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Abstract 
The increased penetration of grid-connected roof-top photovoltaic (PV) systems 

distribution feeders is leading to technical issues to electric utilities, mainly voltage 

fluctuations and violations to the grid codes limits. Furthermore, the legacy voltage 

control devices such as transformer’s on-load tap changers (OLTC) and switched 

capacitor banks need to be operated more frequently than usual with PV penetration and 

could only alleviate slow-moving voltage fluctuations.  

 

Ancillary services from Photovoltaic (PV) inverters can alleviate the impact of the rapidly 

growing PV penetration by increasing distribution system flexibility and addressing 

voltage regulation issues. However, the required communication infrastructure and 

smart grid integration challenges limit broad deployments of PV ancillary services. This 

thesis proposes a cost-effective volt/var (VVC) control scheme of multi-string PV 

inverters for active voltage regulation and reactive power ancillary services using the 

existing smart distribution infrastructure to avoid upfront costs of PV ancillary services. 

The proposed VVC model is developed in MATLAB/Simulink to adapt PV reactive 

power compensation according to X/R characteristics of the distribution feeder for 

effective voltage regulation. A volt/var optimisation model is proposed based on particle 

swarm optimisation to coordinate the reactive power dispatch of PV inverters with the 

legacy voltage regulation devices to resolve the operational issues of distribution feeders 

at high PV penetration levels.  

 

Transient voltage analysis and quasi-static time series (QSTS) simulation analysis are 

conducted using Matlab/Simulink and OpenDSS co-simulation environment.  

A porotype is designed based on the compiled Simulink PLC code and verified in 

CODESYS IEC 61131-3 standardization tool to address the practical considerations of 

controlling multi-string PV systems and smart grid integration challenges. The proposed 

VVC scheme is implemented using remote terminal units (RTU) in a real-world PV 

system with multi-string inverters for experimental validation.  
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Quasi-static time-series simulation and experimental results demonstrate the validated 

effectiveness of the proposed control scheme in controlling fast PV fluctuations, resolving 

voltage issues, voltage flickers, and enabling higher PV penetration. Furthermore, the 

proposed VVC control algorithm of PV inverters led to operational benefits for utilities 

by alleviating voltage flickers, reducing feeder losses, and significantly reducing regulator 

switching operations (up to 37.1% saving in SCB operations and 34.7% saving in OLTC 

operations), thereby extending their lifespan and potentially deferring the investment in 

new voltage regulators.  

 

The techno-economic assessment showed that the proposed VVC ancillary services 

achieved significant improvements of the benefits-cost ratio (BCR) and net present value 

(NPV) economic metrics of the system. The proposed BCR value increase by 13.3% from 

1.27 to 1.44 when the proposed VVC was implemented. The respective (NPV) increased 

from $19,919.93 to $62,117.86 due to the additional benefits achieved from the proposed 

VVC ancillary services. Additionally, the payback period was reduced to 8 years using 

the proposed VVC compared to 12 years with the existing P/Pn method. 
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INTRODUCTION 

1.1. Background 
 

Solar energy is the primary renewable source in the Middle East and is considered 

a preferred renewable energy choice in the GCC region for its limitless potential and 

profitability (ReCREMA, 2013).   

In the UAE, the use of clean energy sources and low-carbon electrification are 

receiving increasing attention with the clean energy target set to increase to 27% by 

2021 (Moccae, 2016). As part of the UAE‘s commitment to the Paris Climate 

Agreement, the clean energy strategy 2050 emphasised diversifying the energy mix 

with more focus on clean energy shares.  The green energy share in the overall 

energy mix is predicted to increase to 25% by 2030 and to 75% by 2050 in order to 

transform Dubai into a global centre of clean energy with the smallest carbon 

footprint in the world (Dubai Carbon, 2017). Shams Dubai programme was 

launched in 2015 to encourage households and building owners to install PV panels 

to generate electricity to feed their own loads and export the surplus to the utility 

grid. In two years, four hundred and thirty-five buildings have already installed 

photovoltaic panels on their roofs and generated a total capacity of 15.6 Megawatts 

(GulfNews, 2017). 

 

The existing distribution networks, in most electric utilities, were not designed to 

operate with intermittent sources of generation at medium or low voltage levels.  

High PV penetration on distribution feeders can create rapid voltage fluctuations 

and violations to the statutory grid code limits of the distribution network. But the 

challenge to grid operators is that the legacy control devices like transformer’s on-

load tap changers (OLTC) and capacitor banks can only alleviate slow-moving 

voltage fluctuations and voltage flicker issues. The operation time of the 

transformer’s OLTC is between 3 and 10 seconds (Dohnal, 2013), while PV inverters 

have a much faster response time in the tens of milliseconds range (Schauder, 2014). 
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Furthermore, those legacy regulation devices need to be operated more frequently 

than usual with high PV penetration levels to maintain the gird voltage within the 

statutory limits. Such frequent operations will impact the life expectancy of those 

legacy voltage control devices and will lead to higher operational cost of the grid.  

 

Ancillary services, according to the international electrotechnical vocabulary 

standard IEC 60050-617, are defined as “services necessary for the operation of an 

electric power system provided by the system operator and/or by power system 

users” (Zhou et al., 2018).  Traditionally ancillary services have been provided by 

conventional generators and grid equipment.  However, the increasing penetration 

of renewable distributed energy resources (DER) and the development of smart grid 

technologies have prompted a paradigm shift in the provision of ancillary services. 

In this research, DER ancillary services refer to distribution grid ancillary services 

that could be provided by PV inverters to support the performance of distribution 

networks, such as voltage regulation of distribution feeders, reactive power 

compensation and grid balancing. 

 

Ancillary services are normally the subject of utility regulation or grid codes 

specifying how DER could be integrated into the distribution grid, often referred to 

as DER interconnection codes. DER interconnection code can be defined as the set 

of rules and regulations that PV owners must follow when connecting inverter-

based distributed energy resources to the grid. DER interconnection grid codes 

mainly focus on the electrical behaviour of DER inverters and how they should 

interoperate with the existing utility systems (Basso, 2014).  

 

Distribution utilities refer to the amount of PV on their networks as a “penetration 

level”, defined as the percentage ratio of installed PV capacity compared to the peak 

load of the feeder where PV systems are connected (Anderson et al., 2012).  
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Many utilities when PV penetration level reaches as low as 15% (i.e. distributed PV 

peak generation powers up to 15% of the peak load of a distribution feeder) will 

hesitate to allow further PV installations without extensive impact study of any 

potential operational violations that could be caused by PV distributed generations 

(Anderson et al., 2012).  

Electric utilities, including Dubai electricity and water authority (DEWA), have 

imposed restrictions in their DER interconnection codes to limit PV penetration 

levels. Electric utilities control the approval process of PV connections into their 

grids and could either reduce the size of applied PV systems or reject the PV 

connection over several operational concerns such as voltage, power quality and 

feeder capacity limits. For instance, in the UAE, solar PV owners are requested to 

apply for a non-objection certificate (NOC) from the local utility to allow them to 

install roof-top solar systems (DEWA, DRRG Connection Guidelines, 2015b). 

1.2. Research Motivation 

 

Electric utilities around the world seek to develop novel DER control strategies to 

increase DER penetration while maintaining the grid performance and addressing 

operational concerns of intermittent PV generation. DER ancillary services, if cost-

effectively provided, could encourage electric utilities to allow higher PV 

penetration levels and accelerate the green transformation of the existing 

distribution grids. 

Further, ancillary services from Photovoltaic (PV) inverters can increase system 

flexibility and alleviate the voltage regulation challenges associated with high PV 

penetration levels on distribution feeders. However, the required communication 

infrastructure and smart grid integration challenges limit broad deployments of PV 

ancillary services.  
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Figure 1.1 illustrates the proposed approach for the integrated smart grid volt/var 

control with a focus on reactive power compensation by PV inverters to provide 

volt/var ancillary services to the distribution grid. To achieve smart grid integrated 

DER control, a deterministic mathematical model of volt/var droop control shall be 

developed and implemented on the existing remote telecontrol units (RTUs) located 

at the secondary distribution transformer rooms as illustrated in Figure 1.1.  

 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.1 The proposed smart grid integrated control of PV inverters 

 

Smart distribution automation (DA) RTUs in the transformer rooms are typically 

located in the vicinity of PV inverters placed at the roof-top of consumers' buildings. 

Smart distribution RTU can be interfaced with PV inverters to control the reactive 

power output of PV inverters and provide PV ancillary services.  

 

1.3. Research Objectives 
 
The overarching goal of this research is to address the practical considerations of 

providing cost-effective ancillary services from PV inverters and to develop an 

integrated DER control scheme to facilitate larger deployments of PV distributed 

generation while supporting the distribution grid performance. 
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This research is set to develop and implement a smart grid integrated DER control 

strategy that exploits the existing infrastructure of smart distribution grids to avoid 

the upfront costs of providing PV ancillary services. The proposed volt/var control 

scheme exploits the existing smart distribution automation infrastructure to save the 

upfront costs required for PV inverter controllers and telecommunication 

infrastructure to electric utility control centres. 

 

 

The following are the key aspects of designing and implementing a smart grid 

integrated PV inverter control strategy to support voltage regulations and provide 

DER ancillary services with a focus on reactive power compensation from PV 

inverters: 

 

▪ Investigate how ancillary services can be practically provided from PV 

inverters through a survey to get the stakeholders' perspective on the 

technical aspects of smart grid interfacing with PV inverters. 

▪ Develop a novel volt/var droop control algorithm of PV inverters for 

autonomous voltage regulation and reactive power (Var) ancillary services. 

▪ Develop and perform numerical modelling and simulation analysis of the 

dynamic volt/var inverter control in Matlab/Simulink to study the transient 

and steady-state voltage regulation at different PV penetration levels.  

▪ Design and implement the proposed volt/var controller prototype using 

smart distribution RTU. 

▪ Setup an experimental testbed of a PV system to validate the performance of 

the proposed VVC controller and perform experimental studies. 
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▪ Perform a Techno-economic assessment of the proposed VVC control and 

DER ancillary services. 

 

 
 

1.4. Thesis Structure 
 

This thesis is structured in six chapters. Chapter 1 presents an introduction, the 

motivation and the main objectives of this research. Chapter 2 discusses the 

literature related to DER integration, DER Ancillary Services, DER interconnection 

challenges, DER control strategies, PV Inverters modelling, X/R ratio of 

distribution feeders and Volt/Var Control (VVC) of grid-connected photovoltaic 

systems. 

Subsequently, an online survey is conducted in Chapter 3 using Google Forms to 

investigate the practical aspects of the proposed smart grid integrated DER 

Ancillary Services from the stakeholders’ perspectives. Further, the survey is 

designed to collect information about the inverter configuration, communication 

protocols and ancillary services provided from PV inverters to setup the 

experimental testbed. 

 

The description of the experimental testbed is provided in chapter 4 as well as the 

mathematical model development of X/R based volt/var control using 

Matlab/SIMULINK software.   

The developed VVC model is then experimentally validated through VVC 

prototype designed in chapter 5. Additionally, an experimental study is conducted 

to evaluate the performance of the proposed VVC in terms of voltage regulation, 

voltage flickers and total harmonic distortion impact. 

The validated model is used to carry out detailed simulation analysis in chapter 6 

including transient and steady-state voltage analysis at different PV penetration 
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levels. Chapter 7 presents a detailed techno-economic evaluation of the proposed 

VVC control scheme. Finally, chapter 8 presents the conclusions and 

recommendations for further work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Thesis Structure 
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1.5. Research Methodology 
 

This research starts with a literature review of inverter interconnection into 

distribution grids, state-of-art applications of DER ancillary services, smart 

distribution grids, volt/var control (VVC) and relevant PV inverter and 

distribution feeders modelling to support the research objectives.  An Online 

Survey is distributed to PV industry experts, smart grid experts and utility experts 

to identify the potential DER ancillary services that could be provided by PV 

inverters with practical benefits to distribution system operators (DSO).  

The proposed VVC model is developed in MATLAB/Simulink using realistic data 

collected from an experimental testbed of a real-world PV system connected to a 

smart distribution feeder with multi-string inverters as described in chapter 4, 

section 4.3.   

A smart grid-integrated PV ancillary service approach is proposed based on two 

algorithms. First, a novel decentralised volt/var droop control algorithm based on 

the X/R characteristics of the distribution feeder for autonomous local voltage 

regulation with low communication requirements. Second, a centralised 

Volt/Var/CVR algorithm using multi-objective Particle Swarm Optimization 

(PSO) for coordinated voltage management, energy efficiency, conversation 

voltage reduction (CVR) and operational cost minimization in smart distribution 

feeders. 

First, a VVC control algorithm is developed based on the X/R ratio of the 

distribution feeder at the point of PV connection for decentralised. Second, an 

optimal reactive power dispatch algorithm is developed in MATLAB/SIMULINK 

for the critical DER ancillary services (as concluded from the survey) using the 

particle swarm optimization (PSO) method. These are followed by simulation 

studies to analyse the impact of the developed models on the steady-state and 

transient voltage profile, flickers and harmonic distortion of the proposed VVC 

Control during irradiance fluctuations.  
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An experimental study is conducted to validate simulation results and 

demonstrate the practical implementation of the proposed VVC controller on real-

world PV inverters connected to smart distribution feeders. Additionally, a 

techno-economic study is provided of the proposed VVC control and DER 

ancillary services by PV inverters. The methodology followed in this research is 

illustrated in Figure 1.3. Finally, conclusions and recommendations are presented based on 

the detailed analysis of the simulation case studies and experimental results. 
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2.1 Introduction 

 
This chapter discusses the challenges of distributed PV integration into distribution 

feeders and the restrictions imposed in DER grid codes to limit PV integration levels. 

The potential solutions and different DER control strategies are discussed to enable 

larger PV penetration levels with a focus on volt/var droop control of PV inverters. 

The impact of the X/R characteristic of distribution feeders on voltage regulation 

and PV hosting capacity are also discussed. 

Finally, PV inverter functions for providing grid ancillary services to support 

distribution grid performance and support PV integration are discussed in detail. 

2.2 Challenges of distributed Grid-connected PV Integration 
  

The intermittent and weather dependent characteristics of the grid-connected PV 

(GC-PV) systems impose several operational challenges on distribution power 

systems. The electrical output from GC-PV could vary over short timescales 

(seconds) because of fast-moving clouds and over longer timescales (hours) because 

of the diurnal (night and day) nature of the solar generation (Palmintier et al., 2016). 

 

The challenges of high penetrations of PV in the distribution grid have been studied 

widely both by actual field experience and simulation studies. Several scholarly 

works have suggested that distributed generation from grid-connected PVs could 

create potentially challenging voltage fluctuations on the distribution system, 

particularly with higher penetrations and larger GC-PV systems.  Several analytical 

studies and simulation analysis highlighted the voltage profile issues of distribution 

feeders with high PV penetration levels (McGranaghan et al. 2008; Liu et al. 2008; 

Ravindra et al. 2012; Rylander et al. 2013; Quiroz, Reno, and Broderick 2013; 

Aramizu and Vieira 2013).  
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The conventional distribution grid is designed to be a unidirectional power flow 

system with a predictable voltage profile; therefore, simple voltage regulation 

techniques such as load tap-changing transformers and capacitor banks are 

adequate to regulate the voltage effectively. Furthermore, high PV penetration on 

distribution feeders can create voltage fluctuations and violations to the grid codes 

limits of the distribution network. But the challenge to grid operators is that the 

legacy control devices like transformer’s on-load tap changers (OLTC) and capacitor 

banks can only alleviate slow-moving voltage fluctuations. Further, those legacy 

control devices need to be operated more frequently than usual with higher PV 

penetration to maintain the gird voltage within the statutory limits. Such frequent 

operations will impact the life expectancy of those legacy voltage control devices 

and will lead to higher operational costs of the distribution grid. 

 

Woyte et al. highlighted that the bidirectional power flow caused by PV back feeding 

to the grid can impact the coordination between the existing regulating equipment 

and lead to voltage-related concerns such as overvoltage and power quality issues 

(Woyte et al. 2006; Liu et al. 2008; Quiroz, Reno, quality and Broderick 2013). Zarina 

et al. emphasised that a high penetration level of grid-connected PV will always 

have an adverse impact on the distribution power grid unless GC-PVs are 

dispatchable and remotely controllable to enable smooth integration and 

interoperability with the utility grid (Zarina et al. 2012; Xin et al. 2014; Omran and 

Salama 2011). 

 

Mather and Neal examined the impacts of the high PV penetration on distribution 

feeders in California (Mather and Neal 2012). The study indicated that, with large-

scale PV integration, voltage regulation issues such as potential overvoltage 

situations and voltage fluctuations with PV variability are more likely to occur. The 

issues were reported to have been resolved by allowing the PV inverter to operate 

at a fixed power factor (Mather and Gebeheyu 2015).  
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Stewart et al. examined the impact of high PV penetrations in the distribution grid 

in Hawaii and recorded that the PV penetration limit was reached when PV systems 

over-generated, causing reverse power flow into the distribution and sub-

transmission system (Stewart et al. 2013). In Germany, the impacts of high PV 

penetration were recorded to be local overvoltage, loading issues on distribution 

feeders, risk of mass disconnection of anticipated PV generation, resource 

variability, generation uncertainty, and the lack of stabilizing inertia that is typical 

of conventional generators (Braun et al. 2011; Von Appen et al. 2013).  

 

High PV penetration levels in the distribution grids of California, Arizona, Hawaii, 

and Germany caused significant change on the demand curve resulting from the 

intermittent renewable distributed generation (Mather and Neal 2012; Stewart et al. 

2013; EPRI 2014; Ellis et al. 2012; Hambrick and Narang 2012). The California 

Independent System Operator (CAISO) has published a demand curve known as 

“the duck curve” which demonstrates the impact of increasing PV penetration based 

on actual field measurements of load demand as shown in Figure 2.1.  

 

The duck curve imposes two key challenges of PV integration: 

(i) Over-generation risk when PV generation exceeds the real-time demand causing 

overvoltage risks.  

(ii) Demand side challenges due to steep ramping of the load increase during the 

late afternoon and sunset (CAISO, 2016). 
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Figure 2.1 The Duck Curve shows the impact and challenges of PV distributed generation 
(CAISO, 2016) 

 

The National Renewable Energy Laboratory (NREL) and the Electric Power 

Research Institute (EPRI) surveyed 21 utilities that outlined a significant number of 

concerns about the impacts of integrating GC-PV into the existing power system. 

Figure 2.2 shows the most common challenges of DER integration and the number 

of utilities that reported the significance of those challenges (Palmintier et al., 2016). 

NREL study highlighted that each utility could have different perspectives in terms 

of their evaluation for each challenge. However, voltage regulation of distribution 

feeders was the key concern among all utilities and the need to develop an effective 

control strategy to support voltage regulation for wider GC-PV deployments 

(NREL, 2016).  
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Figure 2.2 Key grid operational challenges of high PV penetration (According to NREL, 2016) 

 

DER integration challenges have been classified in the literature to technical and 

non-technical challenges including regulatory, interconnection process and 

economic challenges as illustrated in Figure 2.3.  

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

                      Figure 2.3 Challenges of DER integration into distribution grids  
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Technical Challenges 
 

▪ Voltage and Power quality issues (over-voltage, voltage flicker, 

voltage fluctuation, harmonic distortion). 

▪ Unintentional islanding of DER systems. 

▪ Intermittent generation, Over-generation, reverse power flow 

and Changing demand curve (The Duck Curve). 

▪ Remote Monitoring and controlling infrastructure for DER 

visibility to utility management systems. 

▪ High PV penetration impacts on network Reliability (equipment 

thermal stress & protection)  

▪ Insufficient coordination between the utilities and distributed 

generation for grid balancing. 

Non-Technical Challenges 
 

▪ Regulatory & DER interconnection codes 
Restrictions. 

▪ Framework for DER ancillary services.  
 

▪ Complicated Interconnection Processes. 
 

▪ Recovery of DER Integration capital costs. 
 
▪ Strongly centralized generation energy market 

(Vertically integrated utilities) 
 

▪ Capital investment for grid reinforcement & 
additional voltage regulation devices. 
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According to recent studies by the International Renewable Energy Agency 

(IRENA), DER codes and regulations remain crucial to enable successful renewable 

energy transformation of the existing power systems.  

The next section discusses the legacy voltage regulation devices and their capability 

to mitigate DER integration challenges. 

2.3 PV Hosting Capacity of Distribution Feeders 
 

Distribution utilities define” PV Hosting Capacity” as the maximum amount of PV 

that can be connected to a given distribution feeder without causing operational 

violations or adverse impact on the grid. This term has been defined to limit DER 

interconnection when utilities have potential operational concerns due to 

intermittent distributed generation (Ding, Mather and Gotseff, 2016) (Dubey, Santoso 

& Maitra, 2015). 

 

The concept of PV hosting capacity is well established in the literature; several 

hosting capacity studies emphasized that the key distribution operational 

parameters to be maintained within the statutory limits are voltage, power quality 

and distribution feeder ampacity (Ballanti et al., 2013) (Dubey, Santoso & Maitra, 2015) 

(Espinosa & Ochoa, 2015). Table 2.1 shows voltage and power quality limits used to 

quantify PV hosting capacity. 

 

Table 2.1 Voltage Violation Criteria to quantify PV hosting capacity (Shams Dubai, 2016; Ding, 

Mather, and Gotseff, 2016) 

Voltage Violation Criterion Description Grid Code Limits 

Voltage Deviation 

Voltage magnitude deviation 

compared to grid nominal voltage 

(∆V ) 

∆V < ±5 pu 

Voltage Waveform Quality  
Total Voltage Harmonic Distortion 

(THDv) 
THDv < 5% 

Voltage Flicker Level Short-term Flicker level (Pst) Pst  < 0.9 
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PV hosting capacity is often specified in terms of the maximum allowed percentage 

of PV penetration. (Whitaker et al. 2008; Reno et al. 2013; Dubey, Santoso, and Maitra 

2015; Obi & Bass 2016;  Ding, Mather and Gotseff, 2016; Pecenak,  Kleissl and Disfani, 

2017).  

The term photovoltaic penetration (PVpen) could be defined as the ratio of the 

installed PV power to the peak load of a feeder (Pecenak,  Kleissl and Disfani, 2017). 

Instantaneous PVpen at a given time (t) can be obtained as:  

𝑃𝑉𝑝𝑒𝑛 (𝑡) =  
𝑃𝑉𝑖 (𝑡)

𝐿𝑜𝑎𝑑 (𝑡)
                         (2.1) 

Where PVi is the photovoltaic generated power at the time instant t.  

Percentage penetration level % PVpen for a given feeder configuration can be approximated 

as given in Eq2.2 below.  

 

%𝑃𝑉𝑝𝑒𝑛  =  
𝑃𝑉 (𝑃𝑒𝑎𝑘)

𝐿𝑜𝑎𝑑(𝑝𝑒𝑎𝑘)
  x 100                   (2.2) 

Many simulation studies and demonstration projects concluded that the integration 

strategy of PV distributed generation is dependent on the PV penetration level. EPRI 

research projects for several GC-PV case studies proven that PV penetration levels 

below 15% did not demonstrate any integration issue on most distribution feeders 

(EPRI, 2013) (Ding, Mather, and Gotseff, 2016).  

In addition, the analysis of many simulations of PV penetration on distribution 

feeders concluded a strong correlation with voltage regulators and feeder 

characteristics at the point of PV connection (EPRI, 2012).  It is worth noting that PV 

hosting capacity is site-specific based on the location of PV connection and the 

voltage violation is the key limiting factor of PV penetration as shown in Figure 2.4. 
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Inverter Inverter 

  

Figure 2.4 Voltage violations with increasing PV penetration levels (EPRI, 2013)  

The voltage regulation issues due to distributed PV generation and the impact of PV 

location on the voltage profile of distribution feeders is illustrated in Figure 2.5 

below. Traditionally, distribution system voltage, without PV generation, decreases 

as the distance from the substation increases due to voltage drop of the loads. 

However, with the connection of PV distribution generation, the voltage tends to 

increase due to solar PV generation feeding the grid (Palmintier et al., 2016). 
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                 Figure 2.5 Voltage profile impact due to distributed PV generation. 
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Many studies found that the voltage regulation concerns become more critical as 

additional PV systems are located at the end of the feeder far from the substation’s 

regulating devices (EPRI, 2013). 

 

The next section reviews different control strategies to mitigate DER interconnection 

challenges that have been discussed in this section to enable high PV penetration 

levels into distribution feeders.  

2.4 Review of Control Strategies of PV distributed generation 
 

Electric utilities seek proven control strategies to increase resilient integration of 

DER integration and mitigate the challenges of high PV penetration levels. The 

IRENA study on PV integration emphasised the importance of developing a 

comprehensive DER control strategy that covers technical, regulatory and economic 

aspects to tackle PV integration challenges successfully (IRENA, 2017).  

 

Several scholarly works looked at the challenges of PV system integration from 

policy and regulation perspectives. Moosavian et al. have reviewed the existing 

energy policies in seven pioneering countries in PV deployment projects including 

the USA, Germany, France, Australia, Japan, Canada and China. The authors stated 

that regulations and strict DER interconnection codes are the key constraints that 

limit the integration of renewable energy grid-connected. To accelerate the 

deployment of PV systems, several energy policies shall be developed to promote 

DER ancillary services and encourage utilities to adopt them (Moosavian et al., 

2013). 

 

A study by the international energy agency (IEA) highlighted the importance of 

upfront integration policies to assure that GC-PV is deployed with the maximum 
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benefit to the community while reducing actual installation barriers associated with 

DER codes and initial capital costs for grid interconnection (IEA PVPS, 2009) 

The IRENA study emphasised the importance of adopting an integrated strategy 

that covers technical, regulatory and economic aspects to address DER integration 

challenges successfully. Detailed analysis of implemented solutions for smooth DER 

integration shows that the common theme of all implemented measures was to 

introduce additional flexibility into the existing power system.  

 

Denhom et al. examined the drawbacks of PV power curtailment in case operational 

control and flexibility measures are not taken.  Denholm et al. and Palmintier et al., 

argued that PV curtailment rates can be decreased by changing grid operational 

practices and emphasized the importance of integrating renewable distributed 

generation through cost-effective smart grid solutions including advanced 

management of PV inverters, demand response, and storage (Denholm et al. 2015; 

Palmintier et al., 2016b). 

 

Sweco et al. investigated DER integration strategy to provide flexibility to the 

distribution power system and highlighted that the technologies needed for DER 

integration are available; the key challenge is to adjust to the regulatory framework 

and DER interconnection codes to enable DER ancillary services (Sweco et al., 2015). 

The key control strategies to provide flexibility measures for DER integration can be 

grouped into six categories as shown in Figure 2.6. 
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Supply-side and T&D networks integration strategies often require large capital 

investments are not considered in the scope of this study. The viability of distributed 

PV storage will be investigated as part of the online research survey. This research 

mainly focuses on investigating DER integration strategies based on smart grid DER 

ancillary services.  

 

2.4.1 Conventional Volt/Var Control 

 
The key voltage regulation devices in distribution feeders are 

a) On-load tap changers (OLTC) of the distribution transformers. 

b) Switched capacitor banks (SCB) 

 

Transformers are equipped with On-Load Tap Changer (OLTC) is the most widely 

used method for effective voltage regulation in the distribution networks. The OLTC 

is operated by adding or reducing to the winding turns from typically the primary 

windings to physically alter the turns ratios of the transformer and therefore control 

of the transformer secondary voltage to regulate the voltage within the statutory 

voltage limits (Dohnal D., 2013). 
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The OLTC mechanism is controlled by an automatic voltage control (AVC) relay 

to control the tap change diverter position based on the measured voltage through 

voltage transformer (VT) as shown in Figure 2.7. When the measured voltage at the 

secondary side falls outside the permitted deadband, the AVC relay triggers a 

command to change the transformer’s tap position to maintain an acceptable voltage 

level.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Legacy Voltage Regulation through OLTC and Capacitor Bank Control 

 

Shunt capacitors compensate the reactive power flow through the feeder which 

leads to improvement of the voltage drop between the substation and the load. 

Power system loads are mostly inductive and resistive operating at the lagging 

power factor. Such loads require reactive power from the source causing system 

losses and reducing power system voltage because of these losses (GEK-130995, 

2017) (IEEE Std 1036, 2010).  

 

Figure 2.8 demonstrates the effect of switching on the shunt capacitor bank on the 

voltage regulation, the phasor diagram of a feeder after switching the shunt 
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capacitor bank resulted in reduced voltage drop between the source voltage VS and 

the load voltage VL (Gonen T, 2014).  

 

Figure 2.8 Phasor diagrams of a simplified feeder (a) without capacitor and (b) with shunt capacitor 

 
Switchable capacitor banks (SCB) have typically two modes of operation to switch 

the capacitors on/off locally and remotely. In local control mode, capacitors bank 

controller typically uses voltage, current and power factor measurements to 

calculate the required VAR compensation to regulate both VARs and voltage (IEEE 

Std 1036, 2010). Modern capacitor bank controllers are equipped with a two-way 

communication interface to enable remote control through RTU receiving switching 

commands from the SCADA Distribution management system (DMS) (GEK-130995, 

2017).  

 

High PV penetration on distribution feeders leads to voltage fluctuations and 

operational challenges due to the intermittent nature of solar generation. Legacy 

voltage regulation devices such as on-load tap changers (OLTC) and capacitor banks 

have relatively slow responses and can alleviate only slow-moving voltage 

fluctuations. Electric utilities typically impose restrictions on PV hosting capacity or 

curtail solar distributed generation to avoid those operational concerns. In a strongly 

regulated electricity market, such as in the UAE, the regional electric utility manages 
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the approval process of PV connections into their grid and could either reduce the 

size of applied PV systems or reject the PV connection over operational concerns. 

Solar PV owners are requested to get PV inverter’s control setting from the local 

utility to allow them to install roof-top solar systems. (DEWA Shams Dubai, DRRG 

Connection Guidelines, 2015). 

 

 

2.4.2  DER Interconnection Control  

A DER interconnection code can be defined as the set of rules and regulations that 

PV owners must follow when connecting inverter-based distributed energy 

resources to the grid. DER interconnection grid codes mainly focus on the electrical 

behaviour of DER inverters and how they should interoperate with the existing 

utility  systems (Basso, 2014).At present, DER Ancillary services are the subject of 

regulation or contractual agreement with the distribution system operator (DSO) 

specifying how DER could be integrated into the distribution grid (Rhys, Keay & 

Robinson, 2013).  

 

The regulations of solar DER interconnection in Dubai consists mainly of three grid 

code documents issued by Dubai Electricity and Water Authority (DEWA): 

I. Standards For Distributed Renewable Resources Generators Connected To 

The Distribution Network Version 2.0. This standard provides technical 

regulations about DER integration and interconnection to the distribution 

grid (DEWA Shams Dubai Standard, 2016) 

II. Connection Conditions for Distributed Renewable Resources Generation 

Connected to The Distribution Network Version 1.1.  Provides policy and 

regulations for solar DER interconnection in Dubai (DEWA Shams Dubai. 

2015a) 
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III. Connection Guideline for Distributed Renewable Resources Generation 

(DRRG) connected to the Distribution Network Version 1.1. Provides 

general guidelines for DER interconnection process ( DEWA Shams Dubai 

2015b).  

Detailed regulation requirements for DER interconnection is given in Table 2.2 

Integration and Power Factor requirements are provided according to DER 

Maximum Capacity (Pmc) for different PV rated capacities.   

 

Table 2.2 Shams Dubai Segmentation of Renewable Resource Generating Plants connected to LV 

network (DEWA Shams Dubai, 2016) 

DER 

Maximum 

Capacity 

(Pmc) KW 

Contribution 

to Reactive 

power 

generation 

Contribution 

to Active 

power 

limitation 

Remote 

Control 

 

Remote 

Monitoring 

Power Quality 

Requirements  

Pmc < 

10KW 

Limited Required Not 

required 

Not 

required 

▪ Power Factor (Cosɸ)  

= ± 0.98 (reactive 

inductive & 

capacitive behaviour  

 

▪ Total harmonic 

distortion (THD) 

voltage THD limit is 

6.5%. 

10 kW ≤ 

Pmc ≤ 20 

kW 

Required Required 

Require

d 

 

Not 

required 

 

▪ Power Factor (Cosɸ)   

= ± 0.90 (reactive 

inductive & 

capacitive 

behaviour) 

▪ Total harmonic 

distortion (THD) 

voltage THD limit is 

6.5%. 

20kW < Pmc 

≤ 100kW 

Required Required 

100kW < 

Pmc 

≤400kW 

Required Required Required 
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According to Shams Dubai regulations, all PV distributed generation plants should 

meet the power quality requirements depending on the size of the PV system. PV 

generating Plants with Maximum Capacity ≥ 10 kW and ≤ 400 kW, should keep their 

power factor in the range of 0.9 leading (under excited operation), 0.9 lagging 

(overexcited operation) for nominal voltage, whereas the ability to provide reactive 

power within the remaining part of the capability curve will be optional. 

 

 

2.4.2.1  Power Ratio (P/Pn) Control Method  

According to Shams Dubai DER Interconnection standard, GC-PV systems must 

provide static reactive power support based on the ratio P/Pn (where P is the actual 

power generated and  Pn is the rated active power of the inverter), in a way that the 

DER must absorb lagging reactive power above 50 % of its nominal power in order 

mitigate the anticipated overvoltage. The reactive power compensation from grid-

connected PV distributed generation systems in Dubai is illustrated in Figure 2.9a 

(DEWA Shams Dubai Standard, 2016 pp 29).   

 

It’s worth mentioning that the P/Pn method (where PV inverters are providing 

reactive power support based on a specific P/Pn ratio) is commonly used in several 

European grid codes such as Germany, the UK, Ireland, Denmark and Spain (Sakar 

et. al., 2018). Presently, PV reactive power compensation is governed by DER 

interconnection codes. PV inverters typically provide reactive power compensation 

based on the PV power output (P) ratio to the nominal PV power (Pn).  

 

In the UAE, PV inverters are operated at unity power factor producing active power 

only until the PV power output exceeds 50% of the PV nominal power, the inverter's 

power factor is reduced to -0.9. Thus, the PV inverter will absorb reactive power to 

mitigate the anticipated overvoltage as shown in Figure 2.9a (DEWA Shams Dubai 

Standard, 2016 pp 29). Further, P/Pn reactive power compensation method is 
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followed by several European codes such as Germany, the UK, and Ireland as shown 

in Figure 2.9b (Sakar et. al., 2018).   

(a)         (b) 

 

Figure 2.9 Reactive power compensation of PV inverter according to P/Pn method in (a) The UAE 

(b) European countries 

 

According to recent studies by the International Renewable Energy Agency 

(IRENA), DER codes and regulations remain crucial to enable successful renewable 

energy transformation of the existing power systems. As the renewable energy 

resources expand, the existing DER interconnection codes need to evolve to 

accommodate the growing renewable penetration levels and enable innovative DER 

ancillary services (IRENA, 2019).  However, the existing PV reactive power 

compensation (P/Pn) method as stipulated by the DER interconnection codes, 

shown in Figure 2.9, has several limitations: 

• The reactive power (Var) from inverters is provided as a function of the Inverter’s 

active power output rather than voltage deviation at the point of PV connection 

which makes it less effective to address voltage regulation issues of distribution 

feeders. 
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• P/Pn reactive power compensation provides reactive power support (Var) from 

the inverter in only one quadrant (absorbing reactive power) to prevent the 

overvoltage scenarios. However, the inverters could not be used to inject reactive 

power to support the under-voltage violations of distribution feeders.  

• P/Pn  method provides a generic Var compensation for PV systems irrespective 

of the location of PV connection to the gird or the distribution feeder 

characteristics. Further, it has been proven from the literature that PV hosting 

capacity is site-specific (EPRI, 2012). Hence, the reactive power from the PV 

inverter should be site-specific as well to effectively improve PV hosting capacity. 

 

The existing interconnection codes apply a common P/Pn method for all PV systems 

connected to distribution feeders irrespective of the location of PV connection or 

feeder characteristics. A novel methodology is proposed to determine PV reactive 

power (var) compensation as a function of X/R ratio at PCC for a more effective PV 

Var compensation as shown in Figure 2.10. 

 

 

 

 

 

 

 

 

 

Figure 2.10 Impact of X/R ratio at different locations of PV point of connection (PCC)  
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In general, DER grid codes in Dubai for distributed solar generation imposed some 

limitations on the maximum PV power generation and the annual connection 

capacity to avoid the challenges of intermittent uncontrolled distributed generation. 

For instance, new connections will be put on hold in case the predefined limit of 

Annual Connection capacity has been exceeded.  According to clause 2.2 of DER 

interconnection standard, there are clear restrictions were defined for the maximum 

active power which a renewable generator can feed into the distribution system 

(DEWA Shams Dubai, 2015a; 2016). 

 

Based on the reviewed literature in the previous section, the author identified the 

following gaps and areas for improvement in Dubai’s policy and interconnection 

standard of renewable DER which will be validated through the proposed survey 

(Appendix A): 

- The interconnection standard is lagging behind the technological advances of 

smart inverters. Although some advanced features like LVRT exist, other 

advanced features like advanced inverter’s volt/var management need to be 

investigated. 

- Hybrid inverters with PV storage are not supported by the regulations. 

- Unclear guidelines about communications protocols for remote control of PV 

inverters. 

