing a PV inverter would be at the end of the line. The 

reason is that, the occurrence of a fault in any part of the line can be isolated before reflecting 

onto the customer end. PV serves as the downstream side for customers so that the number of 

outages can be reduced.  
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2.2.1.2 PV inverter to improve the voltage profile  

The ability of a PV inverter to inject real and reactive power stands as an important 

feature that is discussed in a simulative environment in this thesis. However in an unbalanced 

three-phase PDG, injecting real power from PV in any one phase deteriorates the voltage profile 

in the other two phases (cf.[17]. p. 88). This is a result of mutual impedance between phases.  

PV can influence in correcting losses and power factor of PDG. The research paper [18] 

discusses a possibility of reducing loss based on a power summation method.  

2.2.1.3 Reliability analysis of the PV generator 

While the system is in the stage of planning and analysis of operating conditions, 

calculation of its reliability through indices is helpful. It fosters uniformity in the development of 

distribution service in identifying the factors that affect the indices. Such analysis aid in reporting 

practices amongst utilities. (cf.[19].p.1). The calculation of indices for a PV grid connected 

generator is recommended as a measure of the reliability of the system. The IEEE guide for 

reliability indices presents its terms and definitions which are used as a base analysis in many 

research papers. Research work in [20] defines the reliability indices practices in US and also 

discusses outage factors and roles in reliability calculation. Along with these reliability analyses 

for planning and operating conditions, a few performance criteria that can be influenced and 

measured are described in the later sections.  

2.2.2 Electric Vehicle impact and Characteristic 

This section explains the EV charging strategies and general characteristics. The EV is 

seen as a potential that can provide two main functions namely grid-to-vehicle (G2V) and 

vehicle-to-grid (V2G) power flow. There is a plenty of research focussing on measures to resolve 

EV grid penetration impact [31][38]. The reason for this interest is that the EV control is flexible 

compared to a household load. Flexibility includes its characteristic that can act as both, a load as 

well as a source. Determining a curve based on EV fleet charging or discharging is less accurate 

as there is a very little historical data. Therefore a single EV profile needs to be acquired based on 

which the fleet behaviour can be modeled with its corresponding “plug-in” time. Several EVs 
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charging at the same period of time will increase the power demand on the grid as a function of 

voltage and amperage.  

2.2.2.1 Charging characteristics 

Duvall et. al., [21] discusses several options for connection EV to the grid. A comparison 

over charging time period as an example for three major EV categories (based on battery size) is 

provided in Table 1. EV with larger battery sizes require more charging time. The discussions 

include the EV charging analysis based on the voltage and amperage values. At 120 volts AC, a 

15 amp circuit can charge a 1.4 kW load, a 20 amp circuit can charge a 2 kW load. A 30 amp 

circuit can charge as much as a 6kW load at 208 or 240 volt AC supply.  

PHEV - 20 Battery size Charging circuit Charging time 

Compact Sedan 5.1 kWh 120 VAC/15 A 3.9 to 5.4 hrs 

Mid-size Sedan 5.9 kWh 120 VAC/15 A 4.4 to 5.9 hrs 

Mid-size SUV 7.7 kWh 120 VAC/15 A 5.4 to 7.1 hrs 

Full-size SUV 9.3 kWh 120 VAC/15 A 6.3 to 8.2 hrs 

Table 1 Time required for charging PHEV – 20 from 20% SOC to 100% SOC 

2.2.2.2 Plug in time of EV  

This is another important criterion. The optimum time for charging EVs, from utilities 

point of view could be varied for true optimization. In general, the power demand in the nights is 

low. From consumer‟s point of view, it is a comfort based preference, i.e., easy access to charge 

ones vehicle is during the evening hours (after return to home from work). One of the analyses 

shown in the ORNL report [22] uses a weighted average charging profile that calculates a rough 

aggregation. The number of EVs on road is multiplied with the hourly demand from the load 

curve for each region to calculate the hourly addition to the system electrical load. The article 

calculates weighted average values with a few assumptions. It broadly classifies the charging 

period to evening charge and night charge periods. During the evening it is assumed that half the 

number of vehicles are plugged in at 5pm and the other half at 6pm. During the night, a half of 
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the EVs are plugged in at 10pm and another half at 11pm. The vehicles remain plugged in until 

they are fully charged. A weighted average profile as a result of two assumptions is shown in 

Figure 4 (cf.[22].p.9). 

 

Figure 4 The resulting weighted average charging profile 

The utilities try to modify customer choices through pricing schemes (favouring night time 

charging), regulations and incentives. There are some features where the charger itself 

intelligently decides when and how much to charge based on SOC and charging rates [23]. 

The FERC‟s National Action Plan on Demand Response [10] has identified the study of how 

plug-in hybrid electric vehicles interact with demand response. Most of the research on EV 

penetration into the power system is based on fixed charge profiles which are not controllable. 

Though there have been different assumptions such as evening charge or off-peak charge, EV 

charge time is still in lack of flexibility. EV charge time and charge rate should be flexible for a 

realistic study. There is a need to perform analysis of EV penetration into the distribution 

network and the interaction with existing loads. In one possible scenario, the EV can be 

considered as one of the household loads and included in the appliance list that can perform 

demand response. In this thesis, the former alone is considered. ie., EVs are seen as mere loads. 

However it is essential to consider the V2G characteristics to have a detailed analysis of the EV 

support at LV grid. 
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2.2.2.3 EV deployment in PDG 

The extent to which the EVs are deployable in a PDG must be strategically planned. This 

again depends on the charging power level and charging time. The different charging levels and 

the time it takes to charge EV is listed in the Table 2. The fast chargers deliver energy in a short 

time interval but their high charging power result in pulsating loads that leads to voltage flicker 

affecting grid and transformer loading [9]. 

Charging Level Voltage (Volts) Current (Amps) Power (kW) 

AC Level 1 120 12 - 16 1.44 – 1.92 

AC Level 2 208 - 240 12 - 80 2.5 – 19.2 

DC Level 1 200-450V <=80A <=19.2KW 

DC Level 2 200-450V <=200A <=90KW 

DC Level 3 (fast charging) 200 – 600 V DC 250, 350, 400 A <=240 kW 

Table 2 Electrical rating for charging levels (cf. [15]. Section 5) 

2.2.2.4 Impact of Electric Vehicles  

Potential threats are one of the reasons for research on grid connected EV systems. When 

the EVs are considered to charge in an uncoordinated manner, the impact measured in terms of 

penetration (or seen as accumulation of large loads) is beyond a certain percentage of allowed 

levels. The research article (cf.[23]. sec 3.5) shows an average and extreme values of voltage 

deviations, and power losses in case of an uncontrolled hybrid electric vehicle charge with a 

penetration of 30%. In the case (considering extreme values), the power losses without EV 

charge at the grid is 1.7% whereas uncoordinated charging leads to double the power loss equal 

to 3.5%. The literature review in the following section discusses some methods to establish a 

charging scheme that reduces the impact of Electric Vehicles on the PDG. 
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2.2.2.5 Economic Potential Advantage of EV integration  

EVs bring many potential benefits to the power system. One of the most significant 

contributions is that their higher adoption will bring higher revenues for utilities. The research in 

(cf.[25]. sec. 2.2.2.3) refers to data from EIA for average electricity price and elaborates the use 

of EV‟s economical potential. An average retail electricity price is 11.36 ¢/kWh. A typical 

PHEV-20 with battery capacity of 6kWh on a daily charge can bring about $250 per annum of 

additional revenues for every single EV in service. Considering a penetration of 1% EV into the 

market in 2015 (conservative estimation from Morgan Stanley‟s report of penetration), sums to 

revenues worth 62.5 million dollars per year. 

2.3 Performance Criteria   

A list of problems discussed in section 2.1 can be measured and corrected through a few 

alterations in parameters, for which their performance criteria must be analyzed. For instance, a 

simple model can be assessed with criteria that can control the supply-demand mismatch, 

component overloading, etc... These parameters, when altered, can yield significant 

improvements for the grid tied system.  

This section lists a few performance criteria with which possible solutions and measures can be 

traced to address the electrical impact at PCC.   

 

 Amount of Self-consumption  

o Self-consumption means production and consumption of power in the same location. It is 

significant because it avoids power transmission & conversion loss.   

o Electricity prices and incentives in several countries, including Germany are focused on 

self-consumption to lessen the burden on power grids.  

o It encourages consumer‟s interest toward energy conservation. 

o Ideally the consumption matches generation, eg, if the PV power injected equals to the 

power consumed in the house. This is also referred to as matching and increases the 

prosumer characteristics (Prosumer is Producer + Consumer).   

o We define the Self consumption index as, 
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(2.2) ( 

SC - is defined as the self-consumption index   

tP - is the total power produced and  

fP - is the power fed into the grid 

 

 Amount of energy unused (peak power which would be wasted otherwise) 

o If the PV power produced is not used to the fullest extent, it is considered as wastage. So 

measures must be taken to use the peak PV power production to the fullest extent. 

o To quantify, the amount of PV generation exceeding the load demand, particularly in the 

peak power production time is formulated. 

o A generalized form of unused energy with EV load is given in the following equation.  

 



2

1

)()(

t

tt

lPVwasted tPtPE  where )()( tPtPx lPV  ; 21| txtRx   

(2.3)  

)()()( tPtntP EVEVcar   
 

)()()( tPtPtP fcarl   
 

wastedE - is the amount of unused energy; 

)(tPl
- is the power consumed by loads at time t; 

)(tPPV - is the power produced by photovoltaic cells at time t; 

)(tPcar - is total power consumed to charge EV’s at time t; 

)(tnEV - is average number of EV’s charged at time t; 

)(tPEV - is the average power consumed by a single EV at time t; 

)(tPf  - is power fed into grid in time t.  
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 Analyzing grid capacity  

o To improve the system efficiency, it is necessary to analyze the grid capacity so that 

measures can be taken to reduce the amount of unused line capacity. The available grid 

capacity can be improved through storage and/or load management [26]. The amount of 

power that the utility can distribute over an MV line is limited (based on voltage and 

thermal limits) which is further hindered by fluctuations in EV & PV power injection. 

Research paper [27] shows the potential to transfer extra energy within the capacity of an 

existing grid  

o By smoothing the peaks, line capacity is restored to its best efficiency (eg, storage). The 

examined capacity was made available by matching storage and flexible load management 

methods with supply and demand.  

o Research paper [26] examines the part of the capacity which is needed to supply the peak 

demand. This part is only partially used because the demand fluctuates over time.   

