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Abstract 

Microgrids are local groups of electricity generation, storage and loads that can operate in 

parallel with the grid or autonomously as a power island. Accurate and detailed microgrid 

simulation models are required for studying the operation, control and protection issues 

related to microgrids.   

A real-time simulation model of a medium voltage microgrid with distributed energy re-

sources (DERs) was developed using the RTDS real-time digital simulator. The DERs 

in this microgrid include a diesel generator, a photovoltaic (PV) system, and a doubly-fed 

induction generator (DFIG) wind turbine system. The average-value models for the PV and 

DFIG power electronic interfaces were developed to reduce the hardware requirements on 

the RTDS. The steady state and transient response of the microgrid when in the grid-con-

nected and islanded modes of operation was shown to give satisfactory performance. The 

microgrid was interfaced to a protection relay to demonstrate hardware in the loop simula-

tions. 
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Chapter 1 

Introduction 

1.1 Background and Motivation 

The conventional power grid with centralized generation is evolving to include compara-

tively small-scale Distributed Energy Resources (DERs) and loads connected as microgrids 

[1]. Microgrids are local groups of electricity generation, energy storage, and loads that 

can be controlled to operate in parallel with the power grid or autonomously as a power-

island [2]. The technical and economic benefits of microgrids include increasing use of 

renewable energy and distributed energy resources to reduce carbon emissions from fossil 

fuel energy sources, increased power supply reliability during power outages, increased 

revenue to operators from energy sales as well as ancillary grid services, and accessible, 

affordable energy to remote areas where power grid infrastructure is non-existent [3]. Re-

cent experience has shown that microgrids can help to supply electricity to critical facilities 

such as health care and telecommunication, and grid restoration during natural disasters 

that cause large-scale damages to power transmission grids [4].   

 



1.1 Background and Motivation  2 
 

 

In  [1], it is predicted that DERs will constitute 30 percent of the energy market by 2030. 

The increasing penetration of DERs changes the dynamics and operation of the traditional 

grid. The power provided by the integration of DERs must be delivered to consumers 

within acceptable limits of current, voltage and frequency to ensure power quality and re-

liability. The simple methods used for voltage control and protection of traditional radial 

distribution systems will no longer be adequate as power flow directions are changed with 

the availability of DERs or with fluctuations in the energy sources such as wind and solar 

radiation. Thus the integration of DERs using the microgrid concept requires the develop-

ment of intelligent controllers and new protection techniques. Therefore, accurate simula-

tion models of microgrids are needed to study the impact of DER on the network and the 

efficacy of new control and protection systems. The CIGRE Task Force C6.04.02 was es-

tablished to address the need for a commonly accepted basis for testing methods and tech-

niques of DER integration [1]. The Task Force developed several benchmark networks at 

different levels for DER integration studies. The relationship between the different bench-

mark networks is shown in Figure 1-1 [1]. 

 

Figure 1-1 Network benchmarks for DER integration [1] 
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Examples of DER integration studies that can be performed using such benchmark net-

works include [1, 5] : 

 Power electronic topologies for DER integration; 

 DC bus voltage control options;  

 Maximum power tracking;  

 Islanding; 

 Interaction of control of two parallel DER units; 

 Impact of various DERs on the power flow, voltage profile, reliability, stability and 

power quality;  

 Methodologies and techniques for designing control, protection and energy manage-

ment systems. 

 

Models of the CIGRE bench mark distribution systems have been implemented on several 

offline simulation tools [6]. Such models have been used for the above mentioned DER 

integration studies. The importance of modeling microgrids in real-time simulators is the 

ability to interface real hardware control and protection equipment to test their operation 

in real-time operating conditions. Additionally real-time simulators offer faster speed of 

computation as the solution of the overall network is completed in one simulation time step 

compared to several minutes or longer in offline simulators. Therefore the motivation for 

this research is to model a microgrid system based on the CIGRE medium voltage (MV) 

distribution network on a real-time digital simulator. 
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1.2 Research Objectives 

The objective of the research is to develop a real-time simulation model of a microgrid 

system to study DER integration at the distribution level. Developing a real-time microgrid 

system model will allow accurate and reliable testing of protection and control devices 

under actual operating conditions. To fulfill the research objectives, the following tasks 

will be accomplished in this thesis: 

 Literature review on microgrids with a focus on the technical issues facing the intercon-

nection of DERs to the distribution network. 

 Literature review on the modeling and analysis of DERs and their associated controls 

and power electronic systems.  

 Development of detailed models of several DERs including a diesel generator, PV sys-

tem, and a DFIG wind energy system.  

 Development of average-value models for the PV and DFIG converter systems to reduce 

the hardware resources required for real-time simulation. 

 Implementation of a complete real-time simulation model of a microgrid system with 

DERs based on the CIGRE C6.04.02 benchmark North American MV distribution net-

work using the RTDS simulator. 

 Analysis of the steady state and transient response of the microgrid system when in grid-

connected and autonomous operation under different operating scenarios. 

