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ABSTRACT 

PV solar systems employ inverters to transform dc power from solar panels into ac power 

for injecting into the power grids. Inverters that perform multiple functions in addition to 

real power production are known as “smart inverters”. 

This thesis presents a novel control of PV inverter as a dynamic reactive power 

compensator – STATCOM. This “smart PV inverter” control enables a PV solar inverter 

to operate in three modes – i) Full PV, ii) Partial STATCOM, and iii) Full STATCOM, 

depending upon system needs. The novel control is developed and demonstrated for the 

objectives of a) symmetrical voltage regulation, b) temporary overvoltage reduction, c) 

power factor correction, and d) reactive power control.      

In Full PV mode, the inverter performs only real power production based on solar radiation. 

In Partial STATCOM mode, the controller uses the remaining capacity of the inverter for 

voltage control, power factor correction and reactive power control. The Full STATCOM 

mode is invoked in emergency scenarios, such as faults, or severe voltage fluctuations. In 

this mode, the real power production is shut down temporarily and the entire inverter 

capacity is utilized for voltage regulation or TOV curtailment for providing critical support 

to the power system.  

This thesis presents a comprehensive design of the proposed smart inverter controller with 

all its associated system components. The performance of the smart inverter is simulated 

using the electromagnetic transients software PSCAD/EMTDC. It is further validated 

through Real Time Digital Simulation and Control Hardware in the Loop (CHIL) 

simulation. Finally the successful performance of the smart inverter controller is 

demonstrated on a 10 kW inverter in the laboratory on a simulated feeder of Bluewater 

Power, Sarnia, where this smart inverter is proposed to be installed.  

The smart PV inverter control is further shown to enhance the connectivity of PV solar 

farms in a realistic 44 kV Hydro One distribution feeder. It is demonstrated that if such a 
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novel control is implemented on a 10 MW solar farm, the need for the actually installed 

STATCOM for voltage regulation and TOV control can be either minimized or altogether 

eliminated, bringing a significant savings for the utility. 
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CHAPTER 1 

1 INTRODUCTION 

1.1 General 
Environmental concerns such as pollution and limited resources of gas and fossil fuels have 

caused a surge of interest in renewable energy in recent years. One of the major renewable 

energy sources in the world is the photovoltaic system (PV) which converts solar power to 

electrical power. Historically, the first PV was used in space program as a cost efficient 

power supply in 1960s. In 1970s, governments started investing in solar power industry. 

For most of 1980s and 1990s, off-grid PV power plants were employed as an attractive 

cost effective power supply choice to electrify rural or inaccessible areas. In last two 

decades, due to significant developments in power electronics and solar panels, the solar 

energy industry has achieved a rapid growth in the world. This growth is expected to reduce 

PV electricity generation costs. Finally, with the drop of PV panel prices, the volume of 

PV installation has grown significantly. The world-wide installed capacity of PV systems 

reached 138.9 GW by end of 2013 compared to the installed capacity of 1.4 GW in 2000 

[1]. By the end of 2013, the global outlook revealed that Germany was the world's largest 

overall producer of photovoltaic power with a total capacity of 35.7 GW while China had 

the fastest growth rate of  11.8 GW per year. In a short term outlook, it is expected by 2018, 

the worldwide capacity of PV power will reach almost 400 GW which implies a doubling 

of the capacity of year 2013 [2]. 

In 2009, the introduction of the Feed-In-Tariff (FIT) program has made Ontario a Canadian 

provincial leader in solar energy projects. In October 2010, the largest solar farm in the 

world was installed in Sarnia, Ontario with 80 MW which can supply more than 12,000 

homes. The total installed PV power of Canada reached 1.2 GW by installing 444 MW in 

2013 [3]. PV systems are classified as roof-top and ground-mounted systems with different 

capacities from few kilowatts to hundreds of megawatts. In roof-type photovoltaic system, 

solar panels are installed on rooftops of residential, commercial or institutional buildings 

whereas ground-mounted type photovoltaic systems are installed on the ground. Also, PV 
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systems can be installed either as a grid-connected system or stand-alone system (off-grid 

system). In case the system is grid-connected, when the power generation of PV system is 

more than the consumption by the load, the excess power can be fed to the grid [4].  

Based on the power capacity, PV systems can be classified to utility-scale, medium-scale 

and small-scale. Utility scale PV sizes are between 1MW to 10 MW and connected to 

medium-voltage distribution feeder (e.g., 27.6 kV feeders) through one or more 

interconnection transformers. Medium-scale PV systems are defined to have a power range 

between 10kW to 1000kW, and installed on small and large buildings. A medium-size PV 

system is connected to medium or low voltage distribution feeders based on their capacity. 

Small-scale PV system is considered to be of capacity range up to 10kW. A small-scale 

PV is connected to low voltage feeder (120/208 V), either through three phase or single 

phase supply. In North America, many small-scale PV units are lumped and connected to 

a common PCC through a transformer [5]. 

The Ontario Power Authority (OPA) has rolled out the Feed-in Tariff (FIT) for the PV 

power fed to the grid, according to which the FIT price for the roof-type systems are higher 

than ground-mounted type PV systems for different range of power [3].  

1.2 Distributed Generation (DG) System 
The distribution system plays an important role in electric power system to provide a 

reliable supply to the end customers. Therefore, power quality issues in the distribution 

system reflect on other parts of power systems including loads. Most of distribution 

systems are based on radial structure, and therefore, the loss of any single component in 

the supply path disconnects the power supply to the end users [6-9].  Recently, several 

reasons such as increase in demand; technical and economic changes; and environmental 

concerns have encouraged industries to invest in Distributed Generation (DG) [10, 11]. 

Based on IEEE definition, DG is “the generation of electricity by facilities that are 

sufficiently smaller than central generating plants so as to allow interconnection at nearly 

any point in a power system” [12]. Renewable energy based DGs based on wind and solar 

energies have emerged as the most prominent ones [13, 14]. 
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1.3 Challenges of Grid Integration of PV Distributed 
Generation (DG) Systems 
Distributed Generators (DGs) reduce the cost of transmission network expansion. They 

also bring several benefits to existing network [10, 13]. However, these benefits come 

along with new challenges in the distribution systems.  These include issues related to 

steady-state over voltage, temporary overvoltage (TOV), voltage flicker and harmonics [5, 

15-18].  

Due to varying sunlight availability and weather conditions (e.g. passage of clouds) the 

power of solar systems may fluctuate rapidly. This may impact the steady-state and 

dynamic behavior of the distribution system. PV integration impacts include voltage profile 

changes such as steady state overvoltage,  temporary overvoltage (TOV), unbalanced 

voltage, power quality issues such as harmonics, frequent operation of conventional 

voltage regulators such as load tap changers and capacitor banks, changes in feeder power 

factor, etc. [5, 10]. On the other hand, connecting large solar systems to the grid causes 

power flow in the reverse direction resulting in over voltages at PCC which potentially 

limits any future DG installations [19-21].To avoid these problems, utility companies 

require PV systems to meet the IEC Standard 61727, IEEE Std. 1547 and Std. 929-2000 

standards [22-25].  

Hydro One, the largest transmission and distribution company in Ontario, has been 

connecting numerous solar farms in its distribution systems. To facilitate solar farm 

connection approval process, Hydro One performs several assessments in regards to the 

effect of PV systems on voltage performance [7, 26]. Conventionally, Hydro One has been 

using under load tap changers and capacitor switching to regulate voltage but these 

equipment have failed in presence of reverse power flow caused by PV solar farms and 

large load variations. When solar farm is connected to the grid, the surplus active power 

causes over voltage at PCC. This overvoltage can occur in the form of steady-state 

overvoltage or TOV. If these are higher than the interconnection rules of Hydro One, the 

solar farm is denied connection. 
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1.4 Static Synchronous Compensator (STATCOM) 
Since DG resources such as PV solar farms may adversely impact the voltage levels, 

voltage regulation has become an important issue in their grid integration. Traditionally, 

shunt capacitor banks (SCs), on-load tap changers (OLTC) and step type voltage regulators 

(SVRs) are utilized for voltage control in the distribution systems. But the operating 

principle of these devices is based on unidirectional power flow and typical load variations. 

Since solar farms and wind farms may create reverse power flows, the traditional voltage 

regulators fail to operate satisfactorily. The voltage can however be controlled by 

dynamically exchanging reactive power at the feeder at which solar farms are connected, 

through Flexible AC Transmission Systems (FACTS) devices such as Static Var 

Compensator (SVC) [27-29] or STATic synchronous COMpensator (STATCOM) [30-33].  

The STATCOM is a shunt-connected reactive power compensation device which 

essentially consists of a DC link capacitor, solid-state switches, filter elements and 

interfacing transformer. The STATCOM can enhance the distribution performance by 

controlling voltage flicker, temporary over voltage (TOV), steady-state over voltage as 

well as providing power factor correction.  

The first STATCOM was installed in the Tennessee valley Authority (TVA) with 100MVA 

capacity in 1995. The objectives of this STATCOM were reduction of TVA’s need for On 

Load Tap Changing (OLTC) transformers and resolving the overvoltage during off-peak 

conditions [31]. STATCOM can exchange reactive power by varying its terminal voltage. 

In other words, the difference in voltage between STATCOM terminals and PCC causes 

the reactive power to flow in a bidirectional manner. When the terminal voltage of the 

STATCOM is greater than PCC voltage, STATCOM generates reactive power and acts as 

a shunt capacitor. On the other hand, STATCOM absorbs reactive power like an inductor 

when its terminal voltage is lower than PCC voltage. In practice, the semiconductor 

switches of the STATCOM are not lossless, consequently the energy of the DC capacitor 

is dissipated due to internal loss of the converter. Hence, the STATCOM requires to absorb 

slight amount of active power from the grid to keep the capacitor charged to the required 

voltage level. It should be noted that if the STATCOM is equipped with an energy-storage 

device or a DC source like solar panel, active power generation can also be achieved. 
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 In contrast with Static VAR compensator (SVC), the STATCOM is configured with power 

electronics converter instead of passive elements. Therefore, the interaction between 

STATCOM and the distribution system is smaller than in case of SVC.  Also, as 

STATCOM controls the PCC voltage by injecting/absorbing current, the voltage control 

response is significantly faster than SVC response time [32, 34]. Figure 1-1 depicts the 

voltage-current characteristic of the STATCOM. It reveals that the STATCOM can 

operates in both inductive and capacitive regions by absorbing and injecting and reactive 

current, respectively. Also, in Figure 1-1, the maximum capacitive generation of the 

STATCOM is almost independent of the system voltage. This capability is needed to 

support the grid voltage during the voltage collapse or severe fault situation [35]. 

 

Figure 1-1: The voltage-current characteristic of  STATCOM  [29] 

1.5 Smart Inverters 
Inverters that can perform multiple functions in addition to their main task of converting 

DC power to AC power have been described as smart inverters [36, 37]. Such 

multifunctional smart inverters are being increasingly developed and implemented in 

power systems around the globe [38-40]. DG interconnection standards such as IEEE 1547 

[25], and inverter testing standards such as UL 1741 [41], are being presently revised to 

facilitate the integration of smart inverters to exploit their benefits.  Novel controls and 

applications of smart PV inverters; and the required standards for DG integration for smart 

PV inverter installations are discussed in this section. 
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1.5.1 Functions of Smart Inverters 

Smart Inverters (also previously known as Advanced Inverters) represent a paradigm shift 

in the integration of Distributed energy resources [37, 42-44]. Under this concept, the 

inverters are being programmed with new functionalities that can support distribution 

system operations to help increase the penetration of the renewable energy based systems 

in electric power systems. Collectively, these programmable functions are called “smart 

inverter functionalities.” [36, 45]. Several developments on smart inverters have already 

been reported in literature [13, 37, 42-44, 46-49]. 

A parallel development has also taken place in the development of smart inverters, by 

providing FACTS like capabilities in wind inverters [50, 51] to provide ancillary services.  

PV systems use Voltage Source Converter for converting DC power to AC power, whereas 

STATCOMs provide reactive power exchange using a Voltage Source Converters. This 

common feature of PV system and STATCOM motivated the development of a patent 

pending technology for utilization of the PV inverter as STATCOM to provide reactive 

power control during nighttime and also during daytime together with production of real 

power [13, 44, 52]. 

This concept can bring reactive power support by installed PV systems without any high 

cost changes. A new control of PV inverter as a STATCOM was proposed for improving 

power transmission capacity [53]. New controls of PV solar farm as STATCOM (PV-

STATCOM) were proposed for increasing transient stability and enhancing the 

connectivity of neighboring wind farms [54]. The voltage control functionality with PV 

system has also been proposed in [45, 55-57]. The application of PV inverter for supporting 

reactive power during night has been discussed in [13, 58]. Unbalanced voltage mitigation 

with PV system has been studied in [59, 60].  

1.5.2 Modeling of Smart Inverters and Validation 

The different methods of modeling the smart inverters and their validation through 

software simulation, Real Time Digital Simulation and Laboratory simulation, are 

presented in this section.   
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1.5.2.1 Modeling in Software 

In [13] the authors utilized a conventional solar farm as a STATCOM during nighttime for 

supporting a wind farm. The study system and controller has been validated in 

MATLAB/SIMULINK software. The compensation of the unbalanced and non-linear load 

with solar farm has been presented in [61]. The application of the solar farm in the 

transmission system has been proposed in [53, 62]. In [62] the solar farm has been modeled 

in PSCAD/EMTDC software as STATCOM together with a damping controller for 

enhancement of the power transmission limit. The improvement of  the transient stability 

of the transmission system has been discussed in [53]. In [63], an auxiliary controller has 

been added to the conventional PV controller to operate as a shunt active filter. The 

Reactive power compensation by PV solar system has been modeled in 

MATLAB/SIMULINK [56, 64].  

1.5.2.2 Modeling in Real-Time Digital Simulator (RTDS) 

The real-time digital simulation demonstrates better perspectives about controller 

performance than software study. In real-time study, actual sensor signals and PWM 

signals are involved in the control process. One of the commercial devices for real-time 

study and hardware-in-loop is Real Time Digital Simulator (RTDS). In [65] a novel MPPT 

control for a conventional PV solar has been implemented on the real-time digital 

simulator. The real-time simulation of the grid-connected wind farm has been presented in 

[66-68]. A combination of the wind farm and STATCOM for reactive power compensation 

has been modeled in RTDS hardware in [69, 70]. Also, in [71, 72] the effects of the 

STATCOM on the distribution networks have been discussed by means of real-time digital 

simulation.  

1.5.2.3 Lab Validation 

The final stage of the controller validation is the through an actual hardware simulation in 

the laboratory. In this stage, the small-scale model of the study system is implemented and 

the smart inverter controller with certain objectives is implemented in a lab setup. In [73] 

the authors used grid-connected PV system for harmonics and reactive power 

compensation and implemented a controller which was linked to actual lab setup. The lab 
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validation of a 20 kW solar system with reactive power compensation has been proposed 

in [74]. In [40] the power hardware-in-loop (PHIL) testing of a 500kW PV system is 

demonstrated for power factor correction and constant reactive power control. PHIL model 

consist of RTDS, PV array emulator, PV inverter and AC grid emulator. Southern 

California Edison (SCE) and National Renewable Energy Laboratory (NREL) are 

cooperating in this testing initiative. As a result of this testing, Volt/Var control will be 

added to PV inverter control and it will be installed on SCE distribution system [39]. In 

[75] the authors validated the dynamic model of the PV system with an actual hardware 

bench test in Southern California Edison Lab. In this paper, the lab results have been 

compared with PSCAD/EMTDC results.   

1.5.3 Standards for Grid Integration of Distributed Systems 

Distributed Generators (DGs) or Distributed energy resources (DRs) are widely used in the 

distribution system. One of the major technical challenges of distributed resources (DR) 

interconnection is the DR impact on electric power system (EPS). On the other hand, the 

DR interconnection location and the characteristics of EPSs vary rapidly and it leads to 

variation of the integration impacts. Some of the DR impacts on EPS are voltage unbalance, 

overvoltage, low voltage, improper regulation during reverse power flow. IEEE 1547 series 

of standards [22, 25] present the technical specifications and requirements for integration 

of distributed resources with the area electric power system. System operators can mitigate 

many undesirable system impacts by applying IEEE Std 1547-2003 appropriately. Based 

on IEEE Std 1547-2003 Sec. 4.1., “the DR shall not actively regulate the PCC voltage and 

cause the Area EPS service voltage at other Local EPSs to go outside of ANSI C84.1-1995, 

Range A.” [25]. In this standard it is indicated that the voltage regulation by DR can have 

conflict by other regulation equipment installed by area EPS operator. Numerous studies 

on voltage regulation by Distributed Resources motivated IEEE to modify its previous 

version of integration standard and release a new reversion known as IEEE Std 1547a-2014 

[76]. IEEE Std 1547a-2014 indicates “Coordination with and approval of, the area EPS and 

DR operators, shall be required for the DR to actively participate to regulate the voltage by 

changes of real and reactive power. The DR shall not cause the Area EPS service voltage 

at other Local EPSs to go outside the requirements of ANSI C84.1-2011 1995, Range A” 
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[76]. Hence, Distributed resources such as photovoltaics, fuel cells, energy storage systems 

and wind systems can regulate the voltage even in presence of other regulation equipment. 

This revision in IEEE Standard 1547 and its further ongoing revisions have paved the path 

for connecting smart inverters with the distribution systems.  

1.6 Concept of Smart PV Inverter Control as STATCOM 
(PV-STATCOM) 
As described earlier, a STATCOM is a dynamic reactive power compensator based on 

voltage source converter (VSC), whereas a conventional PV system requires a VSC for 

converting DC power to AC power. On the other hand, a STATCOM is a device to 

exchange reactive power whereas a PV system generates active power. Therefore, the 

combination of these two concepts can support both active and reactive power. A new 

technology has been proposed for utilizing a PV solar system inverter as a STATCOM [13, 

43]. The power output of a PV system during a typical sunny day is shown in Figure 1-2. 

It is clear that over 80% of the 24 hours, the PV system works below its rated power output 

and rest of the inverter capacity remains unused. Also, the entire PV inverter is idle during 

night time when sun is not available. The above novel concept of PV solar system as 

STATCOM is based on the utilization of the remaining inverter for exchanging reactive 

power with the grid for voltage control. This new technology can bring several benefits 

with little additional cost.  

Voltage control and power factor correction are two control objectives that can be achieved 

through the remaining capacity of the PV inverter. In this thesis, exchanging 

(absorbing/injecting) reactive power with remaining capacity of the inverter is called smart 

PV inverter in "Partial STATCOM mode". In this mode, the priority of the smart PV is the 

generation of the active power and then exchanging the reactive power with remaining 

inverter capacity. However, a new patent-pending technology has been proposed [44] 

according to which during transients or faults, the PV solar system autonomously 

transforms into a full STATCOM. In this case, the smart PV system disconnects the solar 

panels and exchanges reactive power with its full inverter capacity as a STATCOM for the 

duration needed by the grid. This mode of the smart PV inverter operation is termed "Full 

STATCOM mode". In other words, the smart PV inverter autonomously determines its 
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operation mode and prioritizes between active power generation and reactive power 

exchange based on the system requirements, nature of transient/disturbance, time of the 

day and remaining inverter capacity. 

 

Figure 1-2: Power output of a 10kW PV system versus time on a sunny day 

As described earlier, the adverse effects of DG systems on the voltage profile have led to 

utilities imposing limitations on the DG connectivity. As smart PV inverters can fully 

regulate voltage with reactive power support, it can be considered as a cost-effective 

solution for increasing the connectivity of DGs in distribution systems. It needs to be 

examined if PV solar farms equipped with this smart inverter control can indeed help in 

increasing the connectivity of PV solar farms. 

1.7 Motivation and Scope of Thesis 
The objective of this thesis is to model, test and validate the novel patent pending 

technology of the smart inverter control as PV-STATCOM [43, 44] which will lead to its 

first-time field implementation on a 10 kW PV solar farm in the feeder network of the 

distribution utility Bluewater Power, Sarnia. 

This thesis will further examine the applicability of the proposed smart inverter control in 

a 30 MW PV solar farm in an actual Hydro One utility feeder (name withheld for 

confidentiality). Both partial STATCOM and full STATCOM modes will be implemented 
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to regulate the steady state overvoltage and to reduce the TOV to within acceptable limits, 

under a wide range of operating conditions. The objective will be to demonstrate that the 

need for an actual expensive STATCOM that has already been installed in the system for 

the same purpose, can either be reduced or totally eliminated 

The objectives and scope of this thesis are therefore summarized as follows: 

1) Development of a model of the novel smart PV inverter with the “Partial 

STATCOM” and “Full-STATCOM” mode of operation, for voltage control and 

power factor correction 

2) Validation of the developed smart inverter model through industry grade 

electromagnetic transient simulation software EMTDC/PSCAD under different 

operating conditions. 

3) Implementation of the developed smart inverter model and validation of its 

performance through Real Time Digital Simulation (RTDS) and Hardware in the 

Loop (HIL) simulation by modeling the smart inverter controller on a DSP-based 

control board dSPACE.  

4) Validation of the developed smart inverter control on 10 kW inverter and 

demonstration of its performance on a laboratory scale model of the Bluewater 

Power Distribution  Feeder System, prior to its field demonstration 

5) Demonstration of the capability of the developed smart PV inverter control in an 

actual Hydro One distribution network for increasing the connectivity of PV solar 

farms without needing an actual STATCOM.  

1.8 Outline of Thesis 
A chapter-wise summary of this thesis is given below: 

Chapter 2 demonstrates the modeling of smart PV inverter controller in the distribution 

system. This includes the modeling of the distribution system, PV solar system, harmonic 

filter, and smart PV inverter controller. The controller structure for general distribution 
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system is explained and then a realistic feeder in the Bluewater Inc. is chosen as a case 

study, and the procedure for design of smart inverter controller parameters is presented. 

Chapter 3 demonstrates the software simulation studies of the study system for voltage 

control, power factor correction and reactive power control. The study system, passive 

load, harmonics filter, voltage source inverter (VSI) and solar panel are modeled in 

PSCAD/EMTDC software. Also, the controller is modeled for both Partial and Full 

STATCOM operation modes based on the designed parameters in Chapter 2. The smart 

inverter controller performance is demonstrated for voltage control, power factor 

correction mode and reactive power control in partial mode.  

Chapter 4 presents the hardware-in-loop (HIL) simulation of the smart PV inverter 

controller. The hardware of the smart PV controller is implemented in dSPACE Controller 

board and the study network, passive loads, harmonics filter and PV solar system are 

modeled in Real Time Digital Simulator (RTDS). The required parameters for hardware 

controller operation  such as PCC voltage, inverter current, load current and DC link 

voltage are received from the analog output card (GTAO) card of RTDS. The controller 

inside the dSPACE board generates the appropriate gates pulses for inverter model in the 

RTDS through the digital input card (GTDI) of the RTDS. These HIL studies validate the 

controller performance for both partial and full STATCOM operation modes for the study 

system. 

Chapter 5 deals with the laboratory implementation of the smart PV controller for the study 

system. The Thevenin’s equivalent of the Bluewater Power distribution network is 

represented by an appropriate inductor and resistor. 10 kVA/kW passive loads are applied 

for the different tests. A 10 kVA PV Simulator is used to model the characteristics of the 

solar panels. The PV Simulator generates active power based on irradiance and temperature 

profiles. A 10 kVA two-level IGBT module is used in the test plan to act as a voltage source 

inverter. The smart PV inverter is implemented on the dSPACE controller board. The gates 

of the inverter switches are activated by the PWM signals output of the dSPACE board. 

Also, an LCL filter is applied to remove the harmonics due to switching pulses. The 

performance of the smart inverter controller is evaluated for partial and full operation 
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modes for different control objectives. The experimental results are utilized to validate the 

performance of the designed smart inverter controller. 

Chapter 6 presents the application of the proposed smart PV inverter controller for 

reduction of temporary overvoltage (TOV) and PV connectivity enhancement. For 

validation of the controller, a realistic 44 kV feeder of Hydro One network is chosen as a 

study system. The study system includes three 10 MW PV systems with total capacity 30 

MW with interface and DG transformers. The entire systems including 44 kV feeder, 

passive loads and three 10 MW PV systems are modeled in PSCAD/EMTDC software. 

One out of three PV systems in the case study system is utilized with smart PV controller 

and other two PV systems operate as the conventional PV systems. The controller operates 

in partial and full STATCOM modes based on the network requirements. To enhance the 

PV connectivity of Hydro One network the partial mode of the controller is presented for 

voltage control. Also, the single-line-to-ground (SLG) fault is applied to create the 

temporary overvoltage with unacceptable level. The controller uses the entire capacity of 

the inverter to provide sufficient reactive power compensation for TOV reduction. The 

controller performance is validated for single-line-to- ground and line-to-line-ground faults 

for severe TOV. It is shown that if the proposed smart inverter control is implemented on 

one of the 10 MW PV solar farms, the need of the actually installed STATCOM is 

eliminated. 

Chapter 7 presents the conclusions and the main contributions of this thesis. Future 

research work with this mart inverter controller is also proposed. 
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CHAPTER 2 

2 MODELING OF DISTRIBUTION SYSTEM WITH 
SMART PV INVERTER 

2.1 Introduction 
This chapter presents the modeling of different components of a typical radial distribution 

system with a PV solar system utilizing a smart inverter. The principles of smart PV 

inverter in different operating modes of Full PV, Partial STATCOM and Full STATCOM 

are illustrated for voltage control and power factor correction. Since the objective of this 

thesis is to develop a 10 kW smart inverter that will be implemented in the distribution 

system of Bluewater Power Distribution Corporation, Sarnia, the procedure for design of 

various components of the smart inverter and its controllers are described in this chapter. 

2.2 System Modeling 
Figure 2-1 illustrates the single line diagram of a typical radial distribution system 

including substation, transformer, distribution line, load, and PV solar system as a 

Distributed Generator (DG).  

Substation Transformer

Load Load
Load

Photovoltaic 
System

Transformer

Interface
Transformer

VSI

Solar Panel

RLC-Filter

 
Figure 2-1: Single line diagram of the study distribution system 

This section presents the general principles of modeling the different components of such 

a distribution system with a smart PV inverter. 
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2.3 Network Model 
The main components of the network in the study distribution system are the substation 

system, transformer, power distribution line and electrical load. These are described below. 

2.3.1 Substation System 

The distribution substation comprises a group of transformers and switchgears located 

close to the users. The primary duty of the distribution subsystem is to receive power from 

the transmission system and disseminate to the distribution feeders. In addition to voltage 

level transformation, voltage regulation and switching are considered as other functions of 

the substation. Substation transformers are responsible to alter the voltage from 

transmission system level to distribution system level. In North America, the most common 

distribution feeders are 7.2 kV, 12.47 kV, 13.8 kV, 14.4 kV, 25 kV and 34.5 kV whereas 

the transmission voltage level are 765 kV, 500 kV, 230 kV, 115 kV and 69 kV [77-79]. It 

should be noted that in distribution systems, typically feeders emerge from the substation 

radially and feed the users [7, 80].  

The substation is modeled as an equivalent voltage source with its short circuit impedance 

(R+jX). 