Measurement of the line capacity is shown below. Paverage is shown as the dotted line and 

Pload is the continuous line shown in Figure 5.  
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Figure 5 Levelling the load with storage 
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(2.4)  

Where, T  is the total time; 

1P
 
is the power of the load and n is the number of times the 1P  is equal to avgP ; 

max Storage,P  is the power stored and max Storage,E  is the energy capacity of storage; 
 

n  is total number of times  when 1P  is equal to avgP .
 

 

o The amount of loads that is supplied by distribution grid can vary with time. In such a 

condition, an additional extra load in peak demand period may not be met with power 

generation. This situation is opposite during off peak periods. Hence, the non-critical 

loads may have to be managed over time through load management. peakP  is the peak 

power over time, Pload is the regular load and extraloadP  is determined as shown below, 

)()()( tPtPtP loadpeakextraload   
(2.5)  

2.4 Possible Methods to Mitigate Impact at Grid Connection Point 

Below is a list of methods that can mitigate the impact at grid connection point.  

 

 Voltage drop correction:   

o Voltage drop can be corrected through the use of voltage regulating equipment (cf.[27] 

.p.758). Voltage-regulating equipment is designed to maintain a predetermined level of 

voltage automatically that would otherwise vary with the load. As the load increases, the 

regulating equipment boosts the voltage at the substation to compensate an increase in 

voltage drop at the distribution feeder.   

o Tap changing method for line voltage regulation (cf.[27]. p. 758) [28]: Taps are 

connections on a transformer winding through which the turn‟s ratio can be altered. 

Motor-driven automatic tap changers are necessary for voltage regulation with widely 

fluctuating loads (EVs). This is called Tap Changing Under Load (TCUL) or load tap 
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changing (LTC). LTC is us ed in distribution substations to keep the secondary line 

voltage at the proper level in response to load and primary voltage changes. 

o Regulating transformers are designed to provide a boost in voltage magnitude along a line 

or a change in phase (cf.[27]. p. 758). 

o Use of Capacitors: Most loads are lagging or inductive in nature. The line reactance is 

much greater than the line resistance. Switching shunt capacitors across a line will 

increase the voltage by reducing the inductive VARs drawn by line (cf.[27]. p. 758). 

 EV control based on the micro grid (MG) frequency and voltage:  

o One possibility to mitigate EV impact is by reducing the power drawn from the grid with 

respect to the system frequency through droop control strategy and Load frequency 

Control (LFC).  

o The frequency and voltage are an instantaneous indication for the power balance in the 

MG. It can be used to adapt the active power charging of the EV batteries and the amount 

of reactive power that is required from a PV inverter. For this purpose, a control approach, 

droop-controlled inverters was developed and elaborated (cf.[30]. p. I-133). This is done 

by reducing the power transacted between the grid, loads and PV with respect to the 

power system frequency and voltage.  

o Voltage drop in a distribution feeder can be corrected by applying voltage regulating 

equipment (cf.[27].p. 758), which is designed to maintain a predetermined level of voltage 

automatically. Without voltage regulating equipment, the level of voltage would vary with 

the load. As the load increases, the regulating equipment boosts the voltage at the 

substation or transformer station to compensate for the increased voltage drop in the 

distribution feeder. The influence and relation between voltage and frequency with respect 

to power at PCC is explained in the Chapter 3.   

Examples of voltage-regulating equipment are: 

 Tap changing or regulating transformers, 

 Use of capacitors or use of inverters with actively controlled power factor. 
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 Coordinated charging:  

o Controlled charge of EV (as a function of the voltage at the node where cars are 

connected) allows to charge an important number of cars within an acceptable period 

avoiding overloads of grid tied components. Uniformly distributing the charging of EVs 

to off-peak time is referred to as uniform coordinated charging (cf.[31]. p. 104 – 105). The 

permissible charging power is a function of the nodal voltage at which the EVs are 

connected. Controlled charging of EVs, allow charging of a significant number of cars 

within an acceptable period avoiding unacceptable voltage drops. 

o Staggering the PHEV charging time:  In the study [7], the stagger charge implies that the 

EVs are allowed to be charged only when the current load (kW) seen by the distribution 

transformer is less than a specified value, i.e. when the current distribution transformer 

load does not exceed its original peak load. 

 

 Power factor correction: A compensation device such as a Static VAR Compensator (SVC) 

may be used for power factor correction. An SVC is capable of providing reactive power 

within a very short period of time. The SVC is an automated impedance matching device, 

designed to bring the system closer to unity power factor, regulate the voltage and stabilize 

the system. SVC is installed to reduce voltage flicker in industries [32].  

 

 Load shifting:  

o A supply-demand mismatch can be eliminated or mitigated by means of storage devices 

(e.g. stationary batteries) and coordinated supply to meet demand with storage operation 

through an appropriate energy management. This notion is often referred to as “load 

shifting” i.e., a service which can be shifted to another time where demand is low or 

supply is high. This is feasible using storage (long term and short term). (For eg, Load 

shifting of the PV energy from day - to night using storage system). Batteries, flywheels, 

super conducting magnetic storage system and thermal storage like ice storage can also be 

implemented.  

o As the last condition, when all storage elements are completely used, dump loads might 

help to smooth the power fluctuation. A dump load is an electrical resistance heater that 

http://en.wikipedia.org/wiki/Reactive_power
http://en.wikipedia.org/wiki/Power_factor
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must be sized to handle the full generating capacity. Dump loads can be air or water 

heaters, and are activated by the charge controller whenever the batteries or the grid 

cannot accept the PV energy being produced. Excess energy is "shunted" to the dump load 

when necessary to a useful form (eg., using water heating tanks) [33]. 

 

 Demand response (consumer/grid based):  

o Demand response program shifts load by controlling the functions like air conditioners, 

refrigerators, water heaters, heat pumps, and similar electric loads (deferrable loads) to 

satisfy demand period.  

o The interaction between consumer & utility in a system is important as it allows control 

from service provider during emergency.  

o In interactive dispatch control, the utility can command an inverter, e.g. to ride through 

voltage sag. Interactive control will also enable the distribution system to direct the 

inverter to go off-line when there is a fault, rather than relying on multiple inverters, each 

supplying power to the grid, to independently detect a fault.  

2.4.1 Measures in equivalent cost factors with performance criteria. 

When any specific parameter is outside its specified limits at the PCC, it can be measured by 

considering the violation of the limits specified by the DSO. The violation (in case of voltage as 

an example) can be measured using different norms, such as  

1. The total number of occurrences of voltage limit violations, 

2. The magnitude of overvoltage or undervoltage, by which the limit is exceeded. 

3. The maximum overvoltage or undervoltage for all voltage limits violations. 

 

 Measure – Voltage Violation: The different violations of voltage limits at the PCC can be 

measured by the subsequent formula, which encompasses all of the three afore-mentioned 

criteria. The value of the violation can be associated with a suitable cost factor, if available. 

Otherwise the cost factor is 1 or 0, when the corresponding norm is not considered.   
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MCVCNCC MvNt   (2.6)  

tC  - the total cost function 

NC  - cost factor corresponding to N  

N  -  total number of times the limit is violated 

VC  -  the cost factor corresponding to V  

V  - the total amount of voltage deviation exceeding the limits 

MC  -  the cost factor corresponding to M  

M - Maximum amount of voltage amongst all violations 

 

A measure in this section is termed in reference to measuring the performance criteria which is 

essential for the research problem in-order to mitigate its impact. A few measures may involve 

statistical analysis ie., to collect the historical data and few measures require deterministic 

approach where values are determined. 

Performance Criteria: The performance of any energy management system can be measured by 

evaluating the cost function with respect to their individual parameter at the PCC. This 

performance can be used under different scenarios to develop and support EV charging with DER 

and storage. Independently the values of the cost factors and the cost function needs to be 

reduced to improve the performance.  

1. For 0 MV CC  and 1NC , a reduction in the cost function corresponds to a 

reduction of the number of limit violations. 

2. For 0 MN CC  and 1VC , a reduction of the cost function corresponds to a 

reduction of the total amount of voltage exceeding limits. 

3. For 0 VN CC  and 1MC , a reduction of the cost function corresponds to a 

reduction of the maximum voltage violation.  

  

 Measure – Quarter hour energy limit (at PCC) exceeding or not fully used: This relates to the 

typical energy supply contracts that contain a limit for the energy supplied within one quarter 

of an hour. If the corresponding limit is exceeded, high penalty costs have to be paid. As a 

consequence, violations of the quarter hour energy limit as specified in a typical supply 
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contract have to be avoided. Lower limits for the amount of energy supplied within a quarter 

of an hour might be one of the specifications in the contract. Depending on the structure of 

the energy supply contract, a common cost function can be specified analogous to voltage 

violation. All the cost functions refer to the energy demand at PCC. 

 MCPCNCC MPNt   (2.7)  

tC  - the total cost function 

NC  - cost factor corresponding to N  

N  -  total number, where peak energy demand exceeds energy limits 

PC  -  the cost factor corresponding to P  

P  - the total amount of energy exceeding energy limits 

MC  -  the cost factor corresponding to M  

M - the maximal peak energy demand exceeding energy limits 

 

 

 

Performance Criteria: The performance of an energy management system can be measured by 

evaluating the cost function (2.7) with respect to the energy demand required at the PCC within 

each one quarter hour time interval. Independently of the values of the cost factors, the value of 

the cost function needs to be reduced to improve the performance. See also Subsection of voltage 

violation in the previous section for further explanation. 

 Measure – Power Factor: The power factor (PF) is the ratio of the active power in (W) to the 

total power (active and reactive power) measured in the unit (VA). 

o The total penalty cost is a result of the large power fluctuation that violates certain DSO 

specified spectrum limits.  