 Interfacing a protective relay with the microgrid system in a hardware in the loop sim-

ulation. 
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1.3 Thesis Organization 

Chapter 1 provides a background introduction to the thesis as well as the motivation and 

objectives of the research.  

Chapter 2 provides a literature review of the definitions and concepts of microgrids as well 

as technical issues facing microgrid applications. A discussion on real-time digital simula-

tion is also provided. 

Chapter 3 describes the modeling of the DERs and their control systems.  

Chapter 4 describes the modeling of the average-value models (AVM) for the converter 

interfaced DERs and shows how using AVM reduces the amount of hardware resources 

but at a trade-off of simulation details. 

Chapter 5 describes the microgrid structure and provides a discussion on the challenges of 

modeling distribution networks using a real-time digital simulator. An analysis of the real-

time steady state and transient response of the microgrid system when in grid-connected 

and islanded operation is provided. A hardware in the loop simulation with the microgrid 

system and a protection relay is implemented and discussed. 

Chapter 6 gives the conclusions and future work. 

 

 

 

 

 

 

 



 

 

Chapter 2 

Literature Review 

2.1 Introduction 

This chapter provides a literature review of the definitions and concepts of microgrids as 

well as technical challenges facing microgrid implementation. This chapter also includes 

a brief discussion on the RTDS, an EMTP-based real-time digital simulator. 

 

2.2 Definitions and Concepts 

Microgrids are localized groups of electricity generation, energy storage, and loads typi-

cally located downstream at the low (LV) or medium voltage (MV) distribution level. 

Microgrids can be controlled to operate in parallel with a conventional centralized grid or 

autonomously as a power island [2]. A power island is defined as a portion of the distri-

bution network that has been electrically isolated from the main utility but is kept ener-

gized by the operation of the local DERs [7]. The DERs used in microgrid applications 
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include wind, solar, synchronous generators driven by diesel, steam or hydro turbines, 

combined heat and power plants, fuel cells, micro-turbines and engine-generator sets op-

erated with biofuels. Microgrids can provide additional voltage support to the transmis-

sion system, reduce losses on distribution networks, and improve overall power supply 

reliability [8]. In addition, microgrids can be used to provide back-up power supply to 

critical loads during grid fault events.  

Microgrids are a key concept towards the development of smart power systems of the 

future where large conventional fossil fueled power generation plants will be replaced 

with reduced scale DERs situated closer to the demand side. Microgrids are rapidly gain-

ing interest in campus environments, military operations, community and utility systems, 

commercial and industrial markets, and remote/off-grid settings. An overview of existing 

microgrid architectures and designs around the world is provided in [9]. 

Despite the benefits of the microgrid concept, its implementation is faced with significant 

technical challenges due to its relative novelty when compared to the conventional power 

grid. The following sections provide a literature review of some of the technical chal-

lenges faced with microgrid applications. A discussion on simulation models and tools 

for microgrid studies is also provided. 

2.3 Microgrid Stability and Control 

An important aspect in microgrid control is maintaining system stability when in grid-

connected and islanded modes under different operating conditions. The integration of 

DERs changes the unidirectional power flow nature of traditional distribution networks 
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affecting the operation of the control and protection devices. When in grid-connected op-

eration, disturbances on the utility side can adversely affect the operation of the DERs in 

the microgrid. For enhanced stability, electrical isolation between the utility and the mi-

crogrid is required to protect equipment and personnel [10].  

Microgrid control must regulate the power, voltage, and frequency when in grid-con-

nected or islanded operation within specified thresholds of power quality and reliability. 

Microgrid control should transition from grid-connected mode to autonomous mode with 

minimum voltage and frequency fluctuations.  Load shedding schemes must be designed 

for cases where the power available from the DERs is insufficient to supply the loads in 

the islanded microgrid or when fault events cause the voltage and currents to rise to levels 

above the equipment ratings. Load shedding control should operate rapidly to restore the 

power balance in the microgrid to avoid voltage and frequency collapse. After the system 

is restored, the microgrid control should seamlessly reconnect the microgrid with the main 

utility by ensuring the voltage, frequency and phase angle of the microgrid and utility 

meet synchronization and voltage balancing requirements at the PCC.  

The microgrid control is done using a central controller (CC) and microsource controller 

(MC) [11].  The role of the CC is to coordinate the overall microgrid control and protec-

tion functions [11]. Typically, the control objectives of the CC are achieved by using real 

and reactive power control during grid-connected operation and voltage and frequency 

control during islanded operation [12]. In grid-connected operation, the CC should oper-

ate the microgrid in synchronism with the main grid. In islanded operation, the CC should 

coordinate the operation of load shedding controls to restore power balance in the mi-

crogrid [11]. 
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Several MC and CC control strategies have been proposed in literature to improve the 

transient response of microgrids with different types of DERs. DERs are classified based 

on their dynamic response and power flow into inertial/non-inertial and dispatchable/non-

dispatchable) systems [13]. Wind and solar systems are non-dispatchable/non-inertial as 

their power output largely depends on the environmental conditions and they are inter-

faced with power converters, which have low-inertia characteristics [13]. This is a major 

concern in grid-connected systems with renewables, as power fluctuations caused by 

changing environmental conditions could cause voltage and frequency instability. 