2.3.2 Distribution Line Model 

The distribution line is represented by the lumped- 𝜋𝜋 model comprising the series 

components (resistance and reactance) and shunt components (conductance and 

susceptance) [81]. Based on Figure 2-2, the relationship between voltage and current of 

two ends of the line can be presented as below: 

1
2

1 1
2 2

s R

s R

YZ ZV V
YZ YZI IY

 +    
 =         + +      

(2.1) 

where Vs and VR are positive-sequence line to neutral voltages of each end of line, sI  and 

IR are positive-sequence line currents of each end of the line. Also, Z=(r+jxL)l and Y are 
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series impedance and shunt impedance of the line where r and xL are series resistance and 

series admittance, respectively, and l is the line length. Distribution feeders are considered 

as medium-length and short-length lines. In the 𝜋𝜋 model of a short transmission line, the 

shunt admittance can be neglected. As a consequence, (2.1) is simplified to series 

impedance and ABCD parameters in matrix format are obtained as below [82]: 

1 ( )
0 1

s RL

s R

V VR jX l
I I

+    
=    
      

(2.2) 

 

Figure 2-2: Equivalent lumped 𝝅𝝅-model of distribution line 

2.3.3 Transformer 

Transformers are used widely in the distribution system to operate several functions such 

as voltage transformation and isolation [83]. In distribution systems, the step-down 

transformer is used to provide power at lower voltage to the end users including DG 

systems. Also, the transformer is used to achieve the isolation between the DG system and 

the distribution line. A two winding transformer is modeled as shown in Figure 2-3. This 

transformer is represented by an ideal transformer with ratio k, a leakage impedance ZL and 

a magnetizing impedance ZM  [84].  
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Figure 2-3: Two-winding transformer model 

2.3.4 Load model 

The power system loads, in general, can be classified as static loads, dynamic loads and 

power electronics based loads. A static load is time-independent and represented by active 

and reactive powers for certain voltage and frequency. On the other hand, a dynamic load 

is a time-variant load such as induction and synchronous motors [85]. In this thesis only 

static loads are considered. 

2.3.4.1 Static Load 

Based on the relationship of power to the voltage, the static loads can be classified into 

constant power, constant current and constant impedance loads. The polynomial form of 

the static load can be written as: 

2

0 1 2 3
0 0

2

0 1 2 3
0 0

L L

L L

V VP P a a a
V V

V VQ Q b b b
V V

    
 = + +   
     
    
 = + +   
     

 (2.3) 

where 0LP and 0LQ are active and reactive power at the initial conditions. For the resistive 

loads, the power is a quadratic function of voltage, and therefore, 2 3 2 3 0a a b b= = = = . A 
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constant current load follows the voltage changes linearly. Hence, 1 3 1 3 0a a b b= = = =  for 

the constant current load. Also, a constant power load is independent of the voltage changes

1 2 1 2( 0)a a b b= = = =  [86]. 

2.4 PV System Model 
PV solar systems covert sunlight into electricity using PV arrays. As PV panels produce 

DC power, an inverter is used to convert the DC power to AC power. Depending on the 

system configuration, a PV system can operate in either stand-alone or grid-connected 

mode [87].  In comparison with stand-alone PV system, the grid-connected PV system is 

more reliable and efficient [88]. Figure 2-1 illustrates the structure of the grid-connected 

PV system in the distribution network. The PV system includes solar panels, DC/AC 

inverter, harmonics filter and an isolation transformer. In the following sections, each part 

of the PV system will be discussed.  

2.4.1 Solar Panel 

The solar cells generate electricity when exposed to light. The electrons inside the solar 

cell flow and produce current when the sun light is absorbed by the solar cell. The output 

of an individual cell is rather low. Hence, several cells are connected in a series-parallel 

configuration called a module to generate more output power. In general, a solar panel 

includes several arrays, while each array consists of many modules [89]. Two important 

factors, irradiance and temperature, affect the cell performance [90]. Figure 2-4 indicates 

the effect of solar radiation and temperature on the silicon cell. Figure 2-4 reveals that the 

current changes with the irradiance, whereas voltage is influenced by the temperature. 

Solar cells provide best performance under low temperatures and high irradiance.  
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Figure 2-4: Solar cell i-v characteristic based on the variations of   

a) Irradiance                  b) Temperature 

Solar cells deliver highest power at the maximum value of the product of current and 

voltage. Hence, it is preferred both from technical and economic reasons that the solar cells 

operate at maximum power region. The power characteristic of solar cell versus voltage 

under temperature changes is shown in Figure 2-6. 
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Figure 2-5: Power versus voltage characteristic of solar cell for different 

temperatures 

As shown above, the maximum power point (MPP) of the solar cells is influenced by 

temperature and irradiance changes. Therefore, it is important to detect the MPP of the cell 

to provide maximum efficiency. Several maximum power point tracking (MPPT) methods 
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have been developed and implemented [91-95]. A simple equivalent circuit of a solar cell 

is shown in Figure 2-6.  

PVV

DI

PVI

scI

 

Figure 2-6: Equivalent circuit of a solar cell 

This circuit is composed of an ideal current source and a parallel diode. In Figure 2-7, Isc 

is the short circuit current of the cell, IPV is the current output of the cell, ID is the diode 

current and VPV is the voltage output of the cell. The current and voltage of the output 

terminal can be written as below [91, 96]: 

( ) 0 1
PV

s

qV
kTn

PV p sc D p sc pI n I I n I n I e
 
 
 

 
 = − = − −
  

 (2.4) 

where, 𝐼𝐼0 is the diode saturation current, electron charge 191.6q e−=  coulomb, T is the cell 

temperature, 231.38k e−= is the Boltzmann’s constant, while sn  and pn are the number of 

series and parallel cells. By applying open circuit conditions ( )0,PV PV OCI V V= = into 

(2.4), the diode saturation current 𝐼𝐼0 can be obtained as below: 

1

0 1
OC

s

qV
kTn

p scI n I e

−
 
 
 

 
 = −
  

 (2.5) 

Also, the terminal voltage of the solar cell can be found from (2.4). 
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0

ln 1 PV p scs
PV

p

I n IkTnV
q n I

 −
= −  

 
 (2.6) 

2.4.2 PV Inverter 

The PV inverter is the most fundamental part of the PV system, that converts DC power to 

AC power. Two types of inverters, voltage source inverters (VSI) and current source 

inverters (CSI), are used in PV applications [97-100]. The three-phase VSI is more 

commonly employed inverter for the grid-connected PV system for conversion of DC 

power to AC power [101]. A three-phase VSI is composed of IGBT switches and a 

capacitor at the DC side. There are several topologies of three-phase VSI such as two-level 

and multi-level which influence the performance of the inverter [102-108]. For this study, 

a two-level VSI is employed. The valves in each leg of VSI are switched by pulse width 

modulation (PWM) technique [109, 110]. The most common PWM modulation techniques 

are sinusoidal PWM (SPWM), space vector modulation (SVM), and random PWM. The 

different PWM techniques are compared in detail in [111] and [112]. Among the various 

PWM techniques, SPWM is a basic and most commonly used technique. It generates the 

switching signals for the converter by comparing a sinusoidal signal representing the phase 

voltage with the carrier signal [113]. In two-level VSI with SPWM technique, a higher 

switching frequency causes the output voltage and current to be more sinusoidal and clean 

with respect to harmonics. On the other hand, a higher switching frequency increases the 

losses. For higher voltage application, multi-level configuration has been proposed for VSI 

[102, 114-118]. For a two-level VSI with SPWM modulation, the relationship between DC 

voltage and AC side voltages is as follows [33]: 

22
3 L L DCV V− ≤  (2.7) 

where DCV  and L LV − are DC bus voltage and line-line voltage of AC side of the inverter, 

respectively. 
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The DC link capacitor provides a low impedance path for the ripple current caused by the 

inverter switching frequency. Several factors such as overall inverter cost and magnitude 

of current ripple determine the size of the DC capacitor. Two control modes, either voltage 

control or current control, can be implemented in the VSI. In voltage control mode, the AC 

terminal voltage of VSI follows the reference voltage in the controller whereas in current 

control mode, the inverter currents track the current reference values. Several advantages 

such as better dynamic characteristics and capability for limiting the inherent current in 

fault situation make the current control mode more efficient for grid-connected PV 

applications in comparison with voltage control.  

2.4.3 Filter 

Using the VSI for converting DC power of solar system to AC power causes harmonics 

due to switching frequency. Typically, VSI switching frequency is chosen between 2 kHz 

and 15 kHz. This high harmonic can disturb other equipment and affect the voltages and 

currents [119]. Hence, in order to improve the power quality, the VSI is connected to the 

PCC through a filter. It should be noted that the type of filter influences the control 

parameters in control plant. The filter parameters are determined as a tradeoff between the 

harmonics injection and operation range of the controller. Most common filters for grid-

connected application of the VSI are LC and LCL filters [120, 121]. LC filter is a second 

order filter whereas LCL filter is a third order filter. In comparison with LC filter, LCL 

filter has better performance in removing the harmonics. However, due to more poles and 

zeroes, the use of LCL filter makes the control plant more complicated [122]. To mitigate 

the resonance problem of LC and LCL filters, a resistor is connected with filter capacitor 

in series. Figure 2.8 illustrates the LCL filter of a grid-connected VSI.  
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Figure 2-7: Model of LCL filter in a grid-connected VSI 

In Figure 2-8, iR  represents the sum of IGBT resistor in ON-state and the internal 

resistance of the filter inductor. Lf represents the filter inductor which is connected to the 

inverter in series. Cf represents the filter capacitor which is connected in series with 

damping resistor (Rd). Both are connected in shunt between filter inductor and transformer 

(Lt). Filter parameters are determined based on several factors such as the harmonics of 

output current, the resonance frequency of LCL filter, voltage drop of filter inductance and 

reactive power compensation provided by the filter capacitor. Generally, to limit the VSI 

current ripple, the reactance of the filter inductor is selected between 0.1 to 0.25 pu [99]. 

The typical value of the current ripple is 10% of the inverter current peak [120, 123]. The 

voltage drop across the filter inductor can limit the voltage control by the VSI. Therefore, 

the voltage drop across the filter inductor should not exceed 0.3 pu. Otherwise a higher DC 

link voltage is needed to produce a specific AC voltage. Also, the amount of reactive power 

generated by the filter capacitor influences the reactive power compensation by the VSI. 

Hence, the filter capacitor value is designed to limit the reactive power exchange below 

0.05 pu of the inverter power rate [123].  To avoid resonance between filter capacitor and 

inductor, a damping resistor is added to filter capacitor in series [124]. The inductance of 

the filter inductor is obtained by: 

,( )
2

dc grid peak
f

ripple sw

V V D
L

i f
− ×

=
× ×

 (2.8) 
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where 𝑉𝑉𝑑𝑑𝑑𝑑  is DC-link voltage, 𝑉𝑉𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is peak value of the AC side voltage, D is 

modulation index, 𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the acceptable value of ripple current and 𝑓𝑓𝑠𝑠𝑠𝑠 is switching 

frequency. It should be noted that the calculated admittance of the inductor should satisfy 

(2.9). 

0.1 0.25base f baseX X X< <  (2.9) 

As discussed above, the reactive power of filter capacitor should not exceed 5% of inverter 

capacity. Therefore, filter capacitor can be determined by: 

2
,

2
,

0.051 or
0.05

ac L L n
c f

f n ac L L

V QX C
C Q Vω ω

−

−

×
= ≥ ≤

× ×
 (2.10) 

In (2.10), 𝐶𝐶𝑓𝑓  is the capacitance of the filter capacitor, ω  is the nominal angular frequency, 

nQ  is nominal reactive power of the inverter and 𝑉𝑉𝑝𝑝𝑑𝑑,𝐿𝐿−𝐿𝐿 is rms value of line-to-line voltage 

of the inverter. Based on components described in Figure 2-7, the resonance frequency can 

be obtained as below: 

1
2

t f
r

f t f

L L
f

L L Cπ
+

=  (2.11) 

The resonance frequency should be checked at the last stage of the design to satisfy the 

following condition [125]: 

010 0.5r swf f f< <  (2.12) 

To avoid resonance between the inductor and capacitor, a proper resistance should be 

added in series with capacitor. Based on [123, 126, 127], the resistor can be chosen as one 

third of the admittance of the capacitor at resonance frequency. Hence, 

1
3d

r f

R
Cω

=
× ×

 (2.13) 
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2.4.4 Isolation Transformer 

In North America, to connect PV system to any feeder above 208V, an isolation 

transformer is a necessity. An isolation transformer provides galvanic separation of the PV 

system from the utility network, in addition to transformation of voltage. On the other hand, 

to meet IEEE 1547 standard, some utility companies require PV inverters to have a ground 

at AC side of VSI [25]. The transformer and grounding configuration have an effect on the 

behavior of the system during the fault. One of the common faults in distribution system is 

single-to-line ground (SLG) fault. The SLG fault causes a temporary overvoltage (TOV) 

to appear on the distribution line which can be potentially dangerous for the connected 

power system equipment. One of the common methods to mitigate TOV is grounding of 

the transformer neutral terminal. As solid grounding in the distribution system leads to flow 

of large fault current through the neutral point, utilities traditionally mitigate TOV by 

means of “effective grounding” technique [128]. Based on this technique, the impedance 

ratio between zero sequence impedance and positive sequence reactance is as below: 

0 0

1 1

0 3 , 0 1X R
X X

≤ ≤ ≤ ≤  (2.14) 

The most common configuration of transformer for PV system isolation is Delta-Wye. The 

Delta-Wye configuration provides full galvanic isolation between primary and secondary 

with ground fault protection. Also, by applying Delta at PV side, the zero order harmonic 

of PV currents such as 3rd and 9th harmonics circulate in the delta winding and do not 

percolate into the utility network [129].  

2.5 Smart PV Inverter Control 
In this section, the smart inverter control of a PV system is presented. Smart PV inverter 

control implies a multifunctional control of a PV inverter in addition to its prime purpose 

of real power generation. The smart PV inverter is a Voltage Source Converter (VSC) 

system with the capability of exchanging (injecting or absorbing) both active power and 

reactive power.  Figure 2-8 illustrates the scheme of the smart PV inverter control in d-q 

frame. The structure of the controller is based on controlling active power and reactive 
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power through phase angle and voltage amplitude, respectively. In d-q reference frame, 

due to decoupled control, d- axis current loop controls active power and q-axis current 

control loop controls reactive power. The references value for the both current control 

loops are defined based on the smart inverter operation mode and control objectives.  

This smart inverter control provides STATCOM functionality with reactive power 

exchange (both injection and absorption), besides real power generation. The smart inverter 

control utilizes the capacity of the inverter remaining after real power generation, for 

functioning as a STATCOM. This mode of operation is termed as “Partial STATCOM”. 

However, if the reactive power requirement exceeds the remaining inverter capacity, the 

smart inverter control shuts down the real power generation temporarily, and transforms 

the PV inverter to operate as a STATCOM utilizing the entire inverter capacity. This mode 

of operation is termed as “Full STATCOM”.  Both the Partial and Full STATCOM modes 

of operation are utilized for providing voltage control (VC) and power factor correction 

(PFC). If the PV solar system is not operating as STATCOM (either in Partial or Full mode) 

during daytime, the operating mode is denoted as Full PV mode of operation. 

It should be noted that the controller can follow any one of the objectives at a given time. 

Hence, the reference signal of q-axis control loop is defined by either PCC voltage 

controller or power factor correction unit. The reference of d-axis control loop varies based 

on PV solar system operating modes. When the smart inverter operates in full PV or partial 

STATCOM mode during daytime, the reference value of d-axis control loop has an 

appropriately high value to generate specific active power whereas during nighttime the 

reference value is small to only keep the DC capacitor charged. In the final stage, the PWM 

unit converts the modulation indices to six switching pulses and applies them to the IGBT 

gates of VSC. As the controller scheme is in the d-q frame reference, a PLL is used to 

generate the phase angle for transferring parameters from abc frame to dq frame and vice 

versa. Figure 2-8 depicts the smart inverter control which includes the PLL unit, dq/abc 

and abc/dq transformation units, current controllers, DC voltage controller, AC voltage 

controller, power factor correction unit and PWM unit. 
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2.5.1 abc to dq transform 

In abc- frame and αβ-frame, the reference, feedback, and feed-forward signals are 

sinusoidal functions of time. In dq-frame sinusoidal signals are transformed to equivalent 

DC signals which are independent of time variation. Consequently, the compensator can 

be designed with better dynamics and is capable of having zero steady-state error by 

applying an integral term. The smart PV inverter controller is modeled in a synchronously 

rotating d-q reference frame to achieve better transient and steady-state performances. 

Figure 2-9 shows the phase diagram of a vector in abc- frame and dq-frame. In Figure 2-9, 

the vector f(t) rotates with time-variant frequency ( )tω  in abc-frame. The phase difference 

between the rotating vector f(t) and stationary axes in abc-frame is defined by ( )tθ  whereas 

0θ  indicates the initial phase angle. To achieve non-time-variant parameters, dq-frame 

needs to rotate with same frequency ( )tω . In Figure 2-9, ( )tϕ  is phase difference between 

abc-frame and dq- frame whereas ( )tρ  is phase difference between rotating vector and 

rotating dq-frame.  

The transformation between abc-frame and dq-frame can be written as [33]: 

[ ] [ ]

[ ]
[ ]

[ ]

( ) ( )
( ) ( )2 ( ) ( ) , ( ) ( )
( ) ( )3

( ) ( )
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(2.15) 
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Figure 2-8: Control scheme of a Smart PV Inverter 
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Figure 2-9: Phasor diagram of a parameter in abc and dq frames 

where superscript T denotes matrix transposition. The smart PV control uses (2.15) to 

transform PCC voltage, inverter current and load current from abc to dq frame. Also, at the 

end stage of control plant, the modulation indices need to be transformed from dq-frame to 

abc-frame of reference.  

2.5.2 Phase Locked Loop (PLL) 

In Figure 2-9, consider the space phasor 0( )ˆ( ) j tf t f e ω θ+= which is changing with time in 

abc-frame. By choosing ( )t tϕ ω=  the transformation in dq-frame can be written as: 

0 0( )ˆ ˆj t jj t
d qf j f f e e f eω θ θω+ −+ = =  (2.16) 

The above equation confirms that both d and q components are DC quantities. In other 

words, by extracting the frequency of the signal and using in abc to dq transformation, the 

d and q components can be achieved as DC quantities. As per pervious discussion, the DC 

quantities bring the advantages of having simpler controllers with lower order dynamics. 

It should be noted that the error of frequency observation affects the response accuracy and 

stability of the control system. Hence, extracting the signal frequency can be considered an 
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important part of the control strategy. In power systems and FACTS Control, a Phase 

Locked Loop (PLL) is used as a common method of obtaining phase and frequency [130-

134]. As synchronization process is a necessity for a grid-connected PV system, the smart 

PV inverter control uses PLL to synchronize the PV inverter system with grid in phase and 

frequency. Also, the PLL unit extracts the phase angle of PCC voltage for use in the control 

plant. 

2.5.2.1 Open Loop PLL (𝛼𝛼𝛼𝛼 𝑃𝑃𝐿𝐿𝐿𝐿) 

αβ PLL is considered as an open-loop technique which uses the filtering method to obtain 

the phase angle of the grid bus voltage in αβ - frame [135]. The αβ - frame is a Cartesian 

coordinate system which is used to express three-phase system with two quadratic 

components. Transformation between abc-frame and αβ -frame is given as: 

( ) ( )
( ) ( )2 ( ) , ( )
( ) ( )3

( ) ( )

1 01 11
1 32 2 ,
2 23 30
1 32 2
2 2

a a
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b b

c c
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f t f t
f t f t

E f t f t E
f t f t

f t f t

E E

α α

β β

   
      = =      
      

   
 
    − −    = = −    − 

   − − 
 

 (2.17) 

Figure 2-10 illustrates the phase angle detection through the open-loop αβ method. In 

open-loop αβ method, the PCC voltages are transformed from abc-frame to αβ -frame by 

(2.17). In the next step, αβ components are filtered through low pass filter to remove any 

distortion. Also, the phase compensator unit is used in order to compensate the phase lag 

of the low pass filter. The outputs of this method are applied to abc-dq transformation units. 

The performance of the low pass filter determines the efficiency of this method. If the cut-

off frequency is chosen low, the filter causes a considerable delay although rejecting more 

distortion. 
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Figure 2-10: Open-loop PLL diagram 

On the other hand, with a higher cut-off frequency, the open loop method will track the 

phase angle faster however, in presence of more distortion.  Therefore, there is a trade-off 

between accuracy and speed of the method which defines the cut-off frequency. Also, this 

method is sensitive to base frequency. It means that if the base frequency (e.g. 60 Hz) gets 

changed during system operation, the open-loop method will not be able to track the phase 

angle. 

2.5.2.2 SYNCHRONOUS REFERENCE FRAME (SRF)-PLL 

By considering Figure 2-8, the PCC voltages can be expressed as: 

0 0

0 0

0 0

ˆ cos ( )
2ˆ cos ( )
3

2ˆ cos ( )
3

pcc a

pcc b

pcc c

V V t

V V t

V V t

ω θ

πω θ

πω θ

−

−

−

= +

= + −

= + +

 (2.18) 

where V̂ is the amplitude of PCC phase voltage, 0ω is the system frequency and 0θ  is initial 

phase angle of the AC system. The PCC voltage components in dq-frame are as: 

0 0

0 0

ˆ cos ( )
ˆ sin ( )

( )

pcc d

pcc q

V V t

V V t
d t
dt

ω θ ϕ

ω θ ϕ

ϕ ω

−

−

= + −

= + −

=

 (2.19) 
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Based on the previous discussion, phase angleϕ should be selected somehow to avoid any 

time- variant function in dq components. Let us assume 0 0tϕ ω θ= +  then ˆ
pcc dV V− = and 

0pcc qV − = . This results in dq components to be pure DC quantities based on (2.19). 

Therefore, regulating pcc qV −  to zero will be lead to DC components in dq-frame. This is the 

fundamental mechanism of three phase SRF-PLL. The basic structure of SRF-PLL is 

shown in Figure 2-11. The objective of PLL control schematic is to keep pcc qV −  at zero. A 

low pass filter with transfer function ( )filterG s  is used after abc to dq transformation block 

to extract the DC value of pcc qV − . pllK  is the controller transfer function to regulateϕ at 

0 0tω θ+ . The Voltage-Controlled Oscillator (VCO) block is a resettable integrator which 

converts frequency to phase angle based on (2.19). The VCO output ϕ  is reset to zero 

whenever it reaches to 2 .π  It should be noted that if PLL tracks the phase angle properly 

pcc dV −  would be equal to the magnitude of PCC phase voltage base on (2.19). 

( )filterG s

abcvPCC-a 
vPCC-b 
vPCC-c dq

1
s

normω, 0PCC q refV − =

PCC qV −

PCC dV −

ˆ
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Filter
( )pllK s
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Figure 2-11: Structure of SRF-PLL 

In Figure 2-11; 

( ) ( )pll filter pcc qt K G V tω −=  (2.20) 

1( )  
1filter

f

G s
T s

=
+

 (2.21) 
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Substituting (2.19) in (2.20) gives: 

( )1
0 0

ˆ( ) sin ( )pll filter
d K G s V t
dt
ϕ ω θ ϕ−= + −L  (2.22) 

In (2.22) to prevent improper response due to the nonlinear characteristics, the initial 

frequency is considered close to nominal frequency, and also, a limiter is applied to control 

loop after the controller. In SRF-PLL ( )0 0tω θ ϕ+ −  has a very small value. Consequently, 

0 0 0 0sin ( ) ( )t tω θ ϕ ω θ ϕ+ − − + − . Considering 0 0tω θ+  as a reference angle which is 

tracked by ϕ , (2.22) can be rewritten as: 

( )1

0 0

ˆ ( ) ( )pll filter ref

ref

d V K G s
dt

t

ϕ ϕ ϕ

ϕ ω θ

−= −

= +

L
  (2.23) 

Figure 2-12 illustrates the block diagram of PLL control based on (2.23). 
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Figure 2-12: SRF-PLL structure with PI controller 

2.5.3 Real and Reactive Current Control 

In this section, the control structure of the inverter current for both real and reactive 

components is discussed. The active and reactive powers outputs of the inverter in dq-

frame are calculated by [33]: 

( )3( ) ( ) ( ) ( ) ( )
2s pcc d sd pcc q sqP t V t I t V t I t− −= +

 
(2.24) 

( )3( ) ( ) ( ) ( ) ( )
2s pcc d sq pcc q sdQ t V t I t V t I t− −= − +

 
(2.25) 
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where ( )pcc dV t−  and ( )pcc qV t−  are PCC voltages in dq-frame, and ( )sdI t  and ( )sqI t  are 

inverter output currents in dq-frame.  As PLL unit ensures that the phase angle is locked to 

the PCC voltages angle, therefore based on (2.19) ˆ
pcc dV V− = and 0pcc qV − = . Consequently, 

(2.24) and (2.25) can be rewritten as: 

3( ) ( ) ( )
2s pcc d sdP t V t I t−=

 
(2.26) 

3( ) ( ) ( )
2s pcc d sqQ t V t I t−= −

 
(2.27) 

Equations (2.26) and (2.27) reveal that at a certain PCC voltage, the active power and 

reactive power outputs of the inverter can be controlled by ( )sdI t  and ( )sqI t , respectively. 

Therefore, PLL plays a vital role in decoupling the control of active and reactive powers. 

From Figure 2-8, the dynamics of the AC side of the inverter are described as below: 

i
i i pcc

diV Ri L V
dt

= + +


 

 (2.28) 

Based on (2.18), (2.19) and (2.28), the equations in dq-frame can be written as: 

( )id
iq id id pcc d

diL L t i Ri V V
dt

ω −= − + −  (2.29) 

( )iq
id iq iq pcc q

di
L L t i Ri V V

dt
ω −= − − + −  (2.30) 

In steady-state, the PLL locks on the phase angle of PCC voltage leading to ˆ
pcc dV V− =  and 

0pcc qV − = . Hence, 0( )tω ω=  in (2.29) and (2.30). For the two-level VSC with SPWM the 

converter AC-side terminal voltage ,i abcV is controlled as below: 

, 2
DC

i abc abc
Vv m=  (2.31) 
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where DCV  and abcm are DC bus voltage and modulation waveforms in abc-frame 

respectively. Equation (2.31) in dq-frame can be written as: 

, 2
DC

i dq dq
VV M=  (2.32) 

Substituting (2.32) in (2.29),  

0 2
id DC

id iq d pcc d
di VL Ri L i M V
dt

ω −+ = + −  (2.33) 

0 2
iq DC

iq id q pcc q

di VL Ri L i M V
dt

ω −+ = − + −  (2.34) 

Equations (2.33) and (2.34) reveal that due to the terms 0 idL iω  and 0 iqL iω , the dynamics 

of idi  and iqi  are coupled and also the system is nonlinear. This nonlinearity and coupling 

can be avoided in the control if two new control inputs, du  and qu , are defined as 

id
id d

diL Ri u
dt

+ =  (2.35) 

iq
iq q

di
L Ri u

dt
+ =  (2.36) 

Above equations show that idi  and iqi  are controlled by du  and qu  signals. To obtain 

decoupled dynamics, feed-forward terms should be added to both du  and qu  signals to 

achieve PWM modulation indices in d-q frame. Based on (2.33)-(2.38), the modulation 

indices can be obtained by:  

( )0
2

d d f iq pcc d
DC

M u L i V
V

ω −= − +  (2.37) 
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( )0
2

q q f id pcc q
DC

M u L i V
V

ω −= + +  (2.38) 

Figure 2-13 illustrates the current control of active-reactive power controller on the basis 

on (2.33)-(2.38). In Figure 2-13, ,d refi and ,q refi represents the active and reactive power 

references based on (2.26) and (2.27). On the other hand, refP  and refQ  are obtained from 

the outer loops of the controller based on control objectives (voltage control or power factor 

correction) and modes of operation. ( )IdK s  and ( )IqK s  are current controllers in d and q 

axes, respectively. 