QCECNCC cbat  1  (2.8)  

tC -
 
is the total cost; 

aC is the cost factor corresponding to 
1N specified by DSO 

1N - Number of times, the energy at PCC violates the quarter hour energy limits stipulated by DSO 
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bC  - is the cost factor corresponding to E specified by DSO 

E  - is the amount of energy above maximal threshold 

cC  - is the cost factor corresponding to Q specified by DSO 

Q - is the maximum amount of energy amongst all deviations from specified limits 

Note: During calculation, two out of the three cost parameters will be equal to zero 

 

 Harmonic content out of specified limits 

o The total penalty cost is a result of the Harmonics out of spectrum or violation caused for 

operating beyond certain DSO specified limits.  

mnmlt HCHCNCC  3  
(2.9)  

tC - is total cost, lC  is the cost factor corresponding to 3N  specified by DSO 

3N - Number of spectrum harmonics that exceed maximal spectrum DSO limit  

mC - is the cost factor corresponding to H specified by DSO 

H - is the amount of spectrum frequency out of the specified spectrum limit 

nC - is the cost factor corresponding to mH specified by DSO 

mH - Maximum frequency spectrum violation 

 Low average line capacity usage or untapped line capacity: The resulting cost incurred by the 

consumer due to improper utilization of the line capacity with reference to the explanation in 

the first paragraph under the section 2.4.1 is noted for line capacity here. This increases the 

capital cost, however improves the efficiency. 

MCVCNCC kjit  4  (2.10)  

tC - is total cost, 
xC  is the cost factor corresponding to 

4N  specified by DSO 

4N - is total number of spectrum violation exceeding the DSO stipulated limits 

jC
 
-  is the cost factor corresponding to V specified by DSO 

V  - is the amount of spectrum voltage out of the specified spectrum limit 

kC  - is the cost factor corresponding to M specified by DSO 
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M  - Maximum voltage magnitude violation 

 EV driving pattern and SOC values 

o The EV Driving pattern directly influences EV penetration as the number of workers 

returning home to charge their EV, add as loads to the regular peak demand period. 

The driving profile follows a similar pattern which is summarized in Table 3 

(cf.[35].p.13) based on vehicle sizes. From this table, the driving distance can be 

distributed with corresponding interval of time for a day. Further, the State of Charge 

values may be determined from the current and historical data.  

Vehicle 

Size 

Average daily distance covered by the vehicle Proportion 

2008 

Proportion 

2020 
(1-20km) (21-60km) (>60km) 

Small 9.9 km (37%) 36.7km (39%) 133km (24%) 53% 60% 

Medium 9.9km (33%) 37.2km (38%) 144.6km (29%) 24% 30% 

Large 11.1km (30%) 40.5km (38%) 143.7km (33%) 24% 10% 

Table 3 Driving Profiles of vehicles 

A test scenario in any future extension may use these criteria for system analysis.  
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3 Theory of Voltage and Frequency in Power Distribution Grid 

In this chapter, the basics of voltage and frequency stabilization are discussed. One of the 

control methods, droop control, can be used to control the injected power at PCC for 

stabilization. This method is briefed in this section. The last part of the section introduces the 

German GC based on which a simple model is studied in the forthcoming chapters. 

3.1 Power relation to Voltage and Frequency 

The frequency of a grid is dependent on the active power and the voltage of the grid is 

dependent of the reactive power. It is important to keep these two parameters, i.e., the voltage and 

frequency of the grid close to their normal values to maintain satisfactory operation of power 

system. In a simple case considering the whole power network, an Automatic Voltage Regulator 

(AVR) suffices to keep the voltage on target. The speed governor of the generator suffices to 

keep the frequency close to normal value by changing the load demand as needed.  

At the PDG – PCC, it is required to control the voltage fluctuation through either injection or 

absorption of reactive power supported by PV or a load and to control the frequency change 

through absorption or injection of real power, P supported by either PV or load. The related 

equations (3.1) to (3.4) are derived from (cf.[42].p.20); (cf.[39].p.161); [55]. 
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Figure 6 Power flow through a line (single line and phasor representation) 



 

27 

 

A and B are two different points considered at generation and distribution end of the single 

transmission line (2 node or 2 bus system). The power transfer along the line is derived in 

sinusoidal state. U1 and U2 are voltages at A and B. S is the complex power that is transferred 

from the sending end to receiving end. It‟s a combination of real and reactive powers whose units 

are in (W) and (VA).   is voltage angle also termed as torque angle. ϕ is the power factor angle at 

the point A. R is resistance of the line, X is reactance, Z is impedance. Q is reactive power. The 

active and reactive power flowing into the line at point A in Figure 6 is, 
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When the power flowing through the line in Figure 6 is considered inductive, 
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Voltage instability occurs when the power system is unable to maintain steady voltages at all 

buses. Also, the voltage instability stems from the attempt of load dynamics to restore power 

consumption beyond the capability of the power system (cf.[40].p.5). A power system subjected 

to a disturbance may be unable to return to a state of equilibrium once the maximum transferrable 

power limit has been reached after which the system is pushed toward voltage instability. In this 

state, the load restoration mechanism leads to a reduction in power consumed rather than the 

expected increase in power consumption; this is a definite indication of voltage instability [41]. 

The load is the main driver of this form of instability. Consider the one line diagram of a power 

system including an interconnected microgrid shown in  

Figure 13, where the total load in the microgrid is represented with a single motor at the PCC 

bus, and other loads are represented with a static load. 
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There are several articles that discuss efficient droop controller‟s designs to increase robustness 

of the grid in presence of the nonlinear loads (such as EVs) within weak grids (cf.[42].p.20). 

Further, Electric vehicle impact in particular has been the interest for many researchers. This 

chapter discusses the strategies, scenarios and methods available in literature to control the EV 

and PV grid impacts on a broader base in the forthcoming chapters.  

In the previous section, the relation of voltage and frequency on power at the PCC is discussed. 

This section elaborates the influence of feed-in active power and injection/ absorption of reactive 

power to control the voltage at PCC. In the Figure 7, the point S is at the source or transmitting 

end and the voltage at this point US can be assumed as constant. At high voltage levels, the grid 

voltage is controlled through different electrical equipments and compensation units. So there are 

very small variations. However, in an LV distribution line, shown as point L (PCC), the voltage 

magnitude UL varies. Voltages deviation corresponding to SL in different cases such as with and 

without loads, with and without PV is shown. [46]. 
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Figure 7 Voltage deviation at PCC in the LV side [46] 

The active power feed-in is     and the reactive power provided is represented as    .     is the 

short circuit apparent power whose impedance angle is     at the PCC „L‟. SL is the apparent 

power at point L. Under normal steady state conditions, the active power flows from the source to 
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the load. Its direction may not be controlled but the amount of power flow can be altered based 

on the reactive power injected by PV inverters. Due to this reactive power control at PCC, the 

voltage magnitude can be influenced. 

3.1.1 Droop Control  

The distributed generators have the potential to deliver reliable power that can be 

strategically planned. Through droop control, the system frequency and system voltage can be 

controlled. The frequency deviation signal is used to set the power output of the converter. 

However, there are several limitations for this use of frequency deviation alone. The drawbacks 

count slow transient response, unbalanced harmonic current sharing, frequency and amplitude 

deviations and high dependency on converter output impedance. Refer the droop characteristics 

of a conventional system for frequency deviation shown in Figure 8 (cf.[55].p.590).  The 

representation relates to the steady state speed versus the load characteristic of the generator unit. 

The ratio of speed deviation or frequency deviation ( f) to change the valve/gate position of 

power output ( P) is expressed in percentage R as, 

  
  

  
 NL  is the steady state speed at no load 

FL  is the steady state speed at full load 

0  is the nominal or rated speed 

Frequency 

or speed in 

p.u.

Power output 

in p.u.

0 1.0

NL

00 f

FL

f

P

 

Figure 8 Droop characteristics of power input for a frequency change at PCC 
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It is possible for a VSC to change its output voltage that could be initiated through a control over 

the PV‟s output voltage angle through droop. Since every VSC is connected to an output 

inductance value, the real and reactive power injection from the PV source is controlled through 

the change in voltage magnitude and its angle. [49].  

3.1.2 Angle Droop Control 

The instantaneous power passes through a low pass filter to obtain the average values of 

real and reactive powers P and Q. The VSC does not directly influence or control the microgrid 

voltage at the bus ttV  . From the formulation it can be inferred that a change in the angle 

difference ( t  ) influences a change in the real and reactive power fed into the grid. So the 

real power can be controlled by controlling  and the reactive power can be controlled by 

controlling the voltage magnitude. To simplify the formulations, the power requirement can be 

distributed among the PV‟s based on the conventional droop or change in the voltage magnitude 

and angle as given below.   

            
)( ratedrated PPm    (3.5)  

          
)( ratedrated QQnVV   (3.6)  

When the PV supplies its loads with a rated power level of ratedP and ratedQ , then ratedV
 
and 

rated are the PV‟s rated voltage magnitude and angles respectively. The coefficients m  and 

n  indicate the voltage angle drop corresponding to the real power and the voltage magnitude 

drop corresponding to the reactive power respectively. 

PfDroop  /   [pu] 

The conventional droop control method is given in [49] 

        
mPs   (3.7)  

       
nQVV  *

 
(3.8)  
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Here,  m  and n are the droop coefficients, s is the synchronous frequency (2  ), V is the 

converter output voltage magnitude, *V  is the rated voltage,   is its frequency, P and Q are the 

active and reactive power supplied by the converter. The frequency and voltage are controlled by 

the P-Q output of the PV sources.  

3.2 Introduction to the Grid Codes 

PV utility connected systems are increasing in Europe and utility has responded through 

several interconnection requirements to support grid operation and stability. In prior to 2009, the 

PV grid tied generators were not permitted to participate during faults and hence were 

disconnected during grid faults. Since early 2009, the increase in grid tied PV units necessitates a 

situation where the system needs to remain in connection with the grid during normal condition 

and during disturbances [34] [44]. This section elaborates the German Grid Codes for PV grid 

integration at LV line. Two requirements that must be considered are: 

 Steady state condition: The PV generators will participate in the steady state voltage 

control to keep the slow voltage changes within acceptable limits. PV units must be able 

to provide grid support by injecting reactive power and contribute to voltage control. 

 Dynamic network support: This is the voltage control related to a transient condition such 

as voltage dips. It is aimed to avoid disconnection of grid tied PV units as it feared that 

immediate disconnection of many such units might collapse the grid. At the time of 

certain grid faults, the PV generators will stay connected to the grid and inject short 

circuit current 

PV systems are mostly connected to the LV and MV lines of the Power Distribution Grids. 

Hence, it‟s a demand to focus on grid stability at LV/MV networks. Table 4 shows the basic 

requirements for grid tied generators in order to be integrated with the network. This study will 

include analysis over the following in the presence and absence of a delay in the inverter fed 

power at PCC. 