- Lack of guidelines or support for DER ancillary services. 

 

 

2.4.3  Volt/Var Control Strategies of PV String Inverters 
 

The voltage control of distribution systems with PV distributed generation has been 

widely studied. Most of the existing research studied volt/var control of distribution 

feeder with high PV penetration but do not consider real-time volt/var control 

based on recent grid-supportive functions of smart grid technologies and PV 

inverters that have been updated in IEEE 1547-2018 standard for DER 

interconnection (Narang & Siira, 2018) (Stice & Boemer, 2019). 
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Palmintier et al. investigated several active and reactive (volt/var) power 

management strategies of PV integration at different penetration levels. This could 

be achieved typically through controlling on-load tap changers of transformers, 

capacitor banks and line regulators. A techno-economic assessment of different 

volt/var strategies to enhance PV hosting capacity concluded that on-load tap 

changers of distribution transformer could be effective can prove only when PV 

penetration level exceeds beyond 75% (Palmintier et al. 2016a).  

 

For lower penetration levels (typically between 15% to 75%), PV inverter’s reactive 

power support and active power control have been demonstrated in several studies 

to mitigate voltage regulation and power quality issues that could occur due to large 

PV deployment in the distribution grid (Palmintier et al. 2016a ; Wang et al. 2014).  

Further, Hashemi, Ostergaard, and Yang suggested that advanced inverter control 

is a cost-effective solution to control active/ reactive power through the output 

curtailment functionality of advanced PV inverters and could therefore decrease the 

required storage capacity for grid balancing (Hashemi, Ostergaard, and Yang 2013). 

 

Casey et al. examined the voltage variations “flickers” that could be caused by PV 

real power fluctuations either due to cloudy weather conditions or sudden 

interruption of PV plant and how advanced inverters volt/var capabilities could be 

used to regulate distribution feeder voltage and mitigate voltage flicker issues using 

MATLAB/SIMULINK transient simulation analysis of medium voltage (MV) feeder 

modelled with PV distributed generation (Casey et al., 2010). 

 

Mather and Neal investigated the impacts of the high PV penetration on distribution 

feeders in California (Mather and Neal 2012). The study indicated that, with large-

scale PV integration, voltage regulation issues such as potential overvoltage 

situations and voltage fluctuations with PV variability are more likely to occur.  
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Similar issues were reported to have been resolved by allowing the PV inverter to 

operate at a fixed power factor (Mather and Gebeheyu 2015). 

 

Smith et al. investigated string inverter volt/var droop control through a simulation 

study and concluded that inverter-based control could improve PV integration 

levels into the distribution system (simth et al., 2011). Similarly, several simulation 

studies concluded that volt/var management is an effective strategy for distribution 

voltage regulations; however, feeder characteristics shall be taken into consideration 

( Rizy et al 2011; Schauder, 2014; Kim et al., 2016; Leite et al 2016). 

 

Rylander et al. and others analysed the potential performance benefits of advanced 

string inverters control on different distribution feeders. The advanced reactive 

power compensation of the inverters could improve feeders hosting capacity 

between 43% and 133%  (Rylander et al. 2016; Seuss et al. 2015; Sunderman et al. 

2015). The volt/var droop techniques for local inverter control in the literature 

proposed a generic volt/var droop curve common for all inverters (Mahmood, 

Michaelson, & Jiang, 2015) (Han et al., 2017). The impact of the feeder’s X/R ratio at 

the point of PV connection on regulation reactive power or the location was not 

considered.  

 

Comparative analysis by Zeb et al. emphasized that decentralised autonomous 

volt/var control approaches have less up-front cost but cannot mitigate all voltage 

issues (Zeb et al., 2018). Conversely, centralised DER control approaches can deliver 

better performance but have high up-front costs associated with additional 

communications infrastructure. Several studies investigated centralised and 

decentralised DER control approaches and concluded that hybrid control 

approaches are recommended for achieving broad operational goals (Mahmud, 

Nasif & Zahedi, 2016) (Meral & Çelík, 2019).  
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Mai et al. investigated several control strategies of advanced string inverters using 

the built-in volt/var function to mitigate the transient and steady-state voltage 

regulation issues, but the control of legacy PV systems was not considered (Mai et 

al., 2021). Jashfar et al. proposed a volt/var control scheme, considering the power 

quality impact based on total harmonic distortion (THD) measurement for effective 

voltage regulation and power quality improvements using reactive power (Var) 

compensation from PV inverters. However, the X/R characteristics of distribution 

feeders were not considered to achieve effective Var compensation.  

An experimental study by Howlader et al. demonstrated that the built-in Volt/Var 

function of string inverters could regulate the grid voltage. However, the PV 

inverter showed some errors in executing the predefined volt/var control curve 

(Howlader et al., 2018). 

 

Most of the recently proposed strategies in the literature (Saxena et al., 2021) 

(Emarati et al., 2021) (Gerdroodbari et al., 2021) (Cheng et al., 2020)( Mai et al., 2021) 

( Abadi et al., 2021) are simulation-based and do not address the practical aspects of 

deploying the proposed control strategies in real-world PV systems. A few studies 

conducted experimental validation (Howlader et al., 2018) (Tsiakalos et al., 2021) 

81but mostly adopted non-standardized communication protocols not recognized 

by electric utilities, which could lead to interoperability issues with existing smart 

grid devices.  

 

Conversely, the control strategies provided by string PV inverter manufacturers are 

proprietary solutions that are not fully interoperable with other makes and difficult 

to integrate with utility systems. For Instance, ABB developed a proprietary protocol 

called “Aurora” dedicated to internet/ cloud-based management of ABB inverters 

(ABB, 2019). Similarly, SMA SUNNY Portal (SMA Solar, 2011) and Schneider-

electric Conext Insight (Schneider-electric, 2018) are internet-based portals for 

remote monitoring and limited management services offered mainly to PV owners 
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and PV maintenance providers. Interfacing such cloud-based solutions to utility’s 

operational technology (OT) systems implies several cyber security threats and 

requires significant integration efforts.    

 

In conclusion, there is a notable lack of practical control schemes of multi-string PV 

inverters to provide beneficial ancillary services to the grid. Furthermore, the 

potential ancillary services need to be cost-effectively provided to encourage electric 

utilities to allow higher PV penetration levels.  

 

 

2.4.4  Smart Grid Control of PV Distributed Generation  

Smart grid technologies could support smooth solar integration and facilitate PV 

ancillary services such as dynamic voltage support and reactive power dispatch 

from PV inverters (Stetz et al., 2013)( Tsiakalos et al., 2021). Smart grid integrated 

approaches for providing ancillary services from the string PV inverters could 

address the operational concerns of high PV penetration levels (Shahin et al., 2020). 

Such technologies could provide two-way communication facilities for distributed 

energy resources (DER) integration and control strategies in smart distribution 

feeders (Farag et al., 2012)(Saxena et al., 2021). 

 

According to European Commission, a smart grid can be defined as an electricity 

network allowing devices to communicate between suppliers to consumers, 

allowing them to manage demand, protect the distribution network, save energy, 

and reduce costs (European Commission, 2012).  Geo et al. defined Smart Grid as an 

electrical grid with integrated communication that collects and analyzes data 

captured in near-real-time about power transmission, distribution, and 

consumption (Geo et al., 2012). 

 

The key Smart distribution grid technologies are remote telecontrol units (RTU) 

used for distribution feeder automation and smart meters used in advanced 
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metering infrastructure (AMI).  Figure 2.11 shows a typical topology of a smart 

distribution feeder with a radial open-loop configuration commonly used in urban 

areas for underground distribution networks (Shahin, 2013) (Zare & Nojavan, 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 Single line diagram of a typical smart distribution feeder with automation’s RTU and 

smart meters 

 

Remote Tele-control Units (RTU) provide remote monitoring and control of 

distribution switching devices to enable remote operations of distribution 

substations and reduce the power outages durations. Distribution automation RTUs 

is equipped with a communication interface to the SCADA system and allow smart 
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built-in functions using standard IEC 61131-3 based programmable logic controllers 

(PLC) functions (ABB, RTU500 Series. 2018). 

 

In the next sections, smart grid DER ancillary services and enabling DER 
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2.6 Ancillary services of PV String Inverters 
 

The primary component in grid-connected PV systems is the power conditioning 

unit or the inverter. The DC power produced by the PV array is converter through 

AC/DC inverter to AC power matching the voltage and power quality requirements 

of the utility grid. 

 

AC/DC inverters in grid-connected PV systems are bi-directional to allow PV 

distributed generation to either supply the loads or back-feed the surplus energy to 

the grid when PV generation exceeds the load demand.  (Lupangu & Bansal, 2017). 

As the renewable energy resources expand, the existing DER interconnection codes 

need to evolve and innovative DER ancillary services need to be developed to 

accommodate the growing penetration renewable resources penetration levels 

(IRENA, 2019).   

 

Current GC-PV systems use advanced string inverters that have communications 

capabilities that enable DER systems to receive remote commands to cause the 

inverters to change their electrical behaviour. Modern PV string inverters can 

control active or reactive power outputs as well as produce dynamic reactive power 

compensation as illustrated in Table2.3.  
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Table 2.3 String PV Inverter functions for DER Ancillary Services ( SIWG 2015; EPRI 2012b;  Rylander 

et al. 2016; Casey et al. 2010; Bower et al. 2012) 

Classification DER Ancillary service Description 

Autonomous Inverter’s 

ancillary services: 

 

– Behavior controlled by 

inverter's pre-configured 

operating parameters 

(defined during system 

commissioning). 

 

– No communication 

capability is required. 

Low- / High-voltage ride-

through  

Defines voltage range for which 

inverter remains on-line 

Low- / High-frequency 

ride-through  

Defines frequency range for which 

inverter remains on-line 

Dynamic reactive power 

control (Volt-var)  

Adjusts reactive power output based 

on service voltage 

Ramp-rate controls  

 

Smooth PV output for 

default/emergency conditions 

Adjust Inverter power 

factor 

Provide active/Reactive power  

Based on power factor set point 

Non-Autonomous 

(Commanded) Inverter 

Functions: 

 

– Remote control of 

inverter behaviour through 

a telecommunication 

interface.  

 

Dynamic Reactive power 

dispatch 

Active Voltage regulation 

Set /Limit real power  Curtailment of active power for 

Demand Response 

Peak Demand 

Reduction 

Peak Demand can be through CVR 

conservative voltage reduction (see 

section 2.7) 

Provide spinning 

reserves (in case of 

DER storage) 

PV Storage Management 

Power loss reduction 

correction 

Control PV reactive power (or power 

factor) to improve the service power 

factor and reduce the overall power 

losses on the feeder. 

Respond to real power 

pricing signals 

Adjust output power based on tariff 

signal to support demand-side 

management. 
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2.7 Conservation Voltage Reduction (CVR) 
 

The conservative voltage reduction (CVR) is an ancillary support method commonly 

adopted by utility companies through lowering the voltage supplied to the loads 

(within the statutory voltage limits) to conserve energy and reduce peak demand 

(Bokhari et al., 2014). The main idea behind the technique is the well-known fact that 

electrical loads consume less power when the supply voltage is reduced within 

acceptable limits to avoid potential damage or impair the functionality of the 

equipment (Diaz-Aguilo, et al., October 2013). CVR method takes advantage of the 

positive correlation between the load demand and the voltage for most residential 

appliances (discussed in section 4.6).  

 

Most existing CVR studies rely on controlling conventional voltage regulating 

devices and did not include the capabilities of PV inverters to contribute to the 

overall voltage regulation (Nasif and Zahedi, 2016) (Ding & Baggu, 2018) (Meral and 

Çelík, 2019). From a utility perspective, the reduction in the demand over a duration 

of time, especially during peak load conditions, results in lower conventional 

generation costs (Ding, Baggu &Murali, 2018). CVR can be implemented through 

voltage regulating devices including transformers’ tap-changers, capacitor banks, 

VAR compensators and circuit reconfiguration techniques (Warner & Willoughby, 

2013).  

 

A common factor used to evaluate the effectiveness of the technique is referred to as 

the Conservative Voltage Reduction factor (CVRf) (Sen & Lee, 2014). The CVRf factor 

can be defined as a reduction of power based on a voltage variation, given as (Ding 

& Baggu, 2018):  

 

𝜇 =  𝐶𝑉𝑅𝑓 = 
∆𝐸

∆𝑉
                          (2.3) 

 

Where 𝛥𝐸 is the changes in energy consumption and  𝛥𝑉 is the CVR voltage reduction. 
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The typical values of CVRf could range from 0.16 to 1.19 for active energy and can 

range from 1.99 to 20.12 for reactive energy reduction depending on the load 

composition (Ding & Baggu, 2018).  

 

Many utilities have conducted various tests to demonstrate the effectiveness of CVR 

on saving energy consumption and reducing peak demand. Recent CVR studies 

found that typical CVR savings and peak reduction could range from 0.5% to 4% of 

energy consumption (Schneider et al., 2010). Most existing CVR studies rely on 

controlling conventional voltage regulating devices but do not consider the 

contribution of PV distributed generation.  

 

CVR schemes with traditional voltage regulation devices have not been found much 

effective, because of the restricted voltage ranges of legacy voltage devices and 

unavailability of loads information (Manbachi et al., 2016). However, with smart 

grid technologies and the increasing development of advanced inverters functions, 

such as volt/VAR control, an opportunity emerges to enhance the effectiveness of 

conventional CVR schemes (Ding & Baggu, 2018).  

 

This research proposes a smart grid integrated CVR approach through a PV volt/var 

control scheme to overcome the above barriers and achieve higher energy savings 

and less operational cost. 

 

 

2.8 Research Gaps 
 
The reviewed literature revealed that the advanced string inverter capabilities and 

dynamic PV volt/var ancillary service are effective strategies to improve PV hosting 

capacity of distribution feeders. Ancillary services from Photovoltaic (PV) inverters 

can increase distribution system flexibility and alleviate the voltage regulation 

challenges associated with high PV penetration levels. However, the high upfront 
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cost of ancillary services’ deployment and smart grid integration challenges limit the 

broad deployment of PV ancillary services.  Further, utilities are reluctant to adopt 

non-standardized control strategies that are not experimentally proven in real-

world PV systems. The following are the main research gaps identified from the 

literature: 

 
▪ Most of the control strategies in the literature are simulation-based and did 

not address the practical considerations of deploying DER ancillary services 

in real-world PV systems. 

 

▪ Few studies conducted experimental validation but mostly adopted non-

standardized control (communication protocols) which could lead to 

integration & interoperability issues with the existing smart grid devices.  

 
▪ There is a notable lack of practical control schemes of multi-string PV 

inverters to provide DER ancillary that address smart grid integration 

challenges. Furthermore, the potential PV ancillary services need to be 

provided cost-effectively to encourage electric utilities to allow higher PV 

penetration levels. 

 

▪ The existing PV control methods (Var ancillary services) did not consider X/R 

ratio impact of the distribution feeder at the point of PV connection. 

 

▪ Most of the existing CVR studies rely on controlling conventional voltage 

regulating devices and did not consider the reactive power compensation of 

the string PV inverters for more effective regulation of the feeder’s voltage. 

 

▪ The industrial control strategies provided by PV inverter manufacturers are 

proprietary solutions that are not fully interoperable with other inverter 

makes and difficult to integrate with the smart grid systems.  
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▪ There is a lack of detailed comparative analysis of volt/var based control 

strategies with the existing industry practice for PV ancillary services based 

on the power ratio (P/Pn) method.  

 
This thesis presents a practical cost-effective volt/var control (VVC) of multi-string 

PV inverters using the existing smart distribution infrastructure to avoid the upfront 

costs of providing PV ancillary services and addresses the aforementioned research 

gaps. 

 

2.9 Summary 

 

The reviewed literature showed that advanced inverter functions and dynamic 

volt/var control are cost-effective strategies to improve PV hosting capacity of 

distribution feeders and help to mitigate adverse voltage impact compared to the 

conventional voltage regulation methods through OLTC which are more costly and 

have a slower response time compared to smart inverters.  

 

Smart grid technologies could support smooth solar integration and facilitate PV 

ancillary services such as dynamic voltage support and reactive power dispatch 

from PV inverters. Several control strategies of advanced inverters were 

investigated using the built-in volt/var function to mitigate the transient and 

steady-state voltage regulation issues, but the practical aspects of multi-string 

inverters control and the X/R characteristics of distribution feeders were not 

considered.  

 

Practical and proven strategies are required to encourage utilities to adopt PV 

ancillary services and ease the restriction on high PV penetration levels thus 

accelerating the green transition of the existing power distribution networks. In the 
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next chapter, a survey is conducted to investigate the practical aspects of providing 

DER ancillary services by PV inverters. This will guide the development of the 

proposed control strategy based on a recent industry perspective of the concerned 

stakeholders.  
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3.1 Introduction 
 
As discussed in the previous chapter, the lack of practical DER control strategies and 

smart grid integration challenges of PV inverters are the key barriers that limit DER 

ancillary services deployments. This chapter presents the research survey to obtain 

a recent industry perspective on practical integration approaches of PV systems into 

smart grids and PV ancillary services. The survey also investigates the technical 

aspects of designing and implementing a smart grid-integrated control scheme of 

multi-string PV inverters that are commonly used in roof-top PV systems.  

 

An online survey is conducted and distributed through the Google Forms platform 

to investigate the practical requirements for integrating PV inverters into smart 

distribution grids and how PV inverters can be best utilised to provide ancillary 

services and support the distribution grid performance.  

 

The following are the key objectives of the research survey: 

• Collect realistic data about the existing grid-connected PV systems including 

typically installed PV capacity, types of loads, communication protocols and 

common topology of PV inverters interconnection to the grid. That information 

will be used to establish a realistic experimental setup that represents real-world 

grid-connected PV systems. 

• Investigate the potential interfaces to integrate smart grid devices with PV 

inverters to provide DER ancillary services.  

• Examine the feasibility of deploying distributed PV storage along with grid-

connected PV systems. 

• Analyse the Respondent’s feedback and recommendations related to the most 

important DER ancillary services to be provided by PV inverters. This analysis 

will provide design and implementation guidelines to develop the proposed 

control scheme. 
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3.2 Survey Methodology 
 

This section presents the data collection and data sampling methodology of the 

research survey to obtain a recent stakeholders' perspective of the key ancillary 

services that can be provided by PV inverters.  

3.2.1 Sampling Method 
 

The convenience sampling technique was used to get the feedback of relevant 

industry experts; thus the survey was circulated to sixty (60) participants 

representing different groups of Shams Dubai’s stakeholders from the utility 

industry (Dubai Electricity and Water Authority), Approved PV inverter 

manufacturers; enrolled consultants and contractors of Shams Dubai programme 

(DEWA Shams Dubai, 2017).   

3.3 Survey Structure 

 

The questionnaire is subdivided into the following four main sections: 

a) A General information section about grid-connected PV systems in Dubai 

includes questions about the grid-connected photovoltaic systems’ capacity 

applications and the type of connected loads. 

b) A PV inverter section to investigate the existing settings and interconnection 

configurations of PV inverters such as permissible reactive power 

compensation, power factor settings and communication protocols. 

c) A PV storage section to collect information and insights about the potential 

introduction of distributed PV storage in future. 

d) A Regulatory DER interconnection codes section includes questions to 

investigate the technical and regulatory gaps of the existing interconnection 

codes that could hinder providing DER ancillary services from PV inverters. 

The questionnaire and the answers provided can be found in Appendix A 
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3.4 Survey Results 
 

Overall, 36 respondents filled out the questionnaire out of 60 questionnaires that 

were circulated to PV and utility experts as illustrated in Figure 3.1. Thus, the 

response rate of the survey is approximately 60% which is perceived as a satisfactory 

response rate considering the selected sampling method and targeted expert 

respondents  (Baruch, 1999). 

 

The survey participants represent the key stakeholders as follows: 

1. Shams Dubai's Contractors (44.4%): 

2. Utility experts 36.1%, 

3. Shams Dubai's Consultants (11.1%)  

4. PV/inverter manufacturers (4.4%) and finally  

5. Smart Grid Consultants 1%, as shown in Figure 3.1. 

 

 

Figure 3.1 Taxonomy of the research survey’s participants 

 

3.4.1 Typical Configurations of Grid-connected PV Systems 

In this section, the different classifications and configurations of grid-connected PV 

systems are investigated to identify the typical capacity of PV systems, 

interconnection topologies, PV inverter types and configurations as specified by the 

DER codes and PV interconnection guidelines (DEWA Shams Dubai Standard, 2016) 

(DEWA Shams Dubai, 2015a; 2016).  

The majority of the PV systems (71%) installed in Dubai are connected to residential 

36.1%
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Solar Project developers

Solar technology Consultant
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loads, commercial loads and industrial loads represent 23% and 6% respectively as 

illustrated in Figure 3.2. It is observed that the installed PV systems for commercial 

(red colour) and industrial loads (green colour) have a higher capacity. The PV 

system size (rated capacity) of commercial PV systems represents 23% of the total 

installed PV capacity in Dubai with a range between 10 to 400 kW. The industrial 

loads represented only 6% of the total installed PV capacity with a relatively large, 

rated capacity ranging between 100 kW to several megawatts.  

 

 
Figure 3.2 Load types of PV systems (left) and the rated KW capacity (right) 

 

The different interconnection topologies of PV inverters to the grid can be classified 

into four categories; central inverters, string inverters, multi-string and ac module 

inverters (Nema et al, 2011).  A central inverter topology, where a single-stage 

inverter is connected to all PV modules, suffers from some limitations in terms of 

reliability and complex maximum power point tracking.  

 

For string/ multi-string inverter topology, a single inverter is used for a group of 

connected PV modules in a string enabling better MPPT for PV panels with different 

orientations. the inverter is integrated with the PV modules during manufacturing 

time in AC module topology. Hence the module output is AC and can be directly 

synchronized with the grid (Nema et al, 2011). An additional classification for 

hybrid inverters has been included in this survey to study the application of 

commercial hybrid inverters that can be directly connected to both solar panels and 
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battery storage in off-grid and on-grid modes. According to the global solar PV 

inverter market research, the global solar inverter market shares reported that string 

inverter applications have surpassed those of central inverters in 2017 and are 

expected to continue their rise in the next five years (Moskowitz, 2018). 

 

The most common topology used in grid-tied solar photovoltaic projects is 

predominately string and multi-string inverters in about 84% % of PV projects. 

Central inverters are used in 9% of PV projects, while hybrid inverters are used in 

6% of PV projects. Hybrid inverters are typically combined with storage in areas 

with limited access to grid supply as reported by the survey respondents. Other 

inverters’ types such as AC module inverters are rarely used in about 1% of PV 

projects as presented in Figure 3.3.  

 

Figure 3.3 Inverter topology used in grid-connected PV projects 

 

The correlation between different survey variables was analyzed as shown in Table 

3.1 using IBM SPSS version 20. It can be concluded from the strong correlation 

between PV capacity, inverter topology and load type that String inverters are 

primarily used for small and medium-size PV systems in residential and commercial 

projects. Whereas central inverters are typically used for large scale PV projects.  
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Conversely, the correlations between the PV size or load type with PV storage were 

insignificant as shown in Table 3.1. 

 

 

Table 3.1 Correlation of PV Capacity with  Load Type, Inverter Topology and PV Storage 

Correlation coefficient 

 rho (ρ) with PV Capacity 

Load Type Inverter Topology PV Storage 

Spearman's Correlation co-efficient  (ρ) 0.612* .536 -.213 

Sig. (2-tailed) 0.001* 0.002* 0.554 

* indicates significant correlation at 98% confidence level 

  

In the view of the above findings, string inverters will be considered for the 

experimental testbed setup and simulation studies to represent the typical PV 

systems and the common market scenario for PV grid-connected systems. 

 

3.4.2 PV Inverters Capacities for Providing Ancillary Services 

 

As discussed in section 2.5, Table 2.3, PV inverters have two sets of operational 

capacities that could support grid ancillary services.  

a) Autonomous functions (see Figure 3.4) 

b) Commanded, remotely controlled, functions (see Figure 3.5) 

 

First, autonomous functions are built-in functions within the PV inverter for 

autonomous operation according to pre-established settings.  Most autonomous 

inverter’s functions were reported as highly important features to be addressed in 

the interconnection grid codes to ensure smooth DER integration as shown in Figure 

3.4.  About 20% of the respondents viewed voltage ride-through, Volt-var control, 

anti-islanding and fixed power factor functions as critical functions that must be 

addressed to fulfil the requirements for power quality, safety and voltage 

regulations of distribution grids.  11% of the respondents reported that frequency 

ride-through is a critical function for the interconnection grid codes to ensure grid 

balancing. On the other hand, “soft start” and “ramp-rate controls” were reported 
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by 4% and 5% of the respondents respectively, therefore could be considered as less 

important functions for supporting grid performance and should be addressed in 

the interconnection codes in future. 

Figure 3.4 Importance of Inverter’s autonomous functions in supporting distribution grid 

performance 

Second, commanded functions for remote management are ranked important except 

for the frequency and black-start capabilities as indicated by most respondents. The 

Remote management of the PV inverter including remote disconnection/ re-

connection (18%), remote curtailment of action power from utility distribution 

management system (17%) as well as adjusting inverter’s power factor and volt/var 

(14%) were viewed as the top priority features that should be addressed in the DER 

grid codes to ensure smooth grid integration as shown in Figure 3.5 
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Figure 3.5 Importance of Inverter’s commanded functions in supporting distribution grid 

performance 

The survey result showed that 4% of the participant reported that remote response 

of pricing signals is an important function that should be addressed in DER grid 

codes along with clear automated demand response guidelines.  

 

Conversely, black-start capability (1%) and remote settings of frequency ride-

through (FRT) parameters (2%) are of less priority. Black start capability is often 

linked with the storage function of hybrid inverters to restore grid operation in case 

of blackout or supply interruption. This can be explained in the view of respondents’ 

comments that currently there is no business case for PV storage or black-start 

capability due to the high availability and reliability of the utility grid in Dubai. PV 

storage is discussed in the next section 3.4.3. Similarly, voltage rid-through (VRT), 

remote settings of frequency ride-through (FRT) parameters are less critical for 

managing a reliable distribution grid.   

 

Another critical challenge of providing DER ancillary services is establishing the 

communication channels to PV inverters. In general, the survey participants believe 

that DER communications infrastructure is essential to realize the full potential of 
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advanced inverter capabilities. Many communications infrastructure and available 

protocol options are investigated through the survey. The communication protocol 

that can be implemented for remote monitoring and control of inverter-based PV 

systems is predominantly Modbus protocol which has been used in 83% in local 

monitoring of PV systems for operational and maintenance requirements. A small 

percentage (11%) of proprietary communication protocols are used by PV inverter 

manufacturers reported as other protocols compared to open protocol like DNP3 or 

IEC61850 which is considered as the future protocol for advanced inverter 

management and will have more applications in future as shown in Figure 3.6.  

 

 

Figure 3.6 Communication Protocols used for remote management of PV inverters 

 

Modbus protocol will be used as a common interface to integrate PV inverters and 

provide PV ancillary services to ensure the interoperability of the proposed smart 

grid integrated control with a wide range of PV inverters for effective PV ancillary 

services.  

 

 

3.4.3 PV Distributed Storage 
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The possibility of deploying distributed PV storage and its viability to PV owners 

were evaluated from stakeholders’ perspectives. Most respondents (74%) reported 

that PV storage is only considered in off-grid or hybrid PV systems and commented 

that currently there is no business case for grid-connected PV storage due to the high 

availability of the utility grid. Additionally, 9% of the respondents do not consider 

energy storage for their PV projects in general.  On the other hand, 11 % of the 

respondents confirmed that they could consider PV storage in their solar projects in 

future. However, 6% of the respondents reported that storage is used with hybrid 

inverters (two modes of operations, on-grid with no storage and off-grid combined 

with storage) and could play an important role in future if hybrid inverters got 

supported by DER interconnection codes as shown in Figure 3.7. 

 

  

Figure 3.7 Potential deployment of  distributed storage within grid-tied PV systems in future 

 

  3.4.4 DER Ancillary Services 

 

The ancillary services that can be provided by PV inverters to distribution system 

operators (DSOs) have been investigated in terms of their priority to the 

stakeholders as shown in Figure 3.8. The ancillary services related to voltage 

regulation came on top as seen by the majority (80%) of the survey respondents. 

Similarly, flattening the voltage profile across distribution feeders (i.e minimise 

voltage deviation between the supply voltage at substation bus compared to the load 

voltage) is reported by 75% of the respondents. 

Other key ancillary services to DSOs using advanced PV inverter control are 

preserving operations of conventional voltage regulators including On-Load tap 
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changers (LTC) and shunt capacitor banks (SCB) 70% and defer voltage regulators 

additions (63%). 

Reactive power control of PV inverters could support power factor correction and 

reduce distribution feeder losses (65%). Supporting demand response through 

conservation voltage reduction (CVR) 58%. Finally, providing the back-start 

capability of PV-inverter is reported by 15% of respondents that is to partially restore 

the feeder supply to operation without relying on the transmission network to 

recover from a total or partial blackout (Ding et. al., 2017). 

 

 

Figure 3.8  Top ancillary services to be provided by PV inverters to DSOs 

 

The top priority ancillary services (rated above 50%) as illustrated in Figure 3.8 will 

be selected as the basis of the developing PV ancillary service scheme as discussed 

in chapter 4, section 4.8. 

 

3.4.5  The Key Barriers of Enabling DER Ancillary Services 

The participants were asked about their feedback on the existing DER integration 

grid codes and interconnection challenges that are limiting wider deployments of 
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roof-top PV systems as shown in Figure 3.9.  One of the key barriers of DER ancillary 

services reported by the majority of respondents (73%) is the unclear requirements 

for the utility’s remote management of DER inverters. For instance, DER 

interconnection grid codes did not provide clear guidelines for remote monitoring 

and remote control of grid-connected PV systems (DEWA Shams Dubai, 2016a)33. 

64% of the respondents believed that the absence of incentives or compensation 

mechanisms for DER ancillary service providers is among the main barriers. DER 

owners should be compensated for the lost active power generation because of 

reactive support and voltage regulation services.   

56% of the respondents believed that DER interconnection codes are lagging behind 

the technological advances of smart inverters, many capabilities of the advanced 

inverter are recognised by the existing grid codes. 49% of the respondents viewed 

that the stringent DER interconnection process and restrictions on maximum PV 

capacity could hinder DER ancillary services. Finally, Hybrid inverters with 

integrated storage are not allowed for grid interconnection in the existing grid codes 

which limits the benefits of distributed energy storage as reported by 22% of the 

survey respondents. 

 

Figure 3.9 The key barriers of DER ancillary services. 

On the other hand, incentives and remuneration mechanisms for DER ancillary 

service providers were reported by 4% of the participants. As discussed in the 

previous chapter, DER ancillary services include grid balancing, reactive power 

compensation and voltage control (IRENA, 2019). 
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The lack of mechanisms to compensate DER owners for providing ancillary services 

presents a challenge to realizing the full potential of advanced inverter's capabilities.  

 

The unclear requirements for utility’s remote monitoring and control of PV inverters 

were identified as a key gap of the existing grid codes by 27% of the respondents. 

For instance, the existing DER interconnection codes did not provide clear 

requirements about DER signals to be monitored or controlled or the 

communication interface required to integrate DER control with grid systems. 

3.5 Conclusion 

 
In conclusion, the survey results revealed that advanced smart inverter functions 

and dynamic volt/var control are strategies to improve PV hosting capacity of 

distribution feeders and help to mitigate adverse voltage impact compared to the 

conventional voltage regulation methods through transformer’s on-load tap 

changers (OLTC) which are more costly and have a slower response compared to 

smart inverters (Ding et al, 2017). The majority of respondents (72%) viewed that 

advanced inverter functions offer a viable solution to address the challenges of DER 

integration. Eighty-three per cent (83%) of the respondents considered that energy 

storage is not currently an economical solution for grid-connected PV systems 

especially in Dubai and the Gulf region due to the high availability of the utility grid. 

 

In terms of DER interconnection policy, the grid codes in Dubai need to be 

developed to cope with the technological advances of modern DER systems and 

smart grids. Technical development of interconnection grid codes rather than 

imposing limitations on the maximum PV power generation capacity will enable 

larger PV deployments. 

Implementing remote management of advanced inverters technology has several 

benefits as well as several challenges. The key benefits are increasing distribution 
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network visibility through DER data and potential deferral of utility grid capital 

investments. On the other hand, the key challenges are the inability of existing grid 

codes to keep pace with technological advances and the need for communications 

infrastructure and protocols ( Gao et. Al, 2012). 

 

Some concluding findings can be drawn from the survey results as follows: 

• The interconnection grid codes are lagging behind the technological advances 

of smart inverters. Advanced solar inverter features like advanced inverter’s 

volt/var management need to be investigated and supported by the regulations. 

• There is a critical need for clear guidelines for communications protocols and 

technical architecture to be developed for utility’s remote management of PV 

inverters. 

• Remuneration mechanisms for DER ancillary service such as reactive power 

compensation shall be considered in DER regulations. 

• Strict constraints on PV connected capacity may put off some renewable energy 

developers from further DER deployments and therefore hinder realizing green 

energy strategy. 

• Hybrid inverters with PV storage shall be supported by the interconnection grid 

codes, especially for large PV projects. 

• Revamp interconnection grid codes to incorporate new technical requirements 

as the need arises; this is best done in a process engaging all DER stakeholders. 

Finally, developing a cost-effective and scalable control scheme of PV inverters that 

enables PV ancillary services fills a critical technology gap and enables DER owners 

to participate in ancillary services markets and support larger deployments of PV 

distributed generation. 

 

In the next chapter, the model of the proposed volt/var control and ancillary 

services scheme will be developed based on the key findings of the research survey. 
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The common PV system configurations such as multi-string PV inverters and 

Modbus protocol, based on the survey results, will be considered for the 

experimental testbed setup and simulation studies to represent the real-world PV 

systems and the current market scenario The top priority ancillary services 

discussed in section 3.4.4 will be the basis of the developing PV ancillary service 

scheme as discussed in chapter 4, section 4.8. 
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4.1 Introduction   
 

This Chapter presents the methodology and the development steps of the 

experimental testbed setup of the proposed volt/var control model. As discussed in 

the previous Chapter 3, Section 3.4, Multi-string PV inverters will be considered for 

the experimental testbed setup and simulation studies to represent the real-world 

PV systems and the current market scenario for PV grid-connected systems. Modbus 

protocol will be used as a common interface to integrate PV inverters and to ensure 

the interoperability of the proposed smart grid integrated control scheme with a 

wide range of PV inverters. 

 

The experimental testbed established to collect the numerical data and 

measurements for a full calendar year to investigate the performance of the 

proposed VVC model at different loading and weather conditions.  Finally, a 

prototype of the propped VVC controller is developed for experimental validation. 

 

4.2 Experimental Setup  
 

The experimental testbed is established to collect the numerical data and 

measurements to develop the proposed VVC model. This section presents the 

experimental testbed components to examine the proposed VVC control on a real-

world grid-connected roof-top PV system. The objective of this section is to design 

and implement a VVC controller prototype based on the proposed VVC control 

algorithm for experimental validation and analysis.  

The following experimental analyses are carried out to assess the different 

performance aspects of the proposed VVC controller:  

1. Experimental validation of the developed VVC control model. 

Perform quantitative and statistical analysis of the measured and simulated 
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data for the voltage (V) and the controlled reactive power output (Q) of the PV 

inverter to test the agreement between the measured and simulated data sets. 

2. Fast voltage control performance during cloudy weather conditions 

 Measure the power quality impact of implementing the proposed VVC 

controller on the short-term voltage flicker level (Pst) and the harmonic 

distortion (THDv) in case of transient irradiance fluctuations. 

3. Volt/var regulation during sunny weather conditions 

Measure the improvement on the annual steady-state voltage profile at 

different loading conditions.   

4. Experimental exanimation of the proposed VVC compared to the existing 

P/Pn reactive power regulation method (According to UAE Codes). 

4.2.1 Experimental Testbed Location  

A testbed has been developed to study the operational performance of the proposed 

VVC controller and investigate the DER ancillary services interactions with the 

utility’s control system. The testbed is located in Dubai with the default DER 

interconnection codes (P/Pn), Figure 4.1 illustrates the testbed location on Google 

earth.  

  

Figure 4.1 Location of the experimental testbed (Google Maps) 

The test is installed at the technology research centre of the distribution control 

centre (DCC) of Dubai Electricity and Water Authority (DEWA) to study the 

Location of the experimental testbed 
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performance of the proposed VVC controller and investigate its interaction with the 

utility’s control systems for providing DER ancillary services. Figure 4.2 illustrates 

an overview of the testbed and its key components.  

 

Figure 4.2 Overview of the PV experimental testbed for VVC control and DER ancillary services 

 

 

4.3 Experimental Testbed Components  
 

The experimental testbed consists of three main subsystems: a roof-top PV 

subsystem, an instrumentation subsystem and the VVC control subsystem.  

 

4.3.2 Roof-top PV subsystem 

The first subsystem of the testbed is a 120 kWp rooftop solar system connected to 

the distribution feeder described in chapter 5, section 5.3. The PV system is arranged 
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into four PV arrays, each array consists of 100 PV panels (Sunpower PV panel, 305 

W) interconnected as 20 parallel strings and 5 series PV panels per string to form a 

30 kWp PV array. Each of the four PV arrays is connected to a three-phase Inverter 

ABB Trio-27.6-OUTD with 30 kW maximum rated output power (Sinv). The inverter 

supports different types of communication media as illustrated in Table 4.1 

including using proprietary Aurora communication protocol by default (ABB TRIO-

TL-OUTD datasheet, 2019). 