−
du,d refi de
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0Lω

0Lω
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÷×
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1f
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G s
T s
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+
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G s
T s

=
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2
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 Controller 
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2
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refP
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Figure 2-13: Control of active and reactive power in dq-frame 

Low pass filters are used after feed-forward signals, pcc dV −  and pcc qV − , to remove high 

frequency noise and provide clean DC quantities. 
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2.5.4 Operation Mode Selector of the Smart PV Inverter Control 

During daytime, the smart inverter controller operates as a conventional PV system and 

generates active power. If control objectives require exchange of reactive power to either 

regulate the PCC voltage or provide power factor correction, the controller uses the 

remaining capacity of the inverter for exchanging reactive power. This mode of operation 

is called “Partial STATCOM Mode”. In this partial mode, the priority of the smart inverter 

is the generation of the active power and then exchange of reactive power with remaining 

inverter capacity. But during transients or faults the grid needs more reactive power support 

to maintain the voltage within an acceptable range. Consequently, the smart PV control 

disconnects the DC switches of solar panel and transforms the PV inverter to full 

STATCOM to exchange reactive power with the full capacity of the inverter. This mode 

of the smart PV control is termed “Full STATCOM Mode”. It should be noted that in full 

STATCOM mode, voltage regulation is considered as the sole control objective. In the 

proposed patent-pending control [43] in this thesis, the smart PV inverter autonomously 

determines its operating mode and prioritizes between active power generation and reactive 

power exchange based on the system requirements, nature of transient/disturbance, time of 

the day and remaining inverter capacity.  

Figure 2-14 shows the flowchart of the smart PV inverter control to define the operation 

mode. During daytime, the inverter can act as a full PV, full STATCOM or partial 

STATCOM. Initially, the inverter operates as a PV inverter in conventional real power 

generation mode. Assume the PV panel is connected to the inverter and the PCC voltage 

suddenly violates the acceptable range. Based on the control algorithm, the controller 

immediately disconnects the switches at its DC side and converts the PV system to full 

STATCOM. During full STATCOM mode, the control objective is set to Voltage 

Regulation (VR) automatically and it cannot be changed to power factor correction (PFC). 

When fault is cleared, the reactive power output of the inverter is negligible. Hence, the 

controller realizes the fault status by checking DC switch status and reactive power output 

of the inverter. After fault has been cleared, the controller reconnects the solar panel to the 

inverter and operates again in full PV mode.  
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When the solar panel is connected to the inverter and utility needs to either regulate the 

voltage within acceptable range or correct the power factor, the remaining inverter capacity 

is used for exchanging reactive power. In other words, the reactive power requirement is 

limited by: 

2 2
maxQ S P= −  (2.39) 

where S is apparent power of the inverter, P is actual power of the inverter. During night-

time, the DC switch disconnects the solar panel from the inverter. Therefore, the control 

mode is full STATCOM. But the voltage changes can occur transiently or in steady-state. 

When PCC voltage is in acceptable range, the control objective can be either voltage 

regulation or power factor correction. But when the voltage violates the defined range due 

to transient events, e.g., Temporary Over Voltage TOV), the controller objective is set to 

voltage regulation and operates with its full capacity. Same as daytime, the controller 

realizes the fault has been cleared by reactive power output and previous state of its 

operation.
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Figure 2-14: Flowchart of the smart PV inverter operating modes 
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2.5.5 DC Voltage Control Loop 

As the inverter switches are not ideal, the DC link voltage provides real power to 

compensate the power loss of the switches. Consequently, the DC link capacitor is 

discharged, gradually. Hence, the inverter needs to absorb small amount of active power 

to keep DC link capacitor charged. When sun is available, the smart inverter control utilizes 

a small amount of solar power to keep the capacitor charged, while the rest of the solar 

power is injected into the grid. In absence of solar power (i.e. during night-time), the smart 

inverter control absorbs a small amount of real power from the grid and charges the 

capacitor through the inverter diodes. In Figure 2-8, the power balance at DC side can be 

shown as: 

PV dc cap dcP P P−= +  (2.40) 

where PVP , dc capP −  and dcP  are PV panel power, DC-link capacitor power and DC side 

power of the VSC. PV panel power can be expressed in terms of PV current and voltage, 

as: 

PV PV PVP I V=  (2.41) 

As in Figure 2-8, PV dcV V=  and also by substituting PVI from (2.4), (2.41) can be rewritten 

as: 

0 1
dc

s

qV
kTn

PV p sc dc p dcP n I V n I V e
 
 
 

 
 = − −
  

 (2.42) 

Equation (2.42) reveals that PV power varies as a non-linear function of  dcV . As described 

earlier, PV power depends on three main factors, irradiance, temperature and DC-link 

voltage. Hence PV power can be shown as a non-linear function of those factors. 

( , , )PV dcP f R T V=  (2.43) 



41 

 

where R and T represent irradiance and temperature factors respectively. 

Also, by ignoring the VSC loss, the DC side power of VSC can be considered equal to the 

power on the AC side. Thus, 

dc ac R L iP P P P P≈ = + +  (2.44) 

In (2.44) RP  is the power loss in the resistor of the inductor circuit, LP  is the power loss of 

the inductor and iP  is the active power exchanged with the grid. Due to a small amount of 

loss in resistor and inductor, RP  and LP can be neglected. Hence, it can be assumed ac iP P≈

. By considering (2.43) and (2.44), (2.40) can be rewritten as: 

( , , )dc cap dc iP f R T V P− = −  (2.45) 

As 21
2dc cap dc

dP CV
dt−
 =  
 

and based on (2.26), 3
2i pcc d sdP V I−= . 

Hence (2.45) is converted as: 

( )2 3( , , )
2 2dc dc pcc d sd
C d V f R T V V I

dt −= −  (2.46) 

In (2.46), 2
dcV  is the output, sdI  is control input and ( , , )dcf R T V is the disturbance input. 

Equivalently, as discussed it can be obtained: 

,( ) ( ) ( )sd id sd refI s G s I s=  (2.47) 

where ( )idG s is the transfer function of closed-loop current loop. Thus, 

( ) ( )2 1
,

2 3( , , ) ( )
2dc dc pcc d id sd ref

d V f R T V V G s I
dt C

−
−

 = − 
 

L  (2.48) 
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By ignoring the non-linear term ( , , )dcf R T V , (2.48) becomes a linear system based on 2
dcV  

and ,d refI . However, the non-linear term is added as a feed-forward term to offset the solar 

power effect [136].  

Therefore, the open-loop transfer function of DC voltage control can be written as: 

2

, ,

3 1( )
( 1)

dc
dc pcc d

sd ref i d

VG s V
I C s sσ−= = −

+
 (2.49) 

Figure 2-15 illustrates the block diagram of DC-bus voltage controller based on (2.48). It 

reveals that the non-linear term ( , , )dcf R T V can be added to the control plant as a feed-

forward to implement (2.48).  

( )dcK s
−

2
,dc refV 3

2 pcc dV −−
2

Cs

PVP

+
( )idG s

2
dcV,d refI dI

 

Figure 2-15: Block diagram of DC-bus voltage controller 

It should be noted that in the STATCOM mode, the external active power source is zero. 

Therefore, PVP  is considered zero in Figure 2-15. In other words, the DC loop transfer 

function is converted to linear system when PV power is zero. 

2.5.6 Reactive Power Control 

In Figure 2-8, the reactive current reference, ,q refi , is obtained based on the control 

objectives in both partial STATCOM and full STATCOM operation modes. The ,q refi  

represents a certain reactive power value to regulate the PCC voltage or correct the power 

factor. It should be noted that in PV operation mode the inverter is utilized to generate only 

active power. Hence, the reference of reactive power should be zero during the full PV 

operation mode. 
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2.5.6.1 Voltage Control 

Depending on the loading conditions and line reactance, the PCC voltage can change 

beyond acceptable levels. Therefore, it is needed to regulate the voltage in present of load 

variations. In Figure 2-8, the PCC voltage and grid current can be written as: 

,
, ,

g abc
PCC abc g g abc

di
V L V

dt
= +  (2.50) 

, , ,g abc L abc PV abci i i= −  (2.51) 

where ,PCC abcV  is PCC voltage in abc-frame, ,g abci  is grid current, ,g abcV is grid voltage, 

,PV abci  is current output of the PV system and ,L abci  is load current. 

0 0

0 0

ˆ cos( )

ˆ sin( )

gd
pcc d g gq g

gq
pcc q g gd g

di
V L i L V t

dt
di

V L i L V t
dt

ω ω θ ϕ

ω ω θ ϕ

−

−

= − + + + −

= + + + −

 (2.52) 

By ignoring the transient variation of PLL, let us assume 0 0tϕ ω θ= +  and 0ω ω= . 

Subsequently (2.52) can be rewritten as: 

0

0

ˆgd
pcc d g gq g

gq
pcc q g gd g

di
V L i L V

dt
di

V L i L
dt

ω

ω

−

−

= − + +

= +

 (2.53) 

It should be noted pcc qV −  is controlled at zero level by PLL controller, and so, pcc dV −  

represents the PCC voltage. By neglecting the current of the shunt filter capacitor, 

, , ,g dq L dq i dqi i i= −  (2.54) 

Therefore, the PCC voltage can be achieved by: 

0 0
ˆid Ld

pcc d g iq g Lq g g
di diV L i L i L L V
dt dt

ω ω− = − − + +  (2.55) 
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2.5.6.2 Reactive current reference unit for Power Factor Correction 

The concept of power factor correction is to compensate some or all of the reactive power 

required by the load. In the other words, the smart inverter controller exchanges (generates/ 

absorbs) reactive power based on the reactive power consumption of the load. 

Consequently, the phase angle between PCC voltage and grid current is decreased and the 

grid power factor at PCC point is improved. Figure 2-16 illustrates the phasor diagram of 

the grid current and PCC voltage. Assume the grid current gi  has a leading phase angle 

corresponding to the PCC voltage pccV . As discussed before, the PLL locks the phase angle 

to place PCC voltage along d-axis thereby rendering ˆ
pcc dV V− =  and 0pcc qV − = . As 

cosPF δ= , the phase difference δ  between voltage and current needs to be decreased to 

improve the power factor. 

 

a- axes

b- axes

c- axes

d- axes

igd(t) 

igq(t) ω(t)

ω(t)

φ(t) 

ig(t) 

pccpcc dV v− =


q- axes

δ

 

Figure 2-16: Phasor diagram of current and voltage of grid in abc and dq-frame 

Figure 2-16 reveals that: 

tan gq

gd

i
i

δ =  (2.56) 

By substituting 1cos( )PFδ −= in (2.56), 
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1tan(cos ) gq

gd

i
PF

i
− =  (2.57) 

With reference to Figure 2-8, the relationship between grid, PV and load currents is given 

by: 

,gdq Ldq PV dqi i i= −  (2.58) 

Also, the total reactive current of PV-STATCOM system is the sum of inverter current and 

the current of the filter capacitor.  

,PV q iq cqi i i= +  (2.59) 

where cqi  is the reactive current (or total current) of filter capacitor. Substituting (2.58) and 

(2.59) in (2.57) results in, 

1

,

tan(cos ) Lq iq cq

Ld PV d

i i i
PF

i i
− − −

=
−

 (2.60) 

To achieve a specific power factor, the reference reactive current is obtained as below: 

( )1
,tan(cos ) ( )iq Lq Ld PV d cqi i PF i i i−= − × − −  (2.61) 

Figure 2-17 illustrates the structure of power factor unit for generating reactive current 

reference when the objective of smart inverter control is power factor correction. The 

Power Factor Correction (PFC) unit generates the reactive current reference, ,q refi , based 

on reference power factor refPF , real and reactive current drawn by the load ( ,Ld refi  and 

,Lq refi ) and filter capacitor current ( cqi ).  
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Figure 2-17: Structure of power factor unit 

2.5.7 PWM unit 

The pulse width modulation (PWM) unit generates six switching pulses by using PLL 

output, phase angle, and PWM reference signals in dq-frame. Two PWM reference signals, 

Md and Mq, are converted to abc-frame by phase angle output of the PLL unit. Three PWM 

reference signals in abc-frame are compared with fixed frequency triangular carriers to 

generate the gate pulses of VSI switches. Figure 2-18 shows the PWM unit structure for 

obtaining gate pulses. The carrier frequency, which represents the switching frequency of 

the inverter, is chosen to be 10 kHz.  

abc

dq

ϕ

qM

dM am
bm
cm

Carrier

G2 

G1 
G4 

G3 
G6 

G5

Not Gate 
Logic

Comparator

 

Figure 2-18: Structure of PWM unit 
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2.6 Modeling of Study System and Design of Smart Inverter 
Controller 
The objective of this thesis is to design, develop and test a Smart PV Inverter control for a 

10 kW PV solar system already installed in the network of the Bluewater Power, Sarnia, 

Ontario. This section describes the model of the study system in Bluewater Power, and the 

design of all the components of the smart inverter for the 10 kW PV solar system.   

2.6.1 Bluewater Power Distribution Network 

The Bluewater network is modeled as a Thevenin’s equivalent voltage source behind its 

short circuit impedance. The Bluewater feeder as a study system is modeled with a 208V 

(L-L) voltage source with X/R ratio of 3. The Bluewater network parameters are given in 

Appendix A. 1. 

2.6.2 Passive Load 

In this thesis, the electrical load connected to the 10 kW PV solar system is considered as 

a 10 kVA constant-impedance static RLC load. Although the power consumption by the 

load varies as a function of the voltage, for a nominal voltage of 208/120 V, the total load 

remains 10 kVA: 10 kW if purely resistive, 10 kVar if purely inductive/capacitive or total 

10kVA if resistive-inductive, etc. 

2.6.3 PV Panels 

In this case study, a 10 kW PV system is connected to the PCC. The PV array consists of 

several modules. PV panel parameters are given in Appendix A. 2. It should be noted that 

for MPPT control of this particular PV panel, it is assumed that the panel voltage is within 

the control range of the DC controller. Therefore, the need of DC/DC converter is neglected 

in all studies in this thesis.  

2.6.4 PV Inverter 

In this study, the PV system is equipped with a 10 kVA two-level six-pule IGBT-based 

VSI with SPWM technique. As a tradeoff between losses and harmonics generation, the 

switching frequency of the inverter is chosen 10 kHz for SPWM technique. It should be 
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noted that by considering turn-off and turn-on time of the IGBT gate, the dead-time delay 

has been chosen 1µs to avoid shoot-through of the IGBT switches in an inverter leg [137, 

138]. The parameters of the IGBT switches, DC link capacitor and inverter are provided in 

Appendix A. 3. 

2.6.5 Harmonics Filter 

To mitigate the harmonics generated by switching frequency, an LCL filter is used to refine 

the current and voltage output of the inverter. Equations (2.8)-(2.13) are used to design the 

filter parameters. By considering 10% current ripple ( ,0.1ripple inverter peaki I= × ) and assuming 

ripple occurs at D=0.5, substituting system parameters in (2.8), the filter inductance is 

calculated as: 

(400 200) 0.5 0.00125 mH
2 0.1 40 10000fL − ×

= =
× × ×  

(2.62) 

The reactance value is chosen 1.2 mHfL =  and it is used to check the condition in (2.9).  

0X 2 2 60 0.00125 0.47f ff Lπ π= = × × × = Ω  (2.63) 

 and  

2 2
, (208)X 4.326

10000
b L L

b
b

V
P

−= = = Ω  (2.64) 

By comparing (2.63) and (2.64), the admittance of calculated filter inductor is 

approximately 0.11 pu and thus the condition in (2.9) is satisfied.  

Based on (2.10),  

2

0.05 10000 31
377 (208)fC Fµ×

≤ =
×

 (2.65) 

 Hence, the filter capacitor is chosen 30fC Fµ= . 
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Assuming the leakage impedance of the transformer to be about 0.1 pu, the resonance 

frequency would be: 

3 6

1 2 1 2 1186.3Hz
2 2 1.2 10 30 10r

f f

f
L Cπ π − −= = =

× × ×  
(2.66) 

Equation (2.67) reveals that the calculated resonance frequency is in the valid range per 

(2.12). 

600Hz 1186.3Hz 5000Hzrf< = <  (2.67) 

In the last stage of the filter design, the damping resistor is designed based on (2.13). 

6

1 1 1.49
3 2 6 1186.3 30 10d

r f

R
f Cπ π −= = = Ω

× × × × × × × ×  
(2.68) 

Therefore, filter parameters are obtained as 1.2 mHfL = , 30fC Fµ= and 1.49dR = Ω . 

2.6.6 Transformer 

In this study, a 10 kVA Delta-Wye grounded transformer is used for isolation of PV system 

from the distribution system. In other words, the inverter terminals are connected to Delta 

side and PCC connected to Wye side. The transformer has a unity ratio and it is used only 

for isolation purpose. The transformer parameters are provided in Appendix A. 4. 

2.7 Design of Smart Inverter Controller for the Study 
System 
This section presents the design of smart PV inverter controller for the study system in 

Bluewater network.  

2.7.1 PLL Design 

In the smart PV control plant, the three phase SRF-PLL is used. In this section, the design 

of the PLL is presented based on the principles in previous section. The Bluewater network 



50 

 

operates with 60 Hz and 208 V line-to-line voltage. Therefore peak AC voltage is obtained 

by: 

2ˆ 2 208 169.83
33

L LVV − = = × = 
   

 (2.69) 

Also, to remove higher harmonics of the measurement, the time constant of the filter in 

(2.21) is considered as 1fT ms= . In Figure 2-12, the open loop transfer function without 

compensation is: 

ˆ
( )

(1 )PLL
f

VG s
s T s

=
+  

 (2.70) 

Equation (2.70) reveals that the transfer function has a pole at 0s = . Hence, the 

“symmetrical optimum” technique is used to design the PI controller [139]. The PI control 

is assumed as below: 

,( ) PLL
PLL PLL gain

s zK s k
s

+
=

 
 (2.71) 

Then, by considering (2.70) and (2.71), the open loop transfer function is transformed in 

present of the controller as: 

,
1 2

ˆ 1( ) ( ) ( ) PLL gain PLL
PLL PLL PLL

f f

V k s zH s K s G s
T s T s−

 × +
= × =   +   

(2.72) 

At low frequency ( ) 180PLLH jω∠ ≈   due to the double pole at 0s = . By assuming 

1
PLL fz T −< , the angle of ( )H jω∠  is decreased by the Zero of the function when the 

frequency is increased. This decrement continues till it reaches to maximum angle mδ  at 

the certain frequency mω . Therefore, if the cross-over frequency cω  is chosen at mω  then 

mδ  will be the phase margin of the function in (2.72). The maximum phase margin mδ and 

mω are obtained as: 
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1 1
sin

1
f PLL

m
f PLL

T z
T z

δ −
 −

=   + 
 (2.73) 

1
c m f PLLT zω ω −= =  (2.74) 

Technically, mδ  is chosen between 30  and 75  to achieve faster response and a 

reasonable phase margin. By using (2.73) and (2.74), the parameters of the PI controller 

can be obtained as below: 

[ ]
1 sin( )

1 sin( )
m

PLL
m f

z
T

δ
δ

−
=

+
 (2.75) 

1
c f PLLT zω −=  (2.76) 

ˆ
c

PLLk
V
ω

=  (2.77) 

Before obtaining the controller parameters, first the uncompensated open loop function 

needs to be analyzed. Figure 2-19 illustrates the Bode diagram of uncompensated system 

in (2.70). 
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Figure 2-19: Bode diagram of uncompensated PLL transfer function 

Figure 2-19 reveals that the uncompensated system is stable but the PI controller makes 

the control system faster and more reliable. Although PI controller reduces the steady-state 

error and response time, it affects the stability margin. Therefore, a trade-off has to be 

made. To achieve better control performance, the phase margin is chosen 60mδ =  . For the 

chosen ˆ, andm fT Vδ as well as using (2.75)-(2.77), the PI controller parameters for the 

PLL are obtained as below: 

60 71.8
0.001 268 rad/s

ˆ 1.577169.83

m PLL

f c

PLL

z
T s

kV V

δ
ω

 = =
 = ⇒ = 
  == 



 (2.78) 

Applying the control parameter values in (2.72), the transfer function of the compensated 

system can be written as: 
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5
2

71.8 1( ) 2.68 10
1000PLL

sH s
s s
+ = ×  + 

 (2.79) 

The Bode diagram of the compensated PLL system represented by ( )PLLK s  shown in 

Figure 2-20. It demonstrates that the controller parameters are designed correctly and 

60mδ =   is exactly achieved at 268 rad/scω = . 

 

Figure 2-20: Bode diagram of the compensated PLL control loop 

2.7.2 Design of Current Controller 

In (2.33) and (2.34), the current components and control signals can be considered as the 

controller inputs and controller output, respectively. For achieving a proper modulating 

signal, the feed-forward terms are added to the controller signals based on (2.37) and 

(2.38). Hence, the uncompensated open-loop transfer functions of current control are: 

1d

id f f

u
i L s R

=
+

 
(2.80) 
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1q

iq f f

u
i L s R

=
+

 (2.81) 

Figure 2-21 illustrates the d-q current control loop with a compensator. (2.80) and (2.81) 

reveal that the dynamic equations of current in d-q frame are stable. Thus, a PI controller 

can be used to make the steady-state error zero and decrease the response time. To reduce 

the response time, it needs to move the transfer function pole farther from origin of the 

real-imaginary coordinates. 

−

 Controller 
ed udKId (s)

id,ref id1
Rf +Lf s

a) 

−

 Controller 

KIq (s)
eq uqiq,ref iq1

Rf +Lf s

b) 

Figure 2-21: Current loop with PI controller 

a) d-Component control loop     b)   q-component control loop 

It can be achieved by choosing the control parameters as: 

, ,( ) p d I d
Id

k s k
K s

s
+

=  (2.82) 

, ,( ) p q I q
Iq

k s k
K s

s
+

=  (2.83) 

where 
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,
,

p dq
i dq

Lk
σ

=  
(2.84) 

,
,

I dq
i dq

Rk
σ

=  (2.85) 

In (2.84) and (2.85), ,i dqσ  is the time constant for d-control and q-control loops to shift the 

transfer function pole. It is practically between 0.5 ms to 5 ms. It should be noted that 

different time constants can be used for d-control and q-control loops to provide different 

response times for those two loops. Based on design parameters, 1.2mHL =  and 

1 m .R = Ω . Also, the time constant for both loops is chosen 1 ms. Therefore, 

3 3

, ,3 3

1.2 10 1 101.2 , 1
1 10 1 10p dq I dqk k

− −

− −

× ×
= = = =

× ×
 (2.86) 

The closed-loop transfer function of the compensated control loop is thus given as: 

, ,

1
1

d
Id

d ref i d

iG
i sσ

= =
+

 (2.87) 

, ,

1
1

q
Iq

q ref i q

i
G

i sσ
= =

+
 (2.88) 
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2.7.3 DC Voltage Controller Design 

Equation (2.49) reveals that the uncompensated DC voltage loop is unstable due to the pole 

on the right hand side of the imaginary axis. For compensating the unstable transfer 

function, a PI controller is considered for the DC voltage controller as below: 

,( ) dc
dc dc gain

s zK s k
s
+

=   (2.89) 

Therefore, in presence of the controller, the open loop transfer function is transformed to: 

,
1 2

, ,

3 1( ) ( ) ( )
2

pcc d dc gain dc
dc dc dc

i d i d

V k s zH s K s G s
s sσ σ

−
−

 × × +
= × =−   × + 

 (2.90) 

The DC voltage control loop is considered as an outer loop whereas the d-component 

control loop of the current is the inner loop. Technically, inner loop should be faster than 

outer loop to ensure stability of the both the control loops. As the compensated system 

includes two poles in its dynamic equation, the “symmetrical optimum” technique can be 

applied for the DC controller design. As discussed in Section 2.7.1 for PLL design, the 

control parameters can be obtained as below: 

[ ] ,

1 sin( )
1 sin( )

m
dc

m i d

z δ
δ σ

−
=

+
 (2.91) 

1
,c i d dczω σ −=  (2.92) 

, 3
c

dc gain
pcc d

Ck
V
ω

−

×
= −

×
 (2.93) 

By choosing 50mδ =  the PI controller parameters are obtained as: 
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m dc
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σ ω
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 (2.94) 

By substituting the values of the control parameters value, the compensated transfer 

function is rewritten as: 

5
2

132.5 1( ) 3.64 10
1000dc

sH s
s s
+ = ×  + 

 (2.95) 

The Bode diagram of the DC voltage loop with the compensator ( )dcH s  is shown in 

Figure 2-22. It shows that the controller parameters are designed correctly and 50mδ =   is 

exactly achieved at 364 rad/scω = . 

 

Figure 2-22: Bode diagram of the compensated PLL control loop 
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2.7.4 Design of AC Voltage Controller 

The DC link voltage and active power are controlled by idi  whereas iqi  controls the PCC 

voltage and consequently the reactive power. Thus, active power and reactive power are 

controlled independently. Figure 2-23 illustrates the structure of PCC voltage control loop. 

The left hand side of (2.55) and the closed loop transfer function of current controller in q-

axis are defined as the dynamic system for AC voltage controller. Hence, the 

uncompensated loop for ac voltage can be written as: 

( ) 0
0

,

( ) ( )
1

g
ac iq g

i q

L
G s G s L

s
ω

ω
σ

−
= × − =

+
 (2.96) 

It should be noted that other terms of (2.55) can be added as feed-forward terms. Equation 

(2.96) reveals that the uncompensated loop of AC voltage loop is unstable due to negative 

gain. It should be noted that the AC voltage control loop includes the inner loop which is 

the current control loop. Therefore, the outer control loop needs to be slower than inner 

loop. This can be achieved by designing a proper controller to provide smaller bandwidth 

compared to current control loop. Also, the dynamics of d-axis as feed-forward term can 

be neglected when the current control loop is faster than AC voltage control loop [33].  