Properly designed voltage and frequency control as well as protection techniques have to 

be used by grid operators to mitigate these issues, increasing the cost and complexity of 

integrating large-scale, distributed grid-connected systems with renewable energy re-

sources. Diesel generators are dispatchable/inertial DERs as their power output can be 

adjusted to a set reference point and they have high-inertia characteristics due to the pres-

ence of large rotating masses. Voltage, frequency, and angle droop control methods are 

commonly employed in microgrid control systems [10].  

2.4 Microgrid Protection 

A significant challenge facing microgrid applications is the impact on protection systems 

caused by DER integration. Traditional distribution protection schemes are based on fault 

current levels with no generation at the distribution substation. The integration of DERs 

changes the magnitude, duration and direction of the fault currents in the distribution net-

work. The contribution to fault current levels depends on the size and type of DERs. Con-

verter-interfaced DERs have a small contribution to fault current levels due to the current 
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limits of the converters control systems. DERs with synchronous generators contribute a 

continuous fault current level while DERs with induction generators contribute to the fault 

current levels in one or two cycles [14]. The change in the fault current level may cause 

the fault to go undetected by the protection devices or create nuisance tripping. Other 

technical impacts on distributed system protection caused by DER integration is discussed 

in [14]. The protection scheme should be designed to cover all possible operating scenar-

ios and should clear fault events within the specified operating limits to avoid exceeding 

the current and voltage ratings of the connected DERs and loads. Protection devices for 

converter interfaced DERs must be designed to operate with low values of fault currents 

and high DC voltages. Traditional protection schemes such as overcurrent, differential, 

and impedance protection can be used for microgrids having synchronous generators or 

energy storage devices. However, traditional protection schemes have high non-detection 

probabilities due to the low levels of fault current contribution by converter interfaced 

DERs. To overcome these limitations, novel protection schemes based on symmetrical 

components as well as adaptive schemes based upon intelligent algorithms to adjust the 

protection settings have been proposed in literature [14]. However, this increases the com-

plexity of the protection design and in some cases increases the detection time of the fault 

event as this could require the use of additional devices such as dedicated circuit breakers, 

fuses, reclosers, or advanced protection and communication schemes [14]. 
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2.5 Microgrid Islanding 

Islanding refers to the situation where the DERs continue to supply power to a portion of 

the distribution network even though that portion has been disconnected from the main 

utility. There are two types of islanding operation namely intentional and unintentional 

island operation [15]. Unintentional islands create a hazardous situation for equipment 

and service personnel who may be unaware that the DG has kept a portion of the lines 

and devices energized.  Unintentional islands are required to be detected and disconnected 

from the main grid within two seconds of the islanding event [15]. Intentional islands 

could be used as backup power supply for critical loads such as hospitals or to improve 

the power quality and reliability of the distribution network. Fast and reliable microgrid 

islanding detection techniques are therefore required to avoid power instability, equip-

ment damage, as well as injury to utility personnel. The main requirements of an islanding 

detection scheme is to differentiate between transients caused by normally occurring 

events such as faults, load switching, or equipment start up and transients caused as a 

result of loss of the main grid. It also needs to coordinate among the protection devices to 

avoid unnecessary tripping of the DERs [16]. The selection of the DER and grid parame-

ters as well as the islanding detection and transition times depends on the type of DERs 

and their implemented control schemes [16]. Several standards such as IEEE 1547-2003 

define requirements for islanding detection and transition times. Islanding detection tech-

niques are classified as shown in Figure 2-1. 



2.5 Microgrid Islanding  12 
 

 

 

Figure 2-1 Islanding Detection Techniques [17] 

2.5.1 Local Islanding Detection Techniques 

Figure 2-2 shows the classification of local islanding detective techniques. Passive detec-

tion use measured deviations in the DER and grid parameters within specified limits from 

the steady operation to establish if an islanding event has occurred [17]. Passive tech-

niques offer fast response to deviations and are simple to implement; however, their major 

drawback is the high probability of non-detection zones especially when the DER gener-

ation matches the load demand [17]. A modified passive technique using data mining and 

decision-tree classifiers to reduce the non-detection zone is discussed in [18].  

 

Figure 2-2 Local islanding detection techniques [17] 
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Active techniques detect islanding events by injecting disturbances to the power system 

and monitoring the system response [17]. The idea is that during islanding operation, the 

DERs in the island will have a different response to the injected disturbances than when 

in parallel operation with the power system [17, 18]. Active detection methods have a 

reduced non-detection zone compared to passive techniques; however, the detection time 

of active methods tends to be much slower than passive techniques. In addition, the in-

jected disturbances create power quality issues in power networks with high integration 

of DERs [16]. Active methods are generally applied for converter-interfaced DER sys-

tems while a combination of passive methods are commonly used for rotating machine 

DER units [16]. Typically synchronous generator DER units employ over/under fre-

quency, over/under voltage as well as directional relay protection schemes to detect is-

landing when the DER power output is lower than the load on the feeders as the, real and 

reactive power, voltage and frequency of the synchronous generator tend to vary rapidly 

when islanding occurs [16]. 