 Active power control for change in frequency  

 Static voltage support with reactive power 
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 Voltage support in the presence of a fault 

 

Voltage level Reactive Power Supply Frequency Band Active Power Derating /Hz 

LV (<10 kV)        0.90lagging to 0.90leading 47.5  50.2 Hz  Reduction gradient 40%  

Table 4 New Requirements for grid tied generator [45]  

3.2.1 Active Power Control 

The PV must be able to reduce its power output in case of over frequency. This ability 

allows the network operator to temporarily limit the feed-in power or even disconnect the plant.   

The plant must be capable of reducing the power output on a reduction gradient of 10% steps of 

the agreed rated output power. According to Figure 9, the PV will have to reduce the output 

power if the system frequency is beyond 50.2 Hz. The power reduction must follow a 40% per 

Hz gradient of the instantaneous available power,  P. The output power is allowed to increase 

only when the frequency reduces below 50.05 Hz. The maximum and minimum limits are 51.5 

Hz and 47.5 Hz respectively and whenever the value exceeds the limits, the PV is disconnected 

from the grid.  

 

Figure 9 Active power reduction GC for PV under overfrequency condition [34] 

3.2.2 Reactive Power Control for Static Grid Support  

The MV and LV grid requires a static grid support of reactive power injection to maintain voltage 

stability ie., to enable normal operation of the grid under slower voltage changes. Whenever the 

DSO demands operational requirements, the PV will have to supply reactive power for grid 

support. At the PCC, the PV has to ensure that every operating point maintains a displacement 

factor between the range, cos = 0.95under excited to 0.95over excited. 
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Reactive power feed-in from the inverter produces losses in lines and transformers [34]. The 

investigated reactive power supply methods are [46]. The set point value is set as shown, 

 Fixed displacement factor cos  

 Variable displacement factor depending on the active power cos (P): The power factor 

depends on instantaneous active power injection as shown in Figure 10.  

 Fixed reactive power  

 Variable reactive power depending on the voltage Q(U)  

 

Figure 10 An example to show  (P) characteristic 

The nominal voltage-supporting controller, Q = Q(U), is graphically depicted in Figure 11. The 

controller is a linear approximation of the voltage-supporting controller as specified, e.g., in the 

German GC for PV installations 46. Here, a change in voltage ΔU is supported by a reactive 

power injection Q (U). The reactive current deviation is mentioned as ΔIre. The controller may 

include a deadband value up to ±0.1 p.u along with a droop (or) gain setting of range 0 to 10 p.u. 

By default, the droop value is set to 2 p.u.   
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Figure 11Graphical representation of droop controllers with / without deadband  

3.2.3 Dynamic Grid Support  

Dynamic voltage support refers to the requirements of grid tied PV that needs to be 

fulfilled under a fault condition or grid disturbance. The requirements are discussed [43][ 34]. 

Fault Ride Through (FRT): This requirement describes the voltage stability of a system during a 

voltage drop that is caused due to a fault condition. The FRT criterion further defines the 

response of the grid tied PV system at PCC during and after a disturbance. This is important 

considering the amount increase in PV penetration into the PDG. The dynamic grid support 

ensures that the generating plants have to be able to 

 Stay connected to the during a fault 

 Support voltage fluctuation by providing reactive power during the fault 

 Consume less or same amount of reactive power once the fault is cleared 

This consists of two types of generating plants. The first is a synchronous generator directly 

connected to grid and second type is the DG plants such as PV. Type 2 alone is considered as this 

thesis focuses on DER, Figure 12 shows the limiting curves during a fault. Even in the case of a 

0% voltage drop due to a fault, the system must not disconnect PV from the grid when the 
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duration of fault is   150 ms. In Figure 12, there is no requirement for the PV to remain in 

network below the blue line (borderline 2). If the voltage drop is at values above the borderline 2 

and below the borderline 1, PV shall pass through the fault without disconnecting from the 

network. The simulation in this thesis follows an analysis in presence of a faulted condition. 

However, due to the time constraint, the simulations have not been associated to the GC 

requirements. This is a possible future extension. Any further analysis that includes the study of 

the same system in accordance to FRT would be beneficial in adapting it to the scenarios.  

 

 

Figure 12 Fault ride through capability of system for German GC [34] 

 

3.2.4 International Grid Codes 

The first three parts of section 3.2 elaborates the German GCs. There are several other 

standards developed by international organisations to promote a uniform-based requirement. 

Such standards aim to boost up the PV market further to facilitate the interconnection of 

distributed systems among neighbouring countries. This section briefs some of the important 

points of such standards (cf.[43].p.31-34),  
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 IEEE 1547 – Interconnection of Distributed Generation. This standard is in accordance to 

the IEEE 929-2000 and the UL 1741 covering recommended practices for utility interface 

of small-scale PV systems. It also lists important safety and grid performance 

requirements that influence several PV inverter technologies. IEEE 1547 focuses the 

technical specifications and testing standards, general requirements, response to abnormal 

conditions, power quality, installation evaluation and other requirements for 

interconnected generators up to 10 MW.  

 

 

 IEC 61727 – Characteristics of Utility Interface. This standard is specifically for PV grid 

tied systems operating in parallel with the utility and the PV systems interconnected to the 

distribution system. Another standard, IEC 62116, defines the testing procedures as cited 

in the IEC 61727.  

 EN 50160 – Public Distribution Voltage Quality. It defines the main voltage parameters 

and its permissible deviation ranges at the PCC in the MV and LV network under normal 

operation. A few parameters are of interest for designing the control of PV inverters 

according to this standard that is expected to fulfill 95% of testing period. For the 

remaining 5% of the period, other wider ranges are taken into account.  

o The voltage harmonic levels. Maximum THD is 8%. 

o The voltage unbalances (three-phase inverters). Maximum unbalance is 3%. 

o Voltage amplitude variations. Maximum   10% 

o Frequency variations. Maximum   1% 

o Voltage dips: duration   1 s at 60 % voltage dip 
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4 State Space and Component Model of the Test System 

In this chapter, a simple two bus model is described in its equivalent circuit for obtaining its 

corresponding state space model. When the system is obtained in state space representation, it is 

efficient from a computational standpoint for computer implementation. The formulations and 

linear representation are briefed for the VSC of PV inverter tied to grid and the short transmission 

line that are used. 

Mathematical modeling is pursued to improve the system design targeting certain system 

behaviours. The earlier chapters discuss the importance of static voltage and frequency control at 

the PV end to maintain the system stability. To evaluate these characteristics, a simple PV grid 

tied setup is modeled and analyzed in a simulative environment. This chapter elaborates the 

linearization of the model (i.e., state space model) with two grid-tied PV connected to a load at 

PCC whose basic schematic is give in  

Figure 13. This figure shows the power flow direction from PV to the micro grid and from the 

PCC to the loads. Essential parts of the system are represented in equivalent differential equation 

and state space matrix forms.  

SZUtility

PCC

Zm

1DG

Load

jQP
Bus

Zm

2DG

jQP

 

Figure 13 Basic schematic of grid tied PV with load  
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The line connected from the PCC to the utility is represented as source impedance, ZS that is 

elaborated in Figure 14 with inductive reactance and resistance. The output impedance of VSC is 

denoted by jXf. The motor or load impedance, Zm is a line representation consisting of inductive 

reactance. For transmission lines R/X ratio is low and hence X is predominant. However, this 

thesis is a distribution line where R is predominant. The direction of power flow is shown that 

DG1, DG2 (PV inverters) supply the power to grid and load through PCC.  

The PV grid tied inverter model consists of three main parts, the PV panel that can be considered 

as a DC voltage source, voltage source converter, a line connection the PCC represented with an 

impedance „L‟ all of which are connected to the external grid.  

Figure 13 represents a basic schematic of the grid tied PV system. Figure 21 and Figure 14 show 

a simple model and its equivalent circuit considered for analysis in this thesis. P, Q represents 

real and reactive power supplied by the PV. PL and QL are the real and reactive power demand of 

the load. The line resistances are denoted by R1, R2 and the inductances are represented as L1 and 

L2. P1, P2 and Q1, Q2 represent the real and reactive power supplied by the two DG‟s. Figure 14 

has two inverters VSC 1 and VSC 2 that are supplied by a common DC bus capacitor of voltage 

Vc.  

00sV

VSC 1

DG-1
dcV

L
O
A
D

VSC 2

DG-2
dcV

P1,Q1 P2,Q2
jX1 jX2

I1 I2

jXS

RS

PCCPCCV 

 

Figure 14 Electrical topology of the test system 
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4.1 Converter and Filter 

The state of art converter strategies are analyzed and a common model whose circuit 

topology is shown in Figure 15. The schematic consists of the PV panel represented as a DC 

source connected to a storage element either capacitor or inductor and then connected to an 

inverter circuit. This is connected to the utility or external grid through DC bus bar and capacitor 

element. An equivalent circuit is drawn including the main circuit components after which its 

differential equations are calculated for state space analysis. 

PV 
DC 

Filter
AC 

Filter

MAIN 
GRID

 

Figure 15 Equivalent circuit of a grid tied PV system with DC filter and Inverter  

The PV is assumed to be an ideal DC voltage source Vdc that is connected to the VSC. A single 

phase equivalent circuit for the VSC is given Figure 16 [49]. Commonly used voltage source 

converters for PV and grid connection are [49-51] (cf.[43].section 2).   

uVdc

i1

L1 R1

VP

Vcf

P1,Q1

C

 (a) 

uVdc

i1

L1 R1

VP

Vcf

P1,Q1

C

L2

i2

 (b) 

Figure 16  phase equivalent circuit of VSC ((a) LC and (b) LCL filter types) 
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 , seen in the Figure 16 along with the source Vdc is a control variable controlled by PWM 

signals of IGBT,  

  {      }. 

First order differential equations of the equivalent circuit with LC filter shown in Figure 16 is 

derived to be  

  

   
  

           
 

 
∫      

Since,   
  

  
, the following equation are derived to be 

       

  

  
   

   

   
 

 

 
 

  
   

  
           

 

 
∫     . 

For VSC with LC filter the following state space equations are represented in matrix form:  

[
 ̇ 

 ̇ 
]  [

 
 

 

 
 

   
 

  

  

] [
  

  
]  [

 
   

  

]  . 