−

Vac,ref Vpcc,d 
KVac (s)

Iq,ref Iq

ILq

−

ILdId −

Giq (s) Lg ω0 

Lg s |V|

 

Figure 2-23: Block diagram of PCC voltage control loop 

By considering ( )iqG s  in (2.88), the bandwidth of the inner control loop is given as 

, 1000 rad/sc iqω = . The AC voltage controller is chosen as below: 
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,( ) gain ac
ac

k
K s

s
=  (2.97) 

By choosing , 222gain ack = −  the closed-loop bandwidth of AC voltage loop would be 

, 100 rad/sc ACω = which is 10 times smaller than current control loop. Figure 2-24 shows 

the Bode diagram of AC voltage control loop when the controller is applied to the control 

plant. It is demonstrated that the phase margin of 84ACδ = will be achieved at the 

frequency , 100 rad/sc ACω = .  

 

Figure 2-24: Bode diagram of the compensated AC voltage control loop 

2.8 Conclusion 
This chapter presents the modeling of different components of a typical radial distribution 

system with a PV solar system. The operating principles of the smart PV inverter are 

presented for both Partial and Full STATCOM modes, for the two control objectives of 
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voltage control and power factor correction. The different inverter components and 

controller parameters are designed for a 10kVA smart PV inverter system to be 

implemented in the distribution network of the Bluewater Power, Sarnia. The smart 

inverter controller includes PLL, abc-dq transformation block, d-q current controller, DC 

voltage controller, AC bus voltage controller, mode selector unit, power factor correction 

unit and PWM unit. The design procedure of each component is described for the study 

system. The controller parameters are designed utilizing classic control theory. The 

designed controllers are employed in simulation studies in the next chapters.    
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CHAPTER 3 

3 SOFTWARE SIMULATION OF SMART PV INVERTER 

3.1 Introduction 
This chapter presents the simulation of a PV system with smart inverter controls in a 

distribution system utilizing the industry grade electromagnetic transients simulation 

software PSCAD/EMTDC. The study system corresponds to the distribution system of 

Bluewater Power Distribution Corporation, Sarnia, where a 10 kW PV system is installed 

on the site, as modeled in Chapter 2. The smart inverter controller follows two different 

control objectives, voltage control and power factor correction. The different modes of 

operation of the smart inverter: Full PV, Partial PV-STATCOM, and Full PV-STATCOM, 

are described. The performance of 10 kW PV solar system with the above smart inverter 

controls for different operating conditions, is illustrated.  

3.2 Study System 
Figure 3-1 depicts the study system for the smart inverter control simulation studies. The 

Bluewater power network is modeled by the short circuit impedance at the point of 

common coupling (PCC) of the 10 kW PV solar system, which is represented by equivalent 

resistance Rg and equivalent inductance Lg. Three subsystems are connected to the PCC in 

order to compare their individual performance. These subsystems are: 10 kVA PV system, 

10 kVA STATCOM, and 10 kVA PV-STATCOM. The 10 kVA load comprises a parallel 

combination of Resistor, Inductor and Capacitor. The different system parameters are 

provided in Appendix A. 
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3.3 Simulation Results 
The following system studies are conducted to evaluate the performance of the smart 

inverter in different modes of operation: 

i) conventional PV operation during both forward and reverse power flow conditions, 
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Figure 3-1: Study system 
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ii) conventional STATCOM operation for reactive power control and voltage 

regulation, 

iii) smart PV inverter operation in “Partial STATCOM” mode for power factor 

correction and voltage control, and 

iv) smart PV inverter operation in “Full STATCOM” mode for voltage control during 

both forward and reverse power flow conditions. 

In all simulation results, the PCC voltage is denoted with vpcc. Grid current and load current 

are represented by igrid and iLoad respectively. Also, the PV system current before and after 

harmonics filter are represented by iinverter and iPV   respectively.  

3.3.1 Conventional PV System Operation 

In this section, the performance of a conventional PV system (or, smart PV inverter in 

conventional PV operating mode) is analyzed for forward and reverse power flow. Hence, 

only the PV subsystem is considered to be connected to the PCC in Figure 3-1, while the 

other subsystems are disconnected. The forward and reverse power flow conditions are 

created by an appropriate choice of the PV power and load power. Three events are studied 

for both forward and reverse power flow scenarios. These are i) connection of PV system, 

ii) change of power output of PV system, and iii) disconnection of PV system.  

3.3.1.1 Forward Power Flow 

The active and reactive power loads in Figure 3-1 are considered as 6 kW and 6 kvar, 

respectively. Initially, the PV system is assumed to generate 3 kW active power. Therefore, 

a net forward power flow occurs from the grid towards the load.  Figure 3-2 (a)-(e) illustrate 

the PCC voltage vpcc, grid current igrid, PV system current after filter ipv, inverter current 

before filter iinverter and load current iload, respectively.  

At t=1 sec the PV system is connected to the grid when it generates 3 kW. The PV current 

ipv transiently increases and takes about one cycle to stabilize. This transient is also 

reflected in grid current igrid. Injection of 3 kW of PV power causes the PCC voltage vpcc 

to rise, resulting in a steady state rise in current iload through constant impedance load, 
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although after a transient. The inverter filter effectively removes the harmonics in the 

inverter current iinverter.  

At t=1.04 sec, the PV system power changes from 3 kW to 6 kW. This causes PV current 

ipv and PCC voltage vpcc to rise. The load current iload increases slightly due to rise in PCC 

voltage, but the grid current igrid decreases since the load is now supplied more by the PV 

power output.  

At t=1.08 sec, the PV system is disconnected from the PCC. The inverter current iinverter 

and PV current ipv go to zero instantaneously. The PCC voltage vpcc decreases reducing the 

load current iload correspondingly. The grid current increases, as it now has to supply the 

entire load 

3.3.1.2 Reverse Power Flow 

Figure 3-3 (a)-(c) illustrate the PCC voltage vpcc, grid current igrid and PV system current 

ipv for PV test during reverse power flow. In this test, the active and reactive load are 

considered as 1 kW and 1 kvar, respectively.  

At t=1 sec, the PV system is connected to the grid with 3 kW power generation. Hence, 

the surplus power flows in the reverse direction towards the grid source. The PV current 

ipv transiently increases and takes more than one cycle to stabilize. However, the sudden 

power reversal in the grid causes a bigger transient in grid current igrid, as well as in the 

PCC voltage. The PCC voltage rises due to injection of real power from the PV system.  

At t=1.04 sec, the PV generation increased from 3 kW to 6 kW. This causes PV current ipv 

and PCC voltage vpcc to rise. The grid current igrid increases in the reverse direction due to 

PV power generation becoming higher than the required load power.  

At t=1.08 sec, the PV system is disconnected from the PCC. The PV current ipv goes to 

zero instantaneously. The PCC voltage vpcc decreases slightly and the grid current goes to 

its initial value before PV system connection.  
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Figure 3-2: Voltage and currents waveforms for full PV operation during forward 

power flow 

a) PCC voltage  b) Grid current  c) PV current  d) Inverter current 
e) Load current 
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3.3.2 STATCOM Operation 

In this section, the performance of a conventional STATCOM system is analyzed for 

voltage control and reactive power control. Therefore, in Figure 3-1 the STATCOM system 

is connected to the grid whereas PV and PV-STATCOM systems are disconnected. Two 

tests, reactive power control and voltage control, are performed to show the effects of the 

STATCOM on the grid. 

 

Figure 3-3: Voltage and currents waveforms for full PV operation during reverse 

power flow 

a) PCC voltage          b) Grid current       c) PV current   
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3.3.2.1 Reactive Power Control 

The reactive power control of a STATCOM is presented in this section. For this study, the 

active and reactive power of the load are considered as 6 kW and 6 kvar, respectively. 

Figure 3-4 (a)-(c) demonstrate the PCC voltage (vpcc), grid current (igrid) and STATCOM 

current (iSTATCOM). Also, Figure 3-5 (a) and (b) illustrate the active and reactive power based 

on the following events. 

 At t=1 sec, STATCOM is connected to the grid while the reactive power reference value 

is 10 kvar capacitive. Reactive power injection by STATCOM to the grid causes PCC 

voltage (vpcc) to rise. As some portion of reactive power requirement of the load is supplied 

by STATCOM, the grid current (igrid) reduces slightly. Active power of the STATCOM 

(PSTATCOM) is negligible due to losses of the IGBT switches. Hence, the active power of the 

load (PLoad) is supplied by the grid. Reactive power output of the STATCOM (QSTATCOM) 

is exactly 10 kvar capacitive based on the reference value of the controller. As the reactive 

power (QLoad) requirement of the load is about 6 kvar inductive, the surplus reactive power 

of the STATCOM injected to the grid as grid reactive power (Qgrid). 

At t=1.04 sec, the controller reference value for reactive power is changed from 10 kvar 

capacitive to 7.5 kvar inductive. The controller follows the reference value and absorbs 7.5 

kvar. Subsequently, the PCC voltage (vpcc) drops significantly after a transient. As both 

STATCOM and load consume inductive reactive power, the grid current (igrid) is increased 

to support the load. Also, the phase angle of STATCOM current (iSTATCOM) changes 180o 

due to shifting from capacitive to inductive operation mode. Active power of the 

STATCOM remains at zero level whereas the reactive power of STATCOM (QSTATCOM) 

follows the reference value and changes from 10 kvar capacitive to 7.5 kvar inductive.  

At t=1.08 sec, the reference value of the reactive power changes from 7.5 kvar inductive 

to 10 kvar capacitive. The results reveal that the PCC voltage increases due to STATCOM 

reactive power injection. Also, the STATCOM accurately tracks the reference command 

to provide 10 kvar reactive power.  
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At t=1.12 sec, the STATCOM is disconnected from the PCC. The STATCOM current 

(iSTATCOM) goes to zero instantaneously. Disconnection of the STATCOM reduces the PCC 

voltage (vpcc) correspondingly. The grid current increases, as it now has to supply the entire 

load. 

 

 

Figure 3-4: Voltage and currents waveforms for STATCOM operation with 

reactive power control 

a) PCC voltage    b) Grid current    c) STATCOM current   
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Figure 3-5: Active and reactive power waveforms for STATCOM operation with 

reactive power control 

a) Active Power                       b) Reactive Power    

3.3.2.2 Voltage Control 

The STATCOM is now used to control or regulate the PCC voltage. The load power is 

kept 3 kW for this study of STATCOM with voltage control. Figure 3-6 (a)-(d) shows the 

per-unit voltage of the PCC (vPCC,pu), PCC voltage waveforms (vpcc) and grid current (igrid) 

and STATCOM current (iSTATCOM).  

At t=1 sec, the STATCOM is connected to the PCC while initially the reference voltage is 

1.06 pu. The STATCOM follows the reference value and increases the PCC voltage 

(vPCC,pu) from 1pu to 1.06 pu. The PCC voltage waveforms (vpcc) shows the enhancement 

of the voltage due to the STATCOM operation. Due to surplus STATCOM current 

(iSTATCOM), grid current (igrid) is increased. The PCC voltage tracks the reference value 

within one cycle.  
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At t=1 .04 sec, the reference value of the voltage controller is changed from 1.06 pu to 0.94 

pu. The per-unit value of PCC voltage as well as PCC voltage waveform show that the 

STATCOM reduces the bus voltage and controls it accurately to 0.94 pu. The STATCOM 

current (iSTATCOM) is shifted from 90o leading to 90o lagging to reduce the PCC voltage. The 

STATCOM current causes the grid current (igrid) to increase.  

At t=1.08 sec, the reference value of the voltage is changed from 0.94 pu to 1.06 pu. In 

other words, the operation region of the STATCOM is changed from inductive to 

capacitive. The PCC voltage waveform (vpcc) confirms that the controller follows the 

reference value and regulates the voltage to 1.06 pu. The results reveal that the STATCOM 

changes the PCC voltage within one cycle.  

At t=1.12 sec, the STATCOM is disconnected from the PCC. The STATCOM current 

(iSTATCOM) goes to zero instantaneously. As the last operation mode of the STATCOM is 

capacitive, disconnection of the STATCOM reduces the PCC voltage (vPCC,pu) 

correspondingly. The grid current increases, as it now has to supply the entire load. 



71 

 

 

Figure 3-6: Voltage and currents waveforms for STATCOM operation with 

voltage control 

a) PCC voltage (pu)   b) PCC Voltage  c) Grid current   d) STATCOM current   
 

3.3.3 Smart PV Inverter Operation in Partial STATCOM Mode 

In this section, the remaining capacity of the inverter is used to exchange reactive power. 

Hence, this mode of the controller called “Partial STATCOM” mode. In other words, the 

conventional PV system operates as a STATCOM with the partial capacity of the inverter 

during daytime. In partial mode, the controller objectives are power factor correction and 

voltage control. For validating the proposed novel controller, the PV-STATCOM system 
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in Figure 3-1 is connected to the grid whereas the conventional PV system and STATCOM 

system are disconnected.  

3.3.3.1 Power Factor Correction 

Figure 3-7 (a)-(c) demonstrates grid power factor, PCC voltage (vpcc)  and grid current (igrid) 

for phase “A” while the control objective of the smart PV inverter is power factor 

correction. In this study, the active load is 6 kW whereas reactive load is changed from 

inductive to capacitive. Initially the reactive load is 4 kvar inductive. Figure 3-8 (a) and (b) 

show the active and reactive power changes of the grid, load and PV system during load 

and PV power variations. 

At t=1 sec, the PV-STATCOM system is connected to the grid and control objective is set 

to PV mode. In this stage, the PV system output is 3 kW. The power factor of the grid is 

about 0.69 when PV-STATCOM only generates active power. Therefore, PCC voltage 

(vpcc) and grid current (igrid) are not in phase. Active power of the load (Pload) is supplied 

by both grid (Pgrid) and PV-STATCOM system (Pspv) whereas most part of the reactive 

load (Qload) is supplied by the grid (Qgrid). The reactive power of PV-STATCOM (Qspv) is 

equal to reactive power of harmonics filter which is not considerable.  

At t=1.04 sec, the power factor correction mode is activated and the controller uses the 

remaining capacity of the inverter to improve power factor to unity. The grid power factor 

is enhanced from 0.69 to unity by the controller. As a consequence, the PCC voltage (vpcc) 

and grid current (igrid) become in phase after a transient. To improve power factor, the PV-

STATCOM exchanges reactive power equal to the reactive power requirement of the load. 

Hence, the reactive power of PV-STATCOM (Qspv) is equal to (Qload), and so, the grid 

reactive power (Qgrid) falls to zero. Also, the results reveal that the power factor 

improvement by smart PV inverter does not influence the active power production. In other 

words, the active power output of PV-STATCOM (Pspv) remains at 3 kW during power 

factor correction. The decoupled operation of the real and reactive power controllers is thus 

demonstrated successfully. 
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At t=1.08 sec, the reactive load changes from 4 kvar inductive to 3 kvar capacitive whereas 

the active load is remains constant at 6 kW. The power factor is kept unity by the controller 

in present of load variation. Therefore, PCC voltage and grid current remain in the same 

phase. In other words, the grid reactive power is zero and the load reactive power is 

supported by PV-STATCOM system.  

At t=1.12 sec, the active power output of the PV-STATCOM system changes from 3 kW 

to 4.5 kW. The load is kept constant at 6 kW and 3 kvar capacitive. The power factor 

remains at unity even during the active power changes of PV-STATCOM system. This 

demonstrates the effectiveness of decoupling between active and reactive power 

controllers. The entire reactive power of the load is supplied by the PV-STATCOM system 

while supplying 4.5 kW of the 6 kW active load.  

At t=1.16 sec, the PV-STATCOM system is disconnected from the grid, and so, the power 

factor drops down to 0.69 due to reactive load. Therefore, the grid current rises up to supply 

active and reactive loads.  
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Figure 3-7: Simulation results for partial STATCOM mode with power factor 

correction 

a) Power Factor       b) PCC voltage (phase A)      c) Grid current (phase A)   
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Figure 3-8: Active and reactive powers for partial STATCOM mode with power 

factor correction 

a) Active power         b) Reactive power   
 

3.3.3.2 Voltage Control 

In this test, the smart PV inverter controller uses the remaining capacity of the inverter in 

Partial STATCOM mode to control the PCC voltage. The active and reactive loads are 

presumed to be 6 kW and 3 kvar inductive in this study. Figure 3-9 (a)-(d) depicts the PCC 

voltage (vpcc), grid current (igrid), PV system current (ispv), inverter current (iinverter) 

waveforms, respectively. Figure 3-10 (a)-(f) demonstrate the control signals of the 

controller. Figure 3-10 (a), (b) and (c) show the PCC voltage in per-unit (Vpcc,pu) and  

voltage in d-q frame (Vd, Vq), respectively. Figure 3-10 (d) and (e) illustrate the d-

component (id) and q-component (iq) of the inverter current. Figure 3-10 (f) shows the DC 

link voltage (Vdc) for voltage control study in partial STATCOM operation mode. 
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Figure 3-9 and Figure 3-10 show the behavior of the system and controller parameters 

under following events: 

At t=1 sec, the smart PV inverter is connected to the grid in full PV mode while it generates 

3 kW active power. After connectivity transient, the PV system provides a portion of the 

active load requirements and the rest of the power is absorbed from the grid by the load. 

Therefore, the power flows in the forward direction in the grid. The active power generation 

of the PV-STATCOM system increases the PCC voltage (vpcc) slightly. Also, the PV-

STATCOM current (ispv) causes the grid current (igrid) to reduce. The comparison between 

inverter current (iinverter) before filter and PV-STATCOM current (ispv) after filter validates 

the effectiveness of the filter harmonics. The q-component of the PCC voltage (Vq) reveals 

that the PLL unit of the controller keeps Vq at zero level properly. Subsequently, the d-

component of the PCC voltage (Vd) represents the amplitude value. As at this stage, the 

voltage control is disabled (Vd) does not follow the reference value (Vd,ref). As the PV-

STATCOM generates only active power at this period, d-component of the inverter current 

(id) follows the reference value (id,ref) to generate active power and keep the DC link voltage 

charged at a certain value. As the PV-STATCOM operates as the conventional PV system, 

the reactive power output of the inverter is equal to zero. Therefore, the reactive current 

(iq) is controlled at zero level. Also, the DC link voltage (Vdc) follows the reference value 

(Vdc,ref) which is 400 V.  

At t=1.04 sec, the voltage control is enabled, and so, the smart PV inverter uses the 

remaining capacity of the inverter to regulate the PCC voltage. The active power output of 

the PV-STATCOM system is kept at 3 kW. The reference value of the voltage (Vpcc,ref) is 

set at 1.04 pu. The controller follows the reference value within one cycle and enhances 

the PCC voltage (vpcc and Vpcc,pu) to 1.04 pu. The PV-STATCOM current (ispv) is increased 

to control the voltage. The d-component of the PCC voltage (Vd) follows the reference 

value of the voltage control block whereas Vq is kept at zero by the PLL. As the active 

power of the PV-STATCOM is 3 kW, the reference value of the d-component of inverter 

current (id,ref) is not changed. The d-axis component of the inverter current (id) quickly 

follows the reference value after transient. The voltage controller changes the reference 

value of the q-component of the inverter current (iq,ref) to regulate the voltage at 1.04 pu. 
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Hence, the q-component of the inverter current (iq) tracks the reference value to control the 

voltage. The DC link voltage control is decoupled from the transients of AC voltage 

controller. Therefore, the DC link voltage (Vdc) follows the reference value (Vdc,ref)  without 

any considerable transient.  

At t=1.08 sec, the voltage control is kept enabled while the reference value of the voltage 

controller (Vpcc,ref)  is varied from 1.04 pu to 0.94 pu. The PCC voltage (vpcc and Vpcc,pu) is 

reduced to the reference value accurately in a rapid manner. This part of the study confirms 

the performance of the controller in switching the operation between inductive and 

capacitive regions. The d-component of the PCC voltage (Vd) is reduced based on the 

reference value. The q-component of the PCC voltage (Vq) is stabilized at zero level after 

the transients of the controller. As the operation mode of the controller is changed from 

capacitive to inductive, the reference value of the q-component of the inverter current (iq,ref) 

varies from negative value to positive value. The reference value of the active component 

of the inverter current is same as in previous case corresponding to 3 kW active power. The 

reactive component of the inverter current (iq) tracks the reference value to reduce the PCC 

voltage. The DC link voltage of the inverter shows that the PCC voltage control has no 

effect on DC voltage controller, once again demonstrating the effective decoupling 

between the real and reactive current controllers.  

At t=1.12 sec, the active power output of the PV-STATCOM changes from 3 kW to 6 kW 

while the controller regulates the PCC voltage at 0.94 pu. This study presents the effect of 

the active power changes on the AC bus voltage controller. The PCC voltage (vpcc and 

Vpcc,pu) is controlled at 0.94 pu after the transient. The PCC voltage reveals that the 

influence of the DC link voltage control on AC voltage controller is negligible. More solar 

power increases the PV-STATCOM current (ispv), and so, the grid current (igrid) is reduced. 

The d-component of the PCC voltage (Vd) is regulated at reference value. Also, the q-

component of the PCC voltage (Vq) is kept at zero level.  As in this period of the test, only 

active power changes therefore, the reference value of the active current (id,ref) varies 

whereas the reference value of the reactive current (iq,ref) is preserved at the previous level. 

The active current (id) follows the reference value to enhance the active power output of 

the PV-STATCOM. Also, the reactive component of the inverter current (iq) tracks the 
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reference value to regulate the PCC voltage at 0.94 pu. The DC link voltage shows that the 

active power changes of the PV-STATCOM influences the DC link voltage transient 

slightly.  

At t=1.16 sec, the PV-STATCOM system is disconnected from the grid. Subsequently, the 

inverter and PV system currents fall to zero and the grid solely supplies the load power. 

 

Figure 3-9: Simulation results for partial STATCOM operation with voltage 

control 

a) PCC voltage      b) Grid current    c) Smart PV current   d) Inverter Current 

It should be noted the voltage control with partial capacity of the inverter is applied for 

forward power flow condition. Next section shows the smart PV controller operation with 
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full capacity of the inverter while the surplus power from PV system flows in the reverse 

direction in the grid.  

 

Figure 3-10: Control signals for partial STATCOM operation with voltage control 

a) PCC voltage (pu)            b) d-component voltage      c) q-component voltage  
d) d-component current     e) q-component current      f) DC link voltage 

3.3.4 Smart PV Inverter Operation in Full STATCOM Mode 

In this section, the smart PV inverter operation in full STATCOM mode is presented. To 

demonstrate the controller performance, it is assumed that PV system generation is more 

than load consumption. Therefore, the surplus power of the PV flows in the grid in reverse 
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direction. To assess the controller performance in Full STATCOM mode, the active and 

reactive power load are considered 2 kW and 2 kvar whereas the PV system generates 6 

kW active power. Figure 3-11 (a) and (b) show the PCC voltage as per-unit and abc 

waveforms when the conventional PV system is subjected to a large load, suddenly.  

At t=1 sec, the PV system with conventional control is connected to the grid. The PCC 

voltage is increased due to active power generation of the PV system.  

At t=1.04 sec, a large reactive load is connected to the grid. Subsequently, the PCC voltage 

reduces significantly. The results show that the large load reduces the voltage to 0.91 pu 

which is outside the acceptable range of the utility.  

At t=1.10 sec, the network returns to the normal condition, and so, the voltage is recovers 

to about 0.99 pu.  

At t=1.14 sec, the PV system is disconnected from the PCC and in consequence the PCC 

voltage is reduced slightly.  

 

Figure 3-11: PCC Voltage of PV system without smart inverter controller 

a) rms voltage in per-unit         b) instantaneous voltage waveforms   
 

Figure 3-11 reveals that the conventional PV system fails to provide any voltage support 

during the connection of a large load, and the voltage drops substantially. Hence, the 
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conventional controller is replaced by the novel smart inverter controller to control the 

voltage in this circumstance. Figure 3-12 (a)-(e) demonstrate the PCC voltage (vpcc), grid 

current (igrid), smart PV system current (ispv), inverter current (iinverter) and load current 

(iload), respectively. 

Control signals are shown in Figure 3-13 (a)-(e) for smart PV inverter operation in Full 

STATCOM mode. Figure 3-13 (a) represents the per-unit value of the PCC voltage (Vpcc,pu)  

in control plant . The q-component of the PCC voltages (Vq) is shown in Figure 3-13 (b). 

Figure 3-13 (c) and (d) illustrate the d-component (id) and q-component (iq) of the inverter 

current. DC link voltage (Vdc) is shown in Figure 3-13 (e). The active and reactive power 

flows of the study system are shown in Figure 3-14 (a) and (b), respectively.  

At t=1 sec, the PV-STATCOM system is connected to the grid when it generates 6 kW 

active power as a conventional PV system. Initially, 2 kW and 2 kvar active and reactive 

loads are connected to the grid. The PV system connection creates a transient on the grid 

voltage (vpcc) and grid current (igrid). Active power of the PV-STATCOM system increases 

the PCC voltage (vpcc) slightly. The grid current (igrid) is decreased due to PV-STATCOM 

current (ispv). By comparing inverter current (iinverter) and PV-STATCOM current (ispv) 

which is after filter harmonics, it is revealed that the harmonics filter is designed properly. 

The per-unit value of the PCC voltage shows that the PCC voltage (Vpcc,pu) reaches 0.97 pu 

after activation of the PV-STATCOM system. The PLL controller controls the q-

component of the PCC voltage (Vq) at zero. Due to 6 kW solar power generation, the active 

component of the inverter current (id) follows the reference value (id,ref). As the PV-

STATCOM system operates in the full PV mode, the reference value of the reactive 

component of the inverter current (iq,ref) is zero. Therefore, the reactive current (iq) is kept 

at zero level by the controller. The DC link voltage (Vdc) follows the reference value (Vdc,ref) 

which is 400 V. The PV-STATCOM system supplies active power consumption of the load 

(Pload) and surplus power flows into grid in the reverse direction. Therefore, active power 

of the grid (Pgrid) becomes negative. The 2 kvar reactive load (Qload) is supplied by the grid 

(Qgrid) and the harmonics filter of the PV-STATCOM (Qspv). However, the reactive power 

output of the inverter is kept zero by controlling iq at zero.  
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At t=1.04 sec, a large amount of the load is connected to the grid suddenly. The total load 

becomes 4 kW active and 8 kvar reactive. The novel smart inverter controller controller 

disconnects the solar panel in this situation and controls the PCC voltage at pre-fault value 

with full inverter capacity in Full STATCOM mode. The PCC voltage (vpcc) is successfully 

maintained at pre-fault value of 0.97 pu despite the sudden load connectivity. The PV-

STATCOM current (ispv) is increased due to the reactive current of the inverter for voltage 

control. Hence, the surplus reactive current increases the grid current (igrid). The load 

current (iload) rises significantly when the sudden load is connected. After a transient the 

PLL regulates the q-component of the PCC voltage tozero. As the solar panel is 

disconnected from the inverter, the active power output of the inverter reduces to zero. 

Correspondingly, the reference value of the active current (id,ref) is set to zero. The active 

current of the inverter (iq) follows the reference value and is controlled at zero. Therefore, 

the controller is able to use the entire current rating for exchanging reactive current. The 

reactive current of the inverter (iq) tracks the reference value (iq,ref) to prevent the severe 

voltage drop. The DC link voltage (Vdc) follows the reference value (Vdc,ref) which is 400 

V. Since the solar panel is disconnected by the controller, the active power output of the 

PV-STATCOM (Pspv) becomes zero, and the entire active load (Pload) is supplied by the 

grid power (Pgrid). Due to the large load connectivity, the reactive power of the load (Qload) 

increases suddenly. To control PCC voltage, the PV-STATCOM generates reactive power 

(Qspv) during the transient.  