 

    Table 4.1 Inverter Trio-27.6-OUTD output ratings and communication datasheet

 

In this experimental testbed, a Modbus RS485 communication protocol is selected 

based on the results of the research survey discussed in chapter 3. Modbus found to 

be a common communication protocol that is supported by different inverter 

manufacturers. Additionally, it has been recognized as the de facto standard by 

SunSpec Alliance for interoperability amongst the DER system components 

(Johnson, Kaur & Anandan, 2021). The MODBUS RS485 protocol defines 

communication between a host controller (master) and devices (slaves) that allows 

commanding different types of devices and querying their configuration. An open 
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communication standard like Mobus RTU protocol is often used by utilities to 

ensure vendor-independent standardized communication with smart grid SCADA 

systems (Borlase, 2017) (Bush, 2014). 

4.3.3 VVC control and telemetry subsystem 

The VVC control and telemetry subsystem composed of three main devices: VVC 

controller, grid monitoring device (GMD) and telecommunication interface device.  

The VVC controller and grid monitoring device (GMD) is connected at the inverters 

combiner panel as shown in Figure 4.3.  

 

Figure 4.3 The VV controller and GMD connection at the inverters’ combiner panel 
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The VVC controller requires 24 VDC input, therefore an AC/DC rectifier is installed 

to provide the appropriate DC supply to the controller. Furthermore, the 24VDC 

rectifier output is used to supply the weather station which operates at the same DC 

voltage. 

The Grid monitoring device (GMD) is used to measure the grid voltage at the PV 

point of connection in real-time (< 30 ms delay) to provide the instantaneous voltage 

input to the VVC controller via Modbus RTU communication interface. The 

measurement uncertainty of the GMD device is provided in Appendix B (ABB, GMD 

Datasheet, 2019) 

The telecommunication interface card is connecting the VVC controller to the 

inverters to enable the reactive power control and inverters reconfiguration. 

The RF-mesh communication from the proposed VVC controller to the distribution 

SCADA control centre allows remote Var dispatch of PV inverters output for feeder 

voltage regulation. Therefore, facilitate the provision of DER ancillary services and 

reactive power compensation of PV inverters to achieve effective voltage regulation 

at different operational conditions as illustrated in Figure 4.4. 
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Figure 4.4 The experimental testbed with VVC controller connection to PV system and instrumentation devices

The proposed VVC controller deployment and implementation scheme  
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4.3.4 Experimental Instrumentation Devices  

 

The instrumentation used to measure weather data at the testbed location, solar 

system output, inverter output and power quality parameters. The following are the 

measuring sensor and instruments used in the testbed: 

 

I. Weather Station measuring the PV temperature and irradiance data. 

The weather station is configured for operation in the Northern hemisphere 

considering Dubai location. The first pyranometer sensor is oriented to the true 

south to accurately measure the global irradiance as shown in Figure 4.5.     RS-485 

modbus communication interface used to transmit the measured data to the data 

logger. 

 

 

 

 

 

 

 

Figure 4.5  Weather Station Installations and Configuration at the tested 

 

The second pyranometer sensor or the plane-of array pyranometer shown in 

Figure 4.6 is mounted on the side of the solar array to correctly measure the plane-

of-array irradiance a temperature sensor is installed at the backside of the PV 

panels to accurately measure the PV panel’s temperature as shown in Figure 4.7. 
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        Figure 4.6 plane-of array pyranometer        Figure 4.7 PV panel’s temperature sensor 
 
 

II. The Grid monitoring device (GMD) 

The Grid monitoring device (GMD) is used to measure the grid voltage at PV point 

of connection in real-time (< 30 ms delay) to provide the instantaneous voltage 

input to the VVC controller via Modbus RTU communication interface. Table 4.2 

illustrates the measuring voltage range and measurement accuracy. GMD provides 

different monitoring functions to detect over-voltage and under-voltage for 

protection purpose (ABB, GMD Datasheet, 2019) 

Table 4.2 GMD voltage range and measurement accuracy

 

Telecommunication interface card is connecting the VVC controller to the inverters 

in order to enable the reactive power control and inverters reconfiguration. 
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III. A Fluke 435 Three Phase Power Quality Analyzer is used to measure V,I, 

PQ, cos Ф, flickers and THD.  

The Fluke 435 Three Phase Power Quality Analyzer (Class A) has 4 BNC-inputs for 

current clamps and 5 clamps for voltages. The current clamps connected around the 

conductors of phase A (L1), B (L2), C (L3), and N(neutral) with the correct current 

signal polarity to correctly measure power quality metrics as shown in Figure 4.8 

(Fluke 435 Manual, 2012). 

 
Figure 4.8 Connection of Fluke 435 to 3-phase distribution system (Source: Fluke 435 Manual, 2008) 

The wiring of the Fluke 435 power quality analyzer at the testbed shown in Figure 

4.9 is connected to measure the inverter combined output and at the point of PV 

connection to the grid. 
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Figure 4.9 Connection of Fluke 435 to inverters combiner bus bar  

 

The sampling rate of fluke measurement is set to 1 sec to accurately measure PV 

inverter output and voltage fluctuations during cloudy weather. The Measurement 

accuracy and resolution of power quality analyser used in the testbed can be seen in 

Table 4.3. 
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Table 4.3 Measurement accuracy and resolution of power quality analyser used in the testbed 

Parameter Measurement range Resolution Accuracy 

Voltage 

Vrms (ac+dc)  1 V to 1000 V phase to neutral  0.01 V ± 0.1 % of nominal voltage 

Vpk 1 Vpk to 1400 Vpk 1 V 5 % of nominal voltage 

Voltage Crest Factor (CF) 1.0 > 2.8 0.01 ± 5 % 

Active/ Reactive Power 

Watts (VA, var) max 6000 MW 0.1 W to 1 MW ± 1 % ± 10 counts 

max 2000 MW 0.1 W to 1 MW ± 1 % ± 10 counts 

Power factor 0 to 1 0.001 ± 0.1 % @ nominal load conditions 

Energy 

kWh (kVAh, kvarh) Depends on clamp scaling and V nominal ± 1 % ± 10 counts 

Energy loss Depends on clamp scaling and V nominal ± 1 % ± 10 counts 

Excluding line resistance accuracy 

Harmonics (Voltage) 

Harmonic order (n) DC, 1 to 50 Grouping: Harmonic groups according to IEC 61000-4-7 

Inter-harmonic order (n) OFF, 1 to 50 Grouping: Harmonic and Interharmonic subgroups according to IEC 61000 -4-7 

Volts %f 0.0 % to 100 % 0.1 % ± 0.1 % ± n x 0.1 % 

%r 0.0 % to 100 % 0.1 % ± 0.1 % ± n x 0.4 % 

Absolute 0.0 to 1000 V 0.1 V ± 5 % * 

THD 0.0 % to 100 % 0.1 % ± 2.5 % 

Flicker 

Plt, Pst, Pst(1min) Pinst 0.00 to 20.00 0.01 ± 5 % 

4.4 Summary    
 

This Chapter presents the methodology and the components of the experimental 

testbed setup of the proposed volt/var control model based on the survey’s findings 

discussed in Chapter 3, Section 3.4. Multi-string PV inverters and Modbus 

communication interface are to represent the common configurations of the real-

world PV systems. The experimental testbed established to collect the numerical 

data and measurements for a full calendar year to investigate and validate the 

proposed volt/var control model.  

The next chapter gives a detailed presentation of the numerical model methodology 

and the development of the numerical model of the proposed volt/var control 

scheme.
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5.1 Introduction   
 

This Chapter presents the development steps of the proposed volt/var control 

model and relevant multi-string PV system’s components. As discussed in the 

previous chapters, a practical smart grid integrated control scheme is needed to 

enable the PV ancillary services highlighted in Chapter 3, Section 3.4.4.  The key 

objective of this Chapter is to develop a smart grid-integrated volt/var control 

scheme of multi-string PV inverters based on the distribution feeder’s X/R 

characteristics and PV ancillary services. The proposed volt/var control scheme will 

mitigate DER integration challenges and address the practical considerations of 

controlling real-world multi-string PV systems.  

 

 

5.1.1 Introduction to Modelling and the Simulation Software 
 

The following modelling and simulation tools are used to achieve the 

aforementioned research objectives. 

 

I)  MATLAB/Simulink  
 

MATLAB/Simulink provides powerful tools for modelling and simulating power 

electronics, electrical power systems and renewable energy systems using Simscape 

Power Systems libraries. Simulink Simscape library can develop a realistic grid-

connected inverter model and perform a transient analysis of renewable energy 

systems (MathWorks & Hydro-Québec, 2017). In this research, MATLAB/Simulink 

is used to develop the inverter control model of the 120 kWp experimental PV 

system connected to 11/0.4 kV distribution feeder. The Simulink model is developed 

based on the 120 kWp experimental testbed to carry out transient voltage analysis, 

and voltage flicker analysis. The transient analysis is carried out to simulate 

irradiance fluctuations over a duration of 10 minutes with a 1 μs time step to 

evaluate short-term flicker (pst) in line with IEC61000-3 standard requirements 

(IEC61000-3, 2008). 
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II) Open Distribution System Simulator (OpenDSS) 
            . 

OpenDSS is an open-source electric power Distribution System Simulator (DSS) 

published by the Electric Power Research Institute (EPRI) to support the analysis of 

distributed generation interconnected to complex utility distribution systems 

(OpenDSS manual, 2018).  

 

Traditionally, distribution system analysis is based on power flow at specific 

snapshots in time. However, PV output is highly variable and the traditional 

simulation methods will not provide a comprehensive analysis to investigate the PV 

control system's performance. Furthermore, conventional snapshot analysis tools 

may not be adequate to capture the interactions between the intermittent PV 

generation and different loading conditions (Montenegro et al., 2017). Quasi-static 

time series (QSTS) analysis tools, like OpenDSS, could capture the full interaction 

between the intermittent PV output and the daily changes in feeder’s loads. 

Additionally, OpenDSS provides more capabilities for time-series analysis of 

voltage profile over long durations compared to Matlab/Simulink (Reno, Deboever 

& Mather, 2017) (EPRI OpenDSS Manual, 2019).   

 

In this study, SANDIA’s Windows Component Object Model (COM) GridPV 

interface for OpenDSS and MATLAB integration is used to enable quasi-static time 

series co-simulation analysis (Quiroz et al., 2013) (Reno, Deboever & Mather, 2017) 

(Theodoro et al, 2018). MatLab-OpenDSS co-simulation environment through 

Sandia’s COM interface is used to integrate Simulink VVC developed model with  

OpenDSS EPRI’s feeder model for quasi-static time-series simulation as shown in 

Figure 5.1.  
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Figure 5.1 Data flow diagram showing MATLAB-OpenDSS co-simulation environment 

 

III) CODESYS 
 

CODESYS is a practical manufacturer-independent development environment for 

programmable controllers in line with IEC 61131-3 international standard. 

CODESYS has emerged among the best practical tools for programmable logic 

controllers (PLC) controller programming that deals with different PLC 

programming languages including ladder diagram (LD), function block diagram 

(FBD), structured text (STX), instruction list (IL) and sequential function chart (SFC) 

(Edward, 2013) (CODESYS Manual, 2019).  

 

CODESYS is widely used in industrial and automation design projects to effectively 

integrate most automation components based on IEC 61131-3 standard 

programming language (Hanssen & Lufkin, 2015).  In this research, CODESYS PLC 

algorithm software tool version 3.5 is used to deploy the compiled VVC algorithm 

to commercially available smart grid RTUs (ABB, RTU-520) to ensure the 

interoperability of the developed VVC model with smart grid devices and remote 

terminal units (RTU). 
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5.2 Numerical Model Development Methodology 
 

The VVC algorithm code is compiled using Simulink PLC coder to develop a 

prototype controller for experimental testing and validation. Quantitative validation 

is performed to assess the agreement between the simulated and experimental 

results as shown in Figure 5.2. The output data from the research survey including 

the most common inverter topology, telecommunication protocol and the priority 

DER ancillary services are utilised to develop a realistic experimental testbed and 

VVC model development. The experimental testbed is established to collect the 

measurement for a full calendar year to investigate the performance of the proposed 

VVC at different loading and weather conditions.  A prototype controller is 

developed based on the complied SIMULINK model code and deployed to an 

existing smart distribution remote telecontrol unit (RTU) using CODESYS IEC 

61131-3 standardized software for experimental validation. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Methodology of the Numerical Model Development 
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5.3 Numerical Model Development 
 

In this section, the proposed volt/var control model is developed based on the 

reviewed literature, the data collected from the research survey, and the measured 

data of the experimental testbed. The basic components of the grid-connected PV 

system that have been modelled for this study are:  

I. PV Array Model 

II. Inverter Model 

III. The proposed Volt/Var Control Model. 

IV. Distribution Feeder Model with detailed X/R characteristics. 

 

5.3.1 PV Array Model 

The PV array is modelled based on the experimental testbed data. Figure 5.3 

illustrates the Simulink of a PV array model developed for this study. The 

parameters of the model (Ncell, Voc, Isc, Vmp, Imp maximum power, as well as 

temperature coefficients of Voc and Isc.) have been specified for the 120 kWp PV 

array used for the experimental site and the PV module parameters from the PV 

database of National Renewable Energy Laboratory (NREL) System Advisor Model 

SAM 2018 as shown in Table 5.1 (Gilman et. al, 2018). 

 

Figure 5.3 Simulink model represents single diode five parameters model of a PV array   

 

 

 

 



 

78 

   NUMERICAL METHODOLOGY 

Table 5.1 PV model parameters for a typical 120 kWp PV array 

Model Parameter of PV Module Value 

Number of cells connected in series in a module 

Ncell 

128 

Open Circuit Voltage (Voc)  85.3 V 

Photoelectric Current Iph 6.079 A 

Diode saturation Current I0 7.1712 e-13 A 

Diode ideality factor 0.87223 

Shunt Resistance Rsh 4.19.7813 Ω 

Series Resistance Rs 0.5371 Ω 

Temperature coefficient αsc (in %/degrees C) of 

the short-cuircuit current Isc  

0.030706 

Temperature coefficient 𝜷𝒐𝒄 (in %/degrees C) of 

the open ciurcuit voltageVoc 

-0.229 

 

5.3.2 Two-stage Inverter Model with advanced volt/var Control: 

Grid-tied Inverters are used to convert DC output from the PV array into grid-

synchronized AC power with low total harmonic distortion (THD) typically below 

5% according to IEEE 519- 2014 and IEC 61000 standards (IEC 61000-3-2, 2018 ).  

The basic inverter design is a single-stage DC/AC inverter where DC power 

generated by the PV array is converted into AC power as shown in Figure 5.4a. 

Currently, the commercially available PV inverters often include a two-stage 

inverter. The first stage is a DC-DC boost converter and the second stage is a DC-

AC conversion. First, a DC-DC converter is used to boost the DC voltage produced 

by the PV array to a constant DC voltage using DC-link bulk capacitors to perform 

PV maximum power point tracking (MPPT). In the second stage, the DC–AC 

converter transfers the energy from DC-link into synchronised AC energy to the gird 

(Rekioua & Matagne, 2012). 

In Figure 5.4b, the DC link of the two-stage inverter is fitted with a bulk capacitor 

(Cdc) for energy storage to compensate for the power fluctuations peculiar to single-

phase AC grid. The use of a DC-link capacitor helps to significantly reduce the input 

capacitor CPV and help to stabilize and smooth the dc-link voltage and minimise 
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the effects of voltage variations as the load changes thus supporting the MPPT 

performance. The DC-link capacitor also provides a low-impedance path for ripple 

currents generated by high-frequency switching power circuits. (Vujacic, et al., 2018) 

 

 

 

 

 

Figure 5.4 (a) Single-stage Inverter  (b) Two-stage Inverter 

 

As discussed in the research survey in Chapter 3, two-stage string inverters are 

widely used in connecting PV systems to medium and low voltage distribution 

networks due to their high conversion efficiency and ease of controllability. Further, 

the research survey showed that this is the common inverter used in most grid-

connected PV projects. Hence, a transformer-less two-stage voltage source string 

inverters model is developed based on the common ABB solar PV inverter design as 

shown in Figure 5.5 (ABB PV solar inverters manual, 2019).  

 

In modem string PV inverters (without insulating transformer), the inverter does 

not provide galvanic insulation between the input and the output. The internal 

circuitry of the string inverter consists of double stage conversion, DC/DC input 

boost converter equipped with a maximum power point tracking (MPPT) function 

and DC/AC output inverter. The Pulse Width Modulation (PWM) of DC/AC power 

conversion is running at a switching frequency between 2 to 10 kHz. The control 

circuit of the inverter includes duty cycle control of the DC/DC converter, DC-link 

control and PWM modulation control of the DC/AC converter. The inverter is 

equipped with input and output surge protection due to the lack of galvanic 

insulation. The inverter is also equipped with a Modbus telecommunication 
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interface (RS485) and wireless LAN to facilitate remote monitoring, telemetry 

control and remote configurations of the inverter. (ABB PV solar inverters, 2019) 

  

 

 

 

 

 

 

 

 

 

Figure 5.5 internal circuit structure of ABB string inverter (Adapted from ABB PV solar inverters 

manual, 2019) 

In this study, a two-level voltage source converter (VSC) employing insulated gate 

bipolar transistor (IGBT) switch inverters and diodes was considered due to its ease 

of controllability. To avoid harmonics injection on the AC grid, output filtering is 

used with small reactance at a high switching frequency to reduce the commutation 

losses.   There are generally two control strategies for voltage source inverters: 

current control and voltage control. The voltage-controlled inverters use the phase 

angle between the inverter output voltage and the grid voltage to control the power 

flow. (Malekjamshidi et al., 2014) (Noman et al., 2017) In the current-controlled VSC, 

the active and reactive current components are injected into the grid using PWM 

techniques. Current controlled VSC is faster in response and less sensitive to the 

phase shift and distortion of grid voltage. Hence, Current controlled VSC is 

recommended in the control of grid-connected inverters and employed for the 

inverter control model (Prakash & Balaji, 2018). 
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The control of grid-connected PV inverters is vital for power quality and time-series 

analysis to study the impact of irradiance fluctuations and grid voltage disturbances 

(Patsalides et. al, 2016). In this chapter, a dynamic model of the inverter control is 

developed to study transient voltage control. The typical control scheme of two-

stage inverters involves as shown in Figure 5.6: 

a) Maximum power point tracking (MPPT) algorithm, commonly hill-climbing 

techniques such as incremental Conductance and perturb & observe 

algorithms to control the dc/dc converter. 

b) DC-link and voltage source controller  

c) Active/reactive currents control for the inverter controlled by the proposed 

volt/var control algorithm (VVC). 

d) Phase-locked loop (PLL) mechanism for grid synchronisation.  

 

 

 

 

 

 

 

 

 

Figure 5.6 Block diagram illustrates the control elements of a two-stage VSC inverter. 

 
5.3.2.1 DC-DC Converter Model 
 

The first component of the PV inverter is the DC-DC converter which consists of the 

following sub-models. 

 

5.3.2.2 Maximum Power Point Tracking (MPPT) Model 
 

MPPT control based on the Incremental Conductance Algorithm is implemented to 

generate a gating signal of the switching element.  The algorithm uses two sensors 
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to monitor the output voltage and current values of the PV array. Figure 5.7 shows 

the basic concept of incremental conductance algorithm, the slope of the P-V curve 

is zero at the MPP, positive on the left and negative on the right of MPP. 

 

Figure 5.7 the basic concept of incremental conductance algorithm 

 

The concept of incremental conductance can be expressed as: 

𝑑𝑃

𝑑Vpv
= 0           at MPP

𝑑𝑃

𝑑Vpv
> 0    left to MPP

𝑑𝑃

𝑑Vpv
< 0  right to MPP 

}
  
 

  
 

                                           (5.1) 

Applying equation 5.1 and the rule the derivative of products,  
𝑑𝑃

𝑑𝑉
 can be calculated as: 

𝑑𝑃

𝑑𝑉
=

𝑑(𝐼𝑉 )

𝑑𝑉
= 𝐼 + 𝑉

𝑑𝐼

𝑑𝑉
»𝐼 + 𝑉

Δ𝐼

Δ𝑉
                    (5.2) 

Combining Eq. (5.1) and (5.2) yields 

                    >  − 
𝐼

𝑉
left to MPP 

∆𝐼

∆𝑉
 =            − 𝐼

𝑉
   At MPP                              (5.3) 

                < − 
𝐼

𝑉
right toMPP  

 

Equation 5.3 is the basic equation of the incremental conductance technique. The 

array terminal voltage is adjusted according to the incremental and instantaneous 

conductance (
∂I

∂V
), the basic assumption of this algorithm is that the ratio of change 

in output conductance is equal to the negative output instantaneous conductance at 

the maximum power point (MPP).  Figure 5.8 shows the building blocks used inside 
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the Incremental Conductance Algorithm subsystems. The MATLAB scripts of the 

model’s subsystems are detailed in Appendix B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 Simulink model for DC boost converter control using Incremental Conductance MPPT 

Algorithm 
 

 

5.3.2.3 DC-Link Model 

The DC-link capacitance (Cdc) of the two-stage inverter helps in the regulation of 

the DC voltage. The equation describes the dc-link model is given by (Cai, 

Xinage& Wei, 2016) (Moradi & Tabesh, 2018) 

𝑉𝑑𝑐 = (1 − 𝐷)
𝐼𝑑𝑐

𝐶𝑑𝑐
 −  

3

2

𝑉𝑖𝑑𝐼𝑑+ 𝑉𝑖𝑞𝐼𝑞

𝐶𝑑𝑐𝑉𝑑𝑐
      (4.4) 

Where D is the duty cycle, Idc is the dc-link current, 𝐶𝑑𝑐  is the Dc link capacitance 

and 𝑉𝑖𝑑  , 𝐼𝑑, 𝑉𝑖𝑞 , 𝐼𝑞 are the inverter voltage and current in d-q frame coordinates as 

explained in the next section. 

4.3.2.4 Reactive power Control of PV inverters 

To achieve the proposed volt/var control model, the PV reactive power output is 

controlled in proportion to the grid voltage while maintaining the PV generation 

synchronised with the grid. The most common synchronization algorithm in 

modern inverters for detecting the phase angle and frequency of the grid voltages is 

the phase-locked loop (PLL) (Rekioua & Matagne, 2012) (Cai, Xinage & Wei, 2016).  

Assuming balanced three-phase circuits, the application of the Park and Clarke 
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transformations to ac voltage and current variables reduces to two dc variables, 

direct and quadrature (d-q) components thus simplifying the control of active/ 

reactive power of the inverter as shown in Figure 4.9 (Mo, J., Cheung, S., & Das, R. 

2019) (MathWorks & Hydro-Québec, 2017). 

Figure 5.9 Vector Diagram of Clarke and Park transformation of balanced three-phase voltages  

The inverter’s active power is controlled by the direct component (Id) while the 

reactive power is controlled by the quadrature components (Iq). Proportional 

Integral (PI) Controller typically achieves good performance to independently 

regulate the d-q currents Id, Iq to the references Idref , Iqref  to achieve the desired 

active and reactive power output (Batzelis et.al, 2018 )(Cai, Xinage& Wei, 2016) 

(Prakash & Balaji, 2018).  

Figure 5.10 illustrates the adopted PLL method to control the switching signals of 

the IGBT inverter based on the instantaneous grid voltage (V*
abc) to synchronise PV 

generation and achieve the desired volt/Var control (Prakash & Balaji, 2018) (Isen & 

Bakan, 2016). 
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* Reference signal 

Figure 5.10 Block Diagram of dq transformation for Inverter active and reactive power control  

For a balanced three-phase voltage system, the active and reactive power components (Pdq, 

Qdq) of the inverter in d-q frame are given as: 

𝑃𝑑−𝑞 =
3

2
(𝑉𝑑  𝐼𝑑 + 𝑉𝑞  𝐼𝑞)                                                                  (5.5) 

𝑄𝑑−𝑞 =
3

2
(𝑉𝑑  𝐼𝑞 + 𝑉𝑞  𝐼𝑑)                                                                  (5.6) 

Equation 5.6 illustrates the reactive power control method based on the inverter 

voltage in d-q frame representation applied in this research. The reactive power 

injected or absorbed by the PV inverter can be controlled to influence the voltage 

at the point of common coupling (PCC). There are three reactive power control 

modes in line with the recently released DER standard IEEE 1547-2018 for DER 

reactive power capabilities: 

I. No Regulation (VVC disabled) - means that the inverter operates on unity power 

factor and is producing active power only. This mode is used as a baseline scenario to 

simulate the PV system without var control as shown in Figure 5.11a. 

II. Power factor control (cos ϕ) - The reactive power generated by the PV inverter is 

controlled by the power factor set value as shown in Figure 5.11b. The reactive power 

that can be generated by the PV inverter is limited by the inverter’s rated apparent 

power Sinv (VA) and the active PV power output (P) as follows: 
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𝑄 =  √𝑆𝑖𝑛𝑣
2 − 𝑃2 (5.7)                       

𝑃 =  𝑆𝑖𝑛𝑣  𝑐𝑜𝑠(𝜑)               (5.8) 

In power factor mode, PF is the set value; hence Q can be calculated in terms of the power 

factor (pf) as: 

Q = Sinv sin(φ)                 (5.9) 

 

 

 

 

Figure 5.11 PQ phasor diagram of PV inverter showing working path range (green line) for 

different control modes a) No regulation, b) Power factor control c) Var control 

This mode is typically used by most DER grid codes such as the P/Pn method 

(discussed in Chapter 2, Section 4.4.2) due to its simplicity but accurate reactive 

power output cannot be ensured using this method (Almeida, Pasupuleti & 

Ekanayake, 2021).  

III. Var control -The reactive power of the PV inverter is controlled by a reference 

Var signal Q0, regardless of the available active PV power output as shown in Figure 

5.11c.  In this case, the inverter will curtail the active power generation to meet the 

reactive power reference value and generate 100% of its output as a reactive power 

(referred to as Q= 1 p.u.). The inverter’s reactive power control is only limited by 

one factor which is the inverter apparent power Sinv (VA).  In this study, the var 

control mode is selected to achieve an effective reactive power control from PV 

inverters where the reference reactive power signal (Q0) is calculated based on the 

grid reference voltage value at the point of PV connection.  

 

(a) 
(b) (c) 

Q=0 



 

87 

   NUMERICAL METHODOLOGY 

5.4 Development of the two-level Volt/Var Control Model 
 

This section presents the development steps of the proposed volt/var control model. 

The proposed model is based on a two-level control scheme comprised of 

decentralised local control and centralised coordinated control. First, a decentralised 

volt/var droop control algorithm to autonomously regulate the local voltage based 

on X/R characteristics of the distribution feeder that can be implemented with 

limited communication requirements. Then, the second control level is applied 

based on a Volt/Var/CVR optimisation model when utilities require additional PV 

ancillary services including demand reduction using the CVR technique. This 

centralised optimisation algorithm can be implemented using smart grid 

telecommunication infrastructure to effectively coordinate PV ancillary services 

with the other legacy voltage regulators (OLTC and SCB).  

 

5.4.1  Development of decentralised X/R-based volt/var control algorithm 

As discussed in the literature review, the performance of reactive power 

compensation, for effective voltage regulation, is dependent on X/R ratios of the 

distribution feeder at the point of PV inverter connection. In this subsection, a 

decentralised X/R-based volt/var control algorithm is developed through 

mathematical inference of the relationship between the inverter’s power factor and 

the X/R ratios at the point of PV connection using the simplified feeder model 

shown in Figure 5.12.  
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The voltage difference between the source bus (Vn) and distributed generation bus 

(VG) is defined as: 

∆𝑉 = 𝑉𝑛 − 𝑉𝐺=𝐼 𝑍F=  I (𝑅+𝑗𝑋)                 (5.11)    

where ZF is the Thevenin equivalent impedance of the distribution feeder and R, X 

are its resistive and reactive components respectively. 

The current flowing from the PV system (I), neglecting PV wiring losses, is given by: 

I= 
𝑆𝑝𝑣

𝑉𝑛
 =  

𝑃+𝑗𝑄

𝑉𝑛
       (5.12) 

Substituting I from (2) into (1) yields 

∆𝑉 =
𝑃+𝑗𝑄

𝑉𝑛
(R + jX) =  

P R−Q X

𝑉𝑛
+ 𝑗

P X+Q R

𝑉𝑛
 = ∆𝑉𝑑 + 𝑗∆𝑉𝑞          (5.13) 

In (3), 𝛥Vd represents the direct-axis component and 𝛥Vq the quadrature-axis 

component of the voltage deviation. In most distribution feeders, the contribution 

of the quadrature-axis can be neglected compared to the direct-axis component 

(Stetz et al., 2013).  Therefore, equation (5.13) can be simplified to 

𝛥V≅ 
P R−Q X
𝑉𝑛

         (5.14) 

The overvoltage caused due to the distributed generation depends on the variables 

in equation (5.14). The voltage regulation objective is to minimize the voltage 

deviation close to zero, assuming ΔV=0, the reactive power output Q required to 

compensate the voltage deviation can be estimated as: 

PR-QX=0, hence Q =   
 𝑋

𝑅
 𝑃         (5.15) 

The ratio of PV active power P to reactive power output Q in (5.15) shall be 

proportional to the X/R ratio at the point of PV connection to regulate the local 

voltage, hence: 

  𝑃 = 𝑄 
 𝑋

𝑅
                (5.16) 

The power factor (PF), by definition, is the ratio of the real power to the 

apparent power in the circuit: 
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PF=cos(𝜑) = 
𝑃

𝑆
 =

𝑃

√𝑃2+𝑄2
        (5.17) 

The inverter power factor needed to regulate the local voltage in terms of the X/R 

ratio can be obtained by substituting the P-value from (5.16) into (5.17): 

cos(𝜑) =
𝑃

√𝑃2+𝑄2
=

𝑄 
X

R

√𝑄2(
 𝑋

𝑅
) 2+𝑄2

=
𝑋

𝑅

√(
𝑋

𝑅
)2+1

        (5.18) 

Equation (5.18) represents the required PV inverter’s power factor based on the X/R 

ratio at the point of PV coupling to set the control inverter’s reactive power 

compensation for local voltage regulation. Figure 5.13 shows a typical volt/var 

droop control curve; the slop (k) indicates the reactive power compensation rate 

from PV inverters based on the voltage variations. 

 

 

 

 

 

 

 

                                       Figure 5.13 Volt/Var droop control curve of PV inverters. 

The maximum slop KMax represents the maximum reactive power support when the 

inverter reaches 100% reactive power generation (Q1=1 p.u) at V1=0.95 p.u., as 

illustrated in Figure 5.13. The amount of reactive current that should be supplied by 

the PV inverter to compensate voltage variation (ΔV), which is characterized by the 

slope (k) of the volt/var droop control is given by: 

𝑘 =
𝛥𝑄

𝛥𝑉
    (5.19) 

Put in 𝛥𝑃, (9) 𝑐𝑎𝑛 𝑏𝑒 𝑤𝑟𝑖𝑡𝑡𝑒𝑛 𝑎𝑠   𝑘 =
𝛥𝑄/ 𝛥𝑃

𝛥𝑉/ 𝛥𝑃
          (5.20) 

𝛥𝑄/ 𝛥𝑃  is the tangent of the power angle 𝜑, equation (5.20) can be rewritten as:  
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 𝑘 = tan(𝜑)
𝛥𝑃

𝛥𝑉
           (5.21) 

Substituting P= Spv cos 𝜑 into (5.21), the droop function slop (k) can be calculated 

as: 

𝑘 = tan(𝜑)
𝛥𝑆𝑝𝑣 cos(𝜑)

𝛥𝑉
= 

𝛥𝑆𝑝𝑣

𝛥𝑉
 sin (𝜑)   (5.22) 

The maximum slope k Max shown in Figure 5.13, can be estimated if the inverter 

generates full reactive power output when QMax= Spv  as: 

kMax  = 
𝛥𝑄𝑚𝑎𝑥

𝛥𝑉
=

𝛥𝑆𝑝𝑣

𝛥𝑉
       (5.23) 

Substituting kMax from (5.23) and the angel 𝜑 from (8) into (5.22), the slop function 

in terms of X/R ratio can be calculated as:  

𝑘 (
𝑋

𝑅
) = 𝑘𝑀𝑎𝑥  sin (cos

−1
𝑋
𝑅

√(𝑋𝑅)
2
+1

 )          (5.24) 

where k (X/R) is the droop control slope expressed as a function of the  X/R ratio 

needed for local voltage regulation. Equation 5.24 introduces a novel mathematical 

function k(X/R) to effectively adapt PV reactive power compensation according to 

the feeder’s X/R characteristics.   

The proposed adaptive droop function k(X/R) helps to avoid overcompensation, 

supplying excessive reactive power at low loading conditions, which might lead 

negative impact on voltage regulation. Furthermore, as discussed in Chapter 3, 

Section 3.4, supplying unnecessary reactive power will negatively impact the 

business case of DER deployments due to the lack of remuneration mechanisms for 

DER ancillary services. 

 

The proposed droop control function is characterized by five control zones as shown 

in Figure 5.14. The first zone, when the voltage V(t) ≤ V1, the inverter will operate 

in capacitive mode by generating the maximum capacitive var Q1 to support the 

voltage to increase back within the statutory limits (above 0.95 p.u.). The second 

zone when the voltage magnitude V1< V (t) ≤ V2, the var generated from the inverter 

based on the developed droop control function k (X/R).  
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The third zone is the deadband zone when the voltage falls between V2 and V3, PV 

var output is zero. The typical value of the deadband zone is ±3% of nominal voltage 

(i.e V2= 0.97 p.u and V3= 1.03 p.u.). Deadband is helpful to allow conservation 

voltage reduction (CVR).  

 

In the fourth zone when the voltage exceeds the dead-band limit (V(t) >V3), the 

inverter will change to inductive var mode to mitigate the overvoltage based on the 

developed droop control function k (X/R). Finally, zone5 when the measured 

voltage is greater than the maximum allowable voltage V4, the inverter will generate 

the maximum inductive var to compensate the voltage within the statutory limits 

between 0.95 and 1.05 p.u.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14 The proposed VVC Droop Control (top) and VVC curve modelled in 

MATLAB/Simulink (bottom) 
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The reference reactive power output Qref from the PV inverter is calculated as:  

                      𝑄1                             if  𝑉(𝑡) ≤ 𝑉1 

                  𝑘 (
𝑋

𝑅
)  𝑉(𝑡) + 𝐵1        if V1< 𝑉(𝑡) ≤V2  (5.25) 

Qref =     0                               if   V2 < 𝑉(𝑡) ≤ V3 

                 𝑘 (
𝑋

𝑅
)𝑉(𝑡) + 𝐵2      if   V3 < 𝑉(𝑡) < 𝑉4 

       Q4                          if 𝑉(𝑡)≥ V4 

 

where B1, B2 are the vertical axis intercept in over-excited (capacitive) and under-

existed (inductive) modes, respectively.  

The Thevenin impedance at PCC can be estimated using Newton-Raphson (N-R) 

load flow method or based on field measurements at different loading conditions 

(Jayaweera, 2016) (Kersting, 2018). Thus, the reference Var value to control the 

inverter based on the proposed K(X/R) function is shown in Figure 5.15. 

 

 

 

 

 

Figure 5.15 Block diagram of the proposed X/R-based control algorithm 

 

A PI-based controller is selected in this study to ensure a low computation burden 

and easy implementation on the existing RTUs (Isen et al., 2016). However, PI 

controllers have limited performance in tracking the sinusoidal reference signal 

under nonlinear load variation (Meral & Çelík, 2019). Iqref is the reference reactive 

current to control the reactive power output of the inverter, when Iqref is set to zero, 

the inverter is operated at unity power factor generating active power alone. The 

MATLAB/Simulink algorithm to regulate the local AC voltage at the point of 

common coupling (PCC) is shown in Figure 5.16.  Iqref is the reference reactive 
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current to control inverter output, when Iqref is set to zero, the inverter is operated in 

No-regulation mode.  

 

 

 

 

 

 

 

 

Figure 5.16 MATLAB/Simulink model of the proposed X/R based volt/var droop control function 

 

The actual d-q grid voltage Vgd, Vgq including both positive and negative 

sequences are added to the controller’s output to implement the voltage feed-

forward technique and ensure that the inverter output remains symmetrical during 

asymmetrical faults or unbalanced conditions (Batzelis et al., 2019). The Transfer 

function of the PI controller is given by 

u(t) = Kp ε(t) + Ki ∫ ε(t) dt                       (5.26) 

Where ε(t) is the error between the setpoint (Iqref) and the measured value (Iq)  

The d-q current references Idref , Iqref  are calculated through the active and reactive 

power references Pref  and Qref respectively as formulated in equations 5.27 and 5.28 

(Batzelis et al, 2019): 

𝐼𝑞𝑟𝑒𝑓 = 
−2𝑄𝑟𝑒𝑓

3𝑉𝑔𝑑
+                                               (5.27) 

𝐼𝑑𝑟𝑒𝑓 = 
−2𝑃𝑟𝑒𝑓

3𝑉𝑔𝑑
+                                                (5.28) 

The inverter voltage in d-q coordinates Vid and Viq can be derived as: 

Vid = Kp(Idref − Id) + Ki (Idref − Id) + Vgd              (5.29)  

Viq = Kp(Iqref − Iq) + Ki (Iqref − Iq) + Vgq                (5.30)  

   + 
+
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where the grid voltage Vgd, Vgq is added to the controller’s output to implement the 

voltage feed-forward technique.  