Hybrid methods combine passive and active techniques to detect islanding events. Typi-

cally they use passive methods to detect the islanding event and only inject disturbances 

after the islanding event is detected by the passive technique [17]. 

2.5.2 Remote Detection Islanding Techniques 

The remote islanding techniques rely on active communication between the DERs and the 

grid. Remote detection techniques have the highest probability of detecting islanding 

events with zero non-detection zones when DER generation matches the load demand. 
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However, a major drawback is that remote techniques are more complicated and expen-

sive to implement than active and passive techniques and may not be economically viable 

in small to medium DER applications [17, 19]. Figure 2-3 shows the classification of 

remote detection islanding techniques [17]. 

 

Figure 2-3 Remote islanding detection techniques [17] 

 

2.6 Synchronization of Microgrids 

Before an islanded microgrid is reconnected to the main grid its voltage, frequency, and 

phase angle must be matched to those of the grid network within specified limits to avoid 

transient instability caused by differences in the real and reactive power at the PCC. Ac-

cording to IEEE 1547.2-2008 the “DR unit shall parallel with the Area EPS without caus-

ing a voltage fluctuation at the PCC greater than ±5% of the prevailing voltage level of 

the Area EPS at the PCC” [15].   

Microgrid synchronization methods fall into three categories namely: (i) active synchro-

nization methods, which use communication and control systems to exchange infor-

mation between the micro-grid DERs and the main utility  (ii) passive synchronization 
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methods, which use devices such as synchro-check relays to monitor the voltage, phase 

and frequency at the PCC, and (iii) open-transition transfer where the microgrid is re-

connected to the main grid only after the DERs and loads in the microgrid have been de- 

energized [6].  Table 2-1 shows synchronization parameter limits defined by IEEE 1547-

2003 for synchronous interconnection of an energized microgrid to the main grid [15]. 

Table 2-1 Synchronization Limits [15] 

Aggregate rating of 

DER Units (kVA) 

Frequency Difference 

(Δf, Hz) 

Voltage difference 

(ΔV, %) 

Phase angle differ-

ence (Δϕ, 0) 

0-500 0.3 10 20 

>500-1500 0.2 5 15 

1500- 10000 0.1 3 10 

 

 

2.7 Voltage unbalance in Microgrids 

LV or MV distribution networks have uneven distribution of loads, which create voltage 

unbalance on the phases of the network. Voltage unbalance causes adverse effects on the 

equipment and loads in the network. For DERs using induction machines, unbalanced 

stator voltages cause unequal heating in the stator phase windings [20]. In converter-in-

terfaced DERs, voltage unbalance creates uncharacteristic harmonics, which increases the 

heating losses in the power electronic switches.  Unbalanced voltages and currents have 

to be properly mitigated within acceptable limits to avoid damage to components in the 

network. Several standards define the voltage unbalance in the network [21]. 

 The Institute of Electrical and Electronic Engineers (IEEE) defines the percentage 

phase voltage unbalance rate (PVUR) as [21]: 

%𝑃𝑉𝑈𝑅 =
|∆𝑉𝑎𝑣𝑒𝑟𝑎𝑔𝑒_𝑝ℎ𝑎𝑠𝑒|

𝑉𝑎𝑣𝑒𝑟𝑎𝑔𝑒_𝑝ℎ𝑎𝑠𝑒
  

(2.1) 
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 The National Electrical Manufacturers Association (NEMA) defines the percentage 

line voltage unbalance as [21]: 

%𝐿𝑉𝑈𝑅 =
|∆𝑉𝑎𝑣𝑒𝑟𝑎𝑔𝑒_𝑙𝑖𝑛𝑒|

𝑉𝑎𝑣𝑒𝑟𝑎𝑔𝑒_𝑙𝑖𝑛𝑒
 

(2.2) 

 

 A widely accepted method that uses the negative and positive sequence RMS voltages 

to calculate the percentage voltage unbalance factor is given as [21]. 

%𝑉𝑈𝐹 =
𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒

𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
        

(2.3) 

 

IEEE Std.1547.2-2008 states that a voltage unbalance greater than 2.5-3% is significant 

enough to cause three-phase motors or other devices to overheat [22].  Methods to miti-

gate voltage unbalance include using SVCs, STATCOMs, energy storage devices, 

switched shunt capacitors, automatic load tap changing transformers, or voltage regula-

tion using the reactive power capability of the DERs [6, 22, 23]. 