At t=1.10 sec, the large load is removed and the controller returns to full PV operation 

mode. In other words, the controller connects the solar panel to the inverter and generates 

only active power. The voltage control mode is deactivated as the PCC voltage (vpcc) is 

within acceptable range. Due to a small amount of PV-STATCOM current (ispv) to the grid, 

the grid current (igrid) is reduced. As the large load is removed the load current (iload) is 

decreased significantly. Due to PLL operation, the d-component of the PCC voltage 

(Vpcc,pu) becomes equal to the voltage magnitude whereas the q-component of the voltage 

(Vq) is zero. The active component of the inverter current (id) follows the reference value 

(id,ref) to generate 6 kW solar power. As the PV-STATCOM system operates as the full PV 

system, the reference value of the reactive component of the inverter current (iq,ref) is made 

zero. Hence, the current controller regulates the reactive current (iq) to zero. The DC link 
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voltage (Vdc) follows the reference value (Vdc,ref) after it is stabilized. As active power 

generation of the PV-STATCOM system (Pspv) is more than the active load consumption 

(Pload), the surplus power flows in the reverse direction in the grid. The reactive power 

output of the inverter is zero during the full PV mode of operation. However, the PV-

STATCOM system exchanges reactive power (Qspv) by the harmonics filter and the 

interface transformer. Hence, the 2 kvar reactive load (Qload) is supplied by the grid (Qgrid) 

and the harmonics filter of the PV-STATCOM (Qspv). 

At t=1.14 sec, the PV-STATCOM system is disconnected from the grid. In consequence, 

the PCC voltage (vpcc) drops slightly. The PV-STATCOM current (ispv) and inverter current 

(iinverter) fall to zero. The grid current (igrid) is increased to supply active and reactive loads. 

As the PV-STATCOM current is zero both d-component (id) and q-component (iq) of the 

inverter current become zero. Also, the DC link voltage (Vdc) becomes equal to open source 

voltage of the solar panel. As both active power and reactive power of the PV-STATCOM 

are zero, the active power and reactive power of the load are equal to grid power.  

 

. 
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Figure 3-12: Simulation results for full STATCOM mode with voltage control 

a) PCC voltage             b) Grid current      c) Smart PV current  
d) Inverter current      e) Load current      
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Figure 3-13: Control signals for full STATCOM mode with voltage control 

a) PCC voltage (pu)             b) q-component voltage      c) d-component current     
d) q-component current       e) DC link voltage 
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Figure 3-14: Active and reactive powers for full STATCOM mode with voltage 

control 

a) Active power         b) Reactive power   
 

3.4 Conclusion 
In this chapter, a system model of a realistic feeder of Bluewater Inc. network is developed 

in PSCAD/EMTDC software. A 10 kVA PV system is connected to the grid in presence 

of different loads. The controller of the conventional PV system is replaced by a smart 

inverter controller to operate in Partial STATCOM mode and Full STATCOM mode 

depending upon the system requirements. The control objectives for partial STATCOM 

operation mode are power factor correction, voltage regulation and reactive power control. 

However, voltage control is the sole control objective in full STATCOM operation mode. 

The software simulation studies validate the controller performance for both modes of 

operation for achieving the control objectives.  

In partial STATCOM mode, the controller keeps the grid power factor at unity by providing 

the required reactive power of the load. Also, the controller is evaluated for voltage control 
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in both capacitive and inductive regions. During voltage control, the active power output 

of PV system is changed to demonstrate the successful decoupling of the active and 

reactive power controllers.  

In full STATCOM operation mode, the sudden connection of load causes the controller to 

disconnect the solar panels from the inverter and control the voltage with full capacity of 

the inverter.  

The smart inverter controller regulates the PCC voltage in both capacitive and inductive 

regions in one cycle. 
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CHAPTER 4 

4 REAL TIME DIGITAL SIMULATION (RTDS) AND 
HARDWARE-IN-LOOP (HIL) SIMULATION OF SMART 
PV INVERTER 

4.1 Introduction 
This chapter presents the simulation of the proposed novel smart PV inverter control on 

the Real Time Digital Simulator (RTDS) utilizing Hardware-in-Loop (HIL) technique. The 

study system corresponds to the 10kVA Bluewater Power distribution network with the 10 

kVA PV solar system. The equivalent study system including the grid, PV system and load 

are modeled in the Real Time Digital Simulator (RTDS) and the controller is implemented 

on dSPACE controller board. The RTDS is connected to the dSPACE through a hardware-

in -loop configuration and the entire system is simulated in real-time. The results of this 

study are expected to better validate the smart inverter controller performance as compared 

to the PSCAD/EMTDC software simulation which was not in real-time. 

4.2 Concept of Real Time Digital Simulation and HIL 
The design of a prototype model and its controller such as for inverters and FACTS devices 

has to go through different stages of testing and validation before installation in the field. 

The first phase of performance testing is performed through industry grade electromagnetic 

transient software simulation studies. These simulation studies presents a perspective to 

the designer about power systems and the controller behavior during steady-state and 

transient conditions, such as faults [140, 141]. Correspondingly the novel smart PV inverter 

controller is modeled in PSCAD/EMTDC software for testing and validation. 

Although, different types of extensive studies can be performed by these simulation 

software but these software model the power systems in non-real time. The simulation 

software needs substantially more time to evaluate the performance of simulated system 

than the time taken by the real phenomena, as several complex differential equations may 

need to be solved. For example, the simulation of a few millisecond transient occurring in 

a power system having an inverter may take few minutes of simulation time. 
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For this reason, the second phase of performance validation of the controller prototype is 

typically performed through real-time digital simulation studies. Such real time studies 

provide a more accurate and reliable perspective of the controller performance than non- 

real-time software studies. Recent improvements in computing hardware and processors 

have made real-time simulation of power systems, possible. The prominent real-time 

digital simulation hardware for the power system studies are RTDS and OPAL-RT [142, 

143]. The RTDS Technologies have developed the Real Time Digital Simulator (RTDS) 

which is a specialized parallel-processing hardware to simulate the power systems models 

in real-time. The RTDS provides the real-time studies for power systems and power 

electronics models by employing high speed processors. The power system models such 

as generators, passive and dynamics load, inverter and converters, transmission line are 

implemented on the RTDS processors through the user interface software. However, it 

should be noted that in RTDS studies, all components including power systems, power 

electronics and controller are modeled on the RTDS hardware [144, 145]. Accordingly, the 

novel smart PV inverter controller as well as entire study system are implemented on the 

RTDS to verify the controller performance in real-time. 

Although the RTDS is an effective tool, the effects of input/output (I/O) signals, 

environment disturbances on the controller signals and controller delays are neglected since 

all the component are implemented in software on the RTDS. A Hardware-In-the Loop 

(HIL) study is therefore considered as a next stage for more accurate testing and 

verification of the controller performance in real-time. In a HIL study, the controller is 

implemented on a separate hardware and linked with the RTDS hardware through actual 

input/output signals. While the RTDS simulates the mathematical models of power systems 

and power electronics components in software resident in the RTDS, the actual controller 

is implemented in hardware on a microcontroller or DSP-based board. The controller board 

and RTDS communicate through analog and digital input/output [146-148]. For HIL study 

of the novel smart PV inverter controller, the controller is implemented on the dSPACE 

board whereas the study system is modeled on the RTDS. The required signal for control 

functions are sent through the output cards of the RTDS to input channels of the dSPACE 

board. Moreover, the PWM signals for inverter model inside the RTDS are forwarded by 

means of PWM unit of the dSPACE to input card of the RTDS. 
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4.3 Overview of Real Time Digital Simulator (RTDS) 
The Real Time Digital Simulator (RTDS) is a custom parallel-processing hardware 

architecture to model the study power system in real-time. The RTDS is utilized with real-

time simulation software, RSCAD, which has a graphical user interface (GUI) and 

mathematical solution algorithms for network equations and component models. The 

processor cards of RTDS are classified as 3PC, GPC and PB5 cards, each one containing 

two RISC processors. The PB5 card operates with 1.5 MHz clock whereas the GPC clock 

is 1 GHz. It should be noted that both PB5 and GPC cards are considered as high speed 

cards. Therefore, for modeling small time step components such as voltage source inverter 

with high switching frequency, only these high speed cards are appropriate. The 3PC card 

has low speed and only can be used for simulation of large time scale component such as 

power systems components. 

Also, the RTDS has various I/O cards such as Giga Transceiver Digital Input (GTDI) and 

Giga Transceiver Analog output (GTAO) to exchange data with external devices such as 

microprocessor or DSP boards which makes the RTDS capable of running simulation in 

real time with hardware-in-loop (HIL) feature [142, 149-151]. The study system can be 

modeled in RSCAD-Draft and the compiled file is uploaded on the RTDS processor cards 

through RSCAD-Runtime feature. Also, RSCAD-Runtime is used for monitoring the 

voltages and currents ae well as applying the commands like connect/disconnect switches. 

The RTDS is used for this research includes two GPC cards and two PB5 cards as well as 

one GTDI card and one GTAO card. Hence, both large time step and small time step 

components are modeled on high speed cards.  

4.4 Overview of dSPACE Controller Board 
The dSPACE controller board which is used in this research includes a DS1103 controller 

card and an I/O expansion box (CLP1103). The designed controller is implemented on 

DS1103 controller card. The DS1103 controller card includes a main processor with 333 

MHz clock rate and a DSP microcontroller (TMS320F240) with 20 MHz clock rate. The 

analog and digital inputs/outputs of master and slave processors are available on CLP1103 

expansion box. The detailed hardware architecture is provided in the dSPACE hardware 
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manual [152]. The MATLAB/Simulink software is used for programming of dSPACE 

board. In other words, the controller is designed in MATLAB/Simulink environment. 

Then, the designed controller is compiled and uploaded on DS1103 controller card as a 

binary code.  The dSPACE board is utilized with GUI software which is called Control 

Desk. The Control Desk software is used to monitor and apply changes on the control 

variables.  

4.5 HIL Structure 
In this chapter, the entire study system with the PV inverter is implemented on the RTDS 

processor cards, GPC and PB5. The inverter model inside the RTDS receives six pulses 

signals for the IGBT gates through Giga Transceiver Digital Input (GTDI) card. Also, the 

required signals for the controller board are sent by Giga Transceiver Analog output 

(GTAO) card. On the other hand, the smart PV controller is implemented externally to the 

RTDS using the dSPACE controller board. The implemented controller inside dSPACE 

board generates the gates pulses for the inverter model residing in the RTDS.  

The switching pulses are produced by the control algorithm and the pulses are sent to the 

GTDI card. Figure 4-1 illustrates the HIL structure of smart PV inverter system. As shown, 

the Bluewater network is modeled by an equivalent voltage source and the short circuit 

impedance. Also, a short power distribution line is modeled as an inductance and 

resistance. The passive loads are shown as resistive, inductive and capacitive loads. The 

PV system includes the solar panels, two-level three-phase voltage source inverter, 

harmonics filter and interface transformer. The implemented controller in dSPACE 

observes the PCC voltage, inverter current, load current and DC link voltage from the 

GTAO card. Based on the control objective and the operation mode, the controller produces 

appropriate switching pulses. The switching pulses through the PWM unit of the controller 

board are applied to GTDI card. Consequently, the smart PV inverter controller is 

simulated in real-time with hardware-in-loop structure. The hardware-wise view of the HIL 

structure is shown in Appendix B. 1. 
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Figure 4-1: HIL structure of the smart PV inverter with RTDS and dSPACE 
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4.6 Modeling of Smart PV Controller in MATLAB/Simulink 
To implement the smart PV inverter controller algorithm on the dSPACE controller board, 

MATLAB/Simulink software is used. In Simulink model, the input signals are assigned to 

specific analog-to-digital (ADC) channels. In other words, the PCC voltage, inverter 

current, load current and DC link voltage are received by ADC channels from RTDS output 

card. The controller is modeled based on the design description in Sec. 2.7. The simplified 

model of the smart PV controller in Simulink shown in Appendix B. 2. 

4.7 Graphic User Interface Design 
To monitor the network parameters such as voltages, currents and powers, a graphic user 

interface (GUI) is designed in RSCAD-Runtime software. Also, the designed GUI can 

provide an environment to apply certain changes to the network such as connecting or 

disconnecting loads. A view of the designed GUI in RSCAD shown in Appendix B. 3. 

Another GUI software is designed in ControlDesk software to apply different operating 

modes and control objectives on the controller implemented on the dSPACE board. Also, 

all voltages, currents and powers can be monitored through the designed GUI. This GUI is 

the main interface to define the controller objectives. Appendix B. 4 illustrates the designed 

GUI in ControlDesk software.  

4.8 HIL Study Results 
In this section, the results of HIL study are demonstrated for Partial and Full STATCOM 

operating modes of smart PV inverter. The control objectives are power factor correction, 

voltage control and reactive power control for partial STATCOM mode whereas the 

objective is voltage control for full STATCOM mode. Appendix B. 5 shows the HIL setup 

for this study.  

4.8.1 Smart PV Inverter Operation in Partial STATCOM Mode 

In partial STATCOM mode, the controller uses the remaining capacity of the inverter to 

perform the different control functions. In other words, the remaining capacity of the 
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inverter is used in order to perform power factor correction, voltage control and reactive 

power control. 

4.8.1.1 Power Factor Correction 

For the power factor correction test, the active and reactive loads are considered 6 kW and 

4.5 kvar whereas the active power generation of PV is 3 kW. Figure 4-2 (a)-(c) illustrate 

the power factor, phase “A” of PCC voltage (Vsa) and phase “A” of grid current (Iga). As 

shown in Figure 4-2 (a), the power factor is about 0.5 when the PV system generates only 

active power.  After the smart PV inverter controller is activated at t=0.020 sec, the power 

factor improves to unity in half a cycle. Also, Figure 4-2 (b) and (c) reveal that the current 

and voltage come in phase after the controller is activated. The PCC voltage (Vsa) is boosted 

based on the reactive power injection of smart PV inverter.  Also, the grid current (Iga) is 

reduced due to the reactive power compensation by PV-STATCOM system.  

Figure 4-3 (a) and (b) show the reactive power and active power, respectively. Before 

power factor control activation, the load reactive power (Qload) is about 4.5 kvar whereas 

reactive power of the PV-STATCOM (QSTATCOM) is only due to the harmonics filter. Hence, 

most portion of the load reactive power is supplied from the grid (Qgrid). When the power 

factor correction mode is activated through the dSPACE GUI, the PV-STATCOM system 

exchanges same amount of load reactive power to obtain unity power factor. It should be 

noted that due to reactive power injection of the PV-STATCOM, the PCC voltage is 

enhanced. As a consequence, the active load (Pload) and reactive load (Qload) are increased 

as the load type is constant impedance. The 6 kW active load (Pload) is now supplied by 

both PV-STATCOM system and grid. The active power of the PV-STATCOM (PSTATCOM) 

is stabilized after reactive power transient.  

Figure 3-7 and Figure 4-2 reveal that the HIL results and software study results are similar 

in transient and steady-state.  
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Figure 4-2: HIL results for smart PV inverter performance in partial STATCOM 

mode for power factor correction 

a) Power Factor       b) PCC voltage (phase A)      c) Grid current (phase A)   
 

 

Figure 4-3: Active and reactive powers for smart PV inverter performance in 

partial STATCOM mode for power factor correction 

a) Reactive power         b) Active power   
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4.8.1.2 Voltage Control 

This section presents the voltage control performance of the smart inverter controller 

operation in partial STATCOM mode. The controller performance is assessed for both 

capacitive and inductive operation regions. The voltage control study is performed while 

the PV system generates 3 kW active power. 

4.8.1.2.1 Capacitive Mode of Operation 

In this test, the active and reactive loads are 7 kW and 3 kvar, respectively. The reference 

value of the PCC voltage is changed in a step to 1.05 pu in the designed Control Panel of 

GUI. Figure 4-4 (a) and (b) depict the per-unit (V_PCC(pu)) and abc forms (VsA, VsB and 

VsC) of the PCC voltage. The PCC voltage rises up after the command is applied through 

the Control Panel. The controller precisely tracks the reference command (1.05 pu) in less 

than one cycle.  

Also, the grid current (Ig), smart PV system current (Is), inverter current (Ii), load current 

(IL) and DC link voltage (Vdc) are shown in Figure 4-5 (a)-(e). Figure 4-5 (a) shows the grid 

current changes due to change in PV current. Also, Figure 4-5 (b) and Figure 4-5 (c) 

validate the harmonic filter performance. The controller exchanges more reactive current 

 

Figure 4-4: PCC voltage for smart PV inverter operation in Partial STATCOM 

mode for voltage control in capacitive mode 

a) rms voltage in per-unit                 b) instantaneous voltage waveforms 
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to track the reference voltage. Figure 4-5 (e) reveals that the DC voltage controller regulates 

the DC link voltage at reference value (400 V) accurately.  

 

Figure 4-5: HIL results for smart PV inverter operation in Partial STATCOM 

mode for voltage control in capacitive mode 

a) Grid current                b) Smart PV current                 c) Inverter PV current 
d) Load Current              e) DC link voltage 
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4.8.1.2.2 Inductive Mode of Operation 

In inductive mode of voltage control, the smart PV inverter controller reduces the PCC 

voltage by absorbing reactive power. However, the required reactive power is absorbed 

utilizing the remaining capacity of the inverter. In this mode, the generation of active power 

is at higher priority than voltage control. Figure 4-6 (a) and (b) show the PCC voltage 

(V_PCC(pu)) in per-unit and in abc frame (VsA, VsB and VsC), respectively. To validate the 

controller performance for the inductive operation, the reference value of the voltage is 

changed in a step from 1.05 pu to 0.94 pu through the Control Panel of the designed GUI. 

As shown in Figure 4-6 (a) and (b), the voltage tracks the reference value in about one 

cycle. Therefore, the smart PV inverter controller effectively controls the PCC voltage in 

inductive region with the partial capacity of the inverter. 

 
Figure 4-6: PCC voltage for smart PV inverter operation in Partial STATCOM 

mode for voltage control in inductive mode 

a) rms voltage in per-unit                b) instantaneous voltage waveforms 

4.8.1.3 Reactive Power Control 

Another control objective that can be achieved utilizing the partial capacity of the inverter 

is the reactive power control. Figure 4-7 (a) and (b) illustrate the reactive and active powers 

of the grid, load and PV system, respectively. As shown, the reactive power of the PV 

system (QSTATCOM) changes from -5 kvar inductive to +8 kvar capacitive by means of the 
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designed GUI. It should be noted, as the constant impedance loads are considered for this 

test, the active load (PLoad) and reactive load (QLoad) change due to voltage variations. The 

active load is supplied by 3 kW power of the PV-STATCOM system (PSTATCOM) and rest 

of the power requirement of the load is delivered by the grid (Pgrid). 

 

Figure 4-7: Variations in Power for smart PV inverter operation in Partial 

STATCOM mode for reactive power control 

a) Reactive power         b) Active power   
 

The PCC voltage (Vs), grid current (Ig) and PV-STATCOM current (Is) are shown in 

Figure 4-8 (a)-(c) for reactive power control in partial STATCOM mode. It is shown that 

the PCC voltage increases due to capacitive reactive power. Also, the PV-STATCOM 

system exchanges more current (Is) to meet the control objective.  
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Figure 4-8: Simulation results for smart PV inverter operation in Partial 

STATCOM mode for reactive power control 

a) PCC voltage        b) Grid current      c) Smart PV current 
 

4.8.2 Smart PV Inverter Operation in Full STATCOM Mode 

For validating the controller performance during full STATCOM mode of operation, a 

large load is connected in the designed network model inside the RTDS. This load is 

connected through the designed GUI in RSCAD-Runtime. For this study, the power 

generation of the conventional PV system is set to 3 kW. Figure 4-9 (a) and (b) show the 

changes of PCC voltage while the large load (8 kvar) is connected to the grid suddenly. 

The PCC voltage (V_PCC) reduces from 0.96 pu to 0.85 pu. According to the utility 

requirements, the voltage cannot be below 0.94 pu. In other words, the large load causes 

the voltage to decrease below the acceptable range. By replacing the conventional 

controller with the novel smart inverter controller, the smart PV controller transitions from 

the conventional Full PV mode to Full STATCOM mode to control voltage and mitigate 
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the voltage drop. Figure 4-10 (a) and (b) demonstrate the PCC voltage as per- unit (V_PCC) 

and abc waveforms (Vs) respectively. 

 

Figure 4-9: PCC Voltage in presence of large load, without the smart inverter 

controller 

a) rms voltage in per-unit                   b) instantaneous voltage waveforms 

Before the large load connection, the PCC voltage is about 0.96 pu. The large amount of 

load is connected suddenly at t=0.02 sec. The smart inverter controller disconnects the 

solar panel from the inverter and uses the entire capacity of the inverter to maintain the 

voltage at the same value as in the pre-fault condition.  Figure 4-10 (b) reveals that the 

controller regulates the voltage at the desired value in one cycle, approximately.  

By considering Figure 4-10 (a) and Figure 3-12 (a), the PSCAD software study and HIL 

results are compared for full STATCOM mode operation mode. In both the studies, the 

PCC voltage is increased after the transient dip in the voltage. The software and HIL studies 

confirm that the response time of the controller is about one cycle for voltage regulation.  
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Figure 4-10: PCC voltage control with full STATCOM operation 

a) rms voltage in per-unit                   b) instantaneous voltage waveforms 

Figure 4-11 depicts the active power (P_PVSTATCOM) and reactive power (Q_PVSTATCOM) of the 

PV-STATCOM system in full STATCOM operation mode. After connection of the large 

load, the controller disconnects the solar panel, and consequently, the active power 

(P_PVSTATCOM) falls to zero. The full capacity of the inverter is used for voltage control. 

Figure 4-11 clearly shows that during large load connection, the active power of the PV-

STATCOM (P_PVSTATCOM) system is almost zero whereas the reactive power (Q_PVSTATCOM) 

is 8.5 kvar. When the network returns to normal condition, the smart inverter controller 

returns to full PV mode of operation. The controller connects the solar panels and the active 

power returns to pre-fault value (3 kW) whereas the reactive power output of the PV system 

is reduced to zero. 

 
Figure 4-11: Active and reactive powers of smart PV inverter operation in Full 

STATCOM mode for voltage control 
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4.9 Conclusion 
This chapter presents the Hardware-In-Loop (HIL) studies of the novel smart PV inverter 

controller with the Real-Time Digital Simulator (RTDS) and dSPACE Controller board. 

The study network is developed in RSCAD software and implemented on RTDS. The 

smart PV inverter controller is designed in MATLAB/Simulink and uploaded on the 

dSPACE controller. To control and monitor the RTDS and dSPACE models, two different 

graphic user interfaces (GUI) are designed in RSCAD-Runtime software and ControlDesk 

software, respectively. The operation mode, control objective, reference value of DC and 

AC voltages are set by the GUI in ControlDesk. The network changes such as load 

switching, etc. are applied by GUI in RSCAD. The output of the RTDS such as PCC 

voltage, inverter current, load current and DC link voltage are sent to ADC channel of the 

dSPACE controller board through GTAO card whereas the switching pulses outputted by 

the dSPACE controller are sent to the RTDS through GTDI card.  

The HIL study is performed on the smart inverter controller for both partial STATCOM 

and full STATCOM modes of operation. This HIL study validates the real-time 

performance of the controller for different control objectives. During partial STATCOM 

mode, the controller uses the remaining capacity of the inverter to control voltage or correct 

power factor. In full STATCOM operation mode, the controller disconnects the solar panel 

to provide voltage support to the network utilizing the full capacity of the inverter. The 

controller disconnects the solar panel by sending a command to RTDS through DAC 

channel of the dSPACE board. The HIL study presented in this chapter verifies the 

effectiveness of the proposed novel smart PV inverter controller in real-time for both 

transient and steady-state conditions. 
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CHAPTER 5 

5 LAB VALIDATION OF SMART PV INVERTER 
PERFORMANCE 

5.1 Introduction 
One of the main objectives of this thesis is to develop a laboratory-validated model of the 

novel smart inverter control in both Partial and Full STATCOM modes. This chapter 

presents the lab implementation and validation of the smart PV inverter for both the two 

STATCOM modes of operation. The design of the different controller parameters in the 

smart inverter has been described in Sec.2.7. The study system is modeled in the Power 

Systems Lab at Western University. This lab validation is the final stage of testing before 

its proposed installation in the utility network feeder.  

5.2 Lab Modelling of Study System 
Figure 5-1 depicts the single-line diagram of the lab setup for the study system. The short 

circuit impedance of the network and line impedance are represented by Rg and Lg. A 

10kVA interface transformer is used for interconnection of the PV system to the PCC. The 

transformer configuration is Delta/Wye whereas the Delta winding connection is located 

on the inverter side. A 10 kVA IGBT-based full bridge is utilized to operate as a voltage 

source inverter. To remove the ripples due to the switching frequency, an LCL filter is 

installed after the inverter. The filter inductor is in series with the inverter and the filter 

capacitor is in shunt with Delta connected transformer winding. A 10 kVA PV Simulator 

is employed to simulate the behavior of the PV solar panels. The PV Simulator can generate 

variable real power based on the pre-settable temperature and irradiance profiles. Three 

types of loads, resistive, inductive and capacitive, having a total 10 kVA rating are used in 

the lab setup. Voltage and current sensors are designed to measure PCC voltage, inverter 

current, load current and DC link voltage. The sensor signals are delivered to dSPACE 

controller board through ADC channels. The smart PV inverter controller is implemented 

on dSPACE controller board, which generates appropriate firing pulses for the IGBT gates 

of the inverter based on control objectives and operation modes. 
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Figure 5-2 depicts the actual lab setup in Power Systems Laboratory of Western University. 

However, the inductive load and the interface transformer are not shown in this picture. 
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Figure 5-1: Lab setup of the study system with smart PV inverter 
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5.2.1 Overview of PV Simulator 

The PV solar simulator is an integrated specialized computer system with a PV simulation 

engine. The Elgar TerraSAS PV solar simulator from AMETEK Programmable Power 

Inc., consists of a rack mounted controller, control system software, keyboard and GUI 

interface with a unique PV simulation engine that controls the output DC power supply. It 

has the capability to simulate different solar array V-I characteristics along with the 

flexibility to simulate different series/parallel combination of modules needed to meet the 

 

Figure 5-2: Actual lab setup of the study system with smart PV inverter 
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operating voltage and power levels for grid tied photovoltaic inverters [153, 154]. The 

power rating of the PV Simulator is 10 kW. Appendix C. 1 shows the 10 kW PV Simulator. 

Figure 5-3 (a) and (b) show the characteristics of the PV Simulator. Figure 5-3 (a) shows 

the irradiance change with a fast ramp function for an ambient temperature of 25ºC. The 

maximum irradiance is chosen to be 1000 W/m2. Also, Figure 5-3 (b) illustrates the current-

voltage curve of the solar panels. The open-source voltage and short circuit current of the 

solar panels are 440 V and 17 A, respectively. The V-I curve of the solar panel also changes 

as a function of irradiance. 