 

5.4.2 Development of Centralised Volt/Var/CVR Algorithm for PV 

Ancillary Services  

The second control level is a centralised coordinated control based on the research 

survey results discussed in Chapter 3, Section 3.4 (see Figure 3.8). The key PV 

ancillary services considered in this study, according to survey results, are active 

voltage regulation, OLTC/SCB operations reduction, feeder losses reduction as well 

as supporting demand response through conservation voltage reduction (CVR). 
 

In this section, a novel smart grid-integrated Volt/Var Optimisation algorithm is 

developed to optimally coordinate the inverter control with the legacy voltage 

regulation devices of distribution feeders including transformer on-load tap 

changers (OLTC) and shunt capacitor banks (SCB) as illustrated in Figure 5.17. 

 

Figure 5.17 The proposed Centralised smart grid-integrated Volt/Var/CVR Algorithm 
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The PV inverters control can be coordinated with the legacy voltage regulation 

devices if telecommunication channels can be established between the utility 

SCADA system and PV inverters at the consumer side.  Smart distribution grid 

technologies such as remote terminal units (RTU) and smart meter data can provide 

valuable input data for the proposed integrated Volt/Var optimisation to enhance 

the overall voltage profile of distribution feeders. Another advantage of the 

proposed integrated volt/var optimisation scheme is the ability to perform 

Conservation voltage reduction (CVR) by reducing the supplied voltage within the 

statutory grid code limits (-5%).  

 

5.4.2.1 The Objective Function of Optimal PV Ancillary Services 

 

The main objective of the proposed integrated volt/var optimisation is to minimise the power 

losses, minimise the switching operations of the legacy voltage regulator (OLTC and shunt 

capacitor banks) and minimise the Peak Demand using the CVR technique while maintaining 

the voltage within the statutory limits. The objective function can be formulated at a given 

time instant t as: 

Min 𝐹𝑡(𝑉𝑠, 𝑄𝑐 , 𝑄𝑖𝑛𝑣) =  ∑ (𝐶𝑙𝑜𝑠𝑠,𝑙,𝑡 + 𝐶𝑇𝑅,𝑡 + 𝐶𝑆𝐶𝐵,𝑡 + 𝐶𝐶𝑉𝑅,𝑡)
T
t=1     (5.31) 

 

𝐹𝑡 is the objective function, expressed in terms of three decision variables. Vs is the source 

substations voltage controlled by the transformers OLTC, Qc  is the reactive power generated 

by the capacitor banks and Qinv  is the reactive power generated by PV inverters. 

 

T is the study time interval, 𝐶𝑙𝑜𝑠𝑠,𝑡 𝑖𝑠 the power loss cost, 𝐶𝑇𝑅,𝑡 𝑖𝑠 the transformer’s OLTC 

operating cost, 𝐶𝐶𝐵,𝑡𝑖𝑠 the shunt capacitors operating cost ($). 𝐶𝐶𝑉𝑅,𝑡 is the cost of energy 

demand due to CVR. Equation 5.52 is a mixed-integer nonlinear optimisation problem and 

can be solved using meta-heuristic optimisation techniques. Particle swarm optimisation 

(PSO) has been adopted in this study as shown in Figure 5.18. 
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Figure 5.18 Functional block diagram of Integrated Volt/Var optimisation using PSO 

The objective function Constraints are: 

• Voltage Deviation ≤ 5% 

• Maximum feeder Current carrying capacity (Feeder Thermal limits) 

• Q Capability limitation of the PV inverter  

• Power Quality THDv < 5%   

• Transformer OLTC tab-step constraints. OLTC tap changer can operate step-up or step-down 

within (±8) tab range 

 

The first DER ancillary service considered is to improve distribution feeder efficiency and 

therefore minimise the power losses cost 𝐶𝑙𝑜𝑠𝑠 in equation 5.31 is given by: 

𝐶𝑙𝑜𝑠𝑠(𝑡) =∑(

𝑙=𝐿

𝑙=1

𝛼1 × 𝑃𝑙𝑜𝑠𝑠,𝑙,𝑡)         (5.32) 

Where 𝑃𝑙𝑜𝑠𝑠,𝑙,𝑡𝑖𝑠 the active power loss of the feeder at time instant t (𝑘𝑊) , 𝛼1  𝑖𝑠 the loss 

price ($/kW) approximately 0.122 $/kW as per typical market data (DEWA slab tariff, 2018).  

The second DER ancillary service is to minimize conventional voltage regulator operations 

including reducing the tap changing operations of the transformer’s OLTC and reducing the 

switching operations of shunt capacitor banks.   

The transformer’s OLTC switching cost 𝐶𝑇𝑅in equation 5.31 is given by: 
 

𝐶𝑇𝑅(𝑡) = ∑ 𝛼2
𝑖=𝑁𝑇
𝑖=1 × | 𝑇𝐴𝑃𝑖(𝑡) − 𝑇𝐴𝑃𝑖(𝑡 − 1)|   (5.33) 

 

Where 𝛼2  is the switching cost of the OLTC ($/switch), TAP (t) is the tap position at time t 

and NT is the total number of transformers on the feeder. Typical OLTC is designed for 

300,000 operations over its lifespan (Maschinenfabrik Reinhause OLTC Manual, 2015). The 
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average OLTC cost of a typical medium voltage transformer is estimated based on NREL 

Distribution Grid Integration Unit Cost Database (NREL Cost Database, 2019) 

 

𝛼2 = 
Average cost of Transformer′s OTLC 

Lifespan Number of Switching operations
 = 

94,500 

300,000
= 0.315      (5.34) 

 

The cost of capacitor bank switching is given by: 

𝐶𝑆𝐶𝐵(𝑡) = ∑ 𝛼3
𝑖=𝑁𝐶
𝑖=1 × |W𝑖(𝑡) − W𝑖(𝑡 − 1)|                       (5.35) 

 

Where 𝛼3  is the switching cost of the capacitor bank ($/switch), W is a binary variable that 

reflects the status of the shunt capacitor bank (W=0 if the CB is switched off and W=1 in 

case switched on). NC is the total number of shunt capacitor banks on the feeder. The typical 

11 kV capacitor bank (1.2 Mvar) is designed for 1,000,000 operations over its lifespan and 

cost about $101,000 (Eaton CB Technical data, 2014) (ABB Power Capacitors Buyer’s 

Guide, 2013). Cost depends on the MVAR rating and whether it is an indoor or outdoor unit. 

𝛼3 = 
Total cost of the capacitor bank

Lifespan Number of Switching operations
= 
102,000 

1,000,000
= 0.101                  (5.36) 

 

Finally, DER ancillary service for reducing peak demand through conservation voltage 

reduction (CVR). The objective to maximize CVR energy demand savings is equivalent to 

minimizing the CVR cost function given by: 

𝐶𝐶𝑉𝑅(𝑡) = ∑ 𝛼4
𝑖=𝑁𝐿
𝑖=1 × 𝑃𝐿𝑜𝑎𝑑,𝑖(𝑡) × 𝑉𝑖(𝑡)

𝜇        (5.37) 

Where 𝛼4  is the cost of energy load consumption 𝑃𝐿𝑜𝑎𝑑,𝑖 through CVR ($/kWh), NL is the 

total number of loads on the feeder. CVR factor (𝜇) is calculated by dividing the resulted in 

energy demand by the change in grid voltage (Ding & Baggu, 2018).  

𝜇 =  𝐶𝑉𝑅𝑓 = 
∆𝐸

∆𝑉
                          (5.38) 

Where 𝛥𝐸 is the changes in energy consumption and  𝛥𝑉 is the CVR voltage 

reduction. The typical CVR factor (𝜇) values are adopted from the literature. Sen & 

lee summarised the values of the CVR factor showing that CVRP for active power 

can range from 0.6 to 1.19, while CVRQ for reactive power can range from 1.99 to 20 

(Sen & Lee, 2016). The developed code in MATLAB scripting language for the 
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objective function and particle swarm optimisation function are both illustrated in 

Appendix B.  

 

The integrated flowchart of the proposed two-level control scheme for decentralised 

volt/var control and centralised reactive power dispatch algorithms is shown in 

Figure 5.19. The left side of Figure 5.19 shows the decentralised volt/var control for 

local voltage regulation. The X/R value at the point of PV connection is initially 

calculated based on the default configuration of the distribution feeder. The X/R 

value is updated in the case of distribution feeder reconfiguration of distribution 

feeders with open-loop arrangements.  The instantaneous AC voltage value is 

checked and the volt/var droop control is applied according to the proposed 𝐾 (
𝑋

𝑅
)  

function to obtain the required reactive power setpoint of PV inverters.  The reactive 

power output of all PV inverters is controlled through master/slave Modbus 

register mapping to the daisy-chained PV inverters.  

 

The right side of Figure 5.19 shows the centralised reactive power dispatch scheme 

from the distribution management system (DMS). The PV reactive power 

compensation setpoint Qref is calculated by DMS volt/var optimization application 

based on the coordinated operations of other legacy voltage regulation devices such 

as OLTC and shunt capacitors. The PV reactive power setpoint Qref is 

communicated to the proposed VVC controller via IEC 61850 standard SCADA 

protocol and the Modbus registers of the reactive power output of all PV inverters 

are overwritten accordingly.  
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Figure 5.19 Flow Chart of the proposed two-level VVC and PV ancillary services scheme 

The complete system model showing both the power circuit complements and 

control model is shown in Figure 5.20. Iq_ref is the main reference signal for reactive 

power control of the inverter based on X/R ratio and the voltage at the point of 

common coupling. PI controller parameters (Kp, Ki) for voltage and current 

controllers using Simulink curve fitting technique.   
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 Figure 5.20 The complete dynamic model of the system developed in MATLAB/Simulink  

 

The control tuning parameters adopted for the developed volt/var controller 

model are illustrated in Figure 5.21 
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LCL Filter 
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PV Power Circuit Model 
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signal for reactive power control 
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Figure 5.21 MATLAB/Simulink Model for the Inverter Volt/Var Controller’s parameters 

The detailed MATLAB/Simulink and OpenDSS scripts and the parameters of the 

proposed VVC are provided in Appendix B.  

5.5 Distribution Feeder Model 
 

A typical distribution feeder is modelled in Simulink based on the actual data 

collected from the distribution feeder connected to the experimental testbed (DEWA 
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Design guidelines, 2015). The X/R values of the distribution cables used in feeder 

modelling is shown in Table 5.2.  

Table 5.2 Typical X/R ratios for MV copper conductors XLPE cables (Nexans power cable Catalogue, 

2010, pp29)  

MV Cable Cross-

section Area (mm2) 

R 

Nominal AC 

Resistance Ω/km  

X 

Nominal reactance  

Ω /km @ 50 Hz 

 

X/R Ratio 

70 0.568 0.133 0.234155 

95 0.325 0.121 0.372308 

120 0.265 0.119 0.449057 

150 0.211 0.114 0.540284 

185 0.13 0.109 0.838462 

240 0.102 0.106 1.039216 

300 0.08 0.102 1.275 

400 0.63 0.098 0.15873 

630 0.063 0.097 1.539683 

800 0.051 0.093 1.823529 

1000 0.042 0.09 2.142857 

The feeder model uses line parameters R, L, and C according to typical MV feeder 

parameters (Nexans power cable Catalogue, 2010). Simulink representation and 

equivalent feeder circuit are given in Figure 5.22. The line parameters R, L and C are 

configured according to the typical XLPE MV cable datasheet provided in Table 5.3.  

 

 

 

 

 

Figure 5.22 Simulink model and equivalent RLC circuit of feeder section impedance  

The detailed distribution feeder model consists of the following main components 

as shown in Figure 5.23.
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Figure 5.23 Simulink Model for the proposed VVC inverter control model connected to a typical radial distribution feeder

15 

6 7 
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(1) Thevenin equivalent grid model includes 132/33 kV equivalent transmission system 

(DEWA Design guidelines, 2015). The parameters of the source Thevenin equivalent circuit 

are shown in Figure 5.24 The source X/R ratio is estimated based on X/R data from IEEE 

242 –2001 standard for typical power systems’ data (IEEE 242, 2001). The three-phase short 

circuit level parameters are calculated using the short circuit data of the substation 

transformer given in Figure 5.24 (Is.c.=2.4 KA at 33 kV) 

𝑆𝑠.𝑐 = √3 𝑉 𝐼𝑠.𝑐 =  √3 ∗ 33000 ∗  2700 = 154.32 e6  VA                  (5.39) 

 

Figure 5.24 SIMULINK parameters of the source Thevenin equivalent circuit  

(2) Substation transformer (132/11 kV), the parameters of the substation’s 

transformer are taken from an actual nameplate data of substation transform 

connected to the experimental site in Dubai as shown in Figure 5.25. The vector 

group of the transformer is Dyn11 which indicates that the primary HV winding is 

delta connected (D) while the secondary LV winding is star connected (y) with the 

neutral point (n) connection provided at the secondary side and a phase shift of 30 

degrees leading according to IEC60076-1 standard. 



 

105 

   NUMERICAL METHODOLOGY 

Rated Power: 10000 kVA  Number of Phases: 3 

Rated Frequency: 50 Hz  Vector Group: Dyn11 

H.V.: 33 kV  L.V.: 11 kV 

                 Figure 5.25 Name Plate Data of the study feeder’s substation transformer  

The parameters of the three-phase substation transformer are configured in 

Simunlink Simscape model as illustrated in Figure 5.26 the three-phase winding 1 

indicates the primary winding of the transformer while winding 2 indicates the 

secondary side. The vector group Dyn11 The low-voltage secondary winding2 (y) is 

leading the primary winding1 (D) by 30 degrees. Hence, the winding 1 connection 

parameter is set to D1 and winding2 is set to (Yn) (Simulink Reference Manual, 

2019). 

 

Figure 5.26 Screenshot of SIMULINK Simscape substation transformer parameters 

(3) The Loads Model as discussed in the previous section 5.6.  

The active and reactive power parameters of the load are configured in Simulink 

Simscape model for 1 MW load as shown in Figure 5.27 
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Figure 5.27 Screenshot of SIMULINK Simscape load parameters 

(4) 11-kV distribution feeder section model with the following feeder parameters   

 

Figure 5.28 Screenshot of SIMULINK SIMSCAPE feeder section parameters 

The coupling distribution transformer 3-ph (11/0.4 KV) with 50 Hz rated 

frequency, Dyn11 vector group and 5.18 percentage impedance. 
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Figure 5.29 Screenshot of SIMULINK SIMSCAPE distribution transformer 11/0.4 kV 

(5) LCL filter used to interconnect an inverter to the utility grid in order to filter 

the harmonics produced by the inverter.  

(6) DC/AC Voltage Source Converter (VSC) control. 

(7) The proposed VVC controller with three inputs, the instantaneous voltage 

magnitude, the X/R value at PV point of connection and enable/disabled signal.   

(8) Selector switch to enable/disable VVC control. When the switch is set to 

disable (0) position the reference reactive control current (Iq) is set to a constant 

value of zero. At the enabled (1) position, the developed algorithm dynamically set 

Iq value according to the instantaneous grid voltage at PV point of connection and 

X/R value. 

(9) DC/DC boost converter connected to each PV array. Each converter is 

controlled by a Maximum Power Point Tracker (MPPT) algorithm to control PV 

array voltage to reach the maximum power output.  

(10) PV arrays. The PV system consists of four PV arrays each array of 30 kWp 

size using Sunpower PV modules 305 W with 20 parallel strings and 5 series PV 

panels connected per string as shown in Figure 5.30 The parameters for SunPower 
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PV modules are taken from PV System Advisor Model by the National Renewable 

Energy Laboratory (NREL SAM, 2018). 

Total power of PV system (Ppv)= Narray x Pmodule x Np x Ns                      (5.40) 

where Narray  is the number of PV arrays 

Pmodule  is the peak power of PV module (W) 

Np is the number of parallel strings  

Ns  is the number of series connected modules per string 

Ppv= 4 x 305.226 x 20 x 5= 122.09 kWp                               (5.41) 

Figure 5.30 Screenshot of SIMULINK SIMSCAPE feeder section parameters 

(11) Irradiance curve simulating fast moving clouds. 

(12) PV measurements including PV voltage, current and DC power 

(13) Additional measurements of grid voltage at the point of PV connection, 

active power (p) and reactive power (Q). 

(14) Digital flickermeter model developed as described in the IEC 61000-4-1 

standard. 
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5.5.1  Load Model 

A load model is a mathematical representation of the active and reactive power that 

a load consumes at given grid operating conditions. Load models are typically 

individual appliance or more commonly a set of aggregated loads categorised as 

residential, commercial and industrial.  

This consists of a weighted combination of constant impedance (Z), current (I) and 

power (PQ) including active and reactive power models (the sum of ZIP parameters’ 

weights equals 1). The active and reactive powers of the loads at each operating time 

instant are given as (Kersting, 2018). 

𝑃 = 𝑃0 [ 𝑍𝑝 ൬
𝑉

𝑉0
൰
2

+ 𝐼 ൬
𝑉

𝑉0
൰ + 𝑃𝑝]          (5.42) 

𝑄 = 𝑄0 [𝑍𝑞 ൬
𝑉

𝑉0
൰
2

+ 𝐼 ൬
𝑉

𝑉0
൰ + 𝑃𝑞]        (5.43) 

Where P0 and Q0 are initial active and reactive power respectively. 𝑉0 is the initial 

voltage (typically the nominal voltage) and V is the voltage of the system. 𝑍𝑝, 𝐼𝑝 

and 𝑃𝑝 are active power ZIP coefficients and 𝑍𝑞, 𝐼𝑞 and 𝑃𝑞  are reactive power ZIP 

coefficients. ZIP load model (constant impedance Z, current I and power P) has 

been adopted in this study to ensure the reproducibility of the voltage analysis 

results (Kersting, 2018) (Arif et al., 2018). The ZIP coefficients values provided in 

OpenDSS database will be used for EPRI benchmark feeder case study (EPRI 

OpenDSS Manual, 2019). 

 

5.5.2 Detailed X/R Characteristics at PV Point of Connection 

The X/R ratio is the value of reactance (X) divided by the value of resistance (R) 

and can be calculated using the complex impedance method. X/R ratio at PV point 

of connection can be estimated as the tangent of the angle (ϕ) created by impedance 

and resistance vectors as shown in Figure 5.31.  
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Figure 5.31 X/R ratio calculation based on complex impedance method 

X/R ratio at PV point of connection can be estimated as the tangent of the angle (θ) 

created by impedance and resistance vectors.  

X/R = tan (ϕ)                                              (5.44) 

The impedance angle can be calculated using the compositional inverse of the 

trigonometric function tangent: 

φ= Arctan (X
R
) = tan−1 (X

R
)                 (5.45) 

To calculate the X/R ratio at the PV point of connection (X/R)pcc, can be 

formulated in terms of X & R values of the source, transformer and feeder as: 

(X/R)pcc = 
∑𝑋

∑𝑅 
= 

𝑋𝑠𝑜𝑢𝑟𝑐𝑒  +  𝑋𝑡𝑟𝑎𝑠𝑓𝑜𝑟𝑚𝑒𝑟  + 𝑋𝑓𝑒𝑒𝑑𝑒𝑟

𝑅𝑠𝑜𝑢𝑟𝑐𝑒 +  𝑅𝑡𝑟𝑎𝑠𝑓𝑜𝑟𝑚𝑒𝑟  + 𝑅𝑓𝑒𝑒𝑑𝑒𝑟
                    (5.46) 

a) The source X and R values are calculated: 

The given values of the source impedance %Z = 0.97 and X/R = 9  according to 

IEEE 242 standard (IEEE 242, 2001), the X and R values are calculated using 

equations 5.44, 5.45, 5.46:  

φ = Arctan (
X

R
) = tan−1(9)= 83.6598°         (5.47) 

Accordingly, X and R values can be calculated as: 

X = Z Sin(φ) = 0.97% x Sin (83.6598°)  = 0.964%              (5.48) 

R = Z Cos(φ) =0.97%  x Cos (83.6598°)  = 0.1071%         (5.49) 
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 X

 -
 R

e
ac

ta
n

ce
 o

r 
V

a
r 

(Q
) 

 
R-Resistance or Active Power (P) 
 

ZTotal 
 

ϕ 
 

ZFeeder 
 

ZTransformer 
 

ZSource 

 



 

111 

   NUMERICAL METHODOLOGY 

b)  Transformer R and X values:  

The transformer X/R ratio is usually obtained from actual tests carried out on the 

transformers during the installation and commissioning stage.  In the absence of 

actual test data, IEEE 242 Standard provides practical X/R data based on the 

transformer’s voltage and kVA rating. The X/R value of the substation transformer 

is approximately X/R=10 and for the distribution transformer X/R estimated is 5.5 

(IEEE 242, 2001 pp. 37)  

The percentage impedance %Z can be calculated (if not given by the nameplate) 

using the primary short circuit current Is.c. Equation 5.50 illustrates the short circuit 

current calculation in terms of kVA rating S and the primary voltage value (Tleis, 

2019). 

𝐼𝑠.𝑐 = 
𝑆

√3  𝑍  𝑉
                            (5.50)      

The percentage impedance %Z can be calculated using Is.c as: 

%𝑍 =  
𝑆

√3 𝐼𝑠.𝑐 𝑉
∗  100                            (5.51) 

Hence, %Z for the substation transformer with primary voltage 33 kV and Is.c 2.6 kA is 

calculated as: 

  %𝑍 =  
𝑘𝑉𝐴

√3 𝐼𝑠.𝑐  𝑘𝑉
∗  100 =  

10000

√3 2700 33
∗ 100 = 6.47%   (5.52)     

φ =  Arctan (
X

R
) = tan−1(10)= 84.289°                                  (5.53)     

X = Z  Sin (φ) =  6.47 x Sin (84.289°) = 6.437%                    (5.54)                    

R  = Z Cos (φ) =  6.47 x Cos (84.289°) = 0.6438%                 (5.55)     

The percentage impedance value of the 11/0.4 kV distribution transformer, 

according to the nameplate data, is %Z = 5.18% and the X/R value obtained from 

IEEE242 is X/R = 5.5 

φ =  Arctan (
X

R
) = tan−1(5.5)= 79.6951°                                               (5.56) 
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X = Z  Sin (φ) =  5.18 % x Sin (79.6951°) = 5.0964%                          (5.57) 

R  = Z Cos (φ) =   5.18 % x Cos (79.6951°) = 0.9266%                        (5.58) 

 

c) Feeder R and X values: 

The 11 kV feeder sections of copper conductor size 400 mm2 are used. The 

typical X, R values provided in Table 4.3 for medium voltage 11 kV 400 mm2 

cables are X= 0.63 Ω/km and R= 0.098 Ω/km. Hence, the total feeder X, R 

values for 5.2 km length conductor are calculated as: 

X= 5.2 x 0.1 = 0.52                                       (5.59) 

R= 5.2 x 0.6002 = 3.121                             (5.60) 

For LV cables the distance between the distribution transformer to the roof-

top solar system is about 900 meters of LV cable with X= 0.124 Ω/km and R= 

0.927 Ω/km  . Thus, the total X and R of LV cables is calculated as: 

X= 0.9 x 0.124 = 0.1116                             (5.61) 

R= 0.9 x 0.9126 = 0.8213                            (5.62) 

To find the overall X/R ratio till the point of PV connection (X/R)pcc , the 

total network X and R values are calculated: 

 (X/R)pcc = 
𝑋𝑡𝑜𝑡𝑎𝑙

𝑅𝑡𝑜𝑡𝑎𝑙
= 

0.964+6.4378+5.086+0.52+0.1116

0.1071+0.752+0.9818+3.121+0.8213
= 2.268      (5.63) 

The slope of the inverter voltage control droop function is adapted according 

to the X/R ratio of the feeder at the point of PV connection (X/R)pcc =2.268 

as calculated in equation 5.63. Hence the adaptive slope function k (
X

R
) can be 

obtained from the equation 5.64 that has been developed in Section 5.4.1: 

𝑘 (
𝑋

𝑅
) = 𝑘𝑀𝑎𝑥 sin(cos

−1
(
X

R
) 

√(
𝑋

𝑅
)
2
+ 1

)= -50 sin൬cos−1
2.2686

√(2.2686)2+ 1
൰ = −20.1674      (5.64) 
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Table 5.3 shows the typical X/R values of distribution feeders and the corresponding 

droop control function k(X/R). Figure 5.32 shows the graphical representation of 

equation 5.32 illustrating the relationship between the droop control slop and the 

X/R ratio at the point of inverter coupling to the grid. 

Table 5.3 The proposed droop control function k(X/R) corresponding to typical X/R ratios of 

distribution feeders 

 

X/R Ratio 

Corresponding 

Power Factor (PF) ϕ (radian) Sin ϕ 𝑘 (
𝑋

𝑅
) =Kmax Sin ϕ 

0.234155 0.234155 0.234155 0.234155 0.234155 

0.449 0.410 1.149 0.912 - 45.6122 

0.540 0.475 1.075 0.880 - 43.99 

0.838 0.643 0.873 0.766 - 38.3143 

1.039 0.721 0.766 0.693 - 34.669 

1.275 0.787 0.665 0.617 - 30.857 

1.587 0.846 0.562 0.533 - 26.6519 

1.540 0.839 0.576 0.545 - 27.2342 

1.824 0.877 0.502 0.481 - 24.0416 

2.143 0.906 0.437 0.423 - 21.1443 

2.643 0.935 0.362 0.354 - 17.6946 

3.143 0.953 0.308 0.303 - 15.1602 

3.643 0.964 0.268 0.265 - 13.2358 

4.143 0.972 0.237 0.235 - 11.732 

4.643 0.978 0.212 0.211 - 10.5278 

5.143 0.982 0.192 0.191 - 9.54348 

5.643 0.985 0.175 0.174 - 8.72482 

6.143 0.987 0.161 0.161 - 8.03378 

6.643 0.989 0.149 0.149 -7.44302 
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Figure 5.32 Plot of the proposed X/R based volt/var droop control slop k(X/R) 

It can be seen that for low X/R ratios where the feeder and load impedances are 

predominantly resistive, inverter’s reactive support is close to the maximum to 

provide the necessary to regulate Vpcc voltage. For higher X/R ratios where the 

feeder and load impedances have high reactance values, less reactive power support 

from the inverter is needed to regulate Vpcc voltage. 

5.6 Summary 

 
Chapter 4 presented the methodology and process of developing the proposed two-

level control and smart grid-integrated ancillary services scheme. The proposed 

scheme is developed based on realistic experimental testbed data and a recent 

industry perspective of PV ancillary services. Thus, the research objectives of 

developing and implementing a cost-effective volt/var control scheme using the 

existing smart distribution infrastructure to avoid the upfront costs of providing PV 

ancillary services. 

A novel two-level volt/var control model is developed in MATLAB/Simulink based 

on two control algorithms. First, a decentralised volt/var control (VVC) of PV 

inverters is developed based on the X/R ratio at the point of connection for each PV 

system to autonomously regulate the local voltage. The second control level is a 
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centralised Volt/Var/CVR algorithm for optimal PV ancillary services using smart 

grid communication to coordinate PV ancillary services with the legacy voltage 

regulation devices. The proposed ancillary services of PV inverters included voltage 

regulation, energy efficiency, conservation voltage reduction (CVR) for demand 

reduction and operational cost minimisation. An optimal PV ancillary services 

model has been formulated into a mixed-integer multi-objectives optimisation 

problem. Particle swarm optimisation is used to solve the optimisation problem and 

achieve an optimal volt/var regulation in coordination with conventional voltage 

regulation devices. Furthermore, Conservation voltage reduction (CVR) 

methodology using inverter control model for peak demand reduction has been 

proposed. 

 

The scope of the developed model is to carry out transient and Quasi-static time-

series simulation to examine the effectiveness of the proposed control scheme in 

controlling fast PV fluctuations, resolving voltage violations, voltage flickers, and 

enabling higher PV penetration. A distribution feeder model is developed with 

detailed X/R characteristics is developed to simulate the voltage regulation impact 

of the proposed VVC scheme with different X/R values.
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6.1. Introduction 

This chapter presents the experimental setup and examination of the proposed VVC 

control model on a real-world grid-connected roof-top PV system testbed. The 

objective of this chapter is to design and implement a prototype controller of the 

proposed smart grid-integrated VVC model for experimental validation and to 

assess the performance of the proposed VVC scheme in a real-world grid-connected 

PV experimental testbed.  The development of the prototype and field deployment 

are described in detail as well as the experimental validation process. 

The following experimental analyses are carried out to assess the effectiveness of the 

proposed VVC prototype in voltage regulation and power quality to fulfil the 

controller design objectives.  

I. Controlling voltage fluctuations during cloudy weather conditions.  

II. Volt/var regulation during sunny weather conditions 

III. Experimental exanimation of the proposed VVC existing P/Pn reactive 

power regulation method with. 

IV. Power quality assessment of total harmonic distortion (THDv) and flicker 

analysis. 

6.2. Experimental Validation of VVC Model 

This section describes the design and field implementation of VVC prototype. 

Further, the experimental validation process is presented through F-test and t-test 

statistical analysis of simulation results compared to experimentally measured data 

of the developed VVC controller prototype. 

 

6.2.1 Model Validation Methodology 

The VVC SIMULINK model that represents the experimental testbed is compiled 

using Simulink PLC coder.  The complied VVC prototype algorithm code is then 

deployed in a smart grid RTU using CODESYS to ensure its compliance with IEC 
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61131-3 standard and to address smart grid integration challenges as discussed in 

Chapter 3, section 3.4.4. Standardizing smart grid integration to PV Inverters will 

reduce the integration cost and facilitate quick deployment of PV ancillary services 

since the existing smart grid infrastructure can be utilized for PV ancillary services 

Subsequently, the developed VVC prototype is tested at the experimental testbed 

over a duration of one year to validate the reactive power compensation behaviour 

of the VVC model at different solar irradiance and loading conditions to test both 

inductive and capacitive compensation of the proposed VVC prototype. The annual 

solar irradiance profile of the weather station located at the experimental testbed is 

shown in Figure 6.1. It is observed that the maximum solar irradiance 1095.018 

W/m2 occurred on 26th of March 2019.   

Figure 6.1 Annual solar irradiance measured data at the experimental testbed 

The measured active and reactive load power consumption data from the smart 

energy meter of the 200 kW residential load connected to the PV system installed at 

the experimental testbed is shown in Figure 6.2. It is observed that the peak load 

occurred during the summer months on 18th of August 2019 with a maximum value 

of 200.02 kW.  Two load levels have been selected to account for the interaction of 

Maximum Irradiance = 1095.018 W/m2
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PV generation with different loading conditions. Low loading conditions are taken 

for winter months when the load value falls below 40% of the peak load. The 

summer season is characterised by peak loading conditions. The experimental 

analysis is carried out for the low and peak loading and irradiance conditions to 

account for load seasonal changes as illustrated in Figure 6.2. 

 

Figure 6.2 Annual load profile measured by the smart meter 

The month of March and August is selected to represent the winter season and 

summer seasons respectively. In March, the weather is mostly cloudy and load 

values fall below 40% of the peak load value. On the other hand, the weather in 

August is sunny and the peak loading conditions as illustrated in Figure 6.2. 

 

Finally, cross validation of volt/var control results through F-test and t-test 

statistical analysis of experimental and simulation results are performed to quantify 

the agreement between the simulated versus the experimental testbed results. The 

model can be confidently accepted as an accurate representation of the real world in 
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the case of equivalent variances and mean values of both simulated and measured 

data sets. If agreement-test and t-test outcomes are unacceptable, the model shall be 

revised to achieve an acceptable agreement as shown in Figure 6.3 (Thacker et al., 

2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 Model Validation Methodology 

 

6.2.2 Development of VVC Prototype 

The first step of The VVC model validation is to develop a prototype controller and 

deploy the SIMULINK model code at the experimental testbed for experimental 

validation. 
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A remote telecontrol unit RTU-520 is selected to implement the VVC controller due 

since it supports Programmable Logic Control (PLC), Modbus communication as 

well as Ethernet SCADA Communication to distribution system operation (DSO) 

control centres. Furthermore, RTU-520 is widely used for smart grid and distribution 

automation applications (RTU520 PSD datasheet, 2019) which fulfil the design 

objectives of the proposed VVC model for cost-effective implementation in smart 

distribution feeders. The PLC controller logic and relevant configuration files are 

stored in the non-volatile flash memory card (removable SD-card) to maintain the 

VVC control algorithm and system configuration after power reset (RTU520 CMDU 

Datasheet, 2017). 
 

A power supply unit (PSD) is used to safely generate the necessary power for the 

controller system. The supply voltage for the PSD unit is 24 VDC and it is directly 

connected to the CMDU module via an X1 connector on DIN-rail as illustrated in 

Figure 6.4. The DIN-rail mounting plate is connected to the earthing system to 

maintain both CMDU and PSD as short as possible to RTU earthing for higher 

electromagnetic EMC protection (RTU520 PSD datasheet, 2019).  

 

           

Figure 6.4 The structured of the VVC controller used at the testbed 

 

The power 

supply unit 

(PSD) 

Communication & 

Data Processing 

Unit (CMDU) 

X1 Connector 
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The RTU-520 controller supports closed-loop control by its built-in PLC programs 

via serial Modbus Sub-device Communication Interface (SCI) as shown in Figure 

6.5. The controller could communicate to SCADA network control centres (NCC) to 

act as a gateway to receive and execute remote commands via a Host 

Communication Interface (HCI). The RTU560 controller consists of a set of 

communication units (CMU) and Input/output I/O boards to manage additional 

devices through the Modbus interface (ABB Utilities GmbH, 2017). This Modbus 

interface is used to receive remote Var setpoints commands from the distribution 

management system (DMS) at the electric utility side to PV inverters since it is the 

most commonly used protocol in PV systems as per the research survey results 

discussed in Chapter 3, section 3.4.2 (see Figure 3.6).  

 

Figure 6.5 The internal structure of the VVC controller (RTU-520) 

The proposed VVC algorithm, as described in chapter 4-section 4.5, is compiled 

using Simulink PLC coder. The compiled PLC code is then deployed using CodeSYS 

IEC 61131-3 standardized software as illustrated in Figure 6.6. 
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Figure 6.6 Compilation of the proposed VVC algorithm into PLC programmable controller 

 

 

6.2.3 Design and field implementation of VVC prototype  
 

The VVC control and telemetry subsystem comprise three main devices: VVC 

controller, grid monitoring device (GMD) and telecommunication interface device 

using RS485 Modbus wires.  The VVC Prototype controller using smart grid (RTU-

520) and grid monitoring device (GMD) are connected at the inverters combiner 

panel as shown in Figure 6.7.  

The VVC controller requires 24 VDC input, therefore an AC/DC rectifier is installed 

to provide the appropriate DC supply to the controller’s PSD unit. Furthermore, the 

24VDC rectifier output is used to supply the weather station which operates at the 

same DC voltage. 
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Figure 6.7 The VV controller and GMD connection communication interfaces 

The Grid monitoring device (GMD) is used to measure the grid voltage at PV point 

of connection in real-time (< 30 ms delay) to provide the instantaneous voltage input 

to the VVC controller via Modbus RTU communication interface. Table 6.1 

illustrates the measuring voltage range and measurement accuracy. GMD provides 

different monitoring functions to detect over-voltage and under-voltage for 

protection purposes (ABB, GMD Datasheet, 2019) 
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Table 6.1 GMD voltage measuring range and monitoring functions 

 

A telecommunication interface card connects the VVC controller to the inverters to 

enable reactive power control and inverters reconfiguration. 

The Modbus communication board, DM-COM KIT shown in Figure 6.8 is connected 

to the internal inverter’s circuitry to establish the data communication with the VVC 

controller (ABB, Solar inverters COM KIT, 2018). 

  

Figure 6.8 MODBUS Telecommunication interface card connected to the inverter circuitry  

The Modbus open-source protocol can be used with two variations: the serial 

connections using RS-485 cable and Modbus RTU using Ethernet cable.  

Inverter 
connector 

RS485 
Modbus 

Ethernet 
Port 
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Modbus RTU mode is supported by all standard devices and is the mode most 

commonly used with SCADA systems (Borlase, 2017) (Hossain, Han & Poor, 2012). 

Therefore, Modbus RTU is used to control the inverters to ensure interoperability 

between different devices and the VVC controller. The controller is configured as 

Modbus master responsible for managing collecting data and executing commands. 

The four PV inverters, the grid monitoring device and the weather station are 

configured as Modbus slaves. RF-mesh Telecommunication to connect the VVC 

controller to the utility’s SCADA distribution control centre (DCC) to use the 

controller as a gateway for DER ancillary services. The controller is connected to the 

RF-mesh modem using an Ethernet cable for the telemetry of PV inverters 

generation as illustrated in Figure 6.9. 