(4.1)  

The filter state vector based on the circuit given is shown in the following equations  

There are several voltage control strategies that can be employed on the LC and LCL filter 

structures shown in Figure 16. The state space description of the system with LC filter is shown 

in the following equations [52]. Equation (4.2) defines the state vector and (4.3) defines the state 

space equation. 

   [     ] (4.2)  

cBuAxx   
(4.3)  

Where the matrices A and B are 
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  [
 

 

 

 
 

  
 

  

  

] and  

(4.4)  

  [

 
   

  

] 

(4.5)  

The state vector and space equation for system with LCL filter is shown in (4.6) and (4.7).  

   [       ] (4.6)  

Pc vKuBxAx 
 

(4.7)  

The matrices A and B can be expressed as (4.7) 

A=
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]   [

 
 

 
 

  

] 

(4.8)  

Where 
cu is the continuous time version of switching function u . Based on the simple 

model in this thesis, a suitable feedback control law )(kuc
can be computed. In both the above 

mentioned cases (LCL and LC), cu is a feedback control which is based on converter switching 

signal 1u which is generated through the A and B matrices. One of the several control 

strategies maybe employed on the available state matrices.  

A literature is reviewed that computes the feedback control using output feedback voltage 

controller and state feedback controller [52]. 
ttV   

     [        ] (4.9)  

Here, the converter output is the same as the voltage across the filter capacitor cfv and the 

controller action tracks with perfection when the error is within limit [52]. The system parameters 

are given in the appendix. 
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Figure 17 Equivalent circuit of VSC and LCL filter 

The equivalent circuit shown in Figure 17 is a combined form of both VSC and LCL filter 

represented together. RS and LS are the series resistance and reactance values in the circuit. The 

state space input A matrix of the VSC and LCL filter is given as,  
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       ]
 
 
 
 
 
 

 

(4.10)  

4.2 Short transmission line model 

A short-length line is termed as any line that is lesser than 80 km in length. The shut 

capacitance effect is negligible here. The resistance and inductive reactance are alone considered. 

Assuming balanced conditions, the line can be represented by the equivalent circuit of a single 

phase with resistance R, and inductive reactance XL in series (series impedance), which is shown 

in Figure 18 and Figure 19 (cf.[53].p.47). 
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Figure 18 Equivalent circuit of short transmission system  

The line losses are represented by their series L and R (inductance and resistance) and the shunt 

C and G (capacitance and conductance) values for infinitesimal lengths dz.  

Ldz Rdz Ldz

Cdz

Rdz

Gdz Cdz Gdz

dz dz
 

Figure 19 Short transmission line considering line losses 

Through a first order differential representation of the above circuit, the system behaviour of 

voltage and current can be analyzed.   is the frequency    . 

{

  

  
      

  

  
      

 

4.3 Solar cell and equivalent circuit 

The building block of the PV array is the solar cell, which is a p-n semiconductor junction 

that converts solar radiation into dc current using the photovoltaic effect. Figure 20 shows the 

equivalent circuit of the solar cell consisting of a current source, a diode and resistances in series 

and parallel [54]. PV cell is a non-linear device and can be represented as a current source in 
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parallel with diode as shown in the circuit Figure 20. The practical PV cell model includes the 

connection of series and parallel internal resistance Rs and Rp.  

ID Ish

I

IPV
RP
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Figure 20 PV equivalent circuit model 

 

The output current in this model is,  
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
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(4.11)  

q

AkT
Vt   

(4.12)  

cellPVI ,  = PV cell output current or photovoltaic current 

V    = Voltage across the cell 

tV   = Thermal voltage as a function of temperature T 

SR  = Equivalent series resistor 

satI = Saturation current of the diode of the array 

q
kTN cs  = Thermal voltage of array with Ns cells connected in series 

q = Electron charge (1.60217646 e−19 C); k = Boltzmann constant (1.3806503 e−23 J K−1) 

T = Temperature of the p-n junction measured in Kelvin K and  A = Diode ideality constant 
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The equation 4.11 is derived from the short circuit, maximum power point and open circuit 

values of VI curve of the single diode model shown in Figure 20. 

Active power calculation for the test system 

PV cells are generally grouped together to form larger units called models or arrays, in a 

combination of serial and parallel networks to provide the desired output current and voltage. Let 

the arrangement of number of solar cells be in Np-parallel and Ns-series, The network analyzed in this 

thesis contains a PV module set to STC with Vmpp as 35V and Impp as 4.58A. The active power of 

448.84 kW generated by the panel is calculated based on the 20 modules per string which is 

counted for 140 modules in parallel as shown below.   

2.64114058.4

7002035





parallel

series

ModulesA

ModulesV

           
kWPowerActive

IVPowerActive

84.4482.641700_

_




 

4.4 Further analysis of the simple network 

In order to study the stability of a microgrid, one of the suitable methods is to analyze its 

components through state space models using differential equations. A common reference frame 

may be chosen for this purpose and the voltages and currents may be converted to DQ reference 

frames. A simple model with two grid-tied PVs is shown with their corresponding linear 

quantities in this section. This also includes the controllers for state feedback, droop and a block 

that connects converter to the grid. Real power and reactive power output of the converter ( P, 

Q) is the input for the droop control. The droop controller sets the voltage reference values and 

feeds back to the converter. In this system, we are essentially dealing with small perturbations 

which determine the specific system behaviour for which a linear model is adequate at the PV 

generator internal buses.  
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5 System Modeling and Simulative Analysis 

The previous chapters have provided a literature and an investigation of a system with the 

EV and PV elements. This chapter analyzes the theory over a simple model in a simulative 

environment. For analysis, the simple model is simulated in accordance to the grid codes. It 

contains one and two inverter cases. A brief description of the software used for simulation along 

with a detailed description of the model is presented with results.  

5.1 Power system simulation tool  

Computer models of power systems are widely used for steady state analysis, load flow, 

dynamic and transient behaviour analysis of power systems. In this thesis, we use DIgSILENT 

Power Factory software [56] to perform power-system studies. 

5.1.1 Model Description 

In Power Factory, static generators are available as a generic model. The PV panel and the 

PV inverter that are available within the static generator are analyzed. The PV inverter has a 

control setup whose parameters can be altered. It is three phase, connected to an LV terminal of 

nominal voltage of 0.4 kV and has a system capacity of 0.5 MW.  

5.1.2 Base Model 

The base PV system built by DIgSILENT is available in the PowerFactory tool, which 

was analyzed in this thesis work as seen in Figure 21. The PV generator includes a number of 

control and design features integrated together at an LV terminal with nominal voltage 0.4 kV. 

The capacity of the system is 448 kW. For the purpose of analysis, simulations are carried out 

with one and two grid tied inverters in the same network, whose features are discussed. For basic 

analysis, the model is tuned to abide the German GC ([34], EEG, BDEW). The corresponding 

DSL codes highlighting important features are documented.  
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To show the voltage and frequency changes, the system is connected to an external grid and a 

voltage source in two different cases. Both the external grid and voltage source are inbuilt 

components.  

5.1.3 Photovoltaic Generator   

The PV generator is set to inject an active power flow of 448.84 kW during normal 

steady-state operation. The PV generator‟s details in Table 7 (in Appendix) are the parameters 

that can be altered. It is also to be noted that the Power factor is set to 1 at the PCC with LV 

terminal. The amount of real power flowing at the PCC depends on the MPP and a few other 

parameters of the PV array which are mentioned in Table 7. 

The active power values refer to the AC side i.e., the inverter side, which can inject a maximum 

of 475 kW. One of the characteristics while designing a PV inverter is to have a maximum limit 

of active power above the rated value accounting for the operation of inverter at 0.95 PF. The 

capability curve determines the reactive power limits of the inverter which is shown in the 

appendix (Figure 40). The parameters of minimum and maximum reactive power injected by the 

PV grid tie system are given in appendix. 

 

Figure 21 Single line diagram of the test system (DIgSILENT Power factory tool) 
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5.2 PhotoVoltaic grid tied system  

All the features included in the model of the PV inverter are shown in Figure 22. This section 

provides a brief explanation of the basic parts of the frame that is integrated within the PV 

generator setup. The BlkDef functions of the PV frame are described in appendix.  
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Figure 22 Control frame of PV system 

The slots numbered (1, 2, 3, 6) of the control frame are Solar radiation, PV temperature, 

PV model and DC busbar & Capacitor model. These together form the DC side of the inverter. 

It‟s only the external factors that might affect these models, such as solar irradiation and 

temperature reflected by their signals E and theta. An MPP tracking algorithm is used for 

calculating the output values of array model. The DC busbar and Capacitor model represents the 

connection through a shunt capacitor which inputs the DC side of the inverter. 

The Power Measurement, Voltage measurement, Frequency measurement slots along with the 

Active power reduction and Controller slots together, count as the AC side of the inverter. The 

basic control requirements for grid connection are set in accordance to the German GC, as 
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mentioned earlier. The active power reduction slot and the frequency measurement device (PLL) 

are responsible for curtailing frequency deviations. The controller slot 11 includes a reactive 

power support for voltage dips. This is set according to the Transmission code 2007. Currents in 

dq0 system are denoted as output of the controller id_ref and iq_ref. These are the reference 

values of active and reactive power injection. The Phase Measurement device, slot 9 is a Phase 

Locked Loop that synchronizes the output signal to that of the grid frequency. The output of slot 

9 is connected to the Static Generator. The following sections of this chapter elaborate each of 

these individual slots.  

Slot 1: Solar Radiation 

The PV power production is fluctuating in nature. Its intermittency increases due to several 

reasons such as cloud and dust. This intermittency causes voltage variation at the PCC especially 

in a weak grid [45]. The solar irradiation on the PV array directly influences the array current as a 

consequence of which, the power output changes. This slot is essential to assess the change of 

irradiance (dE) per second and integrate them over a period of time. For this thesis, the solar 

radiation slot is not altered, as this thesis does not count the irradiances caused by cloud effects or 

wind or dust. Changes in ramp rates can be shown through this slot and analyzed using power 

measurement device.  

Slot 2: Temperature slot 

While considering a PV grid connected system, after irradiance the temperature is considered as 

one of the influential factors of the PV system. This directly alters the voltage of the array. An 

integrator is used in this slot to represent the potential changes in temperature in the cell or 

module measured in the range of seconds. No parameter changes have been studied on this slot in 

this thesis. Simulations are carried out with a constant value of temperature input. 