Due to increasing levels of DER integration, there is a growing interest to allow DERs to 

contribute to the voltage and reactive power regulation. Previous versions of the IEEE 

1547.1 standard for DER integration required DERs to operate at a fixed power factor 

(typically unity power factor) without actively regulating the reactive power and subse-

quently the PCC voltage in the distribution network [23]. This stipulation is currently 

being reviewed and modified for future revisions of the IEEE 1547 DER integration 

standard. Several benefits of using the reactive power capability of DERs include reduced 

transmission line losses (which increases the system capacity), low voltage ride through 

during faults, and voltage unbalance mitigation [24, 25, 26]. Voltage regulation using the 
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reactive power capability of synchronous generators is achieved by controlling the reac-

tive power output using a reactive droop characteristic on the high voltage transmission 

side or by regulating the terminal voltage at the low voltage machine terminals using an 

automatic voltage regulator [23]. Reactive power capability is achieved in wind and PV 

systems by either a reactive power dispatch or volt/var controllers [23]. 

The reactive power capability for DERs is specified at the PCC based on power factor 

requirements. Typically a power factor range of “0.95 lead to lag at full rated power” is 

specified for converter interfaced DERs [23]. For synchronous generators, the reactive 

power capability is typically specified at “0.90 lagging power factor to 0.95 leading 

power factor” to allow a voltage regulation range from 90-110% [23]. IEEE 1547.1 re-

quires the power factor to be at or higher than 0.85 lead/lag [23].   

2.8 Simulation Tools for Microgrid Studies 

The discussed technical challenges associated with grid-integration of distributed energy 

resources using the microgrid concept can be studied using simulation tools with detailed 

models of power system components and their associated control and protection devices.  

In [27], a detailed review on mathematical models of hybrid renewable energy systems 

for a hydro-solar and wind power generation is given and presented.  In [28], a microgrid 

model with a solar panel, hydrogen fuel cell stack, electrolyzer and a radial distribution 

network was developed using a JAVA-based software to study the optimum design and 

operation of the microgrid. In [29], simulation tools that include a PV array model, max-

imum point tracking controller model, and a grid integrated inverter was developed for 

DER interconnection studies using an electromagnetic transient simulation program 
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(EMTP) developed by the Manitoba Hydro Research Center called PSCAD/EMTDC.  In 

[6], a voltage balancing and synchronization scheme was developed for a microgrid with 

highly unbalanced loads using PSCAD/EMTDC. In [30], the active power/frequency and 

reactive power/voltage droop control strategies of a microgrid with dynamic models of a 

PV cell, wind turbine was developed using the open-source EMTP/Alternative Transient 

Program (ATP).  

In the above mentioned references, the simulation tools have been developed on a purely 

software platform; however, the growing trend is in performing such simulation studies 

using real-time simulators to enable hardware-in-the -loop (HIL) simulations. In HIL sim-

ulations, parts of the power system are modeled in a software environment and interfaced 

with a physical hardware device under test (HDUT) using a real-time operating system 

[31]. Hardware-in-the-loop simulations provide a cost effective and safe method to test 

the operation of physical devices before connection to the actual power system [31]. This 

research focuses on developing a microgrid system with detailed models of distributed 

energy resources namely a PV array, wind turbine and diesel generator using a real-time 

digital simulator to be used for hardware-in-the-loop simulations.  

2.8.1 Real-Time Digital Simulation for Microgrid Studies 

The microgrid system is developed using a real-time EMTP based simulator developed 

by RTDS Technologies Inc.  The EMTP algorithm originally developed by H.W Dommel 

uses the trapezoidal rule of integration to discretize the differential equations of power 

system components [32]. EMTP based simulations are widely adopted in the power sys-

tem industry for performing detailed transient simulation studies for AC and DC power 
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systems [32]. In Dommel’s EMTP algorithm, the differential equations of an inductor and 

capacitor are discretized to represent a Norton equivalent circuit having a conductance 

value in parallel with a current source. The conductance value is an instantaneous expres-

sion that links the current and voltage at the current-time step while the current source 

represents an expression of the relationship between the current injection and voltage at 

the previous time step [32]. Nodal analysis is then used to obtain the time domain solution 

of the equivalent representation of the discretized power system network. The Dommel 

EMTP algorithm representation of an electric circuit with passive components is shown 

in Figure 2-4. 

 

Figure 2-4 Norton equivalent of an electrical circuit using the EMTP Dommel Algorithm [32] 

The power system solution of the Norton equivalent circuit is obtained by the nodal equa-

tion given by [32]: 

[𝐺]𝒗(𝑡) = 𝒊(𝑡) + 𝑰ℎ𝑖𝑠𝑡𝑜𝑟𝑦 (2.4) 
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where: 

𝒗(𝑡)  is the node voltages vector.  

𝒊(𝑡)  is the vector of current sources obtained from Norton equivalent of voltage sources 

in the network.  

𝑰ℎ𝑖𝑠𝑡𝑜𝑟𝑦 is the vector of history term currents obtained from the trapezoidal integration 

representation of the power system components. 