  

Figure 6.9 RF-Mesh Telecommunication used at the testbed to connect the VVC controller to SCADA    

The RF-mesh communication from the proposed VVC controller to SCADA 

distribution control centre allows remote Var dispatch of PV inverters output for 

feeder voltage regulation. Therefore, facilitate the provision of DER ancillary 

services and reactive power compensation to achieve effective voltage regulation at 

different operational conditions as illustrated in Figure 6.10.  

Ethernet Cable to 

VVC Controller 

RF- Antenna 

RF-mesh Modem 
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Figure 6.10 VVC Controller connection to utility control centre (DCC)  for DER ancillary service 
 

In this research, CODESYS PLC algorithm software tool version 3.5 is used to deploy 

the compiled VVC algorithm and deploy it to commercially available RTUs used in 

distribution automation (ABB RTU-520) to ensure the standardization and 

successful smart grid integration of PV inverters as per the research survey findings 

discussed in Chapter 3, section 3.4.2. 

Structured text (STX) PLC programming language is selected in this experimental 

study because it supports complex statements (such as SQRT, SIN, ACOS), Iteration 

loops and conditional instructions to ensure successful deployment of the VVC 

algorithm. CODESYS is a manufacturer-independent standard development 

software for programmable controller applications in line with IEC 61131-3 

international standard. It has emerged among the best practical tools for PLC 

controller programming to avoid device integration issues, PLC logical errors that 

are commonly associated with proprietary PLC controllers (Edward, 2013) 

(CODESYS Manual, 2019). 
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Figure 6.11 shows the screenshot of the Structured PLC text language of the 

compiled VVC algorithm in CODESYS developer software for RTU deployment. 

The detailed VVC code is presented in Appendix B. 

 

Figure 6.11 Deployment of the complied VVC algorithm in CODESYS development tool 

 

The schematic diagram of the proposed VVC controller’s deployment at the testbed 

and the controller’s input and output data flow is illustrated in Figure 6.11. A high-

resolution grid monitoring device is used to feed the controller with the 

instantaneous 3-ph voltage at the point of PV connection (Vpcc). The X/R input is 

programmed as an internal input parameter and is calculated for the testbed point 

of PV connection as described in Section 6.3. The initial X/R parameter value can be 

adjusted by the electric utility in case of any upstream feeder modifications through 

a remote setpoint command. This is important to ensure the integrity of the VVC 
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controller and the flexibility to be implemented in case of operational re-

configuration of the distribution feeder such as changing the position of open-loop 

point or outage of some substations within the feeder. The RTU output is used to set 

the reference control signal of PV reactive power output through modus RS-485 

interface cable. 

The reactive power management Modbus register of the PV inverter 0227 is mapped 

to the controller’s Var output parameter to receive and stores the reactive power 

setpoint as shown in Table 6.2 (ABB Inverter Modbus Register Map, 2015) 

    Table 6.2 PV inverter Modbus Register for reactive power management  

Modbus 
Register 
address 

Number 
of 
registers 

 
Register content 
description 

Default 
value 

 
Unit 

 
Description  

 
 

 
0227 

 
 

 
1 

 Reactive Power 
management register; 
set fixed reactive power 
output (Q) by a signed 
percentage of the 
Nominal Power of the PV 
inverter. 

 
 

 
0 

 
 

 
% 

Set a negative set value 
for over-excited 
(capacitive Var 
injection) or a positive 
value for under-excited 
(inductive Var 
injection) 

 

The reactive power output set point (Qinv) is communicated from the VVC 

controller to the PV inverter through RS485 Modus Communication cable as shown 

in Figure 6.12. The Modbus Master/Slave configuration is implemented with the 

VVC controller configured as the master and the daisy-chained PV inverters as the 

Modbus slave. The VVC controller sets the reactive power setpoint Qinv as a signed 

percentage of the nominal rated power of the inverter. The var control signal with a 

negative percentage setpoint for over-excited (capacitive Var injection) and positive 

percentage value for under-excited (inductive Var injection) reactive power 

compensation of the PV inverter.
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Figure 6.12 Schematic Diagram of the proposed VVC Controller deployment at the experimental testbed
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6.2.4 Validation of VVC Model 

 

The details of the statistical and quantitative analysis of the experimental results 

compared to the numerical model simulated results are presented in this section.  

First, statistical analysis including F-test and t-test are performed for the key control 

variables (Voltage and PV Reactive Power) to test whether the variances and mean 

values of the simulated and measured data samples are equal or unequal. Second, 

numerical analysis of the relative error of all simulated and measured observations 

are validated through Shewhart Control Chart to test if all observations fall within 

the acceptable control limits considering measurement uncertainty. 

 

6.2.4.1 Inductive Reactive Power Output Validation 

The inverter’s reactive power output (Q) at a given PCC voltage value (V) is the main 

controlled output parameter of the proposed VVC model.  As discussed in Section 

6.5, at low loading conditions during the month of March 2019, the voltage at the 

point of PV connection tends to increase due to excessive export of active PV power 

output to the grid.  The experimental temperature, irradiance, X/R, voltage, var and 

load data of the testbed that correspond to the experimental periods are inputted 

into the testbed model as presented in Section 6.2. The temperature and irradiance 

data are used for the calculation of the PV power output which represents the power 

input to the inverter. The load P and Q values are used to feed the testbed load model 

as described in chapter 4, Section 4.6.  The voltage and X/R values are fed to the 

VVC model to calculate the reactive power output of PV inverters. Figure 6.13 shows 

an overlay chart of the Volt-Var control output of the simulated values and 

experimental testbed measured value during March 2019 at low loading conditions. 

It is observed that the feeder voltage tends to increase due to excessive export to the 

grid of PV active power which is not consumed by the light loads. In this case, the 

proposed VVC control the inverter’s reactive power output in the inductive (under-
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excited) compensation mode in proportional to the voltage increase to regulate the 

voltage closer to the nominal value. 

 

 Figure 6.13 Overlay Chart of simulated and experimental volt/var control output (Inductive 

Compensation during the month of March at low loading conditions). 

 

It can be observed that the measured inductive reactive power output followed 

preciously the simulated volt/var curve in the dead-band zone as the reactive power 

output is close to zero. At the inductive reactive power compensation zone, the 

experimental results follow the same trend of the simulated controller performance 

with a maximum error value of about 0.2269% as shown in Table 6.3 within the 

acceptable measurement uncertainty range. 
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Table 6.3 The Percentage Error of PV reactive power output at low loading conditions (March 2019) 

Q Simulated (kVar) Q Measured (kVar) Error % 

-13.80583357 -13.1753 0.045672 

-11.42980516 -11.9481 -0.04535 

-14.32236149 -14.9866 -0.04638 

-15.82029244 -16.8178 -0.06305 

-21.03722439 -20.8982 0.006609 

-21.70871068 -21.3625 0.015947 

-12.77277774 -12.6736 0.007767 

-2.648830602 -2.49922 0.056481 

-2.183955479 -2.67957 -0.22693 

-3.57858085 -3.59759 -0.00531 

-4.818247847 -5.05781 -0.04972 

-5.28312297 -5.74141 -0.08675 

-5.28312297 -5.76443 -0.0911 

-3.475275267 -3.65802 -0.05258 

-3.940150391 -3.649 0.073892 

-4.25006714 -4.23007 0.004704 

-0.737677316 -0.73868 -0.00136 

-3.836844808 -4.0647 -0.05939 

-5.024859013 -5.65639 -0.12568 

-4.559983889 -4.20868 0.07704 

-5.128164596 -5.40071 -0.05315 

-5.747998094 -4.79486 0.165821 

-5.541386928 -4.99639 0.09835 

-6.109567635 -6.40066 -0.04765 

-6.419484384 -6.73639 -0.04937 

-6.832706716 -6.42833 0.059182 

-5.902956469 -6.18285 -0.04742 

-5.902956469 -5.86879 0.005788 

-5.334775762 -5.18598 0.027892 

-5.489734137 -5.26284 0.041331 

-6.057914843 -5.57923 0.079018 

-6.987665091 -7.00831 -0.00295 

-7.349234632 -7.48574 -0.01857 

-5.231470179 -5.35392 -0.02341 

-3.010400143 -3.35579 -0.11473 

-2.700483394 -2.89281 -0.07122 

-2.493872228 -2.14611 0.139446 

-4.146761557 -4.03297 0.027442 
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6.2.4.2 Capacitive Reactive Power Output Validation 

The voltage tends to drop at the peak loading condition during the month of August. 

The experimental temperature, irradiance, X/R, voltage, PV reactive power output 

and load data of the testbed are measured during August. The same solar irradiance 

and load input data were used to simulate the voltage at the point of PV connection 

and PV reactive power output.  Figure 6.14 shows an overlay chart of the Volt-Var 

control output of the simulated values versus the experimental testbed measured 

value during the month of August at peak loading conditions. 

 

Figure 6.14 Overlay Chart of simulated and experimental volt/var control output (Capacitive 

Compensation during the month of August at peak loading conditions). 

 

It is observed that the feeder voltage tends to drop below the nominal value due to 

peak loading conditions that consume PV generation and limit PV power export to 

the grid. The proposed VVC control the inverter’s reactive power output in the 

capacitive (over-excited) compensation mode in proportional to the voltage drop to 

regulate the voltage closer to the nominal value. At the capacitive reactive power 

compensation, the experimental results follow the trend of the simulated results 
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with a maximum error value about 0.485% as shown in Table 6.4 within the 

acceptable measurement uncertainty range. 

 

Table 6.4 The Percentage Error of PV reactive power output at peak loading conditions (August 2018) 

Q Simulated (kVar) Q Measured (kVar) Error % 

0.008725 0.006 0.454167 

0.0365 0.0313 0.166134 

0.0769 0.06 0.281667 

0.14255 0.163 -0.14346 

0.13245 0.143 -0.07965 

0.06221128 0.075 -0.20557 

0.05067457 0.06 -0.18403 

0.05067457 0.066 -0.30243 

0.05067457 0.039 0.230383 

0.06317267 0.05 0.208518 

0.06317267 0.046 0.271837 

0.06317267 0.068 -0.07641 

0.06317267 0.051 0.192689 

0.01267267 0.0128 -0.01005 

0.06317267 0.07675445 -0.21499 

0.01267267 0.0128 -0.01005 

0.01171128 0.011532 0.015308 

0.05067457 0.045 0.111981 

0.05067457 0.066 -0.30243 

0.00789561 0.009 -0.13987 

0.06221128 0.045 0.276658 

0.05067457 0.0638045 -0.2591 

0.05067457 0.06315724 -0.24633 

0.01372223 0.016532 -0.20476 

0.01760665 0.019 -0.07914 

0.01566444 0.016532 -0.05538 

0.00766458 0.009 -0.17423 

0.01892234 0.016532 0.126324 

0.01598553 0.022037 -0.37858 

0.01663554 0.02426379 -0.45855 

0.01760665 0.018 -0.02234 

0.01372223 0.02037959 -0.48515 

0.01566444 0.02199817 -0.40434 

0.01663554 0.02264564 -0.36128 

0.016475 0.018 -0.09256 

0.00815405 0.009 -0.10375 

0.00717512 0.009 -0.25433 
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6.2.4.3 Statistical Model Validation: 

F-test and t-test are performed with a large sample size of 800 observations to ensure 

reproducibility and reliability of the results and avoid inflated false discovery rates 

associated with a small sample size (Ratcliffe and Bridget, 2014) 

Frist, F-test is performed to assess the equality of the variances of the two data 

samples representing the simulated data set and experimentally measured data set. 

The null hypothesis is used of equal variances as shown in Table 6.5.  

 

Table 6.5 F-Test Two-Sample for measured versus simulated variances 

  Q Measured Q Simulated 

Mean Q % -11.61591181 -11.58977691 

Variance 57.05256662 57.10961494 

Observations 800 800 

df 799 799 

F 1.012903247  
P(F<=f) one-tail 0.424485648  
F Critical one-tail 1.117134694   

 

The possible outcomes of the F-test hypothesis based on P-value are: 
 

• If P>0.05, the variances are equal, and the null hypothesis is accepted. 

Therefore, the variances of the two datasets are equal. 

• If P<0.05, the variances are unequal, and the null hypothesis is rejected. 

 
It is observed that for the reactive power output variances P=0.424 is greater 

than 0.05, therefore the two variances are equal, and the null hypothesis is 

confirmed.  The second step is to perform the t-test paired two samples for 

means, to confirm whether the means of the simulated and experimentally 

measured data sets are equal as shown in Table 6.6. 
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Table 6.6 t-Test: Paired for measured versus simulated means 
 

  Q Measured Q Simulated 

Mean -12.40604744 -12.44618131 

Variance 57.91656358 57.10961494 

Observations 800 800 

Pearson Correlation 0.994023294  
Hypothesized Mean Difference 0  
df 799  
t Stat 1.366280459  
P(T<=t) one-tail 0.08611767  
t Critical one-tail 1.646762949  
P(T<=t) two-tail 0.172235339  
t Critical two-tail 1.962937461   

 

The outcome of the t-test hypothesis is decided based on the value of P(T<=t) 

two-tail as follows: 

• If P(T<=t) two-tail<0.05, the means are different, and the null hypothesis is rejected 

• If P(T<=t) two-tail>0.05, the means are equal, and the null hypothesis is accepted. 
 

It is observed that the P(T<=t) two-tail value is 0.172. Therefore, the value t Stat 

is compared to the value t Critical two-tail and if it is smaller, then the means 

are equal. Here, t Stat=1.36< t Critical two-tail=1.96. Therefore, the mean value 

of the simulated data and the experimental data sets are equal.  

 

6.2.4.4 Measurement Uncertainty Assessment 

Uncertainty Quantification is then performed to quantify the effect of 

measurement error and other uncertainties on the experimental measurements 

and building a high level of confidence in the numerical model. The 

instrumentation uncertainty components should be identified, and combined 

uncertainty is then estimated. The instrumentation uncertainty of the 

experimental testbed includes the grid monitoring device and the voltage & var 

measurement errors of the Fluke PQ analyzer 435. 

The grid monitoring device (GMD) voltage measurement error is ±0.625%  
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(ABB, GMD Datasheet, 2019). The voltage measurement error of the experimental 

measurement device (Fluke PQ analyzer 435) is ±0.1% and reactive power 

measurement error is about ±1% (Fluke 435 Manual, 2012).   

Table 6.7 illustrates the measuring voltage range and measurement accuracy. GMD 

provides different monitoring functions to detect over-voltage and under-voltage 

for protection purpose (ABB, GMD Datasheet, 2019) 

Table 6.7 GMD voltage range and measurement accuracy

 

Telecommunication interface card is connecting the VVC controller to the inverters 

in order to enable the reactive power control and inverters reconfiguration. 

Table 6.8 Measurement accuracy and resolution of power quality analyzer used in the testbed  

     Parameter Measurement range Resolution Accuracy 

Voltage 

 Vrms (ac+dc) 1 V to 1000 V phase to neutral 0.01 V ± 0.1 % of nominal voltage 

Vpk 1 Vpk to 1400 Vpk 1 V 5 % of nominal voltage 

Voltage Crest Factor (CF) 1.0 > 2.8 0.01 ± 5 % 

Active/ Reactive Power 

Watts (VA, var) max 6000 MW 0.1 W to 1 MW ± 1 % ± 10 counts 

max 2000 MW 0.1 W to 1 MW ± 1 % ± 10 counts 

Power factor  0 to 1 0.001 ± 0.1 % @ nominal load conditions 

Energy 

kWh (kVAh, kvarh) Depends on clamp scaling and V nominal ± 1 % ± 10 counts 

Energy loss Depends on clamp scaling and V nominal ± 1 % ± 10 counts 

Excluding line resistance accuracy 
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Harmonics (Voltage) 

Harmonic order (n) DC, 1 to 50 Grouping: Harmonic groups according to IEC 61000-4-7 

Inter-harmonic order (n) OFF, 1 to 50 Grouping: Harmonic and Interharmonic subgroups according to IEC 61000-4-7 

Volts %f 0.0 % to 100 % 0.1 % ± 0.1 % ± n x 0.1 % 

%r 0.0 % to 100 % 0.1 % ± 0.1 % ± n x 0.4 % 

Absolute 0.0 to 1000 V 0.1 V ± 5 % * 

THD 0.0 % to 100 % 0.1 % ± 2.5 % 

Flicker 

Plt, Pst, Pst(1min) Pinst 0.00 to 20.00 0.01 ± 5 % 

 
 
The combined measurement uncertainty (Uc) is estimated by root sum of the 

squares of different uncertainty components equation 6.1 (Ratcliffe and Bridget, 

2014) 

 

𝑈𝑐(𝑄) = ±√𝑈1
2+𝑈2

2 +⋯+ 𝑈𝑛
2    = ±1.1834%.                        (6.1) 

 

Shewhart Control Chart validates the process output variability using the 

exponentially weighted moving average statistic to check if the output lies 

within the acceptable output range between upper and lower control limits 

UCL & LCL respectively (Fichera et al., 2006). 

Relative Error = 
Q Measured value −Q Simulated value

Q Simulated value
              (6.2) 

Here UCL and LCL is calculated to assess if the relative errors of the observations 

fall within the acceptable uncertainty limits. Therefore, ULC and LCL can estimated 

in terms of the mean relative error µe (0.0696) as: 

UCL= µe + Uc (Q)= 1.253                            (6.3) 

LCL= µe - Uc (Q)= -1.113                  (6.4) 

If all measurement observations fall within the uncertainty control limits UCL and 

LCL then there is no further error variation from unaccounted factors and confirms 

that the measurement process is in-control within the acceptable accuracy limits. 
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The combined volt/var measurement error is plotted of all observations to check the 

accuracy of the volt/var output results of the proposed VVC as shown in Figure 

6.15. It is observed that all observations fall within the uncertainty control limits 

which demonstrates consistent results and confirm that there is no further error 

variation from unaccounted factors. The maximum lower limit (LCL) of volt to var 

output error is about -1.01% as provided in Equation 6.4. The error results of the 

proposed VVC show slight improvement compared to the findings of other 

experimental studies conducted by Howlader et al. that the error of PV inverters 

volt/var performance is about 1.14% (Howlader et al., 2018). 

 
Figure 6.15  Shewhart Control Chart of the combined uncertainty of VVC model output 

 

In conclusion, a fair agreement is observed between the volt/var simulated and 

measured values. Therefore, the model can be confidently accepted as an accurate 

representation of the real world within its intended design perspective.  
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6.3. Experimental Results 

 

The experimental analysis of the VVC controller is conducted in two stages. First, 

the measurements of voltage at the point of PV connection, reactive power, THDv, 

flicker analysis are carried out in both sunny and cloudy weather conditions using 

the P/Pn method according to the existing DER interconnection codes in the UAE 

(See Section 5.6).  

 

In the second stage, the same measurements are conducted at similar weather 

conditions and solar irradiance profile shown in Figure 6.16.  

Two days were selected with sunny weather between T=0 to T=3000 minutes with 

peak load days on the 25th and 26th of August. Additionally, four days of different 

cloudy conditions are selected in the month of March between T=3000 to T=8500 

minutes including the maximum irradiation on March 26 (refer to Figure 6.2). The 

study days are carefully selected to capture the performance of PV Var 

compensation with PV generation at different irradiance profiles and different 

loading conditions. 

Figure 6.16 The selected solar irradiance profile for P/Pn and VVC experimental analysis 

A comparative analysis of the proposed VVC and P/Pn reactive compensation stipulated by 

DER interconnection codes is carried out to compare the effectiveness of PV Var 

compensation of the proposed VVC against the existing DER method in terms of voltage 
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regulation, voltage fluctuation mitigation (short-term flickers) and power quality impact 

(THDv). 

 

6.3.1 VVC Voltage Regulation Performance  

As per the grid code regulations, the nominal low voltage three-phase voltage is 

400V (DEWA Design guidelines, 2015). The root mean square (rms) voltage 

measured at the point of PV connection using P/Pn control method is shown in 

Figure 6.17a.  It is observed that the maximum voltage value occurs during sunny 

weather with 419.2V (1.048% of nominal voltage). 

The voltage Vpcc has been measured at a similar solar irradiance profile after 

activating the VVC control based on the X/R ratio of the feeder at the point of PV 

connection (X/R)pcc =2.268 as calculated in Section 6.2  and the volt/var droop 

control function  k (
X

R
) = −20.1674. There is no voltage violation observed using 

(P/Pn) control method, however, the performance of VVC controller to regulate the 

voltage exceeds the dead band threshold value (V> 103%). As a result, the voltage 

variations above 103% has been effectively regulated and the maximum measured 

voltage reduced to 411.35 (102.837%) as illustrated in Figure 6.17b. 
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Figure 6.17 The measured phase-phase voltage at the point of PV connection using a) P/Pn Method, 

b) the proposed VVC control  

6.3.2 Voltage Flicker Analysis 

The short-term flicker (Pst) measured over a 10 minute interval and long-term flicker 

value measured over 2hrs using Fluke 435 with (P/Pn) control method are shown 

in Figure 6.18. The peak value of short and long-term flicker levels both occurred 

during cloudy weather conditions.  
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 Figure 6.18 The measured short-term Pst and long-term Plt flicker levels with (a) P/Pn control (b) 

Proposed VVC control  

The same measurements are taken after VVC control is activated at similar weather 

and solar irradiance profile.  The maximum short-term flicker value occurred at 

T=117.62 hrs while the maximum long-term flicker value was 0.353 and the 

maximum occurred at-3 T=78.15 hrs as illustrated in Figure 6.18.  

6.3.3 Analysis of Total Voltage Harmonic Distortion 

The total voltage harmonic distortion (THDv) is measured using Fluke 435 with 

(P/Pn) control method is shown in Figure 6.19. The maximum value of THDv 

1.412% occurred during sunny weather at T=1239.6. This is due to the fact that 

reactive power generation is likely to occur with (P/Pn) control method during the 

peak solar generation when the PV power output exceeds 50% of the nominal PV 

output power. 

Time (hrs) 
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 Figure 6.19 The measured total voltage harmonic distortion (THDv) with a) P/Pn control 

(b)Proposed VVC control  

On the other hand, the peak value of total voltage harmonic distortion (THDv 

=1.386%) after enabling the VVC controller occurred during cloudy conditions at 

T=4012.3 as shown in Figure 6.18. This is because inverter control for reactive power 

generation is likely to occur at high irradiance and voltage fluctuations.  

Overall, both P/Pn and the proposed VVC control satisfied the THD grid code limit 

(THD< 5%)  that has been specified in IEEE 519 and IEC61000-3-6 standards which 
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are followed by the most power distribution utilities (IEC61000-3-6, 2008) (Vlahinic, 

Brnobic & Stojkovic, 2009) (IEEE519, 2014). 

The limited THDv improvement of the proposed VVC scheme is due to the PI-based 

controller design selected in this study to meet the research objectives to ensure 

smooth field implementation. The control strategy of Jashfar et al. achieved better 

THDv improvement results (Jashfar et al., 2014). However, it requires more 

computation resources and could lead to challenging implementation on the 

existing smart grid hardware.  
 

6.3.4 Individual Voltage Harmonic Distorsion Analysis 

According to IEEE 519-2014, the individual harmonic distortion (IHD) limit is 5% 

Voltage at the PCC Vpcc ≤ 1.0 KV (IEEE519, 2014). However, IEC61000-3-6 standard 

specifies more restrictive limits for individual harmonic distortion as shown in Table 

6.7 (IEC61000-3-6, 2008). 

    Table 6.7 Individual Voltage Harmonic limits according to IEC61000-3-6  

Odd harmonics non multiple of 3 Odd harmonics multiple of 3 Even harmonics 

 

Harmo

nic 

order 

h 

Harmonic 

voltage% 

 

Harmoni

c order 

h 

Harmonic 

voltage% 

 

Harmon

ic order 

h 

Harmonic 

voltage% 

MV HV-

EHV 

MV HV-EHV MV HV-EHV 

5 5 2 3 4 2 2 1,8 1,4 

7 4 2 9 1,2 1 4 1 0,8 

11 3 1,5 15 0,3 0,3 6 0,5 0,4 

13 2,5 1,5 21 0,2 0,2 8 0,5 0,4 

 

17 h  

49 

1.9  
17 

− 

0.2 

h 

1.2  
17

 

h 

 

21< h  

45 

 

0.2 

 

0.2 

 

10  h 

 50 

0.25  
10 

+ 

0.22 

h 

0.19  
10 

+ 

0.16 

h 

The individual voltage harmonic distortion limit THDv for even harmonics of order 

h is calculated based on Table 6.7 as:     
 

𝐼𝐻𝐷𝑣=0.25 10ℎ +0.22       where  10  h  50            (6.3) 
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The individual voltage harmonic distortion for odd harmonics non-multiple of 3 is 

calculated as : 

𝐼𝐻𝐷𝑣 = 1.9 
17

ℎ
− 0.2      where 17 h  49                  (6.4) 

The calculated IEC61000-3-6 IHDv limits and the measured values of the individual 

voltage harmonic distortion are compared as shown in Table 6.8. The measured 

values of the individual voltage harmonic distortion in case of P/Pn and VVC are 

satisfying all IEC61000-3-6 limits. 
 

Table 6.8 Individual Voltage Harmonic of P/Pn and the proposed VVC control 

Harmonic 

Order (h) 

IEC61000-3-6 

Limit (% of 

fundamental) 

Measured IHDV 

(P/Pn) Max 

Measured IHDV 

(VVC) Max 

Result 

2 1.80% 0.07% 0.07% Passed 

3 4.00% 0.28% 0.3% Passed 

4 1.00% 0.10% 0.06% Passed 

5 5.00% 0.99% 1.11% Passed 

6 0.50% 0.11% 0.08% Passed 

7 4.00% 0.93% 1.13% Passed 

8 0.50% 0.11% 0.10% Passed 

9 1.20% 0.17% 0.22% Passed 

10 0.47% 0.06% 0.04% Passed 

11 3.00% 0.47% 0.5% Passed 

12 0.43% 0.01% 0.01% Passed 

13 2.50% 0.38% 0.57% Passed 

14 0.40% 0.01% 0.01% Passed 

15 0.30% 0.11% 0.09% Passed 

16 0.38% 0.01% 0.01% Passed 

17 1.70% 0.2% 0.37% Passed 

18 0.36% 0% 0% Passed 

19 1.50% 0.08% 0.25% Passed 

20 0.35% 0% 0% Passed 

21 0.20% 0.07% 0.08% Passed 

22 0.33% 0% 0% Passed 
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23 1.20% 0.26% 0.28% Passed 

24 0.32% 0% 0% Passed 

25 1.09% 0.09% 0.12% Passed 

 

6.3.5 Comparative Analysis of the Proposed VVC and P/Pn Method 

A comparative analysis of the proposed VVC and P/Pn reactive compensation is 

carried out using the selected study week comprises of two days with sunny weather 

and four days with different cloudy irradiance profiles. The different behavior of 

dynamic reactive power control can be seen in terms of the reactive power absorbed 

by the PV inverters to alleviate the magnitude of the voltage deviation from the 

nominal voltage. 

At a low PV penetration level (PV size=120 kWp connected at node7), the reactive 

power compensation of both P/Pn and VVC control scenarios can be seen in Figure 

6.20. The reactive power output of P/Pn control (red color) and the proposed VVC 

control (blue color) is showing a better Var compensation proportional to the 

magnitude of the voltage deviation when exceeding the dead-band voltage 

threshold (root-mean-square ph-ph voltage=412 V). Further, the P/Pn method 

generated unnecessary PV reactive power for about 200 minutes (T=6300 to T= 6500 

min), which is not in the economic interest of PV owners.   

 

  Figure 6.20 Reactive Power control performance of the proposed VVC compared to P/Pn control  
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No voltage violation was observed at a low PV penetration level, yet the proposed 

VVC shows better performance to flatten the voltage profile when the voltage 

exceeded the dead-band threshold. The major advantage of the proposed VVC 

controller can be clearly seen during cloudy weather conditions. For instance, 

between T=6000 min to T=6800 min, The VVC controller generated inverter’s 

reactive power for 80 minutes when the voltage exceeded 412V, while P/Pn control 

generated unnecessary inverter’s reactive power for more than 300 minutes. 

 

6.4. VVC Impact on Distribution Transformers 
 

In the previous sections, the local impact of the proposed VVC at the point of PV 

connection to the feeder was investigated. This section investigates the upstream 

impact of the proposed VVC of PV inverters on the coupling transformer at the 

distribution substation level.   

 

Two Fluke 435 power quality analyzers are connected at The PV Inverters terminal 

box and at the busbar of the secondary side (LV) of the distribution transformer 

during two study months of March and August as shown in Figure 6.21 and Figure 

6.22 respectively. The measurements sampling rate is set to 1 minute for both Fluke-

435 devices. The accuracy and resolution of Fluke-435 are provided in Chapter 4, 

Table 4.3. 
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Figure 6.21 Fluke 435 connection at the inverter’s terminals combiner box 

 

Figure 6.22 Voltage and current sensor connections at the LV busbar of the distribution transform 
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The distribution transformer rating is 1000 kVA with 11/0.4 KVA voltage ratio and 

a percentage impedance of 5.18 (refer to chapter 4, section 4.7). Two test scenarios 

are considered to study VVC impact on the voltage and power quality of 

distribution transformer in both capacitive and inductive Var compensation modes 

of the PV inverter.  

The Volt/Var deadband is set to zero to study PV reactive power impact during the 

full testing time. First, VVC is applied during a winter day (14 th of March) with 

cloudy weather conditions and low loading conditions then P, Q, V, THDv 

measurements are collected at both PV inverter output terminals and LV side of the 

distribution transformer. Second, VVC is applied during a summer day (18 th of 

August) with clear weather conditions and peak loading conditions then the same 

measurements are collected. 

 

6.4.1 The Impact of Inverter Inductive Var compensation on Distribution 

Transformers 

As discussed in section 2.3, the surplus PV active power output at low loading 

conditions is injected into the grid causing overvoltage at the point of PV connection. 

The PV output and load curve during the study day 14th March are displayed in 

Figure  6.23a.  

 

The load is expressed in per unit value of the annual peak load. The maximum load 

during the study day is about %49 of the peak load (98 kW). The PV active power 

output at low loading conditions causes grid export to the upstream transformer 

leading to an increase in the terminal voltage ranging from 0.3% to 2.4 % of the 

nominal voltage as shown in Figure 6.23b.  
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Figure 6.23 Experimental results of inductive VVC impact on distribution transformer 
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The reactive power compensation of the PV inverter is illustrated in Figure 6.23c, the 

inverter operates in the inductive compensation mode to absorb the local reactive 

power when the voltage value exceeds the preset threshold value of 1.03 p.u to 

mitigate the overvoltage. Figure 6.23d shows the box plot of the voltage deviation 

percentages at the output terminals of the PV inverter and transformer LV side 

busbar. Each box displays the distribution of the hourly data samples that have been 

collected each minute while the lines connecting different data points are showing 

the moving average of the hourly datasets. The whiskers are extended to the most 

extreme values not considering outliers. It’s observed that there is a clear relation 

between PV inductive Var compensation from the inverter and the transformer 

voltage deviation. This means that reactive power absorbed by PV inverter could 

effectively lower the distribution transformer’s voltage.  

 

6.4.2 The Impact of Inverter Capacitive Var compensation on Distribution 

Transformers 

 

The PV output during clear weather and peak loading conditions during the study 

day 18th August are displayed in Figure  6.24a. The maximum load during the 

study day is the annual peak load  (about 200 kW). The PV active power output is 

mostly consumed by the load and the peak loading condition is leading to voltage 

drop at the point of PV connection. The voltage and reactive power at transformer 

LV terminals and inverter PCC are shown in Figures 6.24b and 6.24c respectively. 

It is observed that the inverter injective capacitive reactive power to compensate 

the voltage drop to regulate the distribution voltage. Figure 6.24d shows the box 

plot of the voltage deviation percentages at the output terminals of the PV inverter 

and transformer LV side. It is noticed that the capacitive reactive power injected by 

the inverter impacted the voltage deviation at the transformer terminal to regulate 

the voltage.  
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  Figure 6.24 Experimental results of capacitive VVC impact on distribution transformer 
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6.4.3 Sensitivity analysis 

 
The sensitivity of VVC reactive power compensation of PV inverter on the voltage 

and reactive power at the terminal of the coupling distribution transformer. The 

voltage and reactive power output measurements are collected at PV point of 

coupling to the grid (PCC) and LV side of the distribution transformer as shown in 

Figure 6.25. Each one percent increase of PV Var injection (ΔQinv) causes the 

transformer terminal voltage to increase by an average of 0.49% in the case of 

capacitive mode.  While one percent increase of PV Var absorption causes the 

transformer terminal voltage to drop by an average of -0.32% in the case of inductive 

mode.  

 
 

Figure 6.25 Sensitivity of transformer voltage change to PV Var compensation  

 

The experimental results show that the feeder voltage can be effectively regulated 
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reactive power to reduce the overvoltage deviation at the transformer terminals up 

-1.50%

-1.00%

-0.50%

0.00%

0.50%

1.00%

1.50%

2.00%

0% 10% 20% 30% 40% 50% 60% 70%Δ
V

 t
ra

n
sf

o
rm

er

Qinv  (% Sinv)

(a) Sensitivity of Transformer voltage change to PV Var compensation 

Inductive Mode Capactive Mode



 

156 

  EXPERIMENTAL STUDY 

to -1.21% when the inverters absorbing 65% of PV reactive power. In the case of 

capacitive mode, PV inverters injected capacitive Var to support the voltage drop 

and increased the voltage at the transformer terminal up to 1.58% when the inverters 

injecting 65% of PV reactive power. 

6.5. Summary 

 

This chapter presents the procedures and equipment employed for the experimental 

study of this research. The proposed VVC control model is compiled using Simulink 

PLC coder and deployed at a real-world multi-string PV testbed for experimental 

validation. A practical IEC 61131-3 compliant prototype controller is designed based on 

the proposed VVC control model and deployed through CODESYS software using a 

commercially available smart grid remote terminal unit (RTU). The experimental 

validation of PV inverter’s Var measurements at different voltage values 

demonstrated a fair agreement between the simulated and experimental results.  

 

The proposed VVC model through a standardized IEC 61131-3 compliant design can 

be easily deployed using commercially available smart distribution RTUs. The 

experimental validation of the developed VVC prototype demonstrated a fair 

agreement between the simulated and experimental results at a real-world multi-

string PV testbed. 

The proposed control scheme addresses the practical considerations of controlling 

multi-string PV inverters and smart grid integration challenges through a 

standardized IEC 61131-3 compliant control that can be easily deployed using smart 

distribution RTUs.  

 

A comparative analysis is then conducted between PV reactive (Var) compensation 

of the proposed VVC and the existing DER codes Var compensation (P/Pn) method. 

It is observed that Var compensation of P/Pn method is only absorbing reactive 



 

157 

  EXPERIMENTAL STUDY 

power when the PV output is exceeding 50% of the rated power irrespective of the 

voltage deviation value. Whereas Var compensation of the proposed VVC control 

demonstrated a better dynamic var compensation performance to control the 

magnitude and the rate of reactive power output proportional to the magnitude of 

the voltage deviation when exceeding the dead-band voltage threshold. It is 

observed the proposed VVC achieved slightly improved THDv in sunny weather 

conditions, whereas P/Pn control provided a marginally better total harmonic 

distortion during cloudy weather conditions. However, both P/Pn and the 

proposed VVC control satisfied the statutory THDv limit (THDv< 5%). 

 
Finally, the sensitivity of VVC reactive power compensation of PV inverter on the 

local voltage and reactive power at the terminal of the coupling distribution 

transformer. Each one percent increase of PV Var injection causes the transformer 

terminal voltage to increase by an average of 0.49% in the case of capacitive mode.  

While one percent increase of PV Var absorption causes the transformer terminal 

voltage to drop by an average of -0.62% in the case of inductive mode. The 

experimental results show that the feeder voltage can be effectively regulated by the 

proposed VVC scheme
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7.1. Introduction 

The previous chapter described the experimental validation of the proposed VVC 

control model. In this chapter, simulation studies are conducted to demonstrate the 

performance of the developed VVC control algorithm to alleviate transient voltage 

variations as well the steady-state voltage regulation and power quality impact. The 

transient system model discussed in chapter 4 is used to illustrate the ability of VVC 

control algorithm to autonomously perform fast automatic voltage control at the 

point of PV connection during fast-moving clouds and alleviate the resultant voltage 

flicker issues at high PV penetration levels. This was followed by a steady-state time 

series analysis of the voltage profile of the study distribution feeder using the 

weather data and load profiles collected from the experimental study site in Dubai.  

7.2. Simulation Scenarios 

To assess the performance and potential benefits of the proposed X/R based volt-

var control scheme, a typical multi-node distribution feeder with PV system 

connected to node 7 at the end of the feeder is illustrated in Figure 7.1. As discussed 

in the literature review (Chapter2, Section 2.3), the voltage regulation concerns 

become critical as additional PV systems are located at the end of the feeder far from 

the substation.  

The feeder data is taken from a typical 33/11 KV distribution feeder located in Dubai 

feeding residential customers. The source circuit’s  reactance to resistance (X/R) 

ratio is estimated as 7.629 based on the typical X/R data from IEEE 242 –2001 

standard of (IEEE 242, 2001). 