Slot 3: Photovoltaic model  

This slot has five blocks of which the main is enclosed in a blue frame. This PV module block 

describes the basic properties of one PV module out of the entire array. The final values of this 

particular block are the current and the array voltage at MPP. Inputs in this slot are the operating 
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temperature “theta” and the irradiance “E” that are defined in slots 1 and 2. In addition, the 

voltage at the DC bus bar denoted as Uarray is also fed in at the input. The voltage is passed 

through a low pass filter to attenuate the high frequency signals during abnormal conditions. This 

is deactivated under normal conditions. Voltage per module is calculated by dividing the filtered 

voltage by number of serially connected modules.  

 

Figure 23 PV module with its input and output blocks 

The PV module consists of a built-in MPP algorithm whose basic codes are presented in 

Appendix. This algorithm calculates the voltage and current at MPP considering temperature and 

solar irradiation into account. Manufacturer details include au and ai (mentioned in the Appendix) 

that are used to correct the nominal electrical values which deviate the STC.  

Slot 4: Power Measurement 

This slot is used to measure power at any desired location. In precise, the PQ measurement 

device used at any connection point of the PV generator is implemented through this slot. In this 

model, the active power measured is used as an input value „Pist‟ to the “DC Busbar and 

Capacitor model” slot.  

Slot 5: Frequency measurement  

This is another similar measurement device used for frequency at any desired location. The 

device used in it is a PLL that is described in the following sections. The output of this slot fmeas 

is input to the “Active Power Reduction” block. This has a constant value of frequency regardless 

of instantaneous disturbances over a given time period.  
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Slot 6: DC Busbar and Capacitor Model 

This slot represents the connection where the DC side of the inverter is connected to the PV 

array. This slot consists of two inputs and one output between which four blocks are 

interconnected. An input Iarray in this slot is the output of PV model. The second input signal is 

Pist which is measured in slot 4. The output signal Udc is fed as an input signal to the PV module 

which is discussed as slot 3.  

The function of this slot is to divide the active power measured at a connection point (refer slot 

number 4) with the Udc to calculate the current in amperes (Amp) that runs through the DC bus. 

The units here have been transformed from MW to amperes. The resulting DC value is subtracted 

from the PV array current to find the differential value of the current running in the capacitor 

(capacitor is in parallel to the DC bus bar). The value of current is transformed to p.u. by 

considering the nominal base current. While such a transformation, since nominal base current is 

unknown, it‟s calculated through the known values of DC voltage and the nominal PV power. 

The p.u. current is integrated to calculate the voltage across capacitor which is the voltage of the 

DC bus and input of the inverter. At length, the voltage values are transformed from p.u. to 

nominal value V.  

Slot 7: AC Voltage Measurement Block 

The voltage measurement block outputs a signal Uac to the controller, which refers to the 

measured voltage at the LV bus. This similar block can be used at any required location point for 

measuring the corresponding voltage at that particular point.  

Slot 8: Active power reduction Block 

This slot consists of two blocks, a filter and “over-frequency power reduction” block. This slot 

represents one of the important features to reduce active power injected at PCC. The over-

frequency power reduction block is where the German GC is implemented. The inputs are 

frequency measurement fmeas from slot 5 and pred which is an input to the controller. The 

frequency signal passes through a filter that triggers a function to reduce any excess of active 
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power that is fed at PCC due to over frequency conditions. This follows a 40% gradient drop in 

instantaneous power value at that time per Hz increase as recommended by the GC.  

Slot 9: Phase Measurement Block 

This follows a similar explanation provided in Slot 5. This consists of a PLL which is a closed 

loop structure that contains three major parts. A phase detector, loop filter and a voltage 

controlled oscillator. An internal oscillator synchronizes by locking phase with a particular grid 

power signal. This element is capable of measuring frequency and phase of the system voltage. 

This block is used at the measurement point. The phase detector generates a proportional signal 

corresponding to the difference between  and   . The loop filter is a low pass filter that 

attenuates high frequency AC components. The VCO generates a signal whose frequency is 

compared to the given frequency and shifted as a function of input filtered voltage produced by 

the loop filter. 

Phase 
Detector

V

Loop Filter

Voltage 
Controlled 
Oscillator

V’

E

Epd Vlf

 

Slot 10: Static Generator 

This slot is the static generator component as described in the section 5.1.3, the PV generator is 

described in the slot.  

Slot 11: Controller Block  

The controller block has four inputs and two outputs as shown in Figure 24. The output 

components idref  and iqref are inputs for static generator slot through which the active and reactive 

power can respectively be controlled.  

For active power control part, the vdcref value calculated by the PV array model is denoted here 

as Umpp-array, which is the desired voltage value at MPP at the input end of the inverter (DC side). 

In order to attenuate high-frequency components, this value passes through a low-pass filter and 
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then to a lower limit block. The value here is compared with the minimum operating value of the 

inverter U_min that is set to a minimum inverter turn off value. Because of this comparison, the 

voltage value of vdcref0 is always above the U_min. vdcref0 is then subtracted from the actual 

voltage of the DC side of the inverter, udc, represented here as vdcin and also with dvdcref. The 

difference is denoted as dp which is sent through a low-pass filter. Finally, the dpd value enters a 

PI controller whose proportional gain is Kp and integration time is Tip. The id component that 

regulates the active power is calculated. The two limiting parameters of the PI controller is, 

id_min and id_max, and the variable pred from the active power reduction slot. The id parameters 

represent the minimum and maximum active current limits, while pred is the reduction due to 

overfrequency. 

For the reactive power control, the uac value is measured by the voltage measurement device 

which passes through a low pass filter. This value is compared with the voltage at steady state 

reference value, uac0. Both these values are compared to result duac, which represents the 

deviation in voltage    at PCC. The change in voltage is an input signal to the “Reactive Power 

Support” block, which follows the GC discussed under 3.2.  The DSL code shown in the 

appendix section Figure 44 defines a deadband of 10% of the nominal voltage and also 

determines the iq component, along with a factor K that is denoted by the droop parameters 

shown in the appendix section [Table 11].   

acq duKi 
  

Iq is written according to the Transmission code 2007. Iq_max and Iq_min are maximum and 

minimum reactive power limits for the “Reactive Power Support” block. The Iq and Id values 

calculated together with duac enter the current limiter block, in which the reference values of 

these components are calculated. Limiter sets the limit for maximum allowed values of absolute 

current and reactive current for normal operating conditions. 

To initiate a delay parameter in the model, the DSL of the active power reduction block and the 

current limiter of the controller blocks are altered. The altered main codes of DSL alone are 

mentioned here, and for a detailed DSL code of all the blocks refer the appendix section.  
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One of the output signals of the controller block is Iq_ref. The internal parameter linked to this 

output signal iqout, is changed by altering its DSL code in the current limiter block. The functions 

delay and absolute „abs‟ are added to initiate a 200 ms delay as shown below.  

 

 

 

Figure 24 Controller Block of PV grid tied inverter  

The simple model used is connected to a weak grid. The rigidity of a grid is determined by the 

short circuit power ratio, max_PVSCkl SSk   where SSC is the short circuit apparent power at PCC 

and SPV_max is the PV‟s maximum apparent power. The terminal‟s rigidity based on short circuit 

power ratio can be used to determine if whether a grid is weak grid or not [46].  

Also, by using the equation (2.1),   
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The SCR value is 2.221 (ie., < 10), the grid of the simple model is considered to be weak [5]. 

 

5.3 Simulation and Stability analysis 

Initially, the active power reduction in the presence and absence of the delay parameters is shown 

in this section of the paper. Active power curtailment refers to the ability of the generating plant 

to reduce its power output, as required by the network operator to address the stability issues. The 

German grid code mentions that the PV generator should reduce its power output when an over 

frequency occurs [34]. The GC defines over frequency as those values that are above 50.2 Hz. 

Under such a condition, a reduction in the power injected with a slope of 40% value at that 

instantaneous time is recommended for every Hz increase.   

5.3.1.1 Power flow studies 

In power engineering, appropriate Power-Flow study is a tool that involves numerical analysis 

applied to a power system. This study uses a simplified form of the network ie., one line diagram 

and per unit system.  

The objective of power flow study is to analyze the steady state performance of the system under 

different operating conditions. In particular, the voltage magnitude, phase angle at each bus and 

the power flow through each line, including the power consumed at the buses, is the basic power 

flow question for a given power system. This analysis remains the basis for planning, design and 

operation of any electrical power systems. Such studies are hence needed to assess the allowed 

EV and PV penetration level for a given network in order to ensure that the maximum voltage at 

the point of common coupling (PCC) and lines current carrying capacity are not exceeded. 

 

5.3.1 Time Domain Analysis for active power reduction  

5.3.1.1 Active power reduction with and without delay  

Frequency of the external grid is changed from 50 to 52 Hz at 0.25 sec that initiates active power 

injection at PCC. The active power reduction control is set according to the grid code with a 

gradient of 40% per Hz above specified limit. Active power measured in Per Unit at the PCC is 
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simulated and presented in the Figure 25 to Figure 30. As discussed in the earlier sections, it is 

expected that a delay in the active power fed at PCC might result in low frequency oscillation. 

The impact due to the switching time difference between two inverters is also simulated.  

  

 

Figure 25 Frequency change and active power reduction with a delay 
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Figure 26 active power measurement (Inverter 1: 0ms; Inverter 2: 0ms) droop 2 (Watt/V) 

 

 

 

 

Figure 27 active power measurement (Inverter1 and 2: 100ms) droop 2(Watt/V) 
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Figure 28 active power measurement (Inverter 1:100ms; Inverter 2:0ms) droop 2(Watt/V)  

 

 

 

 

Figure 29 active power measurement(Inverter1:100ms; Inverter2:200ms) droop 2 (Watt/V) 
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Figure 30 Active power measurement (Inverter1:100ms; Inverter2:300ms) droop 2(Watt/V) 

From the above simulations, it is clear that the average system frequency change, when supported 

with an active power injection causes a pulsating power in case of a transportation delay. The 

fluctuation at PCC increases with delay, droop values and is dependent on the switching time 

between two inverters. In the absence of a delay, it can be inferred that there exists a dip in the 

active power (which is only due to frequency change) without any fluctuations at PCC. A few 

measures suggested in the section 2.4 with changes in their performance criteria mentioned in the 

section 2.3 are possible solutions to mitigate this under damped oscillation nature.  