  

(a) (b) 

Figure 5-3: Specified profiles of solar panel in PV Simulator 

                            a) Temperature and irradiance profiles 
                            b) Current- voltage and power-voltage curves 

5.2.2 Voltage and Current Sensors 

The voltage and current sensors observe the value of PCC voltage, inverter current, load 

current and DC link voltage, instantaneously. A current transducer with capability of 50 A 

(rms) is chosen as the current sensor. The frequency bandwidth and response time of the 

sensor are the two vital factors that effect on the controller performance. Hence, a specific 

current transducer is used with 200 kHz bandwidth and 1 µs response time. A voltage 

transducer with maximum capability 500 V and 40 µs response time is used for sensing 
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PCC voltage and DC link voltage. The output of the both current and voltage sensor boards 

are designed to be ±10V to be compatible with the voltage level of analog-to-digital (ADC) 

channels of the dSPACE.  

5.2.3 Inverter 

A two-level three phase IGBT power module supplied by Powerex with a rating 600 V and 

100 A is chosen as the PV system inverter. The pulses for the IGBT gates are provided by 

dSPACE controller based on the control objectives. It should be noted that the voltage level 

of the PWM unit of the dSPACE controller is ±5V whereas the gate driver operates with 

±15V. Hence, an interface voltage level shifter is designed to provide suitable voltage for 

gate driver of the IGBT. Similar to simulation studies and HIL study, the switching 

frequency is chosen 10 kHz for the actual inverter.  Since, the IGBT switches are not ideal 

switches, the turn-off time and turn-on time of the switch are not equal. Hence, it is 

recommended to add dead-band time to avoid bridge shoot through. The dead-band time 

ensures that one IGBT switch will be off before another one turns on. Typically, the dead-

band time is calculated based on time difference of turn-on time and turn-off time [155]. 

The actual inverter turn-on time is 100 ns and turn-off time is 300 ns [156, 157]. Two times 

of the difference time ensures the safety margin for the IGBT switches. Therefore, the 

dead-band time is chosen 400ns for the PWM signals. Appendix C. 2 presents a description 

of the three-phase IGBT module used in this research. 

5.2.4 Harmonics Filter 

To remove the switching harmonics from the waveforms, an LCL filter is used between 

inverter and PCC. A three-phase inductor with 1.2 mH inductance and 30 A rating is 

connected in series with the inverter. The turn-on resistance of the IGBT switch is 

considered as the series filter resistor. The filter capacitor is connected in shunt with Delta 

configuration of the transformer. The leakage inductance of the interface transformer is 

considered as the second inductor for the filter unit.  
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5.2.5 Interface Transformer 

A 10 kVA transformer with Delta/Wye-grounded configuration is connected between the 

PCC and entire PV solar system. The main purpose of the transformer is to provide 

isolation between the PV system and grid. The leakage impedance of the transformer is 

0.05 pu, as given by the manufacturer.   

5.2.6 PCC Switch 

The PCC connection switch is a three-phase solid state relay (SSR) with capability of 50 

A [158]. The PCC switch turns to “Connected” state via the user command from the 

designed GUI in dSPACE software. When the PLL controller detects the phase angle of 

the PCC voltage properly, the GUI software will indicate that the PV system is able to 

connect to the grid.  The SSR switch controls with a command signal having 0-15 V DC 

voltage level. As the output of the digital-to-analog (DAC) channels of the dSPACE are up 

to 10 V, an interface level shifter with capability of high current injection is designed with 

an optocoupler IC [159]. Optocoupler IC isolates the dSPACE controller from the SSR 

switch and it reduces the risk of controller damage due to high current injection.  

5.2.7 Passive Load 

Similar to previous studies, passive loads are considered in the lab implementation study. 

Three 10 kVA resistive, inductive and capacitive loads are connected to the PCC in 

parallel. The resistive and inductive load are connected with Wye-grounded configuration 

whereas the capacitive load is with Delta configuration.  

5.3 Controller Design in MATLAB/Simulink 
Similar to HIL study, the controller is designed in MATLAB/Simulink software and 

implemented on dSPACE controller board. The simplified controller design in 

MATLAB/Simulink is explained in Appendix B. 2. The outputs of current and voltage 

sensors are assigned to specific ADC. Also, the PWM pulses out of the dSPACE board are 

applied to the inverter interface panel through the level shifter circuit. To apply 

connect/disconnect command to PCC switch and load switch, DAC of the dSPACE are 
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used. The designed GUI in ControlDesk software provides the environment to supervise 

the PV system operation. Appendix B. 4 shows the designed GUI in ControlDesk software.  

The control objectives and operation modes are defined in Control Panel of the GUI model. 

The controller can be set to operate as PV, STATCOM or PV-STATCOM. Also, control 

objectives such as voltage control and power factor correction can be specified by the 

Control Panel of GUI. The PCC voltage, inverter current, load current, active and reactive 

power and DC link voltage can be monitored in the GUI. The reference value for the DC 

link voltage and PCC voltage can be set to desired magnitudes. Also, the GUI is designed 

to monitor control variables in d-q frame. Therefore, the PLL performance can be validated 

by monitoring the PCC voltage in d-q frame. While the controller operation is set to PV 

system, the q-current loop keeps the reactive current at zero level. Therefore, the PV system 

only generates active power alike conventional PV system. Voltage control and power 

factor correction are activated when the PV-STATCOM operation mode is chosen. The 

controller either controls PCC voltage or performs power factor correction based on the 

control objectives. Also, the full STATCOM mode operation can be activated in Control 

Panel of GUI. If voltage suddenly drops and the reactive power requirement is more than 

the remaining capacity of the inverter, the controller limits the active current and operates 

as STATCOM. In full STATCOM operation, controller automatically defines voltage 

control as the control objective. 

5.4 Startup Procedure for the Lab Test 
Before connecting the PV system to the grid, the PLL controller needs to extract the phase 

angle of PCC voltage to synchronize the PV system parameters with grid parameters. 

Besides PLL performance, another vital factor for grid connectivity of the PV system is 

the in-rush current. When PCC switch connects the PV system to the grid, DC link 

capacitor charging starts with an inrush current. As the magnitude of inrush current is very 

large compared to the rating of other components, it can damage those components. 

Therefore, before connecting the PCC switch, the DC link capacitor is charged by PV 

Simulator to a level below the level which is defined by rectifier operation of full bridge 

module. When the IGBT gates of full bridge module are off and the full bridge is connected 
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to the grid, the DC capacitor of the full bridge charges to a level given by the following 

equation: 

,
3 3

dc ac peakV V
π

=  (5.1) 

With 208 V line-to-line voltage the peak voltage of phase voltage is about 169.8 V. By 

substituting peak voltage in (5.1), the DC link capacitor is charged through inverter diodes 

to 280 V when IGBTs are off. Finally, the DC link capacitor charges up to 280 V by PV 

Simulator and then PCC switch is connected. After PV system connectivity to the grid is 

established, the PWM signals can be enabled to follow the control objectives. It should be 

noted that it is a necessity to control the DC link voltage at a certain level to control PCC 

voltage based on equation (2.7) .  

5.5 Lab Implementation Results 
This section demonstrates lab test results of the study system for partial and full 

STATCOM operation modes of the PV system. For partial mode, power factor correction 

and voltage control are considered as control objectives whereas voltage control with full 

inverter capacity is the sole control objective in full STATCOM mode. For all lab 

experiments, the oscilloscope channel #1 (CH1) is grid current (phase “A”), channel #2 

(CH2) is PCC voltage (phase “A”), channel #3 (CH3) is PV system current (phase “A”) 

and channel #5 (CH5) is load current (phase “A”). Also, for demonstrating the power flows, 

the active and reactive powers of the grid, PV system and load are shown before and after 

enabling the controller. In all following experiments, P1 represents active power of grid 

for phase “A”, P2 is active power of PV system for phase “A” and P3 is active power of 

load for phase “A”. Also, Q1, Q2 and Q3 represent reactive power of grid, PV system and 

load for phase “A”, respectively. Therefore, the total active power flow and reactive power 

flow are three times of phase “A”. The time scale of the oscilloscope is set to 20 ms/div.  

5.5.1 Partial STATCOM mode 

The partial STATCOM tests assess the controller performance while both active and 

reactive power flows in the PV system. The controller performance is validated for power 
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factor correction, voltage control for both inductive and capacitive regions, and the effects 

of changes in active power. 

5.5.1.1 Power Factor Correction 

For the power factor correction test, the PV output is set at 3 kW by controlling the DC 

link voltage at 425 V based on Figure 5-3 (b). The active and reactive loads are considered 

to be 6 kW and 3 kvar, approximately. Figure 5-4 illustrates the PCC voltage, grid current 

and PV system current.  

 

 
Power analysis after 

power factor 
correction 

 
Power analysis 

before power factor 
correction 

 
Figure 5-4: Lab results for smart PV inverter operation in Partial  STATCOM 

mode for power factor correction 

In Figure 5-4, Lamb1 represents power factor of the grid. It is shown that while the PV 

system operates as the conventional PV system with 3 kW PV active power, the power 

factor of the grid is about 0.72 lagging due to 6 kW and 3 kvar loads. In other words, the 
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entire reactive power of the load is supported by the grid. Channel #7 (CH7) represents the 

control command by the user. The control command is applied by the user through the 

designed GUI to enable power factor correction mode. After the controller is enabled, the 

PCC voltage and grid voltage come in phase due to reactive power exchange from the PV 

system. Consequently, the PV system provides the required reactive power of the load and 

the grid reactive power (Q1) becomes almost zero. Figure 5-4 reveals that unity power 

factor achieved by the controller in less than half a cycle. Due to reactive power exchange, 

the PV system current (CH3) increased. 

5.5.1.2 Voltage Control - Capacitive Mode 

This test shows the operation of the PV system to control the PCC voltage with partial 

capacity of the inverter. The PV system power output is set to 3kW whereas the load power 

is 6 kW. Figure 5-5 demonstrates the experimental results of the voltage regulation by the 

smart PV controller. When PV system generates active power in the conventional mode of 

operation, the PCC voltage is about 0.94 pu (113 Vrms). The voltage drop is due to grid 

inductance and the 6 kW load. In the designed GUI the reference voltage is set to 1.025 pu 

(123 Vrms) to demonstrate the controller performance in capacitive region. The power 

analysis shows that the PV system reactive power is almost insignificant before voltage 

control. Channel #7 (CH7) represents the user command to enable voltage control mode 

via GUI. In Figure 5-5, the controller enhances the PCC voltage (CH2) to the reference 

value in about one cycle. The power analysis after enabling voltage control shows that the 

PV system generates approximately 9 kvar capacitive reactive power (Q2) to increase the 

grid voltage whereas the reactive power of the PV system is about 3 kW.  It means that full 

inverter capacity is used for active and reactive power generation.  

 

 

 

 



114 

 

 

 

 

Power analysis 
After voltage 

control 

 
Power analysis 
Before voltage 

control 

 

Figure 5-5: Lab results for smart PV inverter operation in Partial  STATCOM 

mode for voltage control in capacitive mode 

5.5.1.3 Voltage Control – Inductive Mode 

To show the controller performance for reducing an overvoltage, PV system active power 

(P2) is set to 6 kW by controlling DC link voltage at 400 V based on Figure 5-3 (b). The 

total active and reactive loads are considered 3 kW and 6 kvar capacitive. The experiment 

results of the partial PV system for voltage reduction are shown in Figure 5-6. The 

capacitive load and surplus PV generation causes the PCC voltage to increase up to 1.06 

pu (127 Vrms). The power flow analysis before applying the voltage control shows that 

reverse power flows through the grid due to PV system generation and small active load 

consumption. The Controller starts to reduce the PCC voltage to 0.96 pu (116 Vrms). 
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Channel #7 (CH7) is triggered via GUI to change the controller objective to voltage control. 

It is shown that the PV system absorbs around 7 kvar inductive (Q2) to decrease the bus 

voltage. Subsequently, the PCC voltage (CH2) is reduced by controller from 1.06 pu to 

0.96 pu (127 Vrms to 116 Vrms). The response time of the controller to track the reference 

voltage is about one cycle. Also, CH3 shows that the PV system current is enhanced due 

to reactive current whereas the grid current is decreased. 
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Figure 5-6: Lab results for smart PV inverter operation in Partial  STATCOM 

mode for voltage control in inductive mode 
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5.5.1.4 PV System Power Changes during Voltage Control 

In the previous tests, the active power of the PV system is kept constant during voltage 

control. This test assesses the voltage control performance of the smart PV controller 

during active power changes of PV system. To change the active power of PV system the 

DC link voltage needs to be varied. By considering Figure 5-3 (b), the I-V curve and P-V 

curve reveal that the PV system power changes inversely with voltage between maximum 

power point voltage (VMPP) and open circuit voltage (VOC). In other words, within that 

specific region, solar panel produces more power at lower voltage. In this experiment, the 

active load and reactive load are set at 4.5 kW and 1.5 kvar, respectively. In this 

experiment, voltage control at 1 pu (120 Vrms) is considered as the control objective. While 

the PV system controls PCC voltage, the active power of the PV system changes from 6 

kW to 3 kW. To generate 6 kW active power, the DC link voltage is controlled at 400 V 

whereas 3 kW active power needs 425 V. 

Figure 5-7 depicts the experiment results of voltage control under PV power changes. 

Before changing the PV active power, the DC voltage set point is kept at 400 V to provide 

6 kW active power. Simultaneously, the PV system uses remaining capacity of the inverter 

to maintain the PCC voltage at 120 Vrms. Power flow analysis shows that with 6 kW active 

power generation, 1.5 kW surplus power flows inversely in the grid due to 4.5 kW active 

load. To change the active power of the PV system, the reference value of the DC link 

voltage is set to 425 V. The command for the power changes is applied by GUI through 

channel #7 (CH7). The DC link voltage is shown in Channel #10 (CH10). It is seen that 

that the DC link voltage tracks the new reference value in less than two cycles. The active 

power of the PV system (P2) thus changes from 6 kW to 3 kW. Hence, the PV system 

current (CH3) gets reduced, and the grid provides more current to supply the load. Channel 

#2 (CH2) reveals that during active power changes of the PV system, the controller 

maintains the PCC voltage at 1 pu (120 Vrms). In other words, this test shows that the control 

of active and reactive powers are properly decoupled.  
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Figure 5-7: Lab results for smart PV inverter operation in Partial  STATCOM 

mode for voltage control during active power variation 

5.5.2 Full STATCOM mode 

This section presents the lab implementation results of full STATCOM operation mode of 

the controller for voltage control. Demonstration of this patent-pending mode of control is 

the most important novel contribution of this thesis. In this test, the controller operates as 

a conventional PV system and suddenly a large amount of load is connected. Subsequently, 

PCC voltage changes and the controller shuts down real power production temporarily and 

uses the entire capacity of the inverter to regulate the voltage in the acceptable range. The 

full STATCOM tests are performed for voltage reduction and voltage rise by applying 

inductive and capacitive loads, respectively. 
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5.5.2.1 Voltage Reduction 

In this test, the PV system generates 6 kW active power as a conventional PV system. 

Initially, a 1.5 kW resistive load is connected to the PCC. Figure 5-8 shows the PCC 

voltage, PV system current and load current when a large amount of load is connected to 

the PCC, while the PV system operates in a conventional manner. Channel #8 (CH8) 

represents the status of the large load switch, which is initially disconnected. As shown the 

PCC voltage (CH2) drops from 1.02 pu to 0.96 pu (122 Vrms to 115 Vrms) after the large 

load is connected to the PCC with total 6.5 kW and 3 kvar active and reactive power. After 

about six cycles, the load returns to initial value by disconnecting the load switch. Hence, 

the voltage returns to its initial value of 1.02 pu (122 Vrms). 

 
Figure 5-8: Voltage drop due to sudden connection of a large load during 

conventional Full PV mode of operation 

Figure 5-8 reveals that the conventional PV system controller has no beneficial effect on 

the voltage, i.e. it is unable to control the voltage drop. Now the conventional PV system 

is replaced by the smart PV inverter controller. In this mode, the PV system initially 

operates in the Full PV mode and then converts the PV system to Full STATCOM mode 
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during the transient voltage reduction. Figure 5-9 illustrates the voltage control during a 

large load connection when the PV system is utilized with the smart PV controller. Channel 

#2 (CH2) and Channel #5 (CH5) present the PCC voltage and load current, respectively. 

Channel #4 (CH4) shows the reactive power output of the PV system. The large load with 

total 6.5 kW and 3 kvar power is connected to the PCC as shown in Channel #8 (CH8). As 

depicted in CH2, the controller regulates the PCC voltage during large load connection by 

injecting substantial amount of reactive power. Subsequently, the voltage recovers to the 

same value as in the pre-fault condition of about 1.02 pu (122 Vrms) within almost one 

cycle. This test validates the controller performance for full STATCOM operation mode 

when bus voltage drops by a sudden connection of a large load.  

 
Figure 5-9: Lab Results of smart PV inverter operation in Full STATCOM mode 

for voltage control during sudden connection of a large load 
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5.5.2.2 Voltage Rise 

This test assesses the controller performance against voltage rise due to capacitive load. 

Capacitive load simulates a typical fault condition which causes a rise in the voltage of the 

bus. In this test, PV system generates 6 kW active power in normal condition. Initially, a 

1.5 kW resistive load is connected at PCC. Figure 5-10 presents PCC voltage, PV system 

current and load current of the conventional PV system during transient voltage rise. 

Channel #2 (CH2) reveals that without smart controller, the PCC voltage rises from 1.02 

pu to 1.09 pu (122 Vrms to 131 Vrms) when a large amount of capacitive load with 7 kvar 

power is connected to the PCC. However, the voltage returns to pre-fault condition after 

the large load is disconnected.  

 
Figure 5-10: Voltage rise due to sudden connection of a capacitive load during 

conventional Full PV mode of operation 

However, by replacing the conventional PV controller with a smart PV inverter controller, 

the PCC voltage can be effectively controlled during transient voltage rise conditions. 
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Figure 5-11 demonstrates the PCC voltage, load current and reactive output of the PV 

system when utilized as a smart PV inverter controller in Full STATCOM mode of 

operation. As shown, the controller attempts to maintain PCC voltage at pre-fault value 

within one cycle by absorbing reactive power. Channel #2 (CH2) confirms that the PCC 

voltage is not affected by transient capacitive load. However, the PCC voltage was 1.09 pu 

(131 Vrms) without control whereas it is 1.02 pu (122 Vrms) with the novel controller during 

capacitive load connection. This test validates the controller operation in full STATCOM 

mode in presence of voltage rise.  

 
Figure 5-11: Lab Results of smart PV inverter operation in Full STATCOM mode 

for voltage control during connection of a capacitive load 
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5.6 Validation of Software Simulation Results and 
Hardware in Loop Testing Results with Laboratory Results of 
Smart PV Inverter Performance 
This section presents the validation of PSCAD/EMTDC software simulation results and 

Hardware in Loop (HIL) testing results with the full scale laboratory results of the proposed 

smart PV inverter controller in different modes of operation. 

5.6.1 Validation of PSCAD/EMTDC Software Simulation Results 

The results of PSCAD/EMTDC software studies are compared with the results of the lab 

experiments in this section. The results relate to power factor correction and voltage control 

with partial STATCOM operation mode and voltage control with full STATCOM 

operation mode of the smart PV inverter. 

5.6.1.1 Power Factor Correction with Partial STATCOM Mode of 
Operation 

Figure 5-4 and Figure 3-7 depict the results of power factor correction of the smart PV 

inverter for lab experiment and PSCAD study, respectively. In PSCAD study the PV 

systems generates 3 kW; and the active load and reactive load are considered to be 6 kW 

and 4 kvar, respectively. In lab experiment, the PV simulator generates 3 kW, whereas the 

active load is 6 kW and reactive load is 3 kvar, respectively. Therefore, the initial 

conditions for two different studies are quite similar. The transients of the PCC voltage and 

grid current are very similar. Also, the steady-state results reveal that the PCC voltage and 

grid current come in phase, and in consequence, the power factor become unity. The 

response time for power factor correction obtained from the PSCAD study is about half a 

cycle, which is the same as obtained through lab experimental results in the laboratory.  

This validates the performance of the smart PV inverter for power factor control as 

obtained from PSCAD simulation studies. 

5.6.1.2 Voltage Control with Partial STATCOM Mode of Operation 

Figure 5-5 and Figure 5-6 demonstrate the results of the lab experiments for voltage control 

for capacitive mode and inductive mode utilizing the Partial STATCOM mode of operation 
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of the smart PV inverter, respectively. Meanwhile, Figure 3-9 illustrates the results of the 

voltage control with the Partial STATCOM mode of operation of the smart inverter as 

obtained through PSCAD software simulation. In both software study and lab experiment, 

the PV-STATCOM system generates 3 kW whereas the active load is 6 kW. By 

considering Figure 5-5 and Figure 3-9 for the time interval of t=1.04 sec to t=1.08 sec, the 

PCC voltage as obtained through both software studies and laboratory experiment has 

identical transient response. The transient response in both studies has no overshoot and 

one cycle settling time. Further, the steady-state response of PCC voltage in both studies 

is also identical. Besides the PCC voltage, the grid current and PV-STATCOM current 

have similar behavior.  

Figure 5-6 and Figure 3-9 are considered for the time interval t=1.08 sec to t=1.12 sec for 

comparing lab experiment results and software study results for voltage control in inductive 

operation mode with Partial STATCOM mode of operation of the smart inverter. The 

transient performance of the PCC voltage for both studies reveals that the controller tracks 

the reference value within one cycle for inductive mode. Similar to capacitive mode, the 

PV-STATCOM current and grid current present similar behavior for inductive operation 

mode in lab study and software study.  

This validates the performance of the smart PV inverter for voltage control in Partial 

STATCOM mode as obtained from PSCAD simulation studies. 

5.6.1.3 Voltage Control with Full STATCOM Mode of Operation 

Figure 5-9 and Figure 3-12 illustrate the performance of full STATCOM operation mode 

of the smart PV inverter for voltage control as obtained from the lab experiments and 

PSCAD software simulation, respectively. In both studies, the PV system generates 6 kW 

active power in normal condition. The same response time of about one cycle is obtained 

from both the studies. However, in Figure 3-12, the transient response of the PCC voltage 

includes a high frequency spike whereas the PCC voltage in lab experiment does not 

exhibit any spike. Also, the grid current and PV-STATCOM current exhibit an overshoot 

during the transient in the PSCAD software simulations, which is not observed in actual 
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laboratory experiments. This is attributed to damping provided by circuit resistances in the 

hardware implementation.  

A greater trust is placed in Lab experiments and since the same nature of response is 

obtained in PSCAD simulations as the lab experiments, the performance of the smart PV 

inverter for voltage control in Full STATCOM mode as obtained from PSCAD simulation 

studies is considered to be validated. 

5.6.2 Validation of Hardware In Loop (HIL) Simulation Results 

The results of the full scale lab experiment and HIL simulation studies are compared in this 

section for partial and full STATCOM modes of operation. 

5.6.2.1 Power Factor Correction with Partial STATCOM Mode of 
Operation 

Figure 5-4 shows the lab experiment result for power factor correction with partial 

STATCOM operation mode of the smart inverter, whereas Figure 4-2 demonstrates the 

HIL study results for the same objective. In both studies, the power factor of the grid is 

corrected to unity in half a cycle. Also, the transient response including overshoot and rise 

time of the PCC voltage and grid current are identical in both studies. 

This validates the performance of the smart PV inverter for power factor control as 

obtained from HIL simulation studies. 

5.6.2.2 Voltage Control with Partial STATCOM Mode of Operation 

Figure 4-4 and Figure 4-5 demonstrate the HIL results for the voltage control of the smart 

PV inverter in Partial STATCOM mode in capacitive domain. On the other hand, 

Figure 5-5 depicts the lab experiment results for the same objective. A comparison of the 

two results demonstrates that in both studies the controller follows the reference value in 

one cycle. Also, PCC voltage in both studies does not exhibit any overshoot during the 

transient period. However, the grid and inverter currents present different transient 

responses in these two different studies. The transient of the grid current is smoother in lab 

study than in HIL study. The difference in transient response is related to applying the 
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control objective at different time instants in both the studies. However, the key factors 

such as overshoot and rise time are similar in two studies. 

Figure 4-6 and Figure 5-6 demonstrate the voltage control of the smart PV inverter in 

Partial STATCOM mode in inductive domain in HIL study and lab study, respectively. 

The response time of the controller in both studies is one cycle. The PCC voltage 

waveforms of HIL study and lab study reveal that the transient behavior of the voltage is 

very much similar in both studies.  

This validates the performance of the smart PV inverter for voltage control in both 

capacitive and inductive domain, as obtained from HIL simulation studies.  

5.6.2.3 Voltage Control with Full STATCOM Mode of Operation 

Figure 4-10 and Figure 5-9 demonstrate the voltage control of the smart PV inverter in Full 

STATCOM mode in HIL study and Lab study, respectively. Both studies show an identical 

behavior in terms of response time. However, the HIL study shows significant overshoot 

for the PCC voltage whereas in the lab experiments the PCC voltage is controlled with a 

minor overshoot.  

Once again, the Lab experiments are considered to be more realistic, and since the same 

overall nature of response is obtained in HIL simulations as the lab experiments, the 

performance of the smart PV inverter for voltage control in Full STATCOM mode as 

obtained from HIL simulation studies is considered to be validated.  

5.7 Conclusion 
This chapter presents the laboratory testing and validation of the novel smart PV inverter 

controller. A similar model of the study system as in the utility network is implemented in 

the lab. A 10 kVA PV Simulator is used to generate active power based on temperature 

and irradiance profiles to simulate real solar panels. A 10 kVA three-phase IGBT module 

is used as the inverter. Also, sensor boards are designed to observe required signals for the 

controller inside dSPACE board such as PCC voltage, inverter current, load current and 

DC link voltage. A GUI in ControlDesk software is designed to apply different control 
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objectives and operation modes, as well as different reference values for PCC voltage and 

DC link voltage.  

The smart PV inverter controller operates in either Partial STATCOM mode or Full 

STATCOM mode depending on the system requirement.  

The partial STATCOM mode is utilized to demonstrate that the load power factor can be 

corrected to unity within half a cycle.  Further, in partial STATCOM mode, the 

performance of the controller is evaluated for voltage control in both capacitive and 

inductive regions by applying inductive and capacitive loads, respectively. In partial 

STATCOM mode, the efficacy of the voltage controller is also demonstrated during active 

power output changes of the PV system.  

In Full STATCOM operation mode, the controller is tested for both abrupt and large 

voltage rise and voltage reduction. By suddenly applying resistive-inductive loads the 

voltage declines substantially. The controller detects the sudden reduction of the voltage, 

disconnects the solar panel and utilizes the entire inverter capacity for regulating the PCC 

voltage at its pre-fault value within two cycles. Further, a sudden capacitive load is applied 

to provide a voltage rise condition. In a similar manner as above the smart inverter control 

use the full capacity of the inverter for reactive power exchange and regulates the PCC 

voltage to its pre-existing value within one cycles.  