The study feeder in Figure 7.1 consists of a 33/11 kV substation transformer and 

seven nodes with connected loads to each node B1 to B7. The line section 

impedances are denoted as Z1 TO Z6 calculated based on the length of each line 

section. The PV system consists of PV arrays and an inverter model connected to the 

LV side of the 11/0.4 kV distribution transformer. The data of the PV system is taken 

from the experimental 120 kWp PV site. 
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Figure 7.1 Single-line diagram of the multi-nodes study distribution feeder with VVC control 

 

The seven nodes Distribution Feeder has a total length of 5.2 km and loads are 

distributed at each node with a total peak load of 6 MW. The rated capacity of the 

transformer is 10MVA, the average power factor is about 0.96. The feeder generally 

requires conventional voltage regulators to maintain the voltage within the 

acceptable limits during different loading conditions. Therefore, a 1.2 MVar shunt 

capacitor bank (SCB) is connected at the main substation bus.  

 

Two simulation studies are considered to evaluate the performance of the proposed 

VVC control algorithm:  

a) Transient analysis to assess the ability of the developed VVC algorithm in 

controlling the voltage transients in case of intermittent PV power fluctuations 

caused by irradiance dip during fast-moving clouds. Two simulation scenarios 

are considered to illustrate the ability of the proposed control algorithm to 

perform fast voltage control to mitigate voltage deviation and mitigate voltage 

flicker issues. First, the simulation is carried out with VVC disabled to measure 

the voltage deviation, total harmonic distortion of the voltage (THDv) and the 

short-term voltage flicker level (Pst). In the second scenario, the same 

measurements are taken after enabling the proposed VVC control. The results 

of both scenarios are then compared to evaluate the impact of the proposed VVC 

algorithm. In addition, the voltage total harmonic distortion will be also 

Z1

Zi 

33/11 kV  
Substation  
10 MVA B1 

Grid 
Thevenin 

Equivalent 
Grid 

Z2 

B2

Bi 
B3 

Distribution 
Transformer 
11/0.4 kV 

B4 B5 B6 B7 

Z3 Z4 Z5 Z6 

1MW 
362 kVar 

800 kW 
145 kVar 

     Vpcc 

Qset

Q  

X/R/
R 

+      

-
200 kW 
63 kVar 

 
 

PV 

PV 

˷   =  

     = 
700 kW 
116 kVar 

1.5 MW 
540 kVar 

1 MW 
320 kVar 

800 kW 
203 kVar 

SCB, 1.2 MVar 

Feeder Loads 



 

161 

 SIMULATION STUDY 

evaluated in both scenarios using the transient model developed in 

MATLAB/SIMULINK as described in the previous chapter.   

 

b) Steady-state time series analysis to assess the ability of the proposed VVC control 

to enhance the voltage profile of the feeder and improve the PV hosting capacity 

of the study feeder at high PV penetration levels. The proposed VVC model 

developed in MATLAB/SIMULINK is linked to OpenDSS co-simulation 

platform to perform Quasi-Static Time Series (QSTS) simulation (as described in 

chapter 4, section 4.4) based on the typical load profile and irradiance annual 

measured from the experimental testbed. . The same two scenarios before and 

after enabling the proposed VVC control to investigate the voltage profile impact, 

operational impact on legacy voltage regulators and assess the improvement in 

PV hosting capacity.  

7.3. Transient Voltage analysis 

 

Cloud transients could cause rapid fluctuations in PV output power, which can 

significantly affect the voltage and power quality at the point of PV connection. 

These voltage fluctuations can lead to visible and annoying light flicker 

characterised by a short-term flicker level. The objective of this transient voltage 

analysis is to investigate the capability of the proposed VVC scheme in mitigating 

the impact of fast PV output fluctuations during fast-moving clouds. 

The transient three-phase distribution system model with the developed VVC 

inverter control as discussed in Chapter 4, Section 4.4 (see Figure 4.23) is fed with 

the worst-case irradiance fluctuation curve at an ambient temperature of 30 0C as 

shown in Figure 7.2.  The transient model runs at a 1 µs time-step to capture the fast 

voltage control of the PV inverter and measure voltage flicker and harmonic 

distortion. At t = 1.4 sec the irradiance drops from 1000 W/m2 to 150 W/m2 at a 
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high change rate of 8500 W/m2/s. At t =6 sec another irradiance dip occurred from 

1000 W/m2 to 200 W/m2 as shown in Figure 7.2.  

Transient voltage fluctuations are measured using short-term (10 minutes) flicker 

assessment (Pst) according to the International Electrotechnical Commission (IEC) 

Standard 61000-4-15 which stipulates the acceptable limit for Pst as 0.9.  

 

     

 Figure 7.2 Irradiance fluctuations simulating worst-case transient cloud covers 

 

The transient PV model runs with a 1 μs sampling time to accurately simulate the 10 

minutes real-time voltage data required for the short-term flicker Pst calculation 

(Chapter4, Section 4.5, see Figure 4.26). The objective of creating this transient 

voltage control model is to demonstrate the ability of the proposed inverter control 

algorithm to mitigate the short-term voltage flicker level. The PV system size is 

initially simulated at 120 kW output power to study the impact of low PV 

penetration level on the feeder voltage at the point of PV connection (Vpcc).  

The term photovoltaic penetration (PVpen) could be defined as the ratio of the 

installed PV power to the peak load of a feeder (Pecenak, Kleissland & Disfani, 2017). 

Instantaneous PVpen at a given time (t) can be obtained as: 

𝑃𝑉𝑝𝑒𝑛(𝑡) =  
𝑃𝑉𝑖𝑛𝑠 (𝑡)

𝐿𝑜𝑎𝑑 (𝑡)
            (7.1) 
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Where 𝑃𝑉𝑖𝑛𝑠 is the photovoltaic installed power. The Percentage penetration level% 

PVpen for a given feeder configuration can be approximated as.  

%𝑃𝑉𝑝𝑒𝑛  =  
𝑃𝑉 (𝑃𝑒𝑎𝑘)

𝐿𝑜𝑎𝑑(𝑝𝑒𝑎𝑘)
x 100         (7.2) 

In case of 120 kW PV system size, the penetration level can be calculated as: 

%𝑃𝑉𝑝𝑒𝑛  =  
120

6000
x 100 = 2%        (7.3) 

 

7.3.1 Transient Voltage Control of Intermittent PV Generation 

In this section, the ability of the proposed VVC algorithm to control transient 

voltage variation will be evaluated with four simulation scenarios as 

illustrated in Table 7.1. Low PV penetration level is selected at PV=120 kW 

(corresponding to 2.4% penetration level), while high PV penetration is 

selected at PV= 4 MW, corresponding to 80% penetration level. 

I. Intermittent PV at low penetration level with VVC disabled 

II. Intermittent PV at low penetration level with VVC enabled 

III. Intermittent PV at high penetration level with VVC disabled  

IV. Intermittent PV at high penetration level with VVC enabled 

 

Table 7.1 Simulation scenarios of transient voltage control 

SN 
VVC control 

mode 

PV penetration 

level   

PV penetration 

% 

PV output 

Power 

I.  No VVC Low PV 

penetration 
2.40% 120 kWp 

II.  VVC enabled 

III.  No VVC High PV 

penetration 
80% 4 MWp 

IV.  VVC enabled 
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The simulation scenarios are designed to test the performance of the proposed 

at different PV penetration levels and various voltage deviation values. 

The intermittent PV generation is simulated using the irradiance fluctuation 

curve shown in Figure 7.14 that has been applied to the PV arrays of the feeder 

model described in Figure 7.3, the AC three-phase voltages, current as well as 

AC active (P) and reactive power (Q) output of the PV system are measured 

at PV point of connection (POC). 

 

a) Intermittent PV at low penetration level with disabled VVC 

The result of the simulation of low PV penetration level shows a minor impact 

on the feeder voltage (Vpcc) leading to voltage dip with voltage variation ΔV= 

-1.5% as shown in Figure 7.3a.  The irradiance dip caused a notable drop in 

current and active power values as shown in Figures 7.3b, 7.3c respectively. 

The reactive power support from the PV inverter was disabled (Q=0) when 

VVC algorism was disabled as shown in Figure 7.3c.   

The impact of irradiance fluctuations on the DC output and PV power output 

is proportional to the irradiance change. When the irradiance decreases from 

998 W/m2 to 150 W/m2 (an 85% decrease), the PV output current drops about 

77% from 196A to 44A. It is observed that the PV voltage has slightly impacted 

by the irradiance dip and dropped about 1.5%. Consequently, the PV active 

power decreased from 109 kW to about 14 kW (about 87% decrease). 
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Figure 7.3 Simulation results at low PV penetration level (PV output=120 kW) a) AC three-phase 

voltage, b) AC current and c) Active & reactive power measured at PV point of connection. 

 

b) Intermittent PV at low penetration level with enabled VVC 

When VVC was enabled at low PV penetration, the voltage deviation was 

small -1.5% ( below 3% voltage deviation that characterized the dead-band 

zone). Since the voltage deviation is within the dead band zone of the volt/var 
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droop function, the reactive power support was not needed (Q=0) and the 

priority is given to maximize the active power output of the inverter to avoid 

any unnecessary revue loss to PV owners in the absence of reactive power 

ancillary services compensation as discussed in Chapter 3, Section 3.4. Hence, 

the same results were obtained.   

 

c) Intermittent PV at high penetration level with disabled VVC 

The same simulation measurements have been taken at a high PV penetration 

level at PV output power 4 MW as shown in Figure 7.4. The drop of solar 

irradiance from 998 W/m2 to 150 W/m2 (an 85% decrease) caused a more severe 

impact at a high PV penetration level than the previous scenario. The PV output 

current decreased about 82%. Additionally, the PV voltage has significantly 

decreased impacted by the irradiance dip and dropped about 1.5%. 

Consequently, the PV output active power decreased from 3860 kW to 320 kW 

about a 91% decrease.  

The impact of irradiance fluctuations becomes more significant on the voltage 

at the PV point of connection leading to a voltage deviation of -5.84% in case of 

VVC is disabled. The decrease in the gird voltage is getting more severe, as the 

PV penetration level is getting higher. Thus, solar irradiance fluctuations cause 

a more significant impact.  This is because more active PV power is injected back 

into the grid causing overvoltage at the point of PV connection at higher PV 

penetration levels.   
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Figure 7.4 Simulation results with VVC disabled scenario at high PV penetration level (PV=4 MW)  

a) AC three-phase voltage, b) AC and c) Active & reactive power measured at PV point of 

connection. 

 

d) Intermittent PV at high penetration level with enabled VVC: 

In the fourth scenario, the proposed VVC controller automatically controls the 

reactive power output of the PV inverter to keep the voltage at Bus No. 9 closer to 1 

p.u.  
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The behaviour of the controller has been captured through the Id, Iq reference 

control parameters that have been measured at the two simulation scenarios. 

In the first scenario when VVC was disabled, the inverter did not provide any 

reactive power support (Iq = 0) as shown in Figure 7.5a.  In the second scenario when 

the proposed VVC control is enabled, the inverter automatically generates reactive 

power to mitigate the voltage deviations as shown in Figure 7.5b. It can be seen that 

during the voltage dip time durations (t= 1.4 to t=3.2 and t=5.9 to t=8), the proposed 

VVC controller adjusted the reference current value of the reactive power 

component increased from Iq=0 to Iq=0.2 p.u to enable the inverter to inject 

additional reactive power propositional to the value of voltage deviation to mitigate 

the under-voltage violation.   

 

Figure 7.5 Controller reference Id, Iq for active and reactive power control (a) NO VVC, (b) VVC 

Enabled. 
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The measured voltage and current at the PV point of connection are shown in Figure 

7.6a and Figure 7.6b respectively.  It is noted that the voltage deviation after enabling 

the proposed VVC controller has been reduced to -2.14% through the inverter’s 

dynamic reactive power injection. As shown in Figure 7.6c, the reactive power 

injection of the inverter increased from 0 to about 800 kVar during voltage dip 

durations to successfully mitigate the voltage drop value within the statutory voltage 

limits.  

 

Figure 7.6 Three-phase voltage, current measured and output power at PV point of connection 

(POC) for high PV penetration level (PV=4 MW) with VVC enabled scenario.  
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7.3.2 Analysis of the Instantaneous Voltage Flicker Level 

 
Rapid voltage fluctuations could cause notable lighting luminance variations 

commonly termed as Flicker leading to visual human irritation and consumer 

complaints. Voltage flicker is the most well-known power quality issue caused by 

voltage fluctuation. Subsequently, power quality standards defined flicker levels to 

evaluate the severity of voltage fluctuations. According to the International 

Electrotechnical Commission (IEC) Standard 61000-4-15 and IEC 61000-3-7, the 

acceptable limit for short term flicker severity index (Pst) measured over 10 minutes 

duration should be less than 0.9 (IEC 61000-3-7, 2008). 

In this section, the transient voltage fluctuations caused by irradiance variations are 

measured using short-term (10 minutes) flicker assessment (Pst) according to the 

International Electrotechnical Commission (IEC) Standard 61000-4-15 and IEC 

61000-3-7. The transient cloud cover (irradiance dip) model runs to simulate the 10 

minutes of worst-case irradiance dip assumed to be repeated with the same change 

cycle over 10 minutes as shown in Figure 7.7 with a 1 μs time-step to simulate real-

time voltage data required for the short-term flicker Pst calculation in both 

simulation scenarios. First, short term flicker is evaluated with disabled VVC (No 

VVC) then the simulation is repeated with the same irradiance conditions after 

enabling VVC to study the ability of the proposed VVC on controlling the voltage 

flicker levels. 

The worst-case irradiance fluctuation curve (Figure 7.1) is assumed to be repeated 

over the period of 10 minutes required for the short-term flicker level (Pst) 

evaluation. The block diagram of Pst measurement according to IEC 61000-4-

15:2010 is shown in Figure 7.6. The quadratic converter and the high-pass filter are 

used to remove the constant component of the voltage signal because only variations 

of flux are measured. The subsequent filters represent the dynamic flux properties 

to evaluate the severity of the flicker level based on cumulative probability function 

(CPF) calculations. 
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Figure 7. 7 Block diagram of IEC 61000-4-15 flicker measurement method 

The same two simulation scenarios are considered, first with PV system 4 MW and 

controller disabled (No VVC) and second with enabling the automatic VVC control 

with the same PV rating.  The statistical analysis of instantaneous flicker level 

Cumulative Probability Function (CPF) calculation was carried out for both 

scenarios over the observation time of 620 seconds using the digital flicker meter 

model implemented in MATLAB/SIMULINK as specified in the IEC 61000-4-15 

standard. First, the magnitude of the voltage at the point of PV connection (Vpcc) is 

obtained. The flicker meter calculation is enabled after 10 seconds to ensure that the 

voltage input signal becomes stable and avoid measurement errors due to the model 

initiation stage. The instantaneous flicker level is then loaded into the statistical 

analysis module to calculate the cumulative probability function (CPF) as shown in 

Figure 7.8. 
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Figure 7.8 Digital flickermeter model implemented in MATLAB/SIMULINK as specified in the IEC 

61000-4-15 standard 

The percentiles P0.1s, P1s, P3s, P10s, and P50s, flicker levels are calculated at 0.1%, 

1%, 3%, 10%, and 50% of the time during the observed period (10 minutes).  Then 

the short-term flicker severity (Pst) is computed  based on the percentiles Pq of the 

CPF as per the following equation according to IEC 61000 guidelines: 

 

𝑷𝒔𝒕 = √𝟎.𝟎𝟑𝟏𝟒𝑷𝟎.𝟏𝑺 + 𝟎.𝟎𝟓𝟐𝟓𝑷𝟏𝑺 + 𝟎.𝟎𝟔𝟓𝟕𝑷𝟑𝑺 + 𝟎.𝟐𝟖𝑷𝟏𝟎𝑺 + 𝟎.𝟎𝟖𝑷𝟓𝟎𝑺   (7.1) 

 

In the first scenario (NO VVC) the short term flicker level (Pst) reached 1.038 

exceeding IEC 61000 recommend 0.9 limits. When the proposed dynamic VVC 

control enabled the reactive power support from the inverter reduced the short-term 

voltage flicker level (Pst) to 0.814 as shown in Figure 7.9. 

The proposed VVC control achieved a notable improvement of the instantaneous 

flicker level and short term flicker assessment (Pst) by around 21.5%. 
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Figure 7.9 Short term flicker (Pst) measured (a) VVC algorithm disabled and (b) VVC enabled  

The impact of the proposed VVC controller on the total voltage harmonic distortion 

(THDv) has been measured as shown in Figure 7.10.  Although the THDv after 

enabling the controller has slightly increased, the maximum THDv before enabling 

the controller was 1.512% and when the controller enabled it slightly increased to 

1.593%. This is due to the pulse switching change of the inverter to support the 

voltage drop during irradiance dip.  Although this could be seen as an undesired 

effect, however, the value of THDv is still well within the acceptable THDv limit 

below 5%  furthermore the key objectives of the algorithm are to support the voltage 

and mitigate voltage dip and flicker levels have been achieved.  

Figure 7.10 The impact of the proposed VVC controller on voltage total harmonic distortion (THDv) 

Pst exceeded the IEC limits 
Pst= 1.03 > 0.9 

Pst within the acceptable 
limits 

Pst= 0.814< 0.9 

Maximum THDv=1.512 without VVC  

Maximum THDv=1.593 with VVC 

(a)                                                             (b) 
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7.4. Steady State Time-series Analysis 

The same multi-node test distribution feeder was simulated using OpenDSS Quasi-

static time-series (QSTS) power flow analysis to examine the voltage profile over a 

complete year. The simulation study considers different profiles of the feeder loads 

and PV system output based on actual weather data and solar irradiance measured 

from ABB VSN800 Weather Station installed at the experimental testbed in Dubai. 

The technical data of the VSN800 weather station’s sensors are provided in Table 7.2 

(ABB VSN800 datasheet, 2017).  

Table 7.2 Sensors datasheet of VSN800 Weather Station 

 

Ambient temperature Range -40°C to 80°C Accuracy +/- 0.3°C 

PV panel temperature Range -40°C to 80°C Accuracy +/- 0.3°C 

Solar irradiation Range 0 to 1750 W/m2 Accuracy +/- 5%  

Number of irradiation 

sensors vds 

1 horizontal, 1 plane of array 

Full year weather and load profile data are collected from the experimental tested 

during the year 2018 to capture different interactions between PV generation and 

loads at different seasonal profiles. The annual solar irradiance profile of the weather 

station is shown in Figure 7.11. It is observed that the maximum solar irradiance 

1099.897 W/m2 occurred during the fourth week of March 2018.     

Figure 7.11 Measured annual solar irradiance data used in the time series steady-state simulation 
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The measured load data collected from the smart energy meter of the 200 kW 

residential load connected to the PV system at the experimental testbed (see chapter 

6, section 6.2) is shown in Figure 7.12. It is observed that the peak load occurred 

during the summer months due to chillers cooling loads. To account for the 

interaction of PV generation with different loading conditions, two load levels have 

been selected. First, low loading conditions are taken for winter months when the 

load value falls below 40% of the peak load. The summer season is characterised by 

peak loading condition when the load value exceeds 80% of the peak load as 

illustrated in Figure 7.12. 

 

  Figure 7.12 Measured annual load profile of the study feeder (15-minute sample smart meter data). 
 

The month of March is selected to represent the winter season since the weather is 

mostly cloudy and load values fall below the low loading level. On the other hand, 

the month of August is selected to represent the summer season since the weather 

is sunny and the peak load occurred on 18th of August with a maximum value of 

6.01 MW. 

Load flow time-series analysis is carried out to evaluate the steady-state voltage 

profile considering different interactions between PV generations and loading 
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conditions. Two PV penetration levels have been specified, low PV penetration (PV 

system output 120 kWp) and high PV penetration (PV system output 4 MW). The 

probable PV and Load interactions include the following four simulation scenarios:  

S1) Steady-state voltage analysis of low PV penetration at low loading conditions.  

S2) Steady-state voltage analysis of low PV penetration at peak loading conditions. 

S3) Steady-state voltage analysis of high PV penetration at low loading conditions. 

S4) Steady-state voltage analysis of high PV penetration at peak loading conditions 

The maximum and minimum measured voltage values for each simulation scenario are 

provided in Table 7.3. It is observed that at low PV penetration levels that there is no voltage 

violation detected during different loading conditions. However, overvoltage violation was 

observed (105.2%) at high PV penetration levels and low loading conditions. It is worth 

mentioning that, this violation was observed during the month of March when the solar 

irradiance at its peak and loading is relatively low. This is because less PV power consumed 

by the load and more PV power is injected back to the grid, leading to the voltage rise during 

low loading conditions. 

Table 7.3 Steady-state voltage analysis results at different loading conditions 

S.N 

PV 

penetrat

ion 

level   

PV 

penetration 

(%  of the 

peak load) 

PV 

outp

ut 

Pow

er 

Load 

conditi

ons 

Vpcc min 

(%) 

Vpcc max 

(%) 
Conclusion 

S1 
Low PV 

penetrat

ion 

2.40% 
120 

kWp 

Low 

loading 
97.10% 101.53% 

 At low PV penetration, No voltage 

violation detected during different 

loading conditions.    
S2 

Peak 

loading 
95.94% 99.33% 

S3 

High PV 

penetrat

ion 

80% 
4000 

kWp 

Low 

loading 
99.24% 106.21% 

 At low loading conditions and high 

PV penetration, overvoltage 

violation is observed at PV point of 

connection due to excessive PV 

active power injection to the grid 

when VVC is disabled. 

S4 
Peak 

loading 
98.51% 104.73% 

At peak loading conditions and high 

PV penetration, the PV output power 

is mostly feeding the load preventing 

the excessive PV injection to the grid. 

Hence, there is no overvoltage 

violation observed.  
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Detailed voltage profile analysis for the worst-case scenario (S3) is further 

investigated to study the performance of the proposed VVC controller in providing 

voltage regulation at high PV penetration levels and low loading conditions. steady-

state time-series voltage profile for the month of March has been examined before 

and after implementing the proposed VVC. First, the feeder voltage profile is 

examined with high PV penetration with no VVC control as shown in Figure 7.13. 

Overvoltage violation cases (v> 1.05 p.u.) are observed due to the active power 

injection at the unity power factor from the PV system.  

At low PV penetration (S1, S2), No voltage violation is detected during different 

loading conditions since the PV generation is not significant enough to cause voltage 

violations, especially in the case of peak loading conditions (S2).  The voltage in 

scenario S1 at low PV penetration and low loading conditions increased above the 

nominal voltage 1.53% above the nominal voltage (VMax=101.53%) due to limited PV 

generation injection to the grid. While in scenario S2 the voltage drops below the 

nominal voltage reaching 0.67% due to peak loading conditions (VMax=99.33%) 

At high PV penetration and low loading conditions in scenario S3, overvoltage 

violation is observed at PV point of connection (VMax=106.21%) due to excessive PV 

active power injection to the grid when VVC is disabled. At peak loading conditions 

and high PV penetration in scenario S4, the PV output power is mostly feeding the 

load preventing the excessive PV injection to the grid. Hence, there is no overvoltage 

violations were observed as shown in Figure 7.13. 



 

178 

 

 SIMULATION STUDY 

Figure 7.13 Steady-state voltage profile of the study feeder for different scenarios (S1,S2,S3,S4). 
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The maximum PV penetration level relative to steady-state voltage and overcurrent 

was 52.1% with (P/Pn) reactive power support method, while maximum PV 

penetration reached 89.3% after implementing the proposed VVC control. Thus, an 

overall 37. 2% PV hosting capacity improvement achieved using the proposed VVC 

control of PV inverters compared to P/Pn reactive power compensation. This will 

allow higher share of solar PV system interconnection to a distribution feeder 

without causing voltage violations and will accelerate the green transformation of 

the existing distribution system. 

The simulation analysis was repeated after enabling the proposed VVC control of 

PV inverters.  The proposed controller dynamically absorbed reactive power to 

mitigate the overvoltage violation as shown in Figure 7.13.   

 

7.5. Case Study: Comparative Analysis of the Proposed VVC and 

P/Pn Method at different X/R ratios 

 
In the previous section, we studied the performance of the developed X/R based 

VVC on a central PV system connected at the end of the study distribution feeder. 

In this Section, the developed VVC control's performance is evaluated in the case of 

several distributed PV solar systems connected at different nodes of the feeder to 

examine the locational impact of PV connection and different X/R values on the 

proposed VVC compared to the commonly used P/Pn method. The study feeder, 

discussed in Section 7.2, has been modified with seven PV systems connected to each 

feeder bus through a coupling 11/0.4 kV transformer as shown in Figure 7.14. The 

study feeder, discussed in Section 7.2, has been modified with seven PV systems 

connected to each feeder bus through a coupling 11/0.4 kV transformer. 
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Figure 7.14 The modified study feeder with distributed PV systems at each node 

The size of each PV system and X/R ratios at each feeder node are provided in Table 

7.4.  The voltage deviation and PV reactive power compensation results are 

compared in two scenarios. First, the power ratio method P/Pn according to the 

existing DER Codes. Second, voltage deviation and PV reactive power 

compensation in the case of the proposed VVC. 

 

Table 7.4 Steady-state analysis results of P/Pn method versus the proposed VVC 

 

 
 

 

 

 

 

 

 

 

 

Node # 

PV 

System 

Size 

(kWp) 

X/R 𝒌 ൬
𝑿

𝑹
൰

 

Existing DER Codes (P/Pn) Proposed VVC Enabled 

ΔVMax% 

PV Reactive 

Power 

(kVar) 

ΔVMax% 
PV Reactive 

Power (kVar) 

B1 1000 9.308 -5.34099 +0.95% -91.26 +0.95% -10.0165 

B2 400 7.631 -6.49668 +1.15% -36.504 +1.13% -1.3112 

B3 1200 5.851 -8.42341 +3.13% -109.512 +2.64% -128.468 

B4 600 4.152 -11.7076 +3.55% -48.756 +3.21% -96.076 

B5 700 3.864 -12.5272 +4.68% -56.882 +3.49% -126.151 

B6 1000 3.052 -15.5683 +5.37% -81.26 +4.41% -231.472 

B7 100 2.957 -16.0179 +5.63% -22.126 +4.47% -58.6965 

Total 
Σ= 

5000 

Avg.= 

5.26 

 Avg.= 

-10.869 

ΔVMax 

=+5.63% 

Σ= 

 -446.3 

ΔVMax 

=+4.47% 

Σ= 

  -652.191 
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According to the existing DER interconnection codes, GC-PV systems shall provide 

reactive power support based on the ratio P/Pn (where Pn is the rated active power 

of the inverter), in a way that the inverter must absorb lagging reactive power when 

PV output power is above 50 % of its nominal rating in order reduce the voltage as 

shown in Figure 7.15a (DEWA DRRG standard, 2016 pp 29). The PV inverter is 

operated by default at unity power factor (cosφ=1, Qinv=0) producing active power 

only. If the PV power exceeded 50% of the PV rated peak capacity power, the power 

factor is reduced to 0.9 and the inverter will start to produce both active and reactive 

power as shown in10 Figure 7.15a.  The voltage, THDv and short-term flickers 

simulation results of this scenario will be denoted as V(P/Pn), THDv(P/Pn) and Pst 

(P/Pn) respectively. The second simulation scenario will compare the results 

obtained from the existing DER interconnection codes with the proposed dynamic 

X/R based VVC control as shown in Figure 7.15b. 

 

 

 

 

 

 

   (a)                                                                       (b) 

Figure 7.15 Reactive power support by PV inverter according to (a) Existing DER Codes (P/Pn) (b) 

Proposed VVC  

 

The steady-state time-series simulation is conducted to investigate the reactive 

power generated and the maximum voltage deviation (ΔVMax%) at the PV point of 

connection at all feeder nodes in both scenarios as shown in Table 7.4. The maximum 

voltage deviation values exceeded the Statutory voltage deviation limit (>5%) 
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with+5.37% and +5.63% voltage deviations observed near the end of the feeder at 

node #6 and node #7 as shown in Figure 7.16. This is due to the large PV size 

connected to node6 with relatively low X/R values 3.052 and 2.957 respectively 

causing excessive PV power feed-in to the grid. 

 

 

Figure 7.16 VVC controller actively controls inverter reactive power to mitigate voltage deviation 

 

Figure 7.17 shows the difference in the reactive power output between the two 

methods. It is observed that VVC controls the reactive power more effectively to 

mitigate the voltage deviations at each feeder node. At feeder’s node#1 near the 

substation where the voltage deviation is minimum VVC did not produce 

unnecessary reactive power compared to (P/Pn) method. When the voltage 

deviation exceeded the deadband threshold (>3%) at node #3 to #7, the VVC 

inverter controller adaptively absorbs additional reactive power to mitigate the 

overvoltage violations in Figure 7.17. 
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Figure 7.17 Reactive power generated by VVC controller compared to existing (P/Pn) Method 

 

The resultant voltage improvement of the proposed adaptive X/R based VVC 

control is shown in Figure 7.18. Both reactive control methods show similar results 

at the feeder head (nodes #1, #2) because of the minimal voltage deviation. 

However, at the middle and the end of the feeder nodes # 3 to #7 as the voltage 

deviation increased, the proposed VVC demonstrated better voltage regulation 

results compare to the P/Pn method. 

Low X/R values require additional reactive power support to regulate the voltage 

which could not be provided by the existing DER codes where reactive power 

generation is dependent on the PV power output (P/Pn%)  only irrespective of the 

location of PV point of connection. Whereas the proposed VVC control the reactive 

power output based on voltage and the specific X/R value at each feeder node.    

Detailed voltage profile analysis is carried out for the worst-case voltage deviation 

at node #7 as shown in Figure 7.18. It is clearly observed that the proposed VVC 

control consistently achieved better voltage profile results to maintain the voltage at 

the point of PV connection within the statutory voltage limits. 
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Figure 7.18 Voltage profile improvement by VVC control at feeder’s node#7  

 

Two power quality metrics (THDv & Pst) are selected to study the power quality 

impact of the proposed VVC compared to (P/Pn) reactive power control method 

during cloudy weather conditions as discussed in Section 7.4.   

 

The dynamic control of voltage variation provided by the proposed VVC 

demonstrated clear improvement of the short-term flicker level compared to P/Pn 

method as shown in Figure 7.19. It is observed that the maximum Pst(P/Pn) is 0.344 

whereas the maximum Pst(VVC)  is 0.295 with an overall improvement of about 

14.2% as illustrated in Figure 7.19. 
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Figure 7.19 Short-term flicker improvement by implementing VVC compared to the existing (P/Pn) 

method 

 

The Voltage total harmonic distortion analysis of the proposed VVC compared to 

the existing DER grid code method is shown in Figure 7.20. There is no distinguished 

difference between the two control methods in terms of the voltage’s total harmonic 

distortion THDv.  

The maximum voltage total harmonic distortion measured using VVC control 

THDv(VVC)= 1.134 is slightly higher than the maximum THDv(P/Pn)= 1.128 

measured when P/Pn reactive power control has been simulated as illustrated in 

Figure 7.20. 
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Figure 7.20 Total harmonic distortion results of VVC compared to the existing (P/Pn) method 

7.6 Case Study: Operational Impact of the proposed VVC 

ancillary services 

 

The proposed Volt/Var/CVR ancillary services scheme is tested on a real utility 

distribution system provided by EPRI OpenDSS, Feeder K1 is selected for this study. 

It is a radial feeder with 1,300 buses and 500 commercial and residential class 

customers (Fankun et al., 2019) (Kim & Harley, 2020). The feeder total sum of the 

maximum loads is approximately 5 MW. The legacy voltage regulation has been 

modified to provide central regulation at the substation side including on-load tap 

changer (OLTC) and switched shunt capacitor bank (SCB) as shown in Table 7.5.  
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Table 7.5 EPRI Test Feeder Information 

Base Source MVA 100 MVA 

Voltage 13.2 kV 

Peak Load 5 MW 

Minimum Load 0.8 MW 

Central PV 1.0 MW 

Distributed PV  50 x 50 kW (2.5 MW) 

Total Length 45 km 

Maximum X/R  11.92 

Minimum X/R  1.31 

Legacy Regulation (only at Substation) 1 OLTC (±8 steps) 

1 Capacitor bank  

Initial OLTC Setting  1.017 Vp.u. 

A central 1 MW PV system is connected at the mid of the feeder and 2.5 MW Distributed 

PV systems are added at the end of the feeder as illustrated in Figure 7.21 The DC-to-AC 

ratio for all PV systems used in this study is 1.1 for all PV systems.  

 

Figure 7.21 EPRI test Feeder topology and information 
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Four different cases are considered to investigate the effectiveness of proposed 

decentralized Volt/Var and centralized Volt/Var/CVR control. The first baseline 

scenario is the legacy regulation using OLTC and SCB without any Var support from 

PV inverters. The second scenario is the legacy regulation with Var compensation 

according to the P/Pn method as per DER codes in the UAE. The third and fourth 

scenarios are the proposed decentralized Volt/Var and centralized Volt/Var/CVR 

methods respectively as elaborated in Table 7.6. 

Table 7.6 Description of the case study scenarios 

Scenario No. Description  

Scenario-1 Voltage legacy regulation (LR) using the conventional devices only OLTC & SCB 

(all PV at unity power factor) as the baseline scenario. 

Scenario-2 Voltage regulation with Inverter Var compensation according to the existing DER 

codes (P/Pn) method as illustrated in Fig 1a. 

Scenario-3 Autonomous Voltage regulation with the proposed X/R based decentralized (VVC) 

as described in section 2.1 

Scenario-4 Optimal Volt/Var/CVR considering DER ancillary services (VVO-CVR) as 

described in section 2.2. 

 

The operational cost weighting factors (α1, α2, α3) is calculated from NREL DER 

integration cost database (NREL cost Database, 2019). α1 is the weight of energy 

loss cost ($/kWh) approximately 0.122 $/kWh. α2, α3 are the switching cost 

weighting factors ($/unit operation) as given in Table 7.7.  

 Table 7.7 OLTC and SCB cost weighting factors 

 Regulation Device Configuration Total Cost ($) Average Expected useful 

life (# of Operations) 

Weightin

g factor 

Transformer OLTC ±8 steps 55,000  100,000 α2 = 

0.55 

Switchable Capacitor Bank 

(SCB) 

900 kVar         13,747  30,000 α3 = 

0.46 

 



 

189 

 

 SIMULATION STUDY 

Loading condition is a critical factor in the analysis since it determines the amount 

of PV injection back to the distribution feeder. Quasi-static time-series simulation is 

carried out using two typical load and irradiance profiles recorded from smart 

meters to capture different interactions between loads and PV generation as shown 

in Figure 7.22. The first profile in Figure 7.22a considers low loading and cloudy 

weather conditions while the second profile in Figure 7.22b considers peak loading 

and clear weather conditions to perform Quasi-static time series simulation (QSTS) 

in OpenDSS.  

 

 
Figure 7.22 Load and PV profiles for the selected study days at (a) low loads and cloudy weather, (b) 

peak loads and clear weather 

 

QSTS power flow analysis is carried out for the four case study scenarios and the 

results are recorded including average voltage, Avg. energy losses, maximum total 

voltage harmonic distortion (THDv) and the status of OLTC and SCB at each time 

step. Table 7.8 and Table 7.9 show the monthly simulation results at low loading 

(Figure 7.23a) and peak loading conditions (Figure 7.23) respectively. It is observed 
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that higher overvoltage deviations were reported at low loading and cloudy weather 

conditions in all scenarios due to PV active power injection to the grid.   

 

Table 7.8 Monthly Simulation Results at Low Loading and Cloudy Weather Conditions 

Description Scenario-1a 

(LR) 

Scenario-2a 

(P/Pn) 

Scenario-3a 

(VVC) 

Scenario-4a 

(VVO-CVR) 

Average Vpcc (p.u) 1.054 1.042 1.031 0.993 

Demand Reduction (%) - 0.89 0.96 1.18 

Energy Loss (%) 0.71 0.76 0.81 0.72 

Maximum THDv (%) 3.23 2.67 2.72 2.36 

 No. of OLTC Operations 154 138 121 123 

No. of SCB Operations 23 19 15 17 

Total Operations 177 157 135 139 

 

 

Table 7.9 Monthly Simulation Results at Peak Loading and Clear Weather Conditions 

Description Scenario-1b 

(LR) 

Scenario-2b 

(P/Pn) 

Scenario-3b 

(VVC) 

Scenario-4b 

(VVO-CVR) 

Average Vpcc (p.u) 1.01 0.998 0.987 0.961 

Demand Reduction (%) - 1.04 1.62 3.11 

Energy Loss (%) 0.86 0.92 0.94 0.89 

Maximum THDv (%) 3.36 2.81 2.73 2.45 

 OLTC Operations 138 117 109 112 

SCB Operations 35 24 22 25 

Total Operations 173 141 131 137 

 

The average voltage measured at the points of PV connections (PCC) in scenario-1a 

violates the statutory voltage limit (V ≥ 1.05 p.u.) because of excessive PV injection 

into the feeder at low loading conditions and the slow response limitations of legacy 

regulation devices.  The reactive compensation of PV systems considerably 

supported the voltage regulation, demand reduction and saved regulation devices 

operations as shown in Figure 7.23.  
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Figure 7.23 Simulation results at (a) low loads and cloudy weather, (b) peak loads and clear weather 

 

The proposed VVC achieves the maximum savings in legacy devices operations, 

particularly for SCB at peak loading conditions where about 37.1% saving was 

achieved in scenario-3b compared to 34.7% at low loading conditions in scenario-3a.  