5.3.2 Static voltage support with and without delay 

Voltage across a grid will change due to the switching of large loads. A set of loads are turned off 

at 2 sec to initiate a voltage change at PCC. The reactive power fed at this point is controlled by 

the inverter based on voltage deviation. According the GC, a deadband of 10% and a droop of 2 

     
 ⁄   is recommended. 

       
                                                    

                                               
 

The simulations carry a constant droop of 20      
 ⁄    and a deadband of 0% with different 

inverter delay periods. The oscillation in reactive power is seen to gradually reduce within a few 
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seconds. However, it depends on the amplitude of oscillation which invariably depends on the 

voltage droop, deadband and the inverter delay period.  

 

Figure 31 Voltage and reactive power fed at PCC with inverter delay = 10 ms; deadband = 0; 

droop = 20 (Watt/V) 

  

Figure 32 Voltage and reactive power fed at PCC with inverter delay = 100 ms; deadband = 0; 

droop = 20 (Watt/V) 

 

(s) 

(s) 
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Figure 33 Voltage and reactive power fed at PCC with inverter delay = 200 ms; deadband = 0; 

droop = 20 (Watt/V) 

The results for the reactive power injection at PCC are inferred to be dependent on the same 

parameters as that of the active power injection mentioned in section 5.3.1.1. It is clear that a 

voltage changes at PCC due to the sudden addition of loads. Injection of reactive power as a 

support to restore the voltage is seen to oscillate when a delay (in reactive power injection) is 

considered. The fluctuation at PCC increases with the inverter delay period, voltage droop value 

and affects the amplitude of the fluctuation that directly impacts the net stability of the LV grid. 

This effect can be mitigated through a few measures, such as designing an efficient inverter 

control to reduce the delay period, along with Demand side management. This would address a 

better control over the increasing PV penetration to electrical load time management. There are 

other measures in section 2.4 that might provide possible solutions to reduce this impact.   

5.3.3 Voltage support for system under fault condition 

This section is an extension to the analysis performed in 5.3.2. A fault condition with an 

additional PV inverter rated the same as the first are the inclusions made here. It is inferred that 

the oscillations due to delay increases in the presence of a fault. Through simulations, a single 

(s) 
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phase line to ground, a two phase and a three phase faults with different delay values are 

analyzed. A parameter event initiates a fault at 4 sec which is cleared within a period of 100 milli 

seconds. The impact it generates on the same system is shown in this section.  

 

Figure 34 Single phase line to ground fault at t=4s clearance time 100 ms, 0 ms delay 

 

 

Figure 35 Single phase line to ground fault at 4s clearance time 100 ms, delay 100 ms 
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Figure 36 Three phase fault at t=4s with clearance time 100 ms, 0 ms delay 

 

Figure 37 Three phase fault at t=4s with clearance time 100 ms with delay 100 ms 

The impact due to a three phase fault along with an inverter feed-in delay has more deviation and 

spikes when compared to the region 1 (absence of a fault). The system as such can restore itself 

to a steady state condition in case of a single phase or three phase fault, but with some 

oscillations in presence of a delay in inverter fed power. This might lead the system to an 

unstable state for a certain period of time. Refer appendix section v for simulations performed for 

different faults with different delay times for the simple two bus model. 
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Fault 

type 

Delay period 

[ms] 

Voltage level in the LV bus  Reactive 

Power (Inverter) 

Active 

Power (Inverter) 

Inverter 1 Inverter 2 1 2 1 2 

[p.u.] kV [p.u.] kV [p.u.] [p.u.] [p.u.] [p.u.] 

3  to 

ground 

100 100 1.059 0.245 1.056 0.244 -0.06 -0.25 0.26 0.17 

200 100 0.784 0.181 0.657 0.152 -0.09 -0.3 0.35 0.18 

10 100 0.938 0.217 1.030 0.238 -0.09 -0.35 0.38 0.45 

2  to 

ground 

100 200 0.938 0.217 1.031 0.238 -0.09 -0.35 0.38 0.45 

200 200 0.951 0.22 0.854 0.197 -0.05 -0.3 0.28 0.12 

10 200 0.939 0.217 1.033 0.238 -0.09 -0.35 0.38 0.45 

3  to 

ground 

100 10 0.998 0.230 1.091 0.252 -0.05 -0.36 0.34 0.45 

200 10 0.939 0.217 1.031 0.238 -0.09 -0.35 0.38 0.45 

10 10 0.942 0.218 1.037 0.239 -0.09 -0.34 0.38 0.45 

 

Fault type Delay period [ms] Line connected to the external grid 

P (MW) Q(MVAR) Overloading (%) 

1  to ground 100 100 0.37 -0.34 189.37 % 

200 100 0.31 -0.51 303.28 % 

10 100 0.59 -0.56 347.67 % 

2  to ground 100 200 0.59 -0.56 347.67 % 

200 200 0.29 -0.40 208.61 % 

10 200 0.59 -0.56 347.33 % 

3  to ground 100 10 0.59 -0.56 346.68 % 

200 10 0.59 -0.56 347.51% 

10 10 0.57 -0-52 310.72 

Table 5 Aggregated results under fault conditions for the test case 
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5.3.4 Quantitative analysis of simulation results 

For the simulated results in section 5.3.2 the oscillations are analyzed following a switch of the 

loads by a fitting procedure. In order to get a quantitative estimate of the frequency f, amplitude 

A, damping time   , we fit the oscillations to an exponential decaying oscillating function with to 

as the starting time of oscillation and B as the offset value. The fit function is,   

BttAetA
tt




))(cos()( 0

/)( 0 
 5. 1 

The result of the fitting procedure shown in Table 6 summarizes the fit parameters obtained for 

simulations with different delay times. Figure 38 is the fit result of Figure 32 in MS Excel.  

 

Figure 38 The underdamped oscillating curve from Figure 32 is plotted after Curve fitting 

Fitting Variables Values Obtained after fitting 

Delay time (ms) 10 100 150 200 250 

A 0.185 0.184 0.185 0.24 0.355 

ζ (tau) 0.01 0.524 0.01 2.131 3.139 

ω 0.064 0.035 0.053 0.067 0.008 

B 0.73148 0.73021 0.73081 0.73 0.73019 

Table 6 Fitting Variables tabulated for a few delay periods 
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Figure 39 The values summarized in Table 6 are plotted with reference to delay time 

 

For the set of simulations performed for voltage support with different inverter feed in delay 

times, their oscillation are fitted and analyzed as shown in Figure 39.   is the decay time 

calculated to find the envelope of the underdamped oscillation. It is seen that for an increase in 

the delay time, the fit parameters , A and f are seen to be increasing. The offset value B 

decreases with an increase in the delay time.  

5.4 Developing a Scenario for grid tied Photovoltaic and Electric Vehicles  

This section describes a set of scenarios that may be considered on a test case based on a 

common pattern referred from literature, particularly the different EV charging strategies. The 

researchers have predefined a set of scenarios to highlight the same. In addition to this, the 
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characteristics mentioned under section 2.2.2 may also be included. The scenarios compare 

uncontrolled and controlled or staggered charging patterns of EV [4][7][31][37][38]. One of the 

papers, Calero et al., [4] studies six different scenarios on an LV - PDG in the presence of both, 

controlled and uncontrolled EV charging patterns to find its grid impacts. The analysis was based 

on the power demand curve of houses and solar radiation curve.   

On a common note, most of these papers contain a base scenario with constant loads, and DGs. A 

second scenario includes storage elements in addition to the base loads and DG. Third scenario is 

an extension to the second along with an additional predefined number of Electric vehicles per 

node (at the grid level). Three scenarios are combined in different forms in different papers. The 

idea of these scenarios is to compare the controlled and uncontrolled EV charging pattern, 

influence of a PV and storage in the system. The comparative results of aggregated load i.e., 

uncontrolled EV load, during evening peak demand period is considered as an inefficient 

condition and hence most researchers support a control over the EV charging.  

To relate the available research scenarios with our project interests, following infrastructures are 

suggested. The infrastructures include different elements in every single case. As an example, 

three building infrastructures and three grid infrastructures are suggested to better explain the EV 

and PV grid connection.  

5.4.1 Scenario 1  

Initially, a base setup for residential building can be considered that contains at least a single 

DC or AC charging station for EV combined with a standard (regular every day load) building 

load. To specify the scenario in depth, certain statistical and deterministic values for the EVs and 

charging stations (with and without co-ordinated charging) can be noted. This scenario can be 

simulated without considering PV and storage elements.  

 Data For Electric Vehicle can include  

o EV distribution time (based on driving pattern, arrival and departure time).  

o Battery status of EV, charging time (based on SOC) 

 The charging stations can be detailed with some deterministic values of  

o Number of stations and type of each station  
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o Energy profile for charging process 

o Recovering time between charging two vehicles 

 Other general characteristics that could to be considered are 

o Amount of energy available in each time interval must be determined. 

o Power quality requirements including voltage limits, power factor limits and a few 

others mentioned in sections 2.3 and 2.4.1 can be considered. 

o This also includes specification of boundary conditions while charging. 

 

5.4.2 Scenario 2 

This is an extension of the section 5.4.1 with an inclusion of storage facilities and electric 

loads that can be varied and controlled. The integration of storage with regular loads increases the 

ability of load shifting.  Further, the variable electrical loads assisted through a demand side 

management can be altered based on the source availability with controlling. It is possible to 

impose lower and upper limits to the consumed energy with certain constraints. Additional 

constraints imposed on the storage devices and the variable consumers, requires the state of each 

piece of equipment to be equal at the initial and end of the considered time horizon. This scenario 

can be elaborated through deterministic values of the following constraints: 

 For Storage, certain details like maximal storage capacity, maximal change of storage level 

per period, initial and final storage level will have to be specified. 

 Details for consumer with variable demands will include maximal and minimal energy 

demand per period and energy level to be obtained after a certain number of periods.  

 

5.4.3 Scenario 3 

This infrastructure is an extension to the one specified in Subsection 5.4.2 with an inclusion 

of DER such as PV. If bidirectional chargers were installed, the ability of EVs to supply energy 

to the grid or building would have a similar effect as storage. In addition to the previous data,  

 For DER, statistical data for the amount of power produced with an additional deterministic 

data for power quality of the produced energy will be helpful in a scenario study 
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6 Conclusion and Future work 

This chapter summarizes the findings of the thesis. The EV and PV integration at PCC are in the 

early stages of realization, so there are several technical problems involved in such integration. 