[𝐺] is the conductance matrix obtained from the transforming the electric circuit into the 

Norton equivalent using the EMTP algorithm. 

From the nodal analysis of Figure 2-5, equation 2.4 becomes: 

[

𝐺1 + 𝐺2 −𝐺2 0
−𝐺2 𝐺2 + 𝐺3 + 𝐺4 −𝐺4

0 −𝐺4 𝐺4 + 𝐺5

] [

𝑉𝑁1

𝑉𝑁2

𝑉𝑁3

] =  [
𝐼(𝑡)

0
0

] +  [

−𝐼ℎ𝐿

𝐼ℎ𝐿−𝐼ℎ𝐶1

−𝐼ℎ𝐶2

] 

(2.5) 

𝐼(𝑡) =  
𝑉(𝑡)

𝑅1
 

(2.6) 

The conductance terms are defined by:  

𝐺1 =  
1

𝑅1
 ; 𝐺2 =  

∆𝑇

2𝐿
 ; 𝐺3 =  

2𝐶1

∆𝑇
 ; 𝐺4 =  

1

𝑅2
 ; 𝐺5 =  

2𝐶2

∆𝑇
 

(2.7) 

The history current equations for the inductor and capacitor are given by: 

𝐼ℎ𝐿 = 𝑖𝐿(𝑡 − ∆𝑇) +  
∆𝑇

2𝐿
𝑣𝐿(𝑡 − ∆𝑇)  (2.8) 

𝐼ℎ𝐶1
= −𝑖𝐶1

(𝑡 − ∆𝑇) + 
2𝐶1

∆𝑇
𝑣𝐶1

(𝑡 − ∆𝑇) 
(2.9) 

𝐼ℎ𝐶2
= −𝑖𝐶2

(𝑡 − ∆𝑇) + 
2𝐶2

∆𝑇
𝑣𝐶2

(𝑡 − ∆𝑇) 
(2.10) 
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For a given time step ∆𝑇, the node voltages are solved by the matrix multiplication of the 

inverted the conductance matrix [𝐺] −1 with current and calculated history term currents 

vectors obtained from the previous time step. 

𝒗(𝑡) = [𝐺] −1[𝒊(𝑡) +  𝑰ℎ𝑖𝑠𝑡𝑜𝑟𝑦] (2.11) 

In steady state operation, the conductance matrix is constant at every time step; however, 

in real power system networks the conductance matrix is constantly changing due to the 

presence of switching transients such as the faults, power converter switching and breaker 

operation [32]. Therefore in real-time digital simulations, the network voltages and cur-

rents need to be calculated at every time step because at any time a controller could trigger 

a change in the switching state of the network requiring the network conductance matrix 

to be inverted at each time step [31]. As the size of the power system network increases, 

so does the computational effort required to invert the conductance matrix and obtain the 

network solution at each time step. To achieve real-time performance, the RTDS simula-

tor uses high speed parallel processors to share the computation burden and accelerate the 

network solution as illustrated in Figure 2-5 [31].  
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Figure 2-5 Microgrid simulation using the RTDS 

The power and control components are assigned to different processors, which communi-

cate with each other to obtain the overall solution of the system [31]. Maintaining real-

time performance for 50/60Hz systems requires simulation time steps around 50µs to 

solve for all possible switching states of the network. For power electronic converters 

having high switching frequencies (in the kHz range), smaller simulation time steps 

around 1-3s are required to represent the converter switching dynamics. The RTDS uses 

dedicated processors as well as predefined power system and control components for 

modeling power converters with simulation time steps between 1-3s [31]. 

The RTDS hardware is interfaced to a software called RSCAD where the simulation case 

is assembled using either user-defined or pre-defined components from the RSCAD li-

brary [31]. The RSCAD Draft module shown in Figure 2-7 provides the ability to organize 

simulation cases, automate or interact with the simulator operation for true real-time per-

formance as well as analyze and post-process the simulation results [31]. 
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Figure 2-6 Screen shot of RSCAD Draft Module [31] 

 

A significant benefit of using real-time digital simulators is the ability to connect physical 

devices such as control and protection equipment as shown in Figure 2-8.  Hardware-in-

the-loop simulations provide a cost effective and safe method for operators and research-

ers to thoroughly test and analyze the operation of physical devices under real-time con-

ditions before they are installed in the actual system [31].  HIL simulations are used in 

various industries ranging from aeronautics, manufacturing, automotive, and robotics for 

testing and validating equipment design [33]. 

 

Figure 2-7 HIL testing using the Real Time Digital Simulator [31] 
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To enable HIL simulations, the RTDS supports data exchange between external devices 

and the software simulation using several interface cards that can send/receive analog 

input and output signals, digital input and output signals as well as network communica-

tion protocols such as supervisory control and data acquisition (SCADA), distributed net-

work protocol (DNP), phasor measurement units (PMU), generic substation events and 

sampled values based on the international electro technical commission (IEC) 61850 

standard [31].  In addition, actual recorded data can be used as input to the simulation 

using a play back feature to validate the simulation models [31].  