The experimental results obtained for both partial STATCOM and full STATCOM 

operation modes are utilized to validate the results obtained from PSCAD software 

simulation studies as well as the Hardware In Loop (HIL) studies for different control 

objectives.  

This chapter thus demonstrates the successful testing and validation of the novel patent-

pending smart PV inverter control both for power factor correction and voltage control, in 

both Partial STATCOM and Full STATCOM modes of operation. 
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CHAPTER 6 

6 TEMPORARY OVERVOLTAGE REDUCTION AND PV 
CONENECTIVITY ENHANCEMENT WITH SMART PV 
INVERTER 

6.1 Introduction 
The province of Ontario, in Canada, launched a Renewable Energy Standard Offer 

Program (RESOP) in 2006 [160] followed by the Feed-In-Tariff program [161] in 2009, 

for facilitating the integration of renewable energy systems. Since then, Hydro-One which 

is the largest transmission and distribution company in Ontario, has been receiving large 

number of applications for connecting PV systems in its distribution systems [26]. One of 

the major challenges encountered in connecting PV systems is the high Temporary Over 

Voltage (TOV) caused by unsymmetrical faults in the network.  

Hydro One has installed a physical STATCOM to control steady state voltage and TOV on 

one of its 44 kV distribution feeder caused by the connection of a 10 MW PV solar farm at 

a bus where two 10 MW PV solar farms are already connected.  

In this chapter, a novel smart PV inverter control for the above incoming third 10 MW PV 

solar farm is presented, which can not only regulate steady state voltage but limit TOV to 

within acceptable limits without the installation of the additional STATCOM, thereby 

saving an enormous expense for Hydro One. The effectiveness of the performance of the 

proposed smart inverter control under different operating conditions is demonstrated 

through PSCAD/EMTDC software simulation studies. 

6.2 System Description 
Figure 6-1 depicts a 44 kV feeder of Hydro One distribution network (name and location 

withheld for confidentiality reasons). The study feeder system includes three 10 MW PV 

systems with a total capacity of 30 MW connected about 35 km away from the utility 

transformer station (TS). The 30 MW PV plant is connected to the distribution system 

through a 30 MVA interface transformer, although each 10 MW PV system uses an 
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intermediate transformer prior the interface transformer. The Hydro One network 

parameters are given in Appendix B. In Figure 6-1, two solar systems with 10 MW 

generation are already connected to the PCC. Connection of the additional 10 MW PV 

system causes increased reverse power flow during light load conditions. This causes 

steady state over voltages. Further, the TOV is also observed to exceed the permissible 

limits during single line to ground faults (SLGF) or line to line ground (L-L-G) fault 

scenarios. According to Hydro One interconnection requirements [162], the TOV caused 

by a DG facility should not exceed 1.25 p.u. on the distribution system and under no 

circumstances should exceed 1.30 p.u. Hydro One performs Connection Impact 

Assessment (CIA) studies to ensure that the interconnection of the PV system shall not 

cause TOV to exceed the allowable levels [162]. 

Hence, to allow the connection of the above 10 MW PV solar farm an actual STATCOM 

of 3.5 Mvar inductive rating is connected at the PCC to curtail temporary overvoltage 

(TOV). 
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Figure 6-1: Single line diagram of the study system 
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6.3 Modelling of the Study System  
This section presents the modeling of different components of the study system in 

EMTDC/PSCAD software. The model of the study system is depicted in Figure 6-2. In this 

figure, pccv  represents PCC voltage; gi and Li are grid and load currents respectively, and 

ii  and pvi  are PV currents before and after the filter, respectively. The isi  and si  represent 

STATCOM currents before and after the filter. This research proposes that the additional 

(third) 10 MW PV system be equipped with the proposed patent-pending smart PV inverter 

control, which will allows the PV system to operate in the Partial STATCOM mode or Full 

STATCOM mode based on the network requirements.  The other two PV systems use only 

conventional controller to generate active power. To compare the study results with the 

proposed smart inverter control as PV-STATCOM, an actual STATCOM is considered to 

be connected at the same bus.  

6.3.1 Feeder Network 

The substation system is modeled as an equivalent voltage source with 1.05 p.u. voltage to 

supply the 44kV feeder. The 35 km line from substation to PCC is represented by a π  

model in which the shunt admittance (e.g. line charging) is neglected. In Figure 6-2, gR

and gL  represent the line resistance and inductance, respectively. The network data is given 

in Appendix D. 1. 

6.3.2 Passive Load 

The electrical load is considered to be a constant-power static RL load. At nominal voltage 

(44 kVL-L), the total load is 30 MVA. The peak-time active and reactive loads are 

considered to be 27 MW and 6 Mvar, respectively, whereas during off-peak hours, these 

loads are 6 MW and 1.5 Mvar, respectively.  

6.3.3 PV Solar Panel 

Three solar panels of 10 MW each, are considered to be connected to the PV inverters to 

generate up to 30 MW in total. The solar panel consists of several modules in series and 

parallel. The solar panel specifications are provided in Appendix D. 2.  
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Figure 6-2: Study system model  



131 

 

6.3.4 Voltage Source Inverter 

All three PV systems and STATCOM are utilized with 10 MVA two-level six-pulse IGBT-

based voltage source inverters (VSI). The switching frequency is chosen to be 4 kHz to 

minimize the switching losses and obtain better harmonic performance. The data relating 

to IGBT switches, DC link capacitor and inverter are provided in Appendix D. 3. 

6.3.5 Harmonics Filter 

For each PV system as well as the STATCOM, an LCL filter is utilized to mitigate the 

harmonics caused by the switching frequency. The LCL filter consists of a series inductor 

( fL ), shunt capacitor ( fC ) with series damping resistor ( dR ) and another series inductor (

tL ) corresponding to the transformer inductance. The combination of shunt capacitor in 

series with damping resistor is connected in delta configuration. Equations (2.8)-(2.13) are 

used to design the filter parameters. Considering 9% current ripple 

,( 0.09 )ripple inverter peaki I= × at 0.5D = , and substituting system parameters in (2.8), the filter 

inductance is obtained as: 

(925 293) 0.5 20 H
2 0.09 22000 4000fL µ− ×

= =
× × ×

 (6.1) 

Therefore, the inductance of the series inductor is chosen to be 20 HfL µ= .  

Based on (2.10),  

7

2

0.05 10 100
377 (360)fC mF

+×
≤ =

×
 (6.2) 

Since the capacitor can cause a rise in both steady state voltage and TOV, it is decided to 

use a filter capacitor of a smaller value. Hence, the filter capacitor is chosen to be 

1fC mF= . The resonance frequency resulting from the above filter components is: 
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6 3

1 1 2 1591.5Hz
2 2 20 10 1 10

t f
r

t f f

L L
f

L L Cπ π − −

+
= = =

× × ×
 (6.3) 

In (6.3), the leakage impedance of the transformer ( tL ) is considered to be 0.1 pu which is 

the same as filter inductor ( fL ). As discussed in Sec. 2.4.3, the resonance frequency should 

be in an acceptable range as indicated in (2.12). Equation (6.3) reveals that the calculated 

frequency is indeed in the valid range. 

010 0.5r swf f f< <  (6.4) 

600Hz 1591.5Hz 2000Hzrf< = <  (6.5) 

By obtaining the resonance frequency in (6.3), the damping resistor can be calculated as: 

3

1 1 0.033
3 2 6 1591.5 1 10d

r f

R
f Cπ π −= = = Ω

× × × × × × × ×
 (6.6) 

Therefore, the final filter parameters are 20 HfL µ= , 1fC mF=  and 0.033dR = Ω . 

6.3.6 Transformer 

Each PV system and the STATCOM are individually connected to a 10 MVA intermediate 

transformer having Wye-Delta configuration. Consequently, each PV system can be 

isolated from the other DGs. The intermediate transformer boosts the voltage from 360 V 

to 27.6 kV. The outputs of all PV systems and STATCOM after their intermediate 

transformers, are connected to a step up interface transformer having Delta-Wye grounded 

configuration, which connects to the PCC. The parameters of the interface and intermediate 

transformers are provided in Appendix D. 4 and D. 5, respectively. 
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6.4 Smart PV Inverter Control 
As stated earlier, the third 10 MW PV system causes TOV which exceeds the Hydro One 

specified limits. Hence a STATCOM is connected to the PCC to absorb reactive power and 

reduce the voltage. However, as the STATCOM is designed for symmetrical voltage 

control, it actually failed in the field to control the Temporary Overvoltage (TOV) which 

is an unsymmetrical phenomenon.  

The objective of this study is to demonstrate that if the third PV system is equipped with 

the proposed smart PV inverter control, the TOV can be restricted to be within acceptable 

limits and that the need for an additional highly expensive STATCOM can be avoided.  

The proposed smart PV inverter control as PV-STATCOM operates as follows. During 

situations of steady-state overvoltage, the smart PV inverter operates in Partial STATCOM 

mode and uses the remaining capacity of the inverter to control the voltage. However, 

during scenarios of TOV, the smart PV inverter control operates in Full STATCOM mode 

to disconnect the solar panels from the VSC (inverter) and utilizes the entire capacity of 

the inverter to absorb reactive power (and thereby reduce the voltage). In other words, 

during a TOV event, the control mode changes from voltage control to reactive power 

control.  

Figure 6-3 illustrates the schematic of the smart PV inverter controller. The controller is 

designed in d-q frame and includes abc/dq transformation block, PLL, DC controller, 

current controllers, AC voltage controller, TOV detector unit and PWM unit. The PLL unit 

extracts the phase angle of PCC voltage for transforming currents and voltages from abc-

frame to dq-frame or vice versa. The DC controller, in order to regulate DC link voltage at 

the reference value, generates the reference current for d-component of inverter current 

which represents the active current component. Consequently, the current controller in d-

axis regulates the active current component to its reference value.  

The PCC voltage is controlled by the AC voltage controller when an overvoltage occurs. 

However, during TOV the solar panels are disconnected and the entire capacity of the 

inverter is used to absorb reactive power.  
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Figure 6-3: Structure of smart PV control for TOV control and voltage control 
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Therefore, either maximum reactive current or output of the AC voltage controller defines 

the reference value of reactive current control loop. The current controller in q-axis 

regulates the reactive current to its reference value. It should be noted that the TOV 

Detector unit switches between voltage control mode and TOV mitigation mode. Also, this 

unit generates the command to connect or disconnect the solar panels from the VSC. The 

outputs of the controller are modulation index in d-q frame, which are eventually converted 

to abc-frame using the phase angle of PCC voltage. At the final stage, the modulation 

indices in abc-frame are compared with carrier signal to generate gate pulses for the VSC 

switches. 

6.4.1 PLL 

As discussed in Sec. 2.5.2.2, to extract the phase angle of PCC voltage, the q-component 

of PCC voltage needs to be controlled at zero level. In other words, by controlling 

ˆ
pcc dV V− =  and 0pcc qV − = the phase angle 0 0tϕ ω θ= +  can be obtained. The extracted phase 

angle is used to transform parameters from abc-frame to dq-frame or vice versa. Figure 6-4 

illustrates the PLL control loop which consists of PCC voltage amplitude as a gain, low 

pass filter, controller and resettable integrator for converting frequency to phase angle.  

Controller
Filter

 

Figure 6-4: SRF-PLL structure with PI controller 

The nominal frequency and voltage of the study system are 60 Hz and 44 kV line-to-line. 

Hence, maximum voltage is obtained as: 

2ˆ 2 44000 35925.85
33

L LVV − = = × = 
 

  (6.7) 
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To clean q-component of PCC voltage from higher harmonics, the time constant of the low 

pass filter is chosen 1fT ms= . By considering Figure 6-4, the open loop transfer function 

without the controller is: 

ˆ 35925.85( )
(1 ) (1 0.001 )PLL

f

VG s
s T s s s

= =
+ +

  (6.8) 

Figure 6-5 shows the Bode diagram of the uncompensated system in (6.8). The 

uncompensated system is stable but the phase margin is 9.5δ =   which is very low in order 

to ensure stability.  

 

Figure 6-5: Bode diagram of uncompensated PLL transfer function 

Hence, a PI controller is employed to increase the phase margin. The open loop transfer 

function with the controller is written as below: 

,
1 2

ˆ 1( ) ( ) ( ) PLL gain PLL
PLL PLL PLL

f f

V k s zH s K s G s
T s T s−

 × +
= × =   + 

 (6.9) 
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where,  

,( ) PLL
PLL PLL gain

s zK s k
s

+
=   (6.10) 

Due to a pole at 0s = in (6.8), the “symmetrical optimum” technique is used to design the 

PI controller which is discussed in detail in Sec. 2.7.1. By choosing the phase margin

60mδ =  , 1fT ms=  and ˆ 35925.85 VV = , the controller parameters are obtained as: 

[ ]
1 sin( ) 71.8

1 sin( )
m

PLL
m f

z
T

δ
δ

−
= =

+
 (6.11) 

1 268 rad/sc f PLLT zω −= =  (6.12) 

37.46 10ˆ
c

PLLk
V
ω −= = ×  (6.13) 

Therefore, the designed PI controller for the PLL loop is given as: 

3 71.8( ) 7.46 10PLL
sK s

s
− +

= × ×   (6.14) 

By substituting control parameters in (6.9) the transfer function of the compensated system 

is written as: 

5
2

71.8 1( ) 2.68 10
1000PLL

sH s
s s
+ = ×  + 

 (6.15) 

The Bode diagram of the PLL system compensated by ( )PLLK s  is shown in Figure 6-6. It 

demonstrates that the controller parameters are designed correctly and the desired phase 

margin of 60mδ =  exactly achieved at 268 rad/scω = . 
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Figure 6-6: Bode diagram of the compensated PLL control loop 

6.4.2 Real and Reactive Current Control 

As described in Sec. 2.5.3, the inverter current components in d-q frame are written as: 

0 2
id DC

f f id f iq d pcc d
di VL R i L i M V
dt

ω −+ = + −  (6.16) 

0 2
iq DC

f f iq f id q pcc q

di VL R i L i M V
dt

ω −+ = − + −  (6.17) 

To eliminate the coupling between idi  and iqi , as well as for linearization, control inputs 

du  and qu are defined as: 

id
f f id d

diL R i u
dt

+ =  (6.18) 
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iq
f f iq q

di
L R i u

dt
+ =  (6.19) 

Remaining terms of (6.16) and (6.17) are added as feed-forward terms to achieve PWM 

modulation indexes in d-q frame. Therefore, 

( )0
2

d d f iq pcc d
DC

M u L i V
V

ω −= − +  (6.20) 

( )0
2

q q f id pcc q
DC

M u L i V
V

ω −= + +  (6.21) 

By considering (6.18) and (6.19), the uncompensated open-loop transfer functions of 

current control are obtained as below: 

1d

id f f

u
i L s R

=
+

 
(6.22) 

1q

iq f f

u
i L s R

=
+

 (6.23) 

The above transfer function is stable but there is a steady-state error as it is a zero-degree 

transfer function.  

A PI controller can make the steady-state error zero due to a pole at 0s = . Also, a PI 

controller can reduce the response time by moving the pole of the closed loop farther from 

origin on the left side of the real-imaginary coordinates. Hence, the control parameters are 

obtained as below: 

, ,( ) p d I d
Id

k s k
K s

s
+

=  (6.24) 
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, ,( ) p q I q
Iq

k s k
K s

s
+

=  (6.25) 

where, 

,
,

f
p dq

i dq

L
k

σ
=

 
(6.26) 

,
,

f
I dq

i dq

R
k

σ
=

 
(6.27) 

In (6.26) and (6.27), ,i dqσ is the time constant for d-control and q-control loops to shift the 

transfer function pole, and is chosen to be 1 ms.  As 20 HfL µ= and 0.1 mfR = Ω , the 

controller parameters are calculated as: 

6 4

, ,3 3

20 10 1 100.02 , 0.1
1 10 1 10p dq I dqk k

− −

− −

× ×
= = = =

× ×
 (6.28) 

Consequently, the closed-loop transfer function of the compensated control loop is: 

, ,

1 1
1 1 0.001

d
Id

d ref i d

iG
i s sσ

= = =
+ +

 (6.29) 

, ,

1 1
1 1 0.001

q
Iq

q ref i q

i
G

i s sσ
= = =

+ +
 (6.30) 

6.4.3 DC Voltage Control Loop 

Due to losses in the switches of the inverter, the DC link of the inverter needs to absorb a 

slight amount of active power to maintain the DC voltage at the specific level. The required 

level of the DC voltage is determined by AC side voltage of the inverter. When the smart 

inverter control operates in Full STATCOM mode, the grid supplies the required active 

power. However, in the PV mode, this active power is provided by the solar panels. The 
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design steps of the DC voltage controller are discussed in Sec. 2.5.5 in details. Active 

power balance between PV side, DC link and AC side is written as: 

( )2 3( , , )
2 2dc dc pcc d sd
C d V f R T V V I

dt −= −  (6.31) 

where, 

0( , , ) 1
dc

s

qV
kTn

dc PV p sc dc p dcf R T V P n I V n I V e
 
 
 

 
 = = − −
  

 (6.32) 

( , , )dcf R T V  represents the solar power, which is a non-linear function of irradiance ( R ), 

temperature (T ) and DC link voltage. As the closed loop transfer function of active current 

loop is: 

, ,

1 1
1 1 0.001

d
Id

d ref i d

iG
i s sσ

= = =
+ +

 (6.33) 

Equation (6.32) can be rewritten as: 

( ) ( )2 1
,

2 3( , , ) ( )
2dc dc pcc d id sd ref

d V f R T V V G s I
dt C

−
−

 = − 
 

L  (6.34) 

In (6.34), 2
dcV  is the output, ,sd refI is control input and ( , , )dcf R T V is the disturbance input 

which can be added as a feed-forward term to eliminate the solar power effect from the 

dynamic equation [100]. Hence, the open-loop transfer function of DC voltage control 

without compensation can be written as: 

2

, ,

3 1( )
( 1)

dc
dc pcc d

sd ref i d

VG s V
I C s sσ−= = −

+
 (6.35) 

In (6.35) ,150 , 35925.85 and 0.001.pcc d i dC mF V σ−= = = Due to a negative gain the 

closed-loop transfer function of DC loop control is unstable. A PI controller is used to 
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move the pole from right side of the real-imaginary coordinates to the left side as well as 

to increase the phase margin of the control loop. By assuming PI control as below: 

,( ) dc
dc dc gain

s zK s k
s
+

=
 

 (6.36) 

the open-loop transfer function with the compensation is rewritten as: 

,
1 2

, ,

3 1( ) ( ) ( ) pcc d dc gain dc
dc dc dc

i d i d

V k s zH s K s G s
C s sσ σ

−
−

 × × +
= × =−   × +   

(6.37) 

As the compensated system includes two poles in its dynamic equation, the “symmetrical 

optimum” technique can be applied for the DC controller design. By choosing 70mδ =  the 

PI controller parameters are achieved as: 
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By substituting the values of control parameters, the compensated transfer function is 

rewritten as: 

5
2

31.09 1( ) 1.763 10
1000dc

sH s
s s
+ = ×  +   

(6.41) 

The Bode diagram of the DC voltage loop with the compensator ( )dcH s  is shown in 

Figure 6-7. It reveals that the controller parameters are designed correctly and a desired 

phase margin 70mδ =  is exactly achieved at 176 rad/scω = . 
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Figure 6-7: Bode diagram of the compensated DC voltage control loop 

6.4.4 Selection of Mode of Operation of the Smart Inverter 

In this study, two control objectives, i) steady state voltage control and ii) TOV mitigation 

due to faults, are considered for the 44 kV feeder of the Hydro-One distribution network. 

Increase in PV power output causes voltage to rise in steady state. On the other hand, when 

an unsymmetrical fault such as single-line-to-ground (SLG) or line-to-line-ground (L-L-

G) fault occurs, a temporary over voltage (TOV) occurs in one phase or two phases until 

the fault is cleared. Connection of more number of PV plants aggravates both the steady 

state over voltage and TOV, especially during low load conditions, causing them to go 

beyond acceptable limits. It is therefore required to regulate both the steady state 

overvoltage and TOV, in order to connect more PV solar systems in the grid.  

For the study system depicted in Figure 6-2, only one of the three PV systems is equipped 

with the smart PV inverter. Other PV systems operate as conventional PV systems 

generating only active power. The smart inverter control operates in two modes: i) Partial 

STATCOM mode, and ii) Full STATCOM mode.  
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During daytime, the smart PV control operates as a conventional PV system i.e in Full PV 

mode. If voltage control or power factor correction is required together with real power 

generation, Partial STATCOM mode is activated. In this mode the controller uses the 

capacity of the inverter remaining after real power generation (which is unhindered) for 

controlling the steady state voltage at PCC or for correcting the power factor. The Full 

STATCOM mode is activated when a TOV occurs. In this mode, the solar panels are 

disconnected from the VSI and the entire inverter capacity is utilized to absorb reactive 

power in order to reduce the phase voltage. After the TOV is mitigated, the solar panels 

are reconnected to the VSI and control mode is switched to Partial STATCOM mode.  

 Figure 6-8 shows the flowchart of the smart PV inverter control to define the operation 

mode. During daytime, the voltages in three phases are measured. If any phase voltage 

exceeds the TOV limit while the voltages in other phase/phases reduce substantially, the 

output of TOV Detector unit is trigged “ON”, and the Full STATCOM mode is activated. 

The controller keeps absorbing reactive power to reduce TOV until the phase voltages 

reach an acceptable value. After the fault is cleared all the phase voltages will rise up to 

their normal values. The controller recognizes that TOV is mitigated, and therefore 

reconnects the solar panel and changes the control mode to Partial STATCOM mode for 

voltage control. During nighttime, the PV solar system operates in Full STATCOM mode 

to control either the steady state voltage or the TOV. In this mode the voltage is controlled 

to the specified value with the required amount of reactive power exchange. For mitigating 

TOV, the entire inverter capacity is used for reactive power absorption. In other words, the 

smart PV inverter control autonomously determines its operation mode and prioritizes 

between active power generation and reactive power exchange based on the system 

requirements, nature of transient/disturbance, time of the day and remaining inverter 

capacity.  
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Figure 6-8: Flowchart of the smart PV inverter operating mode 

6.4.5 PCC Voltage Control 

In voltage control mode, the AC voltage controller defines the reactive current reference 

for current controller, whereas in TOV reduction mode the reference value for reactive 

current controller is a constant. As discussed in Sec. 2.5.6.1, the uncompensated AC 

voltage loop is described as: 

( ) 0
0

,

( ) ( )
1

g
ac iq g

i q

L
G s G s L

s
ω

ω
σ

−
= × − =

+
 (6.42) 

where gL  is the grid inductance which represents line inductance plus the short circuit 

inductance. 0ω  is the nominal frequency and ,i qσ  is time constant for the reactive current 

controller. By considering (2.89), the structure of PCC voltage control loop is shown in 

Figure 6-9. 
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Figure 6-9: Block diagram of PCC voltage control loop 

It is noted that the PCC voltage control loop requires a smaller bandwidth than reactive 

current control loop. The controller is chosen as, 

,( ) gain ac
ac

k
K s

s
=  (6.43) 

Since the closed-loop transfer function includes a pole at right side of the coordinates due 

to negative gain, it is the necessary to choose a negative gain for the controller. By applying 

the controller, the compensated transfer function is written as: 

, 0

,

( ) ( ) ( )
(1 )
gain ac g

ac ac ac
i q

k L
H s K s G s

s s
ω

σ
−

= × =
+

 (6.44) 

In (6.44), 0 02 120fω π π= = , 36mHgL =  and , 1msi qσ = . By choosing , 6gain ack = − , 

bandwidth of the closed-loop transfer function would be , 81 rad/sc ACω = which is about 12 

times smaller than bandwidth of reactive current control loop. Figure 6-10 depicts the Bode 

diagram of the compensated AC voltage loop. 
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Figure 6-10: Bode diagram of the compensated AC voltage control loop 

6.4.6 TOV Detection Block 

The TOV Detection block triggers the TOV flag when a temporary overvoltage occurs. 

When TOV flag is “ON”, the controller converts PV system to Full STATCOM mode of 

operation by changing the DC voltage to the open circuit voltage level of the solar panel 

and absorbing reactive power with full inverter capacity. The controller virtually 

disconnects the solar panel by keeping the DC side voltage at open circuit voltage level of 

solar panel. When the fault is cleared and PCC voltage has reached acceptable values, the 

TOV flag is triggered “OFF” and the smart PV controller transforms to Partial STATCOM 

mode with voltage control.  

Figure 6-11 depicts the structure of the TOV Detection block. This block includes three 

different sections, Voltage Rise Detection (VRD), Voltage Fall Detection (VFD) and Fault 

Detection (FD) units. Each unit uses rms blocks to obtain the rms value of each phase and 

then converts it to its per-unit value. The Voltage Rise Detection unit compares the each 

phase per-unit voltage with its hysteresis bands. If one or two of the phase voltages exceed 

-100

-50

0

50

M
ag

ni
tu

de
 (d

B
)

10
1

10
2

10
3

10
4

10
5

-180

-135

-90

System: sys_compensated
Frequency (rad/s): 81.8
Phase (deg): -94.7

Ph
as

e 
(d

eg
)

Bode Diagram (AC control loop with Compensator)

Frequency  (rad/s)Phase margin=85 degree



148 

 

high band of the hysteresis then the output of VRD unit will be “1” otherwise the output is 

“0”. Based on Hydro One network requirements, the low and high bands of the hysteresis 

block for VRD unit are chosen 1.20 pu and 1.25 pu respectively.  

The VFD unit detects the fall in voltage. The output of VFD is triggered to “1” if one or 

two phase voltages pass the lower band of the hysteresis. The low and high bands of VFD 

unit are 0.8 pu and 0.85 pu respectively. When the output of both VRD and VFD blocks 

are “1” the TOV Detection block recognizes the TOV event and triggers the output to “1”.  

In other words, the TOV event is detected when one or two phase voltages are larger than 

1.25 pu and other phase/phases are below 0.8 pu. After the fault is cleared all phase voltages 

will be above a certain value which is chosen as 0.85 pu. Hence, FD unit triggers the TOV 

flag to become “0” when the fault is cleared. The hysteresis limits for different units are as 

below: 

1 2

1 2

3 4

VRD unit 1.20pu , 1.25pu
VFD unit 0.80pu , 0.85pu
FD unit 0.50pu , 0.55pu

H H
L L

L L

→ = =
 → = =
 → = =

 (6.45) 
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6.5 Simulation Results 
The performance of the smart PV inverter while fulfilling two control objectives, voltage 

control and TOV reduction, are presented in this section. The PSCAD/EMTDC software 

is used for the simulation of the study system shown in Figure 6-2. First, the operation of 

a conventional PV system during its connection and during occurrence of a fault, is 

investigated. Then, the performance of a separate physical STATCOM for voltage control 

and TOV control is illustrated. Finally, the performance of smart PV inverter controller 

with the two control objectives is presented during steady-state and fault scenarios. In all 

these studies, a light (small) load is defined as 6 MW active power load and 2 Mvar reactive 

power load, whereas a heavy (large) load is considered to be 27 MW and 9 Mvar. The 

simulation model of the study system and modeling of smart PV inverter controller in 

PSCAD/EMTDC software are shown in Appendices D. 6 and D. 7, respectively. 