Reconciliation is required as it is a natural coincidence between peak electricity demand and 

vehicles returning to a residence after a daily commute. This thesis discuses a few impacts at the 

PCC and a few measures to mitigate them with certain performance criteria.  

This thesis focuses on one of the impacts due to an error in grid synchronization causing delay in 

the PV power injection. For analysis purpose, a generic model, complying with the German Grid 

codes is selected and examined in a simulative environment. The PV system is modeled by a static 

generator along with a control scheme for active power reduction and reactive power injection for 

voltage support. The EV is assumed as loads in this case.   

The model is validated for power injection in accordance to the German GC for LV-PDG. For a 

stable operation of a power distribution network comprising DER (i.e., PV or wind) generators 

with voltage-supporting controllers (Q = Q (U)) and active power reduction controllers. The 

voltage and frequency measurement delay should be as small as possible. Given a certain amount 

of voltage or frequency measurement delay in a PV inverter, the PV inverter controller‟s droop 

gain must be chosen small enough in order to guarantee a stable operation. The range of suitable 

droop gain depends on the properties of the power distribution network to which the PV inverter is 

connected. Based on the findings presented in this thesis, the set of all suitable (i.e., stabilizing) PV 

controller parameters can be determined by means of numerical simulations. With an analysis over 

the present German GC, and the potential problems that might rise with a transportation delay, it 

will be an essential part for the grid codes to address the grid under such conditions. Some 

modifications for grid tied PV systems as stated by the GC can include additional details such as 

how and to what extent the effect of fluctuation can be mitigated in case of the latency as seen in 

this thesis.  
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The problem of voltage, frequency and power flow oscillations may become more severe and will 

be more difficult to treat if the power network topology is more complicated and if the power 

network contains more than one DER generator. Investigating such complicated setup will be the 

topic of future work. ie., the analysis may be extended to a simple micro grid as a case study, LV- 

PDG. The load flow and EV charging pattern is documented in this thesis. In the later stages, an 

analysis over EV, with Vehicle to Grid capability will be studied. Also, its integration with PV can 

be controlled in the presence of BESS (Battery Energy Management System). An addition of 

FACT devices in such a system could potentially influence to reduce the oscillations at PCC. 

Further, the stochastic nature of the load can be modeled (to analyze the EV charging pattern as an 

example) for a specific parking zone that is connected to the immediate MV or LV-PDG.    
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Appendix 

i. Line characteristics under normal steady state conditions 

System quantities Parameter values 

1-2 sequence 0 sequence 

System frequency 

 

50 Hz 50 Hz 

Load (RL)  260 kW 260 kW 

Line Resistance (RLine) 0.1264 ohm   0.5057 ohm 

Line Reactance (XLine) 0.06597 ohm 0.2638 ohm 

Line Susceptanec (BLine) 336.1504 micro Siemens  184.7571 micro Siemens 

Rated Line current  0.36 kA 0.36 kA 

Table 7 General electric characteristics of line and load at steady state condition 

 

ii. Parameters used in the DIgSILENT Photovoltaic model 

DC Busbar and Capacitor 

Parameter Symbol Value 

Capacity of the capacitor on DC busbar [s] Capacity 0,0172 

Initial DC voltage [V] Udc0 700 

Nominal DC voltage [kV] UdcN 1 

Rated Power [MW] Pnen 0,5 

Table 8 Parameters used in DC Busbar and Capacitor 
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PV Array slot 

Parameter Symbol Value 

Open circuit voltage of module in STC [V]  UI0 43,8 

MPP voltage of module in STC [V]  Umpp0 35 

MPP current of module in STC [A]  Impp0 4,58 

Short-circuit current of module in STC [A]  Ik0 5 

Temperature correction factor (voltage) [1/K] au x -0,0039 

Temperature correction factor (current) [1/K]  ai 0,0004 

Number of modules connected in series [-]  nSerialModules 20 

Number of modules connected in parallel [-]  nParallelModules 140 

Time constant of module [s] Tr 0 

Table 9 Parameters used in PV array slot 

 

 

 

Active Power Reduction 

Parameter Symbol Value 

Start of active power reduction [Hz] fUp 50,2 

End of active power reduction [Hz] fLow 50,05 

Gradient of active power reduction [%/Hz] gradient 40 

PT1-Filter Time Constant [s] Tfilter 0,01 

Table 10 Parameters used in Active power reduction slot 
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Controller 

Parameter Symbol Value 

Gain of the active power PI controller [-] Kp 0,005 

Integration time constant of the active power PI controller [s] Tip 0,03 

Measurement delay [s] Tr 0,001 

Time delay MPP-Tracking [s] Tmpp 5 

Deadband for AC voltage support [p.u.] deadband 0,1 

Droop static for AC voltage support [-] droop 1 

i_EEG = 0 according to TC2007; i_EEG = 1 according SDLWindV [-] i_EEG 1 

Minimum active current limit [p.u.] id_min 0 

Minimum allowed DC - voltage [V] U_min 333 

Minimum reactive current limit [p.u.] iq_min -1 

Maximum active current [p.u.] id_max 1 

Maximum reactive current [p.u.] iq_max 1 

Maximum allowed absolute current [p.u.] maxAbsCur 1 

Maximum absolute reactive current in normal operation [p.u.] maxIq 1 

Table 11 Parameters used in Main Controller slot 
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Slot Name  Description  Type  

Static Generator  Representation of the inverter in the single 

line diagram  

*.ElmGenstat  

Photovoltaic Model  DSL model of the PV cell  *.ElmDsl  

DC Busbar & Capacitor Model  DSL representation of the DC system (in 

not included in the static generator model)  

*.ElmDsl  

Controller  Control unit, regulates the DC voltage and 

the reactive power  

*.ElmDsl  

Power Measurement  Power measurement device, needed for 

control feedback  

*.StaPqmea  

AC Voltage  AC voltage measurement device, needed 

for fault detection  

*.StaVmea  

Phase Measurement  PLL, needed for voltage angle 

measurement, input to the static generator  

*.ElmPhi__pll  

Active Power Reduction  DSL model with power reduction logic in 

case of over frequency  

*.ElmDsl  

Slow Frequency Measurement  PLL, with slow settings for measuring the 

frequency  

*.ElmPhi_pll  

Solar Radiation  Slot for radiation model (filled with 

inactive ramp model in the template)  

*.ElmDsl  

Temperature  Slot for temperature model (filled with 

inactive ramp model in the template)  

*.ElmDsl  

Table 12Frame Description for slots used for PV grid tied model in Power Factory 
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Figure 40 Capability curve that determines the amount of reactive power injection [56]. 

 

 0.00 p.u. 0.10 p.u. 0.50 p.u. 0.80 p.u. 1.00 p.u. 

0.95 p.u. 0.296 0.296 0.296 0.296 0.296 

1.00 p.u. 0.312 0.312 0.312 0.312 0.312 

1.05 p.u. 0.328 0.328 0.328 0.328 0.328 

Table 13 Matrix for Qmax (p.u.) 

 

 0.00 p.u. 0.10 p.u. 0.50 p.u. 0.80 p.u. 1.00 p.u. 

0.95 p.u. -0.296 -0.296 -0.296 -0.296 -0.296 

1.00 p.u. -0.312 -0.312 -0.312 -0.312 -0.312 

1.05 p.u. -0.328 -0.328 -0.328 -0.328 -0.328 

Table 14 Matrix for Qmin(p.u.) 



 

81 

 

iii. DIgSILENT code for Photovoltaic grid tie model  

 

 

Figure 41 DSL code for active power reduction block 

 

Figure 42 DSL code in current limiter block 

 

Figure 43 DSL code in the PI controller Block 

 

Figure 44 DSL code in the Reactive power support block  
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Figure 45 DSL code PV array Module 

 

iv. Fault ride through capability: 

The Fault Ride-Through capability abbreviated as FRT is a part of the dynamic voltage 

support that covers Low Voltage Ride-Through (LVRT) and reactive current injection 

requirements. The grid tied PV system need to provide dynamic grid support as per German GC 

that has framed a specific standard to examine LVRT behaviour. For static generator (absence of 

synchronous generator) the GC specifications are mentioned in the Table 15. The tests performed 

in reference to the prescribed standards are pursued whose specifications are mentioned in for 

such a condition it is necessary to analyze the system capabilities under fault conditions (single 
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phase line to ground & three phase fault). So, the test model is studied for its FRT capability in 

the presence and absence of a delay of 100 ms. (Delay is in the inverter power fed at PCC).  

Test Maximum allowed line to line voltage U/Un Fault duration [ms] 

1   0.05   150 

2 0.2 – 0.25   550 

3 0.45 – 0.55   950 

4 0.7 – 0.8   1400 

Table 15 German GC for testing fault ride through conditions 

 

v. Simulations performed with different time delays under fault conditions  

These simulations are an extension to the discussion in 5.3.3 for different set of fault and delay 

times. The system might become unstable for larger delays as seen in Figure 49. 

  

Figure 46 1 phase and 3 phase faults, Inverter 1 and 2 delay: 0 ms 
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Figure 47 1 phase and 3 phase faults, Inverter 1 and 2 delay: 10 ms 

  

Figure 48 1 phase and 3 phase faults, Inverter 1 and 2 delay: 100 ms 

  

Figure 49 1 phase and 3 phase faults, Inverter 1 and 2 delay: 200 ms 



 

86 

 

 

Figure 50 1 phase and 3 phase faults, Inverter 1: 100 ms and inverter 2 delay: 200 ms 

 

vi. Transformer Overloading 

The Figure 51 shows histograms of the future transformer loadings as discussed in [14]. The 

scenario without EV is considered as a base case. A regular 1% growth is shown as a line graph 

behind the histogram bars in the same case. Also, the amount of overloaded transformers in the 

different scenarios is displayed. The threshold value for a transformer to be overloaded is chosen 

to be 1.16 rather than one. This ensures that any instantaneous peak values are within the 

sustainability limits of the standard transformers compared to its nominal capacity. It should be 

noted that the value 1.16 is based upon historical load profiles (where a peak was normally 

sustained for short times). We use the value of 1.16 both the cases here. The uncontrolled 10kW 

charging scenario shows the largest amount of overloaded transformers: roughly 50%. Compared 

with the controlled charging scenario (21% overloading), which is a significant increase.  
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Figure 51 Loading distribution of a transformer considering 75% of households with EV  