Typically, HIL simulations in the power system industry have focused on control and 

protective relay testing. In [34], the HIL capability with the RTDS is demonstrated for 

testing a power electronic converter controller. In [35], a HIL method using the RTDS is 

proposed to test functions of control and operation of a developed microgrid management 

system (MMS). More recently due to increasing integration of distributed energy re-

sources and power electronic converters with the distribution grids, interest in HIL simu-

lations is shifting towards more power hardware-in-the-loop (PHIL) simulations [33]. 

PHIL is a more challenging interface than control and protection testing as the device 

under test (such as motors, generators, wind turbines, power inverters) produces power at 

high voltages and currents. In [36], the complexities and challenges of obtaining stable 

and reasonably accurate PHIL simulations are discussed. Continued research is required 

to develop interface and testing techniques that can be used to validate PHIL simulations 

for DER integration studies [36]. The goal of this research is to develop a microgrid case 

that can be used for DER integration studies using hardware-in-the-loop applications. 
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2.9 Concluding Remarks 

Grid-integration of distributed energy resources offers several advantages such as reduced 

greenhouse gas emissions and increased power system reliability. Despite the mentioned 

benefits, several technical challenges have to be addressed to ensure the successful inte-

gration of these DERs using the microgrid concept. In this chapter, a discussion of some 

of the technical challenges has been provided highlighting the need for developing de-

tailed benchmark simulation models for microgrid studies as will be discussed in Chapter 

3. In addition, a discussion on a real-time transient simulation tool based on the electro-

magnetic transient program (EMTP), which offers a wide range of modeling capabilities 

used to represent the electromagnetic and control system transients of a power system was 

provided. However, due to the computational effort required to maintain real-time simu-

lation, the size of the network is limited by the available hardware resources, Chapter 4 

will discuss the use of average-value models to address this issue.  The RTDS allows 

realistic and accurate analysis of the dynamics of power system and control components. 

Physical power, control and protection devices can be interfaced to the RTDS for hard-

ware in the loop simulations making it a useful simulation tool in understanding the op-

eration of distribution networks integrated with DERs in a microgrid concept. The mod-

eling of a distribution power system network integrated with DERs using the RTDS as 

well as a hardware in the loop interface with a protective relay is discussed in Chapter 5. 

             



 

 

Chapter 3 

Modeling of Distributed Energy Re-

sources 

3.1 Introduction 

This chapter discusses modeling of the distributed energy resources and their associated 

control systems. The DERs discussed are a diesel generator, a photovoltaic system and a 

doubly-fed wind turbine generator system.   

3.2 Diesel Generator Model 

Diesel generators are used as backup power supply during power outages, or to generate 

power in off-grid applications such as remote locations or large ships. Diesel generators 

are also used to provide ancillary services such as voltage control, load regulation and fre-

quency control [37]. Currently, most microgrid implementations rely on diesel generating 
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systems [38]. The role of the diesel generator in the microgrid system discussed in this 

research is to regulate the microgrid frequency when in islanded operation as well as to 

provide real and reactive power in both grid-connected and islanded operation. The diesel 

generator is modeled as a synchronous generator with an excitation system driven by a 

diesel engine and speed governor. The diesel generating system modeled in RSCAD/Draft 

is shown in Figure 3-1. 

 

Figure 3-1 Diesel Generating System in RSCAD/Draft 

3.2.1 Synchronous Generator Model 

Synchronous generators are used in power systems to convert mechanical power to elec-

trical power. The synchronous speed 𝑛𝑠 in revolutions per minute (RPM) is given by equa-

tion 3.1, where 𝑓 is the grid frequency in Hertz and 𝑝𝑓is the number of field poles [39]. 



3.2 Diesel Generator Model  28 
 

 

𝑛𝑠  =
120 ∗ 𝑓

𝑝𝑓
 

(3.1) 

The synchronous generator model used in this thesis is a salient pole generator with a sta-

tionary stator (armature) winding and a rotating rotor (field) winding. The rotor holds the 

field winding which produces the magnetic field required to induce a voltage on the arma-

ture windings mounted on the stator. When supplying a load, the three-phase currents in 

the armature winding produce a synchronously rotating magnetic field [39]. Damper or 

amortisseurs windings are included in the rotor to reduce oscillations caused by abrupt load 

changes when the generator is in steady state operation [39]. Detailed analysis on the math-

ematical modeling of salient pole synchronous generators can be found in [39] and is omit-

ted in this thesis. For the simulations carried out in this thesis, the synchronous generator 

model available in the RSCAD software shown in Figure 3-1 was used with appropriate 

parameters given in Table 3-1.  