6.5.1 Conventional PV System without Smart Inverter Control 

In this study, the 10 MW PV solar system, which is connected at the bus where two 10 

MW solar farms are already connected, does not have a smart PV inverter control. It 

operates as a conventional PV solar system with real power generation only. 

6.5.1.1 Small Load Condition 

Figure 6-12 demonstrates the PCC voltages in three phases and their per-unit rms values 

when PV systems generate their rated power output during small load conditions. Before 

connection of PV systems, the PCC voltage is about 1.04 pu which is in the acceptable 

range of Hydro One requirements. However, after the connection of the PV systems, the 

voltage rises up to 1.10 pu and causes an unacceptable steady-state overvoltage. Further, 

at t= 0.54 sec a single line-to-ground (SLG) fault occurs on phase “A”. Subsequently, 

voltage of phase “A” falls to zero whereas rest of two phases reach 1.35 pu during fault. 

The temporary overvoltage (TOV) during SLG fault is beyond the Hydro One specified 

limit of 1.25 pu. Therefore, there is a necessity to control both the steady-state overvoltage 

and the temporary overvoltage.    
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(a) 

 
(b) 

Figure 6-12: Performance of three conventional PV systems during small load and 

SLG Fault 

a) Instantaneous three phases PCC voltage 
b) PCC phase voltages in P.U. rms 
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6.5.1.2 Large Load Condition 

The three phase PCC voltages and their per-unit rms values are shown in Figure 6-13. It 

reveals that the steady-state voltage is 1.01 pu whereas the TOV is 1.23 pu during SLG 

fault, both of which are within Hydro One specified limits. This demonstrates that there is 

no need for either voltage regulation or TOV reduction during heavy loading condition.  

6.5.2 Conventional PV Systems with a Physical STATCOM 

One of the devices to prevent the steady-state and temporary overvoltage problems is 

STATCOM. As shown in Figure 6-2, the voltage can be controlled by installing a 

STATCOM at the same bus as PV systems. Hydro One has decided to employ a 

STATCOM to overcome the steady-state overvoltage to increase PV connectivity. This 

STATCOM however does not mitigate TOV.  Hence, in this study, two different control 

objectives are considered for the STATCOM. First, the performance of STATCOM with 

symmetrical voltage controller alone is assessed during steady-state overvoltage and TOV 

conditions.  Subsequently, the performance of STATCOM is considered with both voltage 

control and the proposed TOV controller is demonstrated. 

6.5.2.1 STATCOM with Voltage Control 

Figure 6-14 demonstrates the three phase instantaneous PCC voltages and their per-unit 

rms values when a STATCOM with voltage control is applied to the study system in 

presence of small amount of load. At t=0.5 sec, three PV systems are connected to the grid 

which elevates the PCC voltage to 1.10 pu, which is unacceptable. At t=0.54 sec, the 

STATCOM with symmetrical voltage control is connected to the PCC. The STATCOM 

effectively reduces the voltage from 1.10 pu to 1.02 pu which is within acceptable range. 

At t=0.58 sec, an SLG fault occurs on Phase “A” until t=0.63 sec. It is seen from 

Figure 6-14 (a) and (b) that the STATCOM with symmetrical voltage control operates 

incorrectly and in fact increases the TOV instead of reducing it. The symmetrical 

STATCOM control perceives that the PCC voltage is reduced and endeavors to enhance 

the voltage, thereby increasing the TOV. This illustrates that conventional symmetrical 

voltage control of STATCOM is not the appropriate control of STATCOM during TOV 

scenarios.  
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(a) 

 
(b) 

Figure 6-13: Performance of three conventional PV systems during large load and 

SLG Fault 

a) Instantaneous three phase PCC voltages 
b) PCC phase voltages in P.U. rms 
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(a) 

 
(b) 

Figure 6-14: Performance of STATCOM with symmetrical voltage control, 

together with three- conventional PV systems during small load and SLG Fault 

a) Instantaneous three phase PCC voltages 
b) PCC voltage changes in P.U. rms 
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6.5.2.2 STATCOM with Voltage and TOV Control 

In this study, the STATCOM control is modified with TOV reduction control to keep the 

TOV in acceptable range during fault while controlling the voltage in steady-state. 

Figure 6-15 demonstrates the three phase instantaneous PCC voltages and the per-unit rms 

voltage when a STATCOM with combined voltage control and proposed TOV control is 

applied to the study system with small load. When the three PV systems are connected the 

STATCOM controller regulates the PCC voltage from 1.10 pu to an acceptable value of 

1.02 pu. When a SLG fault occurs at t=0.58 sec, the STATCOM controller switches from 

voltage control mode to TOV reduction control to decrease the temporary overvoltage. It 

should be noted that as all three PV systems are connected to the grid and generate active 

power during fault, for TOV reduction it is necessary to choose a STATCOM with larger 

capacity in comparison to the STATCOM for voltage control. In other words, both the size 

and cost of STATCOM will be increased for this objective. 

6.5.3 Performance of a PV system with Smart PV Inverter and Two 
Conventional PV systems 

In this section, instead of using an external STATCOM, the incoming third PV system is 

utilized with the proposed smart PV inverter controller, while the other two PV systems 

operate as conventional PV systems. The proposed smart inverter controller regulates the 

PCC voltage in steady-state with the remaining capacity of the inverter and also converts 

the PV system to Full STATCOM mode during a temporary overvoltage event. Two 

different faults, single line-to-ground (SLG) fault and line-to-line-ground (LLG) fault, are 

considered as the test conditions for assessment of the proposed controller performance.  
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Figure 6-15: Performance of STATCOM with combined voltage and TOV 

controllers, together with three conventional PV systems, during small load and 

SLG Fault 

6.5.3.1 SLG Fault 

Figure 6-16 (a) and (b) illustrate the three phase instantaneous and per unit rms PCC 

voltage, respectively. At t=0.5 sec, the three conventional systems are connected to the 

grid. Due to active power generation of PV systems, the PCC voltage increases from 1.04 

pu to 1.10 pu which is unacceptable. The Partial STATCOM mode of the smart inverter 

for voltage control is enabled at t=0.54 sec. This controller mode reduces the voltage to an 

acceptable range in less than one cycle utilizing the remaining capacity of the inverter. At 

t=0.58 sec, the SLG fault causes the voltage of phase “A” falls to zero, whereas the other 

phase voltages experience a TOV. The proposed TOV detection unit detects this TOV 

event and triggers the TOV flag. Hence, the smart inverter autonomously switches from 

Partial STATCOM mode for voltage control to Full STATCOM mode for TOV reduction. 

In this situation, the controller changes the DC link voltage of the inverter to a value equal 
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to the open circuit voltage of the solar panels. It subsequently absorbs reactive power with 

full capacity of the inverter to reduce the voltages of phase “B” and phase “C”. By 

comparing Figure 6-16 and Figure 6-12, it is revealed that the PCC voltage is reduced from 

1.35 pu to 1.23 pu which is below the TOV limit of Hydro One requirements. At t=0.63 

sec, the fault is cleared and the controller returns to Partial STATCOM mode for voltage 

control while generating active power. 

Figure 6-17 depicts the AC voltage and DC link voltages of each PV system. The AC 

voltage signal represents the per-unit value of dv in control plant. At t=0.54 sec, when the 

smart inverter Partial STATCOM mode is activated, the controller decreases the PCC 

voltage to its reference value (1 pu). During fault, the Full STATCOM operating mode of 

the smart PV inverter is invoked and the above voltage control is deactivated.  Only reactive 

power is absorbed to reduce the TOV in the healthy phases. 

While the three PV systems are connected to the grid, the controller regulates the DC link 

voltage of each PV system to its reference value (925 V) within one cycle. It is emphasized 

that the DC voltage controller of smart PV inverter controller is made faster than the DC 

controller of conventional PV systems. This is achieved by choosing different cut-off 

frequency of the different DC voltage controllers. The reason of choosing a faster controller 

for smart PV inverter is because the smart controller requires full capacity of the inverter, 

and the DC voltage controller of smart PV should immediately regulate the DC voltage to 

a value equal to the open circuit voltage of solar panels. Although the DC voltage controller 

of the smart PV inverter is faster, the controller of the conventional PV systems needs to 

have more stability margin to maintain their stability during fault.   

Figure 6-17 illustrates that the controller regulates the DC link voltage 1dcV  to 1.02 kV very 

fast to virtually disconnect the solar panels, whereas the DC voltages of other PV systems 

change only slightly.  



158 

 

 
(a) 

 
(b) 

Figure 6-16: Performance of one PV system with proposed smart inverter control, 

together with two conventional PV systems,  during small load and SLG fault 

a) Instantaneous three phase PCC voltages  b)PCC phase voltages in P.U. rms 
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Figure 6-17: AC voltage and DC voltages signals for the smart PV inverter 

controller and conventional PV systems during a SLG fault 

6.5.3.2 LLG Fault 

The performance of the proposed smart inverter controller during a LLG fault is 

demonstrated in Figure 6-18. As in the previous SLG fault, the smart PV inverter controls 

the PCC voltage to its reference value during steady-state. As shown in Figure 6-18 (a) and 

(b), at t=0.58 sec the voltages of two phases, phase “A” and phase “B”, fall to zero due to 

LLG fault. This causes a TOV in the voltage of phase “C”. The TOV detection unit triggers 

the TOV flag and the controller changes its mode from Partial STATCOM mode for 

voltage control to Full STATCOM mode for TOV reduction. This smart inverter control 

effectively reduces the TOV in the healthy phase to an acceptable value of 1.22 pu. 
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(a) 

 
(b) 

Figure 6-18: Performance of one PV system with proposed smart inverter control, 

together with two conventional PV systems, during small load and LLG fault 

a) Instantaneous three phase PCC voltages  b)PCC phase voltages in P.U. rms 
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6.6 Conclusion 
This chapter presents an innovative smart PV inverter control for controlling the steady 

state voltages and restricting the TOVs resulting from unsymmetrical faults to within 

acceptable values. A 44 kV realistic distribution feeder of the Hydro One is chosen as the 

study system. This system has two 10 MW PV solar farms already installed. Connection 

of a third 10 MW PV solar system created problems of steady state overvoltage and TOV. 

To alleviate these issues, Hydro One installed a physical STATCOM at the PCC of the 

three PV solar farms.  

PSCAD Simulation studies are presented to illustrate the exact problem of steady state 

overvoltage and TOV with the connection of the third 10 MW PV solar system. It is shown 

that conventional symmetrical voltage control of STATCOM fails to curtail the TOV. This 

has indeed been the problem with the actually STATCOM installed in Hydro One system, 

which failed to limit the TOV.  

The proposed patent-pending smart inverter control is implemented on the third incoming 

10 MW PV solar farm. It is shown that this novel control in Partial STATCOM mode 

regulates the steady state over voltage to the desired reference value within one and half 

cycle. Further, this smart inverter control in Full STATCOM mode successfully reduces 

the TOV caused during both single line to ground (SLG) fault and line to line to ground 

(LLG) fault to within acceptable values within one cycle.  

This proposed novel smart inverter control can therefore potentially eliminate the need for 

the physical STATCOM already installed in the Hydro One distribution system, thereby 

saving an enormous expense for Hydro One. 
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CHAPTER 7 

7 CONCLUSIONS AND FUTURE WORK 
PV solar systems employ inverters to transform dc power from solar panels into real ac 

power for injecting into the power transmission and distribution grids. Inverters that 

perform multiple functions in addition to real power production are known as “smart 

inverters”. 

This thesis presents a novel patent-pending [43, 44, 52] control of PV inverter as a dynamic 

reactive power compensator – STATCOM. This “smart PV inverter” control enables a PV 

solar inverter to operate in three modes – i) Full PV mode, ii) Partial STATCOM mode, 

and iii) Full STATCOM mode, depending upon system needs. The above novel control is 

developed and demonstrated for the objectives of a) symmetrical voltage regulation, b) 

temporary overvoltage (TOV) reduction, c) power factor correction, and d) reactive power 

control.      

In Full PV mode the inverter performs only real power production based on solar radiation. 

In Partial STATCOM mode, the inverter utilizes the capacity of the inverter remaining 

after real power production for voltage control, power factor correction and reactive power 

control. The real power production is not affected at all in this mode. The Full STATCOM 

mode is invoked in emergency scenarios, such as faults, or severe voltage fluctuations. In 

this mode, the real power production is shut down temporarily (typically for a few seconds) 

and the entire inverter capacity is utilized for voltage regulation or TOV curtailment for 

providing critical support to the power system.  

This thesis presents a comprehensive design of the proposed smart inverter controller with 

all its associated system components. The performance of the smart inverter is simulated 

on the industry grade electromagnetic transients software EMTDC/PSCAD. It is further 

validated through Real Time Digital Simulation (RTDS) and Control Hardware in the Loop 

(CHIL) simulation. Finally the successful performance of the smart inverter controller is 

demonstrated on a 10 kW inverter in the laboratory on a simulated feeder of Bluewater 

Power, Sarnia, where this smart inverter is proposed to be installed.  
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The smart PV inverter control is further shown to enhance the connectivity of PV solar 

farms in a realistic 44 kV Hydro One distribution feeder. It is demonstrated that if such a 

novel control is implemented on a 10 MW PV solar farm, the need for the actually installed 

STATCOM for voltage regulation and TOV control can be either minimized or altogether 

eliminated, bringing a significant savings for the utility. 

The summary of main conclusions of this thesis as well as proposed future studies are 

described below. 

7.1 Modeling of Distribution System with Smart PV Inverter 
In chapter 2, the operating principles of the smart PV inverter are presented for both Partial 

and Full STATCOM modes, for the two control objectives of voltage control and power 

factor correction. The design of the novel smart inverter control in d-q reference frame is 

described. The general design procedure of each system component is illustrated. The 

controller parameters are determined utilizing classic control design principles. The 

different inverter components and controller parameters are subsequently designed for a 

10kVA smart PV inverter system to be implemented in the distribution network of the 

Bluewater Power, Sarnia. 

7.2 Software Simulation of Smart PV Inverter 
In chapter 3, a system model of a realistic feeder of Bluewater Inc. network is developed 

in PSCAD/EMTDC software. A 10 kVA PV system is connected to the grid in presence 

of different loads. The controller of the conventional PV system is replaced by a smart 

inverter controller to operate in Partial STATCOM mode and Full STATCOM mode 

depending upon the system requirements. The control objectives for partial STATCOM 

operation mode are power factor correction, voltage regulation and reactive power control. 

However, control objective for full STATCOM operation mode is voltage control alone. 

The software simulation studies are utilized to demonstrate the controller performance for 

both modes of operation for achieving the two control objectives. In partial STATCOM 

mode, the controller implements the grid power factor at unity by providing required 

reactive power of the load. The smart inverter controller performance is further evaluated 
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for voltage control in both capacitive and inductive regions. During voltage control, the 

active power output of PV system is changed to demonstrate the successful decoupling of 

the active and reactive power controllers. A sudden connection of a large load causes the 

smart inverter to transition to the full STATCOM operation mode. In this mode, the solar 

panels are disconnected from the inverter and voltage is controlled utilizing the full 

capacity of the inverter. The smart inverter controller is shown to regulate the PCC voltage 

in both capacitive and inductive regions, in one cycle, which is the standard response of a 

commercial STATCOM.  

7.3 Real Time Digital Simulation (RTDS) and Hardware-In-
Loop Simulation of Smart PV Inverter 
In chapter 4, the control-hardware-in-loop (CHIL) study of the proposed novel inverter 

control is presented. The CHIL studies are typically performed for the evaluation of the 

real time operation of the controller, and are considered to be industry standard before the 

deployment of the controllers in field. The designed smart PV inverter controller for the 

study system is implemented on a dSPACE board. The entire study system including 

Bluewater Power network equivalent, passive loads and PV solar system are modeled in 

the Real Time Digital Simulator (RTDS). The controller inside the dSPACE board receives 

the required signals from RTDS and generates the PWM pulses for the inverter switches 

inside RTDS after processing the control algorithm. The CHIL studies presented in this 

chapter verify the effectiveness of the proposed novel smart PV inverter controller in real-

time for both steady-state and transient conditions. The EMPTDC/PSCAD software studies 

of the smart inverter controller performance presented in Chapter 3 correlate well with the 

CHIL results in this chapter and are thus validated. 

7.4 Lab Validation of Smart PV Inverter Performance 
Chapter 5 presents the implementation of the entire 10 kW study system in the Power 

Systems Lab of Western University. A PV Solar Simulator which mimics an actual solar 

array is used to generate DC power based on irradiance and temperature profiles. A voltage 

source inverter based on a two-level three-phase IGBT module is connected to the PV 

Simulator. The smart PV inverter controller is implemented on the dSPACE board. The 
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controller sends the switching pulses to the actual inverter based on the control objectives. 

An LC filter and an interface transformer are connected after the inverter to remove the 

harmonics as well as to provide isolation from the grid. Laboratory tests are performed for 

validating of the controller performance in both partial and full STATCOM modes of 

operation. The operation modes, control objectives and reference value of the DC link 

voltage are set through a designed graphic user interface (GUI) in ControlDesk software. 

Also, the real-time value of the PCC voltage, inverter current, load current and DC link 

voltage are monitored in the GUI.  

It is successfully demonstrated in the Partial STATCOM mode, that the controller uses the 

remaining capacity of the inverter to control PCC voltage and correct the power factor as 

per the provided reference values. To evaluate the controller performance in Full 

STATCOM operation mode, two tests are performed by applying inductive and capacitive 

loads suddenly to provide transient voltage drop and voltage rise, respectively. In this full 

STATCOM operation mode, the controller induces the PV Simulator to operate in a region 

which is close to open source voltage of solar panel. This condition is similar to 

disconnection of the solar panels. Hence, the entire capacity of the inverter is available for 

the controller to regulate the PCC voltage to the desired values. The experimental results 

of this chapter confirm the successful operation of the designed smart inverter controller in 

the Full STATCOM mode in transient system conditions. Moreover the response time of 

the smart PV inverter in Full STATCOM mode is similar to that of commercial 

STATCOMs.  

7.5 Temporary Overvoltage Reduction and PV Connectivity 
Enhancement with Smart PV Inverter 
This chapter presents an innovative patent-pending smart PV inverter control for 

controlling the steady state voltages and restricting the TOVs resulting from unsymmetrical 

faults to within acceptable values. A 44 kV realistic distribution feeder of the Hydro One 

is chosen as the study system. This system has two 10 MW PV solar farms already installed. 

Connection of a third 10 MW PV solar system created problems of steady state overvoltage 

and TOV. To alleviate these issues, Hydro One installed a physical STATCOM at the PCC 

of the three PV solar farms.  
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At first, PSCAD Simulation studies are presented to illustrate the exact problem of steady 

state overvoltage and TOV with the connection of the third 10 MW PV solar system. It is 

shown that conventional symmetrical voltage control of STATCOM fails to curtail the 

TOV. This has indeed been the problem with the actually STATCOM installed in Hydro 

One system, which failed to limit the TOV. The proposed smart inverter control is 

implemented on the third incoming 10 MW PV solar farm. It is shown that this novel 

control in Partial STATCOM mode regulates the steady state over voltage to the desired 

reference value within one and half cycle. Further, this smart inverter control in Full 

STATCOM mode successfully reduces the TOV caused during both single line to ground 

(SLG) fault and line to line to ground (LLG) fault to within acceptable values, within one 

cycle. This proposed novel smart inverter control can therefore potentially eliminate the 

need for the physical STATCOM already installed in the Hydro One distribution system, 

thereby saving an enormous expense for Hydro One. 

7.6 Contributions 

• A novel patent-pending smart PV inverter control in both Partial STATCOM and 

Full STATCOM mode is presented. The smart inverter is theoretically modeled, 

and its performance successfully demonstrated through: 

 Industry grade electromagnetic transients simulations software 

EMTDC/PSCAD 

 Real Time Digital Simulator (RTDS), 

 Control Hardware in Loop simulations, and, 

 10 kW PV inverter connected to a PV solar simulator with 10 kW 

resistive/inductive/capacitive loads in the Laboratory. 

Development of such a novel patent-pending smart PV inverter control and 

comprehensive demonstration of the effectiveness of this smart inverter controller 

through various procedures employed in actual commercial development of inverter 

controls, has been done for the first time. 
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• The effectiveness of the smart PV system control in reducing temporary over-

voltages in distribution feeders, is illustrated. It is demonstrated that 

implementation of such smart PV inverter controls in PV solar farms can potentially 

increase the connectivity of PV solar farms in distribution feeders by minimizing 

or completely obviating the need of physical expensive STATCOMs used for the 

same purpose. 

Such a novel control of PV inverters can be of great help to utilities to minimize 

investments in expensive STATCOMs for accomplishing the same tasks as actual 

STATCOMs 

7.7 Publications 
The following journal and conference papers have been published (or submitted), as a 

result of this thesis: 

7.7.1 Refereed Journals  
[1] Rajiv K. Varma and Ehsan Siavashi, “Novel Smart PV Inverter for Voltage 

Regulation and Reactive Power Control Part 1:  Modeling and Software 
Simulation”, IEEE Transactions on Smart Grid. 

[2] Rajiv K. Varma and Ehsan Siavashi, “Novel Smart PV Inverter for Voltage 
Regulation and Reactive Power Control Part 2: Hardware In Loop Simulation and 
Experimental Validation”, IEEE Transactions on Smart Grid. 

[3] Rajiv K. Varma, Ehsan Siavashi, Andrew Yan, Lianxian Tang, “Novel Smart PV 
Inverter Control as STATCOM (PV-STATCOM) for Increasing PV Hosting 
Capacity of Distribution Feeders”, IEEE Transactions on Smart Grid. 

7.7.2 Refereed Conference papers 
[1] Rajiv K. Varma, Shah Arifur Rahman, Ehsan Siavashi, and Mahendra A.C., 

"Nighttime Applications of PV Solar Farms", Proc. 2014 Solar Power 
International Conference, Las Vegas, USA, Oct. 2014  

[2] Rajiv K. Varma, Ehsan M. Siavashi, Byomakesh Das, and Vinay Sharma, “Real 
Time Digital Simulation of PV Solar System as STATCOM (PV-STATCOM) for 
Voltage Regulation and Power Factor Correction”, Proc. IEEE Electric Power and 
Energy Conference - 2012, Oct. 2012, London, Canada 
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[3] Rajiv K. Varma, Ehsan Siavashi, Byomakesh Das, Vinay Sharma "Novel 
application of a PV Solar Plant as STATCOM during Night and Day in a 
Distribution Utility Network – Part 2", Panel Session on "FACTS/Power 
Electronics Installations", Proc. 2012 IEEE T&D Conference, Orlando, USA, May 
2012. 

7.8 Future Work 
Further research and development work may be performed on the smart PV inverters as 

follows: 

• Field implementation and testing of smart PV inverter in the network of Bluewater 

Power Corporation 

• Coordination control of multiple smart PV inverters at the same bus or neighboring 

buses in a distribution feeder  

• Addition of more smart inverter functions with the main controller such as active 

filter, unbalanced voltage control, anti-islanding and auxiliary damping control 

• Temporary overvoltage detection method to trigger the controller faster 

• Implementation of MPPT algorithm to control DC link voltage faster 
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APPENDIX A 

 

A. 1  Parameters of a Realistic System similar to Bluewater Power 

Network 

AC Source Voltage (L-L) , 208g L LV V− =  

AC Source Thevenin Impedance 0.001 , 0.0012mHg gR L= Ω =  

System Parameters / 3g gX R =  

 

A. 2  Typical Solar panel Parameters [163, 164] 

Open Circuit Voltage VOC = 21.7 V 

Short Circuit Current ISC = 3.35 A 

Voltage at Maximum Power VMPP = 17.4 V 

Current at Maximum Power IMPP= 3.05 A 

PV Modules in Series NS= 23  

PV Modules in Parallel NP = 8 
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A. 3  PV Inverter Parameters [157] 

IGBT ON State Resistance RON = 0.001 Ω 

IGBT Off State Resistance ROFF = 1e5 Ω 

IGBT Forward Voltage Drop VD = 0 V 

Snubber Resistance RSnubber= 1000 Ω 

Snubber Capacitance CSnubber= 0.002 µF 

DC link Capacitor  CDC = 18000 µF 

DC link Voltage VDC = 400V DC 

Switch rating Vrating = 600 V, Irating = 100 A 

 

A. 4  PV Transformer Parameters [165] 

Transformer Configuration Delta (Inverter Side)/Wye (Grid Side) 

Nominal Power of Transformer S= 10 kVA 

Winding Voltages 208 (L-L)p sV V V= =  

Base Frequency 60Hzf =  

Leakage Reactance 0.05putL =  



184 

 

APPENDIX B 

B. 1  Structure of Control Hardware-In-Loop 
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B. 2  Simplified Model of Controller in MATLAB/Simulink 
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B. 3  Designed GUI in RSCAD-Runtime 
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B. 4  Designed GUI in ControlDesk 
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B. 5  Hardware-In-Loop Setup 
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APPENDIX C 

C. 1  PV Simulator 
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C. 2  Three Phase IGBT Module 
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APPENDIX D 

D. 1  Parameters of a Realistic System similar to Hydro One Power 

Network (confidential) 

Nominal Voltage gridV 44kV=  

Approximate Distance from Station to PCC Line 1=35 km 

D. 2  Typical Solar Panel Parameters [163, 164] 

Each PV Size PVP 10MW=  

Number of PV Units N=3 

Total output of DG facility PV,totalP 30MW=  

Rated Frequency f 60 Hz=  

Rated Voltage of the PV unit PVV 360V=  

PV Modules in Series (Each 10MW PV) NS= 20 

PV Modules in Parallel(Each 10MW PV) NP =2120 

Open Circuit Voltage VOC = 51.8 V 

Short Circuit Current ISC = 5.84 A 

Voltage at Maximum Power VMPP = 43 V 

Current at Maximum Power IMPP= 5.48 A 
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D. 3  Typical PV Inverter Parameters [157] 

IGBT ON State Resistance RON = 0.0001 Ω 

IGBT Off State Resistance ROFF = 1e6 Ω 

IGBT Forward Voltage Drop VD = 0 V 

Snubber Resistance RSnubber= 1000 Ω 

Snubber Capacitance CSnubber= 0.002 µF 

DC link Capacitor  CDC = 150 mF 

DC link Voltage VDC = 925 V(dc) 

 

D. 4  DG Interface Transformer Parameters 

Rating ,S 30MVADG transformer =  

Number of Interface Transformer Units ,n 1DG transformer =  

Winding Connection and Voltage Delta (44 kV)/Star-Grounded (27.6 kV) 

 

D. 5 PV Intermediate Transformer Parameters

Rating ,S 10 MVAPV transformer =  

Number of Interface Transformer Units ,n 3PV transformer =  

Winding Connection and Voltage Delta (27.6 kV)/Star (360 V) 
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D. 6 Modeling of Study System in PSCAD/EMTDC Software 
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D. 7 Modeling of Smart PV Inverter Control in PSCAD/EMTDC Software 
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