Further, the proposed VVC saved about 21% of OLTC operations at peak loading 

conditions in scenario-3b and about 21.4% at low loading conditions in scenario-3a. 

VVO-CVR achieved the highest demand reduction in scenario-4b where about 

3.11% peak demand was reduced compared to the baseline scenario. However, the 

total number of legacy devices operations slightly increased when CVR was 

implemented in scenario-4a and scenario-4b compared to VVC control by an 

average of 3.8% to achieve the additional reduction in voltage level for peak demand 

reduction.  

However, the saving on total operations of legacy regulation devices for both OLTC 

and SCB is about 20.8 % on average compared to the baseline scenario. 
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The total voltage harmonic distortion (THDv) slightly improved when PV reactive 

power compensation was implemented but THDv for all scenarios are within the 

acceptable limit (THDv < 5%). 

The energy loss is expressed as a percentage of the total energy consumption in each 

scenario. PV reactive power injection in scenarios-2 and scenario-3 results in a slight 

loss increment compared to the baseline scenario where PV systems are working 

under unity power factor injecting active power only which match the findings of 

(Ding & Baggu, 2018).   

The proposed VVC control caused slight loss increments in scenario-3a compared to 

the baseline (scenario-1) and P/Pn method (scenario-2) where PV systems are 

mostly operated closer to the unity power factor. But the proposed VVO-CVR in 

both scenario-4a and scenario-4b helped to reduce the energy losses compared to 

VVC control and maintain the losses values close to the baseline scenario.  The 

average objective cost function for scenario-4a at low loading is $2105.67 and 

$1954.85 for scenario-4b at peak loading conditions simulated for one month. There 

is about an 8.64% increase in the cost function during low loading conditions due to 

the higher legacy devices operation as shown in Table 7.8 and less benefits from CVR 

at low loading conditions. The average daily achieved cost function is about $70.18 

at low loading and $65.16 during peaking loading which suggests that the CVR 

technique should be only considered during peak loading conditions to achieve the 

maximum operational cost savings. It is worth noting that the achieved daily cost of 

$65.16 during peaking loading is slightly lower than the daily cost of $ 66.78 reported 

by Manbachi et al. at a similar convergence rate of 0.998 (Manbachi et al., 2016).  

 

The voltage profile impact of the different control scenarios at maximum voltage 

deviation is illustrated in Figure 3.24. Both proposed VVC and VVO-CVR achieved 

better voltage profiles and reduced voltage violations compared to the P/Pn 

Method’s scenarios. The proposed VVO-CVR method in both scenario-4a and 

scenario-4b achieved the optimal voltage profile and helped to reduce the feeder 

demand without violating system operational limits. 
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I. Legacy Control (LR)  II. DER Codes (P/Pn)  III. VVC  IV. VVO-CVR 
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Figure 7.24 Voltage profile heat map of the study feeder showing the maximum voltage deviation at different loading conditions
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The Simulation study repeated at different PV penetration levels up to 100% of the 

peak load to estimate the PV hosting capacity of the study feeder in each scenario. 

The maximum voltage deviation values at different PV penetration levels for the 

four scenarios are plotted in Figure 7.25.  PV hosting capacity (HC) due to voltage 

violation is calculated using linear interpolation to obtain the maximum PV 

penetration at the threshold voltage violation limit (ΔV ≥ 5%). 

 

Figure 7.25 Maximum voltage deviation and PV hosting capacity for different simulation scenarios 

 

The baseline PV hosting capacity using legacy regulation is about HC= 3105.2 kW 

(62.1%). PV reactive power compensation can obviously improve PV hosting 

capacity to different extents based on the selected Var compensation method. Var 

compensation according to DER codes (P/Pn curve) achieved a 7.56% improvement 

in PV hosting capacity compared to 15.88% improvement in the case of the X/R 

adaptive VVC control. PV Hosting capacity when VVO-CVR was implemented, 

achieved the maximum improvement of 31.49% with PV hosting capacity value 

4680.1 kW (93.6%). The impact of the proposed VVC algorithm on the islanding 

detection capability is not examined in this thesis. PV ancillary services may 

interfere with the islanding detection of multi-inverters grid-tied solar systems. In 

general, PV volt/var control demonstrated a minor impact on the performance of 
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active anti-islanding compared to passive methods (Ropp et al., 2019)( Hoke et al., 

2016). The effectiveness of islanding detection capability when applying inverter 

volt/var droop control has been investigated by Ropp et al. in terms of the non-

detection zone (NDZ) and the time to de-energize the unintentional island, also 

known as the run-on time (ROT).  PV volt/var droop control had a negligible impact 

on NDZ while ROT remained well below the limit of two seconds imposed by IEEE 

1547 (Ropp et al., 2019).  

 

 

 

 

7.7 Conclusions 
 

In this chapter, Transient and steady-state voltage analyses for the developed VVC 

are performed using the co-simulation environment MATLAB/Simulink and 

OpenDSS for different PV interconnection case studies.  

 

Active management of PV distributed generation is proposed based on two control 

models. First, a decentralized volt/var control (VVC) of PV inverters is developed 

based on the X/R ratio at the point of connection for each PV system that could be 

implemented with less communication requirements for small, distributed PV 

systems. The second centralized algorithm for Volt/Var/CVR is developed for 

optimal PV ancillary services using smart grid communication to coordinate PV 

reactive power compensation with the legacy voltage regulation devices.  

Quasi-static time-series simulation is carried out on Opens real Feeder model EPRI-

k1 to investigate the effectiveness of proposed decentralized VVC and centralized 

VVO-CVR.   
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The simulation results show that the proposed X/R based VVC control algorithm 

successfully mitigated the voltage deviations and flickers during transient 

irradiance fluctuations in the case of fast-moving clouds, thus improving PV hosting 

capacity.  

The proposed VVC reactive power compensation successfully mitigated 63.3% of 

voltage violations and improved the PV hosting capacity of the study feeder by 

about 37. 54%. Further, the proposed VVC scheme avoided the overcompensation 

of PV reactive power generation, which is not in the economic interest of PV 

owners. The positive effect of the proposed control scheme on the key power quality 

metrics demonstrated a 21.5% improvement of the short-term flicker level during 

fast-moving clouds while maintaining the total harmonic distortion within the 

acceptable limits. 

 

  Quasi-static time series analysis demonstrated improved Var compensation 

performance of the developed control scheme compared to the existing P/Pn 

method that has been specified in the interconnection grid codes. The proposed VVC 

reactive power compensation successfully mitigated 63.3% of voltage violations and 

improved the PV hosting capacity of the study feeder by 37. 7%. Furthermore, the 

proposed VVC scheme avoided the overcompensation of PV reactive power 

generation which is not in the economic interest of PV owners. The positive effect of 

the proposed control scheme on the key power quality metrics demonstrated a 

21.5% improvement of the short-term flicker level during fast-moving clouds while 

maintaining the total harmonic distortion within the acceptable limits. 

 

The second case study investigated the operational impact of the proposed control 

models for decentralized/ centralized active network management of PV 

distributed generation. A decentralized volt/var control (VVC) of PV inverters is 

developed based on the X/R ratio at the point of connection for each PV system that 

could be implemented with fewer communication requirements. Optimal 
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centralized Volt/Var/CVR (VVO-CVR) is developed with a conservation voltage 

reduction scheme using smart grid communication to coordinate PV reactive power 

compensation with legacy voltage regulators. Quasi-static time-series simulation is 

carried out on OpenDSS real Feeder model EPRI-k1 to investigate the effectiveness 

of proposed decentralized VVC and centralized VVO-CVR.  The proposed VVC 

resulted in a 15.88% improvement in PV Hosting capacity while VVO-CVR achieved 

31.49% improvement compared to legacy voltage regulation. However, the total 

number of legacy devices operations slightly increased when CVR was implemented 

to achieve the additional reduction in voltage level to decrease the feeder demand. 

The proposed VVC achieved the maximum savings in legacy regulation devices 

operations up to 37.1% saving in SCB operations and 34.7% saving in OLTC 

operations. The total voltage harmonic distortion (THDv) slightly improved when 

VVC and VVO-CVR were implemented, however, THDv for all control methods 

falls within the acceptable limit. Overall, the proposed VVO-CVR optimization 

helps to enhance the voltage profile along the distribution feeder and achieved about 

3.11% demand reduction and 21.4 % reduction in regulation devices operations 

without violating system operational limits.  
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8.1. Introduction 
 

This chapter presents the economical assessment of the developed VVC algorithm 

and DER ancillary services scheme that was developed in Chapter 4. The analysis is 

based on actual market prices of the VVC system components based on recent 

commercial offers provided in Appendix C. 

 

This chapter intends to evaluate the economic feasibility and benefits of the proposed 

VVC, and ancillary services provided by PV inverters. provide guidelines for solar 

investors, energy policymakers and electric utilities to make better decisions for 

implementing DER ancillary services. Cost-Benefit Analysis (CBA) and sensitivity 

analysis are performed of smart PV inverters with the proposed VVC scheme. 

8.2. Techno-economic Analysis Methodology 
 

The techno-economic analysis is performed based on a bottom-up approach 

developed to assess the economic impact of the proposed VVC scheme. The annual 

cost and benefits are calculated based on quasi-static time-series simulations (QSTS) 

in OpenDSS as shown in Figure 8.1. This is to account for the different seasonal 

loading and solar irradiance profiles that can affect CVR demand reduction and 

energy losses of the distribution feeder (Hsieh et al., 2018) (Horowitz et al., 2020).  

The whole year’s load data, solar irradiation data, and temperature data that have 

been collected from the experimental testbed are applied to find the annual real 

power produced by the PV system and PV reactive power output for voltage 

compensation.   The simulation analysis is performed over the expected useful life 

of the PV system of 20 years with the existing P/Pn method. The same analysis is 

then repeated after implementing the proposed VVC ancillary services. The 

operational cost savings are then compared in the two scenarios to calculate the cost 

saving as illustrated in Figure 8.1. 
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Figure 8.1 Methodology of techno-economic assessment of DER Ancillary Services 
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The economic metrics in this study are assessed as a function of PV penetration level 

to provide a detailed analysis of the proposed VVC ancillary services. The study 

distribution feeder considered in this analysis has two conventional voltage 

regulation devices at the primary distribution substation side using 1200 kVar 

switched capacitors bank and transformer’s OLTC as described in chapter 5, section 

5.2. 

The cost-benefit analysis is performed using the common financial indicators net 

present value (NPV) and benefits cost ratio (BCR) using equations 8.1 and 8.2 

respectively (Hsieh et al., 2018) (Stetz et al., 2014) for the proposed DER ancillary 

function from a utility perspective.  

The net present value is calculated as: 

𝑁𝑃𝑉 =∑
𝐵𝑖 − 𝐶𝑖
(1 + 𝑟)𝑖

𝑁

𝑖=0

 

 

𝐵𝐶𝑅 =
𝐵𝑝𝑣

𝐶𝑝𝑣
= [∑

𝐵𝑖
(1 + 𝑟)𝑖

] / 

𝑁

𝑖=0

[∑
𝐶𝑖

(1 + 𝑟)𝑖
]  

𝑁

𝑖=0

 

 

Where Bi is the benefits at year i, 

Ci is the cost at year n, 

N is the lifespan in years, 

Bpv and Cpv are the present value of overall benefits and costs respectively. 

r is the discount or interest rate (assumed to be 5%). 

 

The next sections present cost and benefits analysis to estimate the above economical 

metrics of the existing P/Pn method compared to the proposed VVC. 

 

(8.1) 

(8.2) 
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8.3. Cost Benefits analysis 
 
As described in the techno-economic assessment methodology (Section 8.2), the first 

step of the cost-benefit analysis is to estimate the capital cost of the PV system 

considering the initial capital cost and operational cost throughout the lifespan of 

different system components. Several studies in the literature assumed PV system 

lifespan of PV modules and PV string inverters to have the same lifespan of more 

than 20 years, which could lead to inaccurate cost-benefit analysis results (Köberle 

et al., 2015) (Ayadi, Al-Assad and Asfar, 2018) (Asif et al., 2019). However, unlike 

solar panels, string inverter's lifespan is usually estimated around 10 to 12 years as 

a result of their electronic components degradation at high ambient temperature 

conditions (Sangwongwanich et al., 2018) (Choi and Lee, 2020).   

 

The useful life of PV panels is normally warranted at 20-25 years, while the PV string 

inverter’s lifetime is typically limited to less than 15 years (Woodhouse et al., 2016). 

The PV panels degradation factor due to equipment ageing is taken into 

consideration at an approximate rate of 1% per year. In this study, the designated 

life of the PV panel (and DER ancillary services project) is taken as 20 years 

considering the harsh weather conditions in the UAE. In this study, the inverter 

lifespan is estimated as 10 years based on the inverter manufacturer’s warranty 

statement provided in Appendix C.  

 

 

8.3.1 Cost Analysis 

 
The cost analysis in this section is conducted based on recent actual market prices 

provided in Appendix C and NREL cost database (NREL Cost Database, 2019). 

. The taxonomy of system costs throughout the lifetime of the system is as follows: 
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I. Capital Cost (Capex): 

a) Asset Cost (CAsset): 

The PV system includes the following components: 

• PV array of 77.4kW: 400 modules SunPower T5-SPR-305E, 305.2Wp. 

• PV String Inverters: Four ABB Inverter String, TRIO-27.6 kW 

• DC/AC Cables and connectors 

•  Electrical Panels, combiner boxes and protection/Earthing system. 

The purchase costs of different components of the system can be seen in Table 8.1. 

 

b) Labour costs (CLabour): 

    Electrical labour for installation and commissioning of the system. 

 

c) Overhead cost (COverhead):  

Cost of management supervision and processing fees include No Objection 

Certificate (NOC) process by Electric utility and design approval process 

by the municipality as provided in the PV connection guidelines (DEWA 

Shams Dubai, 2015b). The Labour and overhead costs of the system can be 

seen in Table 8.2 based on the actual market data provided in Appendix C 

and NREL PV cost database (NREL Cost Database, 2019). 

 

II. Operational Cost (Opex) 

• Operational and maintenance cost, O&M costs (COM) 

• Inverter replacement costs (CReplace) 

• Inverter’s reactive power generation cost (CPV-Var) 

 

As discussed in Chapter 3, Section 3.4, PV reactive power compensation is 

considered as a revenue loss by PV owners. Hence, it considered as part of the 

operational cost at a rate of $ per Kvar generated by the PV inverters. 
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Table 8.1 presents the capital Costs of the PV system based on NREL PV cost 

database (NREL Cost Database, 2019) and the actual market data provided 

in Appendix C.  

 
Table 8.1 Detailed capital Costs of the testbed PV system  

ID Component 
Name 

Description Unit Cost 

($) 

Quantity  Total Cost 

($) 

Lifespan 

(years) 

1 Solar PV Module 

& Roof 

Integration 

System 

SunPower T5-
SPR-305E,  
305.2Wp   188.06 400 75,223.23 20 

2 PV Inverters ABB Inverter 
String, TRIO-
27.6 kW 

10,130.00 4 40,520 10 

3 Electrical 

protection

 & 

connection 

Junction

 

Boxes & LV 

Panel 

89.34 
$/kWp 

120 39,417 20 

4 DC & AC Cables Solar cables - 6 

mm2 + U 1000

 R2V 

3P+N+E 95 

mm2 copper 

 
77.86 

$/kWp 
120 34,352 20 

Grand Total 135,808  

 
Table 8.2 presents the Labour and Overhead Costs based on the actual market data 

provided in Appendix C and PV connection guidelines (DEWA Shams Dubai, 

2015b). 

 

Table 8.2 Labour and Overhead Costs  

ID Description Unit Cost  

($/Kwp) 

Quantity  Total Cost ($) 

1 Labour costs: installation, testing and 

commissioning charges 326.40 120 39,168 

2 Overhead cost & NOC processing fees 
54.40 120 6,528 

Grand Total     45,696  

 
 

The capital and operational costs are calculated as follows: 
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Capex= CAsset + CLabour + COverhead   (8.3) 

Where CAsset is the capital purchase cost of the PV system given in Table 8.1, CLabour  

is the labour cost and COverhead  is the overhead cost includes supervision and PV grid 

connection processing fees as shown in Table 8.2. 

 
The capital system cost can be found using Equation 8.3 as: 
 
Capex= 135,808 + 45,696 = $181,504                         (8.4) 
The operational cost (Opex) can be calculated as: 

Opex = ∑ 𝐶𝑂𝑀
𝑁
𝑖=0 + ∑ 𝐶𝑃𝑉−𝑉𝑎𝑟

𝑁
𝑖=0  + 𝐶𝑅𝑒𝑝𝑙𝑎𝑐𝑒        (8.5) 

The operational & maintenance cost COM and the replacement cost CReplace are 

estimated based on the actual market data provided in Appendix C. 

The cost of PV reactive power compensation 𝐶𝑃𝑉−𝑉𝑎𝑟 is calculated as: 

𝐶𝑃𝑉−𝑉𝑎𝑟 = 𝛼𝑞Q𝑝𝑣                                 (8.6) 

Where 𝛼qis the unit rate $/kVar, it is assumed to be equal to the basic tariff rate of 

0.11 $/kvar  (DEWA slab tariff, 2018). Q𝑝𝑣 is the reactive power generated by the 

PV inverters in kVar.              

 

The overall cost of the PV system with PV ancillary services CTotal is given in 

Equation 8.6 as the summation of the capital cost and the total annual operating costs 

over the lifetime of the PV system.  

CTotal = 𝐶𝑎𝑝𝑒𝑥 +  ∑ 𝑂𝑝𝑒𝑥𝑁
𝑖=0                   (8.7) 

Where N is the useful life of the PV system; N value is 20 years as per the actual 

market data provided in Appendix C. 

 
 

8.3.2 Benefits Analysis 

 

As discussed in Section 8.2, the benefits and cost savings of the proposed VVC 

ancillary services are evaluated for the proposed VVC based on annual QSTS 
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simulation based on load and irradiance profiles collected from the experimental 

testbed. The following benefits of the proposed VVC ancillary services are 

considered throughout the lifespan of the system: 

 

a) Revenue from active power generated by the PV system (BPV). 

b) Cost saving due to feeder losses reduction (BLR).  

c) Operational cost saving of transformer’s OLTC (BOLTC). 

d) Operational cost saving of shunt capacitor bank (BSCB). 

e) CVR peak demand reduction savings (BCVR). 

 

The equations to calculate the above benefits are provided in Equations 8.8 to 8.12. 

α1, α2, α3, α4 are the unit price factors as defined in Chapter 4, Section 4.4.2. The 

benefits of PV active power generation is calculated as: 

BPV=  ∑ 𝛼1P𝑝𝑣
𝑁
𝑖=0                                                 (8.8) 

Where α1 is the electricity tariff rate $/kWh and Ppv is the PV generated active 

power. 

The benefit of load reduction BLR is calculated as: 

 

BLR= 𝛼1𝛥𝑃𝑙𝑜𝑠𝑠                                     (8.9) 

Where α1 is the electricity tariff as mentioned in equation 8.7 and 𝛥Ploss is the loss 

reduction due to PV reactive power compensation. 

The benefit of reducing OLTC operations BOLTC is calculated as: 

BOLTC = 𝛼2 𝛥NOLTC                             (8.10) 

Where α2 is the unit cost of OLTC switching ($/Tap operation) and 𝛥NOLTC is the 

number of OLTC operations saved due to PV reactive power compensation 

compared to the base case (No PV Var compensation). 

 

The benefit of reducing SCB operations BSCB is calculated as: 
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BSCB = 𝛼3 𝛥NSCB                                 (8.11) 

Where α3 is the unit cost of SCB switching ($/operation) and 𝛥N SCB is the number 

of OLTC operations saved due to PV reactive power compensation compared to 

the base case. 

The benefit of peak demand reduction due to CVR BCVR is calculated as: 

BCVR = 𝛼4 ∆𝐸                                    (8.12) 

Where α4 is the peak demand tariff $/kWh and 𝛥E is the demand reduction saved 

due to CVR. 

The total benefits can be calculated as the summation of all benefit categories 

throughout the useful life of the PV system. 

BTotal= ∑ ( B𝑝𝑣 + B𝐿𝑅 + B𝑂𝐿𝑇𝐶 + B𝑆𝐶𝐵 + B𝐶𝑉𝑅 )
𝑁
𝑖=0                            (8.13) 

 

The details of the aforementioned annual cost and benefits of the P/Pn method are 

given in Table 8.3.  The feed-in tariff of PV active solar generation is set to 0.12 

$/kWh based on the average slab tariff (DEWA slab tariff, 2018). 

 

The annual PV active power generation (Ppv) and reactive power compensation (PV-

Var), provided in Table 8.3, are calculated through P/Pn annual time-series 

simulation based on the data are collected for the PV system for the first three years 

2018, 2019 and 2020. It is observed that the actual degradation of PV generation in 

the first year at a rate of 0.9%. Then the degradation rate increased in the third year 

to 1.1%. This could be explained due to PV panels' ageing which is influenced by the 

harsh weather and high temperature conditions (Sauer, 2011) (Jordan & Kurtz 2013). 
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Table 8.3 Cost-benefit analysis of the system with P/Pn Method (Existing DER Codes) 

Year PV 
system 
Cost ($) 

Capex   

 PV Var 
cost ($) 

CPV-Var  

 Inverter 
Replacement 

Cost ($) 

CReplace 

O&M 
Cost ($) 

COM 

Total Cost 
($) 

CTotal 

Revenue from 
Solar 

Generation ($) 

BPV  

Saving due to 
Losses 

Reduction($) 

BLR  

Saving due 
to OLTC 

Operations 

($) BOLTC  

Saving due 
to SCB 

Operations 

($) BSCB  

Total Benefits ($) 

BTotal 

1 181,504 2,990 
 

3,500 190,578 30,911 1,272.19 486 437 32,280 

2 
 

2,838 
 

3,974 9,222 30,633 1,203.38 449 421 31,997 

3 
 

2,779 
 

4,093 9,070 30,327 1,145.70 429 400 31,645 

4 
 

2,733 
 

4,216 9,111 29,993 1,103.76 416 386 31,284 

5 
 

2,715 
 

4,343 9,152 29,633 1,036.35 403 362 30,875 

6 
 

2,650 
 

4,473 9,167 29,248 957.72 484 335 30,526 

7 
 

2,554 
 

4,607 9,132 28,839 885.14 486 309 30,077 

8 
 

2,458 
 

4,745 9,099 28,406 795.34 477 278 29,576 

9 
 

2,390 
 

4,888 9,122 27,952 725.16 477 253 29,078 

10 
 

2,308 40,520* 5,034 49,642 27,476 641.13 453 219 28,506 

11 
 

2,239 
 

5,185 9,151 26,982 591.34 462 202 27,993 

12 
 

2,169 
 

5,341 9,183 26,469 543.86 472 185 27,464 

13 
 

2,086 
 

5,501 9,197 25,940 463.46 450 158 26,852 

14 
 

1,992 
 

5,666 9,195 25,577 510.75 516 174 26,608 

15 
 

1,924 
 

5,836 9,244 25,193 472.05 496 161 26,172 

16 
 

1,868 
 

6,011 9,319 24,790 444.29 486 152 25,737 

17 
 

1,823 
 

6,192 9,422 24,369 417.81 476 142 25,284 

18 
 

1,756 
 

6,377 9,488 23,954 396.58 472 135 24,849 

19 
 

1,688 
 

6,569 9,559 23,523 376.08 467 128 24,397 

20 
 

1,564 
 

6,766 9,536 23,100 356.31 462 122 23,953 

Grand Total 
  

733,054 45,523 6,969 406,589 543,316 14,338 16,255 4,960 565,154 

BCR 1.15 NPV $ 51,887.23  

* Replacement cost of PV inverters after 10 years. 
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In the case of the P/Pn method, the benefits cost ratio BCR=1.15 and the respective 

net present value (NPV) is $ 51,887 showing a positive business case.  Conversely, 

the annual cost and benefits of the system after enabling the proposed VVC ancillary 

services are presented in Table 8.4. It shows that the economical metrics have 

significantly improved. The proposed VVC BCR ratio is about 1.44 with an overall 

improvement of 16.52% and the respective NPV significantly increased (more than 

doubled) to $108,107 due to the additional benefits achieved from the proposed VVC 

ancillary services. The annual PV active power generation (Ppv) and reactive power 

compensation (PV-Var) are calculated through VVC annual time-series simulation 

based on the experimental data measured for the first three years 2018, 2019 and 

2020.  

It is worth noting that PV reactive power generation throughout the PV system life 

reduced from 733.05 Mvar to 444.12 Mvar (a 39.42% reduction) when the proposed 

VVC is applied. 

 

In conclusion, both P/Pn and the proposed VVC demonstrated positive business 

cases for PV reactive power compensation. However, the proposed VVC 

significantly improved the economical metrics BCR and NPV while reducing the 

amount of unnecessary reactive power overcompensation by about 39.42%. The 

benefits of feeder losses reduction from $14,338 to $39,112 (a 117.8% increase) when 

VVC is applied. The overall VVC benefits increase by about 10.3% compared to 

P/Pn method due to the additional ancillary services provided by CVR and 

additional feeder losses reduction. 
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Table 8.4 Cost-benefit analysis of the system with the proposed VVC ancillary services 

Year PV 
system 
Cost ($) 

Capex   

 PV Var 
cost ($) 

CPV-Var  

 Inverter 
Replacement 

Cost ($) 

CReplace 

O&M 
Cost ($) 

COM 

Total Cost 
($) 

CTotal 

Revenue 
from Solar 
Generation 

BPV ($)  

Saving due 
to Losses 
Reduction 

BLR ($) 

Saving due 
to OLTC 

Operations 

BOLTC ($) 

Saving due 
to SCB 

Operations 

($) BSCB  

CVR Peak 
Demand 

Reduction 
Benefits ($) 

BCVR 

Total Benefits ($) 

BTotal 

1 181,504 3,066 3,264* 3,500 191,334 30,911 2,576 987 534 2,576 36,138 

2 
 

2,900 
 

3,974 6,874 30,633 2,406 982 505 2,406 35,631 

3 
 

2,898 
 

4,093 6,992 30,327 2,334 981 481 2,334 35,115 

4 
 

2,850 
 

4,216 7,067 29,993 2,264 966 463 2,264 34,673 

5 
 

2,805 
 

4,343 7,148 29,633 2,196 929 435 2,196 34,155 

6 
 

2,743 
 

4,473 7,216 29,248 2,130 931 402 2,130 33,658 

7 
 

2,709 
 

4,607 7,317 28,839 2,066 935 371 2,066 33,135 

8 
 

2,638 
 

4,745 7,383 28,406 2,004 917 334 2,004 32,540 

9 
 

2,596 
 

4,888 7,484 27,952 1,964 915 304 1,964 31,982 

10 
 

2,527 43,784** 5,034 51,345 27,476 1,925 894 269 1,925 31,378 

11 
 

2,481 
 

5,185 7,667 26,982 1,887 888 248 1,887 30,771 

12 
 

2,410 
 

5,341 7,751 26,469 1,849 908 228 1,849 30,204 

13 
 

2,362 
 

5,501 7,864 25,940 1,812 866 194 1,812 29,531 

14 
 

2,306 
 

5,666 7,972 25,577 1,776 992 214 1,776 29,243 

15 
 

2,158 
 

5,836 7,994 25,193 1,740 954 198 1,740 28,741 

16 
 

2,012 
 

6,011 8,023 24,790 1,705 935 186 1,705 28,248 

17 
 

1,977 
 

6,192 8,169 24,369 1,671 916 175 1,671 27,728 

18 
 

1,944 
 

6,377 8,321 23,954 1,638 907 166 1,638 27,246 

19 
 

1,803 
 

6,569 8,372 23,523 1,605 898 158 1,605 26,745 

20 
 

1,666 
 

6,766 8,432 23,100 1,573 889 149 1,573 26,258 

Grand Total 
  

48,853 47,048 6,969 380,725 543,316 39,112 18,591 6,014 39,122 623,118 

BCR 1.44 NPV $ 108,107.19          

* Purchase cost of the VVC RTU and telecom interface. 

** The combined replacement cost of PV inverters, RTU and telecom interface after 10 years. 
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The net cash flow of the system is shown in Figure 8.2a. It is observed that the break-

even point estimates the payback period in about 12 years.  While the payback 

period of the proposed VVC was reduced to 8 years as shown in Figure 8.2b. 

 

 

 

 Figure 8.2 Annual Cashflow and payback period in case of (a) P/Pn, (b) Proposed VVC 

 

It is worth mentioning that the archived payback period (8 years) and BCR of 1.44 

of the proposed VVC are similar to the techno-economic results reported in the 

literature (Horowitz et al., 2020) (Formica & Pecht, 2017) (Duotong et al., 2015).  
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Formica and Pecht reported a payback period of 4.25 years assuming constant solar 

production without considering solar generation degradation. 

  

8.3.3 Sensitivity Analysis 
 

In this section, a sensitivity analysis is performed on several key input parameters 

to assess their impact on techno-economic analysis results within the range of ± 40% 

change on the base case presented in the previous section. The sensitivity analysis is 

conducted considering the impact of changing four key parameters of the cost-

benefit analysis (CBA) including, PV system cost, PV size, Discount rate (r) and 

Feed-in tariff (FIT) for PV solar generation. The BCR sensitivity results as functions 

of -40% to +40% percent change from the base case parameters are demonstrated in 

Figures 8.3. 

 

                Figure 8.3 Sensitivity analysis for the key CBA input paraments 
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The sensitivity analysis shows that PV system cost and Feed-in tariff of PV active 

power generation are the variables with the most impact on the benefits-cost ratio. 

The BCR value increased by 38.7% and 23.8% for a 30% increase in the Feed-in tariff 

(FIT) rate and PV system size, respectively. It is worth mentioning that the ancillary 

service impact becomes more significant for large PV sizes which typically occurs at 

higher PV penetration levels. Conversely, BCR value decreased by 32.7% and 18.4% 

for a 30% increase of PV cost and discount rate, respectively. 

Three key parameters (FIT , PV cost and PV size) can impact the business case of the 

proposed ancillary services, i.e BCR <1. When PV size decreases below 38%, i.e PV 

size is about 75 kW, the ancillary services cost outweighs the benefits. Thus, the 

proposed ancillary services or second level of VVC-CVR control should be 

considered for PV systems above 75 kW. For smaller PV systems, the first VVC 

autonomous control level can be implemented based on the X/R ratio at the point 

of common coupling. For larger PV systems above 75 kW, the second VVO-CVR 

control level can be implemented to provide cost-effective ancillary services. 

 

Additionally, a sensitivity analysis of NPV value is performed to assess the impact 

and economic viability of introducing a feed-in tariff for PV reactive power 

compensation to remunerate PV owners in exchange for the generated PV reactive 

power support to the grid. The sensitivity graph before and after introducing the 

proposed VVC ancillary services at different PV penetration levels is shown in 

Figure 8.4. 
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Figure 8.4 NPV of DER ancillary service considering PV Var remuneration at different PV 

penetration levels 

 

It can be seen in Figure 8.4, that the Net Present Value is higher for the second case 

without Var remuneration. However, the Net Present Value still shows positive 

values in the case of Var remuneration paid to the PV owner in exchange for the 

generated reactive PV compensation. Therefore, it can be concluded that the 

proposed smart grid integrated VVC ancillary services scheme is still an 

economically viable solution with Var Feed-in tariff remuneration paid by electric 
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utilities to PV owners in exchange for the PV reactive power compensation. It is 

worth noting that the break-even PV penetration level is 7% in the case of no Var 

remuneration and 18% in the case of Var FIT. This means that PV ancillary services 

can be economically implemented in case PV penetration level is above 7% if no 

remuneration for PV reactive power and above 18% in the case of FIT for PV reactive 

power compensation. This is because at a low PV penetration level there is no 

voltage violations and PV ancillary services will have no tangible operational 

benefits to the grid. 

8.4. Summary 
 

In this chapter, a detailed techno-economic analysis is performed to economically 

justify the implementation of the proposed smart grid volt/var control to 

distribution network operators and electric utilities and enable larger PV 

deployments.  

 

The techno-economic assessment shows that the proposed VVC ancillary services 

scheme achieved significant improvements of the benefits-cost ratio (BCR) and net 

present value (NPV) economic metrics of the system. The proposed BCR value 

increase by 25.21% from 1.15 to 1.44 when the proposed VVC was implemented. The 

respective (NPV) increased from  $51,887 to $108,107 due to the additional benefits 

achieved from the proposed VVC ancillary services. Furthermore, the payback 

period was reduced to 8 years with the proposed VVC compared to 12 years with 

the existing P/Pn method.  

  

The sensitivity analysis indicates that PV system cost and Feed-in tariff of PV active 

power generation are the variables with the most impact on the benefits-cost ratio. 

The BCR value increased by 38.7% and 23.8% for a 30% increase in FIT rate and PV 

system size, respectively. It is worth mentioning that the ancillary service impact 
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becomes more significant for large PV sizes which typically occurs at higher PV 

penetration levels. Conversely, BCR value decreased by 32.7% and 18.4% for a 30% 

increase of PV cost and discount rate, respectively. 

 

Finally, a PV reactive power remuneration scheme has been proposed to reward PV 

owners for the reactive power compensated to the feeder using their PV system 

output. It is concluded that a reactive power feed-in tariff of 0.11 $ per kVarh could 

be renumerated by distribution utilities and still maintain a positive business case 

of the proposed PV ancillary services in case of PV systems size above 75 kW at PV 

penetration level higher than 18%. 
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9.1. Introduction 
 
This chapter summarizes the main findings of this research and highlights how 

the research questions were addressed.  The main objective of the project was to 

develop and implement a realistic smart grid integrated DER control scheme to 

enable site-specific volt/var regulation and DER ancillary services. The 

contributions of this thesis are presented along with recommendations for future 

work.  

9.2. Main Findings 
 

The literature review revealed that there is a notable lack of proven cost-effective 

control strategies of multi-string PV inverters to provide ancillary services that 

address the practical considerations of smart grid integration. However, most of 

the proposed strategies in the literature are simulation-based and do not address 

the practical aspects of deploying the proposed PV control strategies or smart 

grid integration issues. Conversely, the existing industrial solution provided by 

PV inverters manufacturers adopted proprietary communication protocols 

which could lead to interoperability and integration issues with the existing 

smart grid devices.  

 

This research presents a cost-effective PV control strategy based on well-

established industry standards that can be easily deployed using the existing 

smart grid infrastructure to accelerate DER ancillary services deployment. 

Furthermore, the proposed VVC control scheme addressed the operational 

concerns of high PV penetration levels, thus encouraging utilities to adopt a 

higher share of PV distributed generation and accelerate the green transition of 

the existing power distribution networks. 

 

Quasi-static time-series simulation and experimental results demonstrate the 

validated effectiveness of the proposed VVC control scheme in controlling fast 

PV fluctuations, resolving voltage violations, voltage flickers, and enabling 
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higher PV penetration. The proposed smart grid integrated two-level VVC 

control scheme successfully mitigated 63.3% of voltage violations and improved 

the PV hosting capacity of the study feeder by about 37. 54%. Similarly, the PV 

hosting capacity of EPRI benchmark feeder was improved by about 31.49%when 

the proposed VVC was applied. 

 

Var compensation of the developed control scheme demonstrated improved 

performance compared to the commonly used P/Pn method by the existing DER 

interconnection codes. The proposed VVC scheme avoided the 

overcompensation of PV reactive power generation, which is not in the economic 

interest of PV owners. The positive effect of the proposed control scheme on the 

key power quality metrics demonstrated a 21.5% improvement of the short-term 

flicker level during fast-moving clouds while maintaining the total harmonic 

distortion within the acceptable limits. 

 

The proposed VVC resulted in considerable savings in legacy regulation devices 

operations up to 37.1% saving in SCB operations and 34.7% saving in OLTC 

operations. The operational benefits of the proposed VVC considerably reduced 

conventional regulator operations, thereby extending their lifespan and 

potentially averting the investment in conventional voltage regulation 

equipment.  

 

The proposed second-level CVR optimization helps to enhance the voltage 

profile along the distribution feeder and achieved about 3.11% demand reduction 

without violating system operational limits. The overall reduction operations of 

legacy regulation devices for both OLTC and SCB is about 20.8 % on average 

compared to the baseline scenario. 

 

The techno-economic assessment showed that the proposed VVC ancillary 

services achieved significant improvements of the benefits-cost ratio (BCR) and 

net present value (NPV) economic metrics of the system. The proposed BCR 

value increase by 25.21% from 1.15 to 1.44 when the proposed VVC was 
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implemented. The respective (NPV) increased from $$51,887 to $108,107 due to 

the additional benefits achieved from the proposed VVC ancillary services. 

Furthermore, the payback period was reduced to 8 years with the proposed VVC 

compared to 12 years with the existing P/Pn method.  Both P/Pn and the 

proposed VVC demonstrated positive business cases for PV reactive power 

compensation. However, the proposed VVC significantly improved the 

economical metrics BCR and NPV while reducing the amount of unnecessary 

reactive power overcompensation by about 39.42%. The benefits of feeder losses 

reduction from $14,338 to $39,112 (a 117.8% increase) when VVC is applied. The 

overall VVC benefits increase by about 10.3% compared to the P/Pn method due 

to the additional ancillary services provided by CVR and additional feeder losses 

reduction. 

 

Overall, the objectives set in the planning stage of this research project (see 

Chapter 1, Section 1.3) were successfully achieved as follows:  

▪ Investigate of practical aspects of providing PV ancillary services from PV 

inverters through a survey is presented in Chapter 3. 

▪ Numerical modelling is presented in Chapter 5 and simulation studies to 

study the transient and steady-state voltage regulation at different PV 

penetration levels are presented in Chapter 7.  

▪ Novel volt/var control scheme of PV inverters based on two-level 

decentralised and centralised algorithms of for autonomous voltage 

regulation and Var ancillary services are presented in Chapter 5, Section 5.4. 

▪ Design and implement the proposed volt/var controller prototype using 

smart distribution RTU is presented in Chapter 6, Section 6.2. 

▪ Experimental testbed setup of a real-world PV system to validate the 

proposed VVC model is present in Chapter 6. 

▪ Techno-economic assessment of the proposed VVC control and DER 

ancillary services is presented in chapter 8. 
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9.2.1 Contributions of This Thesis 

 

Ancillary services from Photovoltaic (PV) inverters can increase distribution 

system flexibility and alleviate the voltage regulation challenges associated with 

high PV penetration levels. However, the required communication infrastructure 

and smart grid integration challenges limit the broad deployment of PV ancillary 

services. This research presents a cost-effective volt/var control (VVC) of multi-

string PV inverters for active voltage regulation and reactive power dispatch 

using the existing smart distribution infrastructure to avoid the upfront costs of 

providing PV ancillary services. Considering the gaps in the literature, several 

novel contributions, in the area of PV smart grid integration, have come out of 

this work:  

I. Proposing cost-effective smart grid-integrated DER ancillary services 

based on a recent industry perspective of the concerned stakeholders 

(utility experts, PV owners and inverters’ manufacturers). 

II. Develop an easy to deploy PV control scheme for providing DER 

ancillary service in real-world multi-string PV systems using the existing 

smart grid infrastructure.  

III. Introducing a novel volt/var control algorithm of PV inverters for 

autonomous voltage regulation based on the X/R ratio at the point of PV 

common coupling. 

IV. Introducing a novel Volt/Var/ CVR optimization algorithm using 

Particle Swarm Optimization (PSO) for effective DER ancillary services.  

V. Modelling the proposed VVC control scheme with a detailed X/R-based 

distribution feeder model for detailed investigation of the voltage profile 

impact. 

VI. Design and filed implementation of a practical and easy to deploy smart-

grid integrated VVC prototype using commercially available smart grid 

RTUs. 



 

 

222 

 

CONCLUSIONS & RECOMENDATIONS 

VII. Experimental exanimation of the proposed VVC compared to the 

existing P/Pn reactive power compensation method. 

VIII. Experimental exanimation of PV Inverter’s reactive compensation the 

Impact on Distribution Transformers. 

IX. Detailed analysis of the total harmonic distortion (THDv), individual 

harmonic and short-term voltage flicker levels of PV inverters during 

solar irradiance fluctuations. 

X. Performing Quasi-Static Time Series (QSTS) simulation and comparative 

analysis of the proposed VVC compared to the existing P/Pn method 

considering different loading and solar irradiance profiles. 

XI. Detailed techno-economic assessment of the proposed DER ancillary 

services based on actual market data considering PV penetration and PV 

Var remuneration. 

 

9.2.2 Implications of The Research Findings  
 

The findings of this research showed that DER interconnection codes need to be 

developed to cope with the technological advances of modern PV inverters and 

smart grid technologies. It is recommended to technically develop PV 

interconnection grid codes rather than imposing restrictions on the maximum PV 

hosting capacity on distribution networks. Some concluding findings can be 

drawn from this research as follows: 

I. DER interconnection grid codes are lagging behind the technological 

advances of smart inverters. Advanced solar inverter features like 

advanced inverter’s volt/var management need to be investigated and 

supported by the regulations. 

II. There is a critical need for clear guidelines for communications protocols 

and technical architecture to be developed for utility’s remote 

management of PV inverters. 
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III. Strict constraints on PV connected capacity may put off some renewable 

energy developers from further DER deployments and therefore hinder 

realizing green energy strategy. 

IV. Hybrid inverters with PV storage shall be supported by the 

interconnection grid codes, especially for large PV projects. 

V. This research has proven that the present P/Pn reactive power 

compensation method in DER interconnection has several limitations: 

VI. The reactive power (Var) from inverters is provided as a function of the 

inverter’s active power output rather than voltage deviation at the point 

of PV connection which makes it less effective to address voltage 

regulation issues of distribution feeders. 

VII. The P/Pn reactive power compensation provides reactive power support 

(Var) from the inverter in only one quadrant (absorbing reactive power) 

to prevent the overvoltage scenarios. However, the inverters could not be 

used to inject reactive power to support under voltage of distribution 

feeders.  

VIII. The P/Pn method is providing a generic Var compensation for PV systems 

irrespective of the location of PV connection to the gird or the distribution 

feeder characterises which influence how Var will support voltage 

regulation of different distribution feeders.  

IX. The sensitivity analysis of NPV and BCR revealed that PV reactive power 

remuneration of 0.11 $ per kVarh could be introduced by distribution 

utilities and still maintain a positive business case of the proposed PV 

ancillary services for PV systems above 75 kW at PV penetration level 

more than 18% because at a low PV penetration level there is no tangible 

benefits of PV ancillary services. 

The proposed VVC control algorithm of PV inverters led to operational benefits 

for utilities by alleviating voltage flickers, reducing feeder losses, and drastically 
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reducing regulator switching operations, thereby extending their lifespan and 

potentially deferring the investment in new voltage regulators. Conversely, 

ancillary services by PV reactive power generation incurs a cost on PV owners 

due to lost active solar power production. Hence, it’s recommended to introduce 

a remuneration mechanism for DER ancillary services rather than imposing 

limitations on the maximum PV power generation capacity will enable larger PV 

deployments. It is crucial to consider load variations and PV penetration levels 

when studying PV ancillary services. Recommendations for Future Work 

 

The objectives of this thesis have been successfully fulfilled, however, this work 

can be further enhanced and extended in several directions.  

Additional experimental testing can be considered (different loads and PV 

profiles) for further investigation of the practical benefits of the developed VVC 

control scheme with large-scale PV systems and validate the economic benefits 

in the long term. 

 

The impact of inverter dynamic reactive power compensation on the protection 

scheme of distribution feeders, transient short-circuit behaviour during short-

circuit faults conditions and unbalanced conditions could be an area of interest 

for future research. Future work is expected to investigate the impact of the 

proposed ancillary services on fault ride-through performance and unbalanced 

grid conditions. The impact of the proposed VVC scheme on the islanding 

detection capability of PV inverters is not examined in this Thesis. PV ancillary 

services may interfere with the islanding detection of multi-inverters grid-tied 

solar systems. Further research is recommended to investigate the anti-islanding 

performance of multi-inverters PV systems with PV ancillary services.  

With respect to the proposed PV reactive power compensation scheme in this 

research, further development can be considered by investigating other 

advanced modern PV inverter capabilities. For example, reactive power 

compensation is presently available during solar generation to provide reactive 

power compensation during the nighttime with zero irradiance can be further 

investigated. Finally, providing reactive power compensation at night when 
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there is no active PV generation could be explored by absorbing active power 

from the grid when PV generation is down. 
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APPENDICES 

Appendix A. Research Survey  

Smart Grid integration of PV Inverters & DER Ancillary Services: 

An Industry Perspective  

 

Dear participant, 

You are invited to take part in a research study to examine Optimal integration of 

PV Distributed Energy Resources in Dubai. Dubai’s energy strategy aims to 

diversify the electricity generation mix to include 15% renewable energy, 

mainly solar energy “ Shams Dubai”, by 2030. The rapid deployment of grid-

connected roof-top photovoltaic systems in Dubai and the anticipated distributed 

PV generation into the distribution system have both raised several challenges 

and urged the need to study the technical solutions to address higher PV 

penetration levels. This survey aims to identify the need for further development 

of energy policy, strategy and integration solutions for distributed energy 

resources (DER) in the power grid of Dubai 

This PhD study will involve you completing an online questionnaire/survey. All 

the information regarding the research and the methods being used can be 

found in the following information sheet. Please ensure you have read all of the 

sections correctly and thoroughly before choosing to continue. 

The information provided by you in this survey will be used for the purposes of 
PhD research project at Heriot-Watt University to investigate the smooth 

integration & Ancillary Services of PV Distributed Energy Resources in Dubai. 

The research and the results might be considered for academic 

publication. In all cases your personal information will remain strictly 

confidential and the data will be anonymized. 

Participating at this study is voluntary and you are at liberty to withdraw at any 

time without prejudice or negative consequences. Should you wish to make a 

complaint on ethical grounds please contact Dr James Richards 

j.richards@hw.ac.uk 

Thank you in advance for your time and participation. If there are any comments 

or questions please contact me at: ms179@hw.ac.uk. 

Moustafa Shahin, PhD researcher 

School of Energy, Geoscience, Infrastructure and 

mailto:j.richards@hw.ac.uk
mailto:ms179@hw.ac.uk
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Society (EGIS) Heriot-Watt University – Dubai 

Campus 

* Required 

I. Survey Consent Form: 

Title of project: Optimal integration of PV Distributed Energy Resources in 

Dubai Researcher: Moustafa A. M. Shahin 

 
1. We respect your privacy, and want to assure you that your information are both 

anonymous and confidential. Please agree that you have: * 
Check all that apply. 
 

I have been informed of and understand the purposes of the 

study I have been given an opportunity to ask questions 

I understand I can withdraw at any time without prejudice 

Any information which might potentially identify me will not be used in published 

material I agree to participate in the study as outlined to me 

 

II. General Questions: 

 
2. Name (Optional) 
 
3. Organisation (Optional) 
 

 
1. Organisation's Role 

* Mark only one oval. 

Utility 

Manufacturer (PV / Smart PV Inverters) 

Shams Dubai's Contractor 

Shams Dubai's Consultant 
 

Other: 

 
2. Are you familiar with the Shams Dubai 

Initiative? * Mark only one oval. 

Yes No 

Not Sure 

 

3. Are you familiar with Dubai’s grid code for PV interconnection? 

* Mark only one oval. 

Yes  
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N

o 

Not Sure 

 
4. What is the typical size (maximum power) of your grid-connected PV Projects? Mark only one 
oval. 

< 10 KW 

10 to 20 KW 

20 to 100 KW 

100 to 400 KW 

> 400 KW 

5. What is the type of loads connected to the grid connected PV system? 

Check all that apply. 

Residential Loads 

Commercial Loads Industrial 

Loads 

Other: 

 
III. Smart PV Inverters 

Smart PV Inverters are advanced DC/AC converters with communication interface for remote 

monitoring/control. 

 

• what is the common smart inverter make used in your grid-connected PV projects? Check all 

that apply. 

ABB  

SMA 

Schneider Electric 

LG electronics Jinko 

Solar First Solar Huawei 

Ingeteam SunPower 

SolarWorld AG 

• What types of smart inverter applications are being used/considered ? 
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• Does the electric utility consider developing regulations specific to smart 

inverters remote monitoring/control?  Mark only one oval. 
 

Yes 

 No 

Not Sure 

 

• Does your utility planning to participate in the ancillary markets for 

voltage regulation using grid-connected smart inverters? 

• Mark only one oval. 
 

Yes  

No 

Not Sure 

 

• IF yes, please describe the expected benefits of smart inverters' ancillary 

services to your company? 

 
 

 
• Who has the legal authority for operational settings of customer's smart 

inverterts? Who should? 

 
 

• What type of smart inverter applications are being used/considered? 
 
 

 
• What are the main configuration of the smart inverters are being 

used/considered? 

 

 

 

 

 
 

• What are the main telecommunication media used for smart inverter remote 

monitoring/control? 

Check all that apply. 
 

GPRS 

Fiber Optic 
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Radio 

Other: 

 
• What are the main telecommunication Protocol used for smart inverter remote 

monitoring/control? 

Check all that apply. 
 

DNP3 

IEC 61850 

Modbus  

IEEE 

2030.5 

Other: 

 
• What are the key functions that are supported by your grid-tied PV inverters 

(Please choose all Applicable Answers) 

Check all that apply. 
 

Low- / High-voltage ride-through  

Low- / High-frequency ride-through 

Volt-var control (dynamic 
reactive power injection) 

Anti-islanding Ramp-rate 

controls Fixed power factor 

Reconnect via “soft-start”  

Other: 

• What are the inverter's functions that could be remotely controlled/ re-

configured through the communication interface? 

Check all that apply. 
 

Remote Connect/ disconnect 

Set/ Adjust maximum generation 

level Adjust power factor 

Adjusts reactive power output (Volt-VAR mode) 

Sets the frequency parameters for Frequency ride-through 

Operation Sets the voltage parameters for Voltage ride-through 

operation Event/history logging 

Status reporting/ Request inverter 

status. Respond to real power 

pricing signals Provide black-start 
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capability 

Other: 

 
• What is the biggest grid integration challenge you hope to address with 

advanced inverter functionality? 
 
 

 
IV. PV Energy Storage 

 
• Did you use Energy Storage with grid-tied PV 

Projects? * Mark only one oval. 

Yes 

Storage only used for off-grid PV systems 

Hybrid inverter was used with On/Off grid 

modes 

Other: 

 
• IF yes, what type of Energy 

Storage? Check all that apply. 

Lead Acid batteries  

Li-ion Batteries 

Ni-MH battries 
 

Other: 

 
• Do you consider introducing energy storage with PV grid-tied systems in future? * Mark 

only one oval. 

Yes  

No 

Other 

 

Do you see a benefit from energy storage with PV grid-tied systems? Mark 
only one oval. 

Yes No 

Other: 
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• Please describe the pros and cons of introducing storage with PV grid-connected 

systems? 
 
 

 

 

 

 

 

• What is the future energy storage technology you are considering in Dubai 

solar Projects? Check all that apply. 

Redox flow 

battery Hydrogen 

Storage Other: 

 

V. Smart Grid-Integrated PV interconnection Startegy 

 
• What is your overall satisfaction with the existing PV interconnection 

Policy/Regulations in Dubai? 

Mark only one oval. 
 

Very Satisfied 

Satisfied 

Somewhat Satisfied 

Not 

Satisfied 

Other: 

What are the key challenges/ gaps you are facing with the existing PV 

interconnection Regulations and Shams Dubai Standards? 

Check all that apply. 
 

The interconnection standard is lagging behind the technological advances of smart inverters. 

PV storage is not covered by the regulations. 

Restrictions to limit the maximum capacity of PV connections based on total connected Loads 

Unclear guidelines about technical/ communications Architecture for of PV inverters remote monitoring 

& control by the Utility 

Lack of compensation mechanisms for aggressors or ancillary service providers Other: 
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• Who has legal authority for operational setting changes of customer-sited 

smart inverters? Who should? 
 
 

 
• Do you think that PV energy storage shall be covered by Shams Dubai Standard? 

Mark only one oval. 

Yes No Maybe 

 
4. Are you allowed to connected hybrid inverters to the utility's 

grid? Mark only one oval. 

Yes No 

Not Sure 

 

• What is the biggest grid integration challenge that must be addressed by Shams 

Dubai Standards & regulations? 
 

 

 
• In your opinion, what could be done to improve Shams Dubai 

Policy/Regulations? 
 
 

 

 

 

• Thank you for taking the time to complete this survey, We truly value the 

information you have provided. If you are interested to get the results of this 

survey, please type in your email (Optional) 
Powered by 
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Appendix B.  MATLAB/SIMULINK and OpenDSS SCRIPTS: 

 
This section describes the code and scripts developed for the inverter control model 

discussed in the previous sections of this chapter. 

 

C.1 MATLAB SCRIPT “INVERTER CONTROL Model PARAMETERS”: 
 

1. % ***************************************************************** 

2. %          INVERTER CONTROL Model PARAMETERS 

3. % ***************************************************************** 

4. % System frequency (Hz): 

5. Fnom=50;  

6. % Specialized Power Systems sample time (s): 

7. Ts_Power=1/(33*Fnom)/100; 

8. % Inverter Control system sample time (s): 

9. Ts_Control=10*Ts_Power;      

 

10. % 

***************************************************************** 

11. %                         POWER PARAMETERS 

12. % 

***************************************************************** 

 

13. Pnom = 120e3;      % Inverter nominal 3-phase power (VA) 

14. Vnom_prim = 12e3;  % Nominal inverter primary line-to-line 

voltage(Vrms) 

15. Vnom_dc = 480;     % Nominal DC link voltage (V) 

 

16. % Nominal inverter secondary line-to-line voltage (Vrms): 

17. Vnom_sec= 0.85*Vnom_dc/2/sqrt(2)*sqrt(3); 

 

18. % Inverter output filter choke RL [Rpu Lpu] 

19. RLchoke=[ 0.15/100  0.15 ];  % in pu 

20. Pbase_sec=Vnom_sec^2/Pnom; 

21. RL(1)=RLchoke(1)*Pbase_sec; 

22. RL(2)=RLchoke(2)*Pbase_sec/(2*pi*Fnom); 
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23. % Filter C Parameters 

24. Qc=0.1*Pnom;     % Capacitive reactive power (var) 

25. Pc=Qc/50;        % Active power (W)       

 

26. % DC link energy for 3/4 cycle of Pnom 

27. Ceq= 3/4 * (Pnom/Fnom*2/Vnom_dc^2); 

28. Clink=Ceq*2;    % Cp & Cn (F) 

 

29. %% IGBT Bridge parameters from the literature 

 

30. Rs=1e6;          % IGBT Snubber (Ohm) 

31. Cs=inf;          % IGBT snubber (F) 

32. Ron=1e-3;        % IGBT conduction resistance 

33. Vf=0;            % IGBT Forward voltage 

34. Vfd=0;           % Diode Forward voltage 

 

35. % 

***************************************************************** 

36. %                    CONTROL PARAMETERS 

 

37. % PWM Modulator Parameters  

 

38. Fc= 2e3 ; % PWM Carrier frequency (Hz) 

39. % VDC regulator (VDCreg) 

 

40. Kp_VDCreg=2;           % Proportional gain of the PI 

controller 

41. Ki_VDCreg= 400;        % Integral gain of the PI controller 

42. LimitU_VDCreg= 1.5;    % Output Upper limit (pu) 

43. LimitL_VDCreg= -1.5;   % Output Lower limit (pu) 

44. % 

45. % Current regulator (Ireg) 

46. Kp_Ireg= 0.3;          % Proportional gain 

47. Ki_Ireg= 20;           % Integral gain 

48. LimitU_Ireg= 1.5;      % Output Upper limit (pu) 

49. LimitL_Ireg= -1.5;     % Output Lower limit (pu) 
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C.2 MATLAB SCRIPT “X/R Based VVC” BLOCK: 

 

1. %###############################################  

2. % This function computes Inverter Var reference signal Q 

based on the following input variables 

3. % variables V is the 3-ph voltage at pcc. 

4. % k is the slop of the volt/var droop control  

5. %db is the deadband width of the volt/var droop control 

6. % Pv is the power output of the inverter 

7. % Sv is the total inverter rating 

8. %###############################################  

 

9. function [Iq_ref] = makevVVCurve(V,db,k,Pv,Sv,x,r)  

10. Vpu= V/400; % 400 is the nominal 3-ph voltage (230 

V single phase) 

11. % k=?Q/?V; and q=k Vpu+b, hence b= q- k Vpu 

12. b=0.9-k*.095; % b is the zero intersection of 

volt/var curve 

 

13. % set the initial settings based on the local 

voltage  

14. if Vpu <= 0.95 

15. var=0.9;% var contribution is limited to 90% of the 

apparent power 

 

16. elseif Vpu > 0.95 && Vpu<0.97 && db==0 

17. var=k*V+ b; 

 

18. elseif Vpu >= 0.97 && Vpu <=1.03  && db>0 

19. var=0; 
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20. elseif Vpu > 1.03 && Vpu<1.05 && db>0 

21. var=k*V+ 51.5; 

 

22. elseif Vpu>=1.05 

23. var=-0.9; 

24. end 

 

25. % check available inverter power to overwrite the 

default settings 

26. if p>0 

27. q= sqrt(Sv^2 - Pv^2); 

28. else 

29. q=0; 

30. end 

31. Q= q*var; 

32. % calculate power factor based on X/R ratio 

33. XR=x/r; 

34. pf = XR/sqrt(XR^2+1); 

35. phi= acos(pf); 

36. % caculate reactive current Iq 

37. % Q= sqrt(3) V Iq sin (phi) 

 

38. Iq_ref= Q/(sqrt(3)* V *sin(phi)); 

 

 

 

C.3 MATLAB SCRIPT FOR VOLT/VAR PARTICLE SWARM OPTIMISATION 
(PSO): 

1. %% Formulate the VVO Objective Function  

2. PSO_GA =2; 

3. SCB_size   = 300e-3; %300kvar, represented as 0.3MVAr 

4. L_cable = 45.1e3; %total feeder length 45.1 KM 

5. alph_CVR = 0.122;  
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6. alph_CB = 0.21; 

7. alph_tap = 0.315; 

8. alph_loss = 0.122; 

9. alph_5 = 0.6;  

10. F_CVR_P = 1;    % 0.16 <= F_CVR_P <= 1.19 

11. F_CVR_Q = 10;   %1.99 <= F_CVR_Q <= 20.12 

12. OLTC_lower_bound = -8; 

13. OLTC_upper_bound = 8; 

14. X_SCB_upper_bound = 1; 

15. X_SCB_lower_bound = 0; 

16. V_min = 0.95;  

17. V_max = 1.05; 

18. P_pv_max = 100; 

19. P_pv_mim = 0; 

20. OLTC_branch_number = 1;  

21. SCB_bus_number = 1; %which row in the "bus" matrix is 

this capacitor bank installed 

22. display_what = 'iter'; 

23. %% The base_case %% 

24. mpc0 = loadcase('case4gs'); 

25. mpc0.bus = sortrows(mpc0.bus,1); 

26. mpc0.gen(:,QMAX) = 200; 

27. mpc0.gen(1,PMAX) = 250; 

28. mpc0.branch(1,:)=[]; %remove the first line, make the 

system radial 

29. mpc0.bus(:,VMAX)=V_max;mpc0.bus(:,VMIN)=V_min; 

30. mpc0.branch(1,TAP)=1; %declare branch 1 as transformer, 

instead of transmission line 

31. PF_at_PMAX = [0.9;0.95]; %higher PF makes the bound 

tighter on S_max. reduces the feasibility space 

32. S_max = (1./PF_at_PMAX ).*mpc0.gen(:,PMAX)/mpc0.baseMVA;  

% 

33. which_gen = [1,2]; %which generators to apply 

PQ_capability limit to 

34. % my_mpcplot(mpc,'weights','z'); 
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35. %% Adding PQ Capability constraint  

36. S.^2 > P.^2 + Q.^2; 

37. %see MATPOWER 7 manual, page 78 on adding custom 

nonlinear-inequality constraints.  

38. mpc0.user_constraints.nli = {{ 

39. 'Gen_PQ_Capability_Curve',... %name of this set of 

constraints 

40. numel(which_gen),... %how many constraints within this 

set named: Gen_PQ_Capability_Curve 

41. 'my_PQ_constraint',... 

42. 'my_PQ_hessian',... 

43. ...%the function that calculates the hessian matrix, for 

the constraint above 

44. {'Pg','Qg'},... %there are 4 types of variables in an 

OPF: P_generation, Q_generation, |V_bus|, angle(V_bus). the 

constraint i am defining concerns Pg and Qg 

45. {S_max,which_gen},... %additional input required by the 

my_PQ_constraint and my_PQ_hessian functions 

46. }}; 

 

47. %% Choosing execution options 

48. PF_options  = mpoption('pf.alg','NR','pf.tol',1e-

8,'pf.nr.max_it',50,'pf.enforce_q_lims',2,... 

49. 'opf.ac.solver','FMINCON','fmincon.alg',4,'opf.start',1,

'opf.init_from_mpc',-1,'opf.return_raw_der',1,... 

50. 'opf.flow_lim','S','opf.violation',5e-

7,'fmincon.tol_x',5e-9,'fmincon.tol_f',1e-

10,'fmincon.max_it',800); 

51. % sw_mdl=@(Sd,Vm) Sd(:,1) + Sd(:,2) .* Vm + Sd(:,3) .* 

Vm.^2; %This is the original model used by MATPOWER 

52. % [F_CVR_P,F_CVR_Q] = deal(0); 

53. % %% Setting CVR behavior 
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54. sw_mdl      =@(Sd,Vm) (real(Sd(:)) .* 

(Vm(:).^F_CVR_P(:)))          + 1i*(imag(Sd(:)) .* 

(Vm(:).^F_CVR_Q(:)));  

55. %This is the original model used by MATPOWER 

56. swmdl_dSdVm =@(Sd,Vm) (real(Sd(:)) .* 

(F_CVR_P.*(Vm.^(F_CVR_P-1)))) + 1i*(imag(Sd(:)) .* 

(F_CVR_Q.*(Vm.^(F_CVR_Q-1))));  

57. %This is the original model used by MATPOWER 

58. PF_options.exp.sys_wide_zip_loads=cell2struct({sw_mdl;sw

mdl_dSdVm;[1 0 0];[1 0 

0]},{'sw_mdl','swmdl_dSdVm','pw','qw'}); %this redefines the 

whole structure. I need to declare pw and qw even if i'm not 

going to use them, because makeSdZIP checks for them 

59. symPF_options = @(yes_print) 

mpoption(PF_options,'out.all',yes_print,'out.sys_sum',yes_pri

nt,'out.bus',yes_print,'out.branch',yes_print,'out.suppress_d

etail',~yes_print,'verbose',yes_print); 

 

60. %%%%  Run the base case %% 

61. bcase_fun=@(string)  

disp([repmat(char([126;35;126]),1,ceil((80-

numel(string)+4)/2)),[repmat(32,1,numel(string)+4);['< 

',string,' 

>'];repmat(32,1,numel(string)+4)],[repmat(char([126;35;126]),

1,ceil((80-numel(string)+4)/2))]]); 

%This is base case function.  

62. bcase_fun ('Base case'); 

63. mpc0sol = runopf(mpc0,mpoption);  

64. [P_0load,Q_0load]=total_load(mpc0sol.bus, mpc0sol.gen, 

'bus', struct('type', 'BOTH')); %changed this in late april. 

:$ i should analyze mpc_temp, not mpc_tempsol 

 

65. OLTC_TABLE(1,:) = [OLTC_lower_bound : 1 : 

OLTC_upper_bound]; 

66. OLTC_TABLE(2,:) = 1+OLTC_TABLE(1,:)*(0.625e-2); 
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67. old_OLTC_position = OLTC_TABLE(1,find(OLTC_TABLE(2,:) == 

mpc0sol.branch(OLTC_branch_number,9))); 

 

68. mpc_in = 

rmfield(mpc0sol,setdiff(fieldnames(mpc0sol),fieldnames(mpc0))

); 

69. mpc_in.mpc0 = mpc_in; %create a back-up copy 

70. %% Optimization 

71. baggage = {mpc_in, P_0load, 

symPF_options,alph_CVR,alph_CB,alph_tap,alph_loss,alph_5, 

OLTC_TABLE, OLTC_branch_number,old_OLTC_position, SCB_size, 

SCB_bus_number}; 

 

72. Upper_bounds = [OLTC_upper_bound, X_SCB_upper_bound]; 

73. Lower_bounds = [OLTC_lower_bound, X_SCB_lower_bound]; 

74. nvars = 2; 

 

75. %##########'Running Heuristic PSO Optimization'######### 

 

76. if PSO_GA ==1 

77. psoptions = 

optimoptions('particleswarm','SwarmSize',5e2,'MaxIter',300,'D

isplay',display_what,'StallIterLimit',20,'FunValCheck','off',

'UseParallel',yesparallel,'TolFun',1e-

4,'HybridFcn',{@fmincon,optimset('MaxIter',100,'Tolx',0.1,'Di

splay',display_what,'UseParallel',yesparallel)}); 

78. [x,cost] = particleswarm(@(x) 

costfunc(x,[baggage,logical(0)]),nvars,Lower_bounds,Upper_bou

nds,psoptions); 

79. elseif PSO_GA==2 

80. gaoptions = 

gaoptimset('Generations',800,'PopulationSize',20,'StallGenLim

it',10,'UseParallel',yesparallel,'Display',display_what,'Popu

lationType','doubleVector'); 

81. else 
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82. gaoptions = 

optimoptions('ga','Generations',800,'PopulationSize',20,'Stal

lGenLimit',10,'UseParallel',yesparallel,'Display',display_wha

t); 

83. end 

84. % gaoptions.PopulationType = 'doubleVector'; 

85. %                               cost function       

nvars,A, b, Aeq,Beq,LB          ,UB          ,Nonlinear 

constraints, discrete,  options 

86. [x,cost] = ga(@(x) 

costfunc(x,[baggage,logical(0)]),nvars,[],[],[] ,[] 

,Lower_bounds,Upper_bounds,[]                   ,[1,2]       

,gaoptions);  

87. end 

88. %% print the Particle Swarm Optimisation (PSO) results   

%% 

 

89. [cost, C_vec,MPC_solution] = 

costfunc(x,[baggage,logical(1)]);  

 

 

90. %############ print VVO decision Variables 

########% 

 

91. % C_vec = [P_total_losses(:), OLTC_change(:), 

SCB_change(:), -1*delta_E(:)]; 

 

92. results_Table = array2Table([cost, C_vec(:)'], 

'VariableNames',{'Cost','P_total_losses', ' OLTC_change', ' 

SCB_change', 'delta_E'}); 

93. disp(results_Table); 
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C.4 OPENDSS SCRIPT FOR TIME-SERIES LOAD FLOW ANALYSIS: 
 

1. %###############################################  

2. % Initiating OpenDSS COM Interface to MATLAB 

3. %###############################################  

4. location = cd; 

5. [DSSCircObj, DSSText, gridpvPath] = DSSStartup; 

6. % Define the circuit 

7. DSSCircuit = DSSCircObj.ActiveCircuit; 

 

8. DSSText.command = ['Compile "' gridpvPath 

'shahin\master_fder2.dss"']; 

9. placePVplant(); 

 

 

10. makeVVVCurve(); 

11. warnSt = circuitCheck(DSSCircObj); 

12. DSSText.command = 'solve'; 

13. Figure; plotCircuitLines(DSSCircObj); 

 

14. %###############################################  

15. % OpenDSS SCRIPT for distribution feeder (fder2) 

16. %###############################################  

 

1.  Clear 

2.  Set DefaultBaseFrequency=50 

3.    

4.  New Circuit.fder2 bus1=SourceBus pu=1.05  basekV=230 

R1=0.63 X1=6.72 R0=4.07 X0=15.55 

5.    

6.  Redirect  Wiredata_fder2.dss 

7.  Redirect  Linegeometry_fder2.dss 

8.  Redirect  LineCodes_fder2.dss 
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9.  Redirect  TriplexLineCodes_fder2.dss 

10. Redirect  Substation_fder2.dss 

11.   

12. ! Loadshapes for yearly simulations (normalized) 

13. New Loadshape.LS_PhaseA npts=8760 interval=1 

mult=(file=LS_PhaseA.txt) action=normalize  

14. New Loadshape.LS_PhaseB npts=8760 interval=1 

mult=(file=LS_PhaseB.txt) action=normalize 

15. New Loadshape.LS_PhaseC npts=8760 interval=1 

mult=(file=LS_PhaseC.txt) action=normalize 

16. New Loadshape.LS_ThreePhase npts=8760 interval=1 

mult=(file=LS_ThreePhase.txt) action=normalize 

17. New Loadshape.Other_Bus_Load npts=8760 interval=1 

mult=(file=Other_Bus_Load.txt) action=normalize 

18.   

19. Redirect  lines_fder2.dss 

20. Redirect  Capacitors_fder2.dss 

21. Redirect  stepxfmrs_fder2.dss 

22. Redirect  transformers_fder2.dss 

23. Redirect  sec_serv_fder2.dss 

24.   

25. ! Loads (allocated by XF kVA) 

26. Redirect  Allocated_Loads_fder2.dss 

27. Redirect Other_Load_fder2.dss 

28. ! set the initial allocation factors based on 

previousload allocations 

29. Redirect  AllocationFactors_Base.Txt  !!! R=7 Vset=123 

30.   

31. ! Let OpenDSS define the voltage bases 

32. Set voltagebases=[230,34.5,13.2,0.48,0.415,0.208]   ! 

Allowable voltage bases for this problem 

33. Calcvoltagebases 
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34.   

35. ! Define the monitors 

36. Redirect Monitors_fder2.dss 

37.   

38. ! optional energy meter. this was used to allocate the 

loads 

39. ! New energymeter.Feeder element=line.fdr_05410 term=1 

option=R action=C PhaseVolt=yes peakcurrent=(466,469,452) 

40.   

41. ! now that we have buses defined, define the bus 

coordinates so we can draw pictures 

42. Buscoords buscoords_fder2.dss 

43. DI_Plot ExampleCase year=1 registers=(1,2) no  ! kW, kvar 

44.  

45.  DI_Plot ExampleCase year=1 registers=(9, 10) no   ! 

Overload 

46.  

47.  DI_Plot ExampleCase year=1 registers=(13, 17, 19) no   ! 

Losses 

48. % Distributes the total PV size around the given area. 

49. %% 

50. % area = [1.1732e7 3.708e6; 1.1732e6 3.728e6; 1.1748e7 

3.708e6; 1.1748e7 3.728e6]; 

51. % totalPVSCze = 2e3; 

52. % distributePV(totalPVSCze,area); 

53. % 

54.  

55. function distributePV(totalPVSCze,area) 

56. %% Parse inputs 

57. p = inputParser; %setup parse structure 

58. p.addRequired('totalPVSCze', @(x) isnumeric(x) && x>0); 

59. p.addRequired('area', @isnumeric); 
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60.  

61. p.parse(totalPVSCze, area); %parse inputs 

62.  

63. %% initiate COM interface (only need to do once when you 

open MATLAB) 

64. [DSSCircObj, DSSText, gridpvPath] = DSSStartup; 

65. % Define the circuit 

66. DSSCircuit = DSSCircObj.ActiveCircuit; 

67.      

68.  

69. %% ASsk the user to select the OpenDSS file, then compile 

it 

70. [FileName,PathName] = uigetfile({'*.txt;*.dss','OpenDSS 

Files (*.txt,*.dss)'; '*.*',  'All Files (*.*)'},'Select the 

OpenDSS file with the Circuit'); 

71.  

72. location = cd; 

73. DSSText.command = sprintf('Compile (%s)',[PathName 

FileName]); 

74. DSSText.command = 'solve'; 

75. cd(location); 

76.  

77.  

78. %% Get Bus Coordinates 

79. [busCoordNames busCoordArray] = 

getBusCoordinatesArray(DSSCircObj); 

80.  

81.  

82. %% Get information about each transformer 

83. Transformers = getTransformerInfo(DSSCircObj); 

84.  

85. %% Only keep buses inside the area 
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86. IN = 

inpolygon(busCoordArray(:,1),busCoordArray(:,2),area(:,1),are

a(:,2)); 

87. busCoordArray = busCoordArray(IN,:); 

88. busCoordNames = busCoordNames(IN,:); 

89.  

90. %% Only keep transformers inside the area 

91. condition = 

ismember(regexprep({Transformers.bus1},'(\.[0-

9]+)',''),busCoordNames); 

92. Transformers = Transformers(condition); 

93.  

94.  

95. %% Allocate PV based on transformer kva rating 

96.  

97. %kva = 

mean([[Transformers.kva];repmat(mean([Transformers.kva]),1,le

ngth(Transformers))]); %we have some random huge transformers 

that take all the allocation otherwise 

98. kva = [Transformers.kva]; 

99.  

100.    totalSystemSize = sum(kva); 

101.     

102.    fid = fopen('allocatedPV.txt','w'); 

103.    for ii=1:length(Transformers) 

104.        if Transformers(ii).numPhases==1 

105.            fprintf(fid,'new generator.PV%s bus1=%s 

phases=%1.0f kv=%2.2f kw=%2.2f pf=1 

duty=PV_Loadshape\n',Transformers(ii).bus1,Transformers(ii).b

us1,Transformers(ii).numPhases,Transformers(ii).bus1Voltage/1

000,kva(ii)/totalSystemSize*totalPVSCze); 

106.        else 
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107.            fprintf(fid,'new generator.PV%s bus1=%s 

phases=%1.0f kv=%2.2f kw=%2.2f pf=1 

duty=PV_Loadshape\n',Transformers(ii).bus1,Transformers(ii).b

us1,Transformers(ii).numPhases,Transformers(ii).bus1Voltage/1

000*sqrt(3),kva(ii)/totalSystemSize*totalPVSCze);  

108.        end 

109.    end 

110.    fclose(fid); 

111.     

112.     

113.    end 
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Appendix C. Market Data for Techno-economic Analysis 

I. Commercial data of the PV testbed system components 

The cost of PV system, inverters and labour charges are provided in Figure D1 
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Figure C1 Detailed Commercial Offer of the PV experimental testbed 
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II. Cost of Remote telecontrol unit and telecommunication interface 

The cost of the inverter controller and its telecommunication interface are provided 

in Figure C2

Figure C2 (0.272 exchange rate from AED to USD) 