Table 3-1 Synchronous machine parameters [31] 

Rated MVA S 5.5  

Power MW P 3.0 

Vrated_primary Vprim 13.2 kV LL rms 

Vrated_secondary Vsec 4.00 kV LL rms 

Frequency F 60 Hz 

Stator leakage reactance 𝑿𝒂 0.130 pu 

d axis unsaturated reactance 𝑿𝑑 1.790 pu 

d axis unsaturated transient reactance 𝑿𝒅
′  0.169 pu 

d axis unsaturated sub − transient reactance 𝑿𝒅′′ 0.135 pu 

q axis unsaturated reactance 𝑿𝒒 1.710 pu 

q axis unsaturated transient reactance 𝑿𝒒′ 0.228 pu 

q axis unsaturated sub −  transient reactance 𝑿𝒒′′ 0.200 pu 

Stator resistance 𝑹𝒂 0.002 pu 

d axis unsaturated transient open time constant 𝑻𝒅𝒐
′ 4.300 sec 

d axis unsaturated sub − transient open time constant 𝑻𝒅𝒐′′ 0.032 sec 

q axis unsaturated transient open time constant 𝑻𝒒𝒐′ 0.850 sec 

d axis unsaturated sub − transient open time constant 𝑻𝒒𝒐′′ 0.050 sec 

Inertia constant 𝑯 3.030 MWs/MVA 
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An optional Wye-Delta transformer can be included in the generator model to help reduce 

the node requirements in the power system network [31]. From Figure 3-1, the generator 

control inputs to the generator model are the excitation field voltage and the mechanical 

torque. The RSCAD generator model and its associated controls can be initialized from an 

initial steady state point to avoid large transients when the simulation starts [31]. The initial 

mechanical torque and initial field voltage required to initialize the generator and its gen-

erator controls are calculated from the entered machine parameters and steady state (load 

flow) conditions [31]. The rotor angle of the generator can be locked to its initial value 

during simulation start up and freed when the generator settles to its steady state (load flow) 

condition [31]. The Lock/Free feature in the RSCAD generator model helps in the initiali-

zation and tuning of the generator controls as the presence of a large transient when the 

generator is changed from Lock to Free mode indicates that the generator controls were 

not properly initialized to the steady state condition and/or appropriate parameters were 

not used in the generator controls [31].  

3.2.2 Modeling the Diesel Engine and Speed Governor 

Diesel engines are a type of internal combustion engine (ICE) that produce power through 

the compression of air and burning of diesel fuel inside one or multiple cylinders [40]. The 

power produced by the diesel engine drives the shaft of the synchronous generator, which 

converts the mechanical power to electrical power to supply the grid and/or loads. Com-

pared to other internal combustion engines such as gasoline engines, diesel engines have a 

simpler structure, higher efficiency, and are more cost effective due to their long operating 

life [40].  
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In [41], a detailed mathematical model of a diesel engine and its control process is pro-

vided; however the described level of complexity is not required for transient simulation 

studies and can be replaced with appropriate simplified models with minimal impact on 

the simulation accuracy. The key parameters required for a sufficient model of a diesel 

engine are the gain and time constant of the actuator which controls the fuel injection to 

the cylinders, the diesel engine inertia which can be lumped with the inertia of the synchro-

nous generator, the droop factor that regulates the engine speed, and the time delay in the 

diesel engine fuel combustion process [42]. This simplified representation is sufficient as 

the dynamics of the speed governor is the key factor that determines the transient stability 

of the diesel generating system. In this work, the diesel engine dynamics is represented 

using a first-order transfer function with gain Kd and time constant Td1. The values for Kd 

and Td1 were set to set to 1 and 0.1secs. A delay component Td is used to represent the time 

delay between fuel combustion in the diesel engine cylinders and torque production [38, 

43]. Typical range of the delay values are 0.01 – 0.4 secs.  Figures 3-2 and Figure 3-3 show 

the block diagram model of the diesel engine and speed governor and its implementation 

in RSCAD/Draft respectively. 

 

Figure 3-2 Block diagram model of diesel engine and speed governor 
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Figure 3-3 Diesel engine and speed governor model in RSCAD/Draft 

The inputs to the diesel engine and speed governor model are the per unit speed reference 

𝜔ref and the per unit diesel generator speed ω. The output is the mechanical torque Tm, 

which drives the shaft of the synchronous generator. The output torque is limited by the 

maximum and minimum torque limits Tmax and Tmin which are set to 1.0 pu and 0.0 pu, 

respectively. The function of the speed governor controller is to regulate the shaft speed 

and subsequently the frequency of the synchronous generator.   

The droop factor or speed regulation factor (R) defined by equation 3.2 describes the rela-

tionship between changes in the generator speed to load changes [44].  

𝑅(%)  =
𝑁𝑜 𝑙𝑜𝑎𝑑 𝑠𝑝𝑒𝑒𝑑 − 𝐹𝑢𝑙𝑙 𝑙𝑜𝑎𝑑 𝑠𝑝𝑒𝑒𝑑

𝑁𝑜 𝑙𝑜𝑎𝑑 𝑠𝑝𝑒𝑒𝑑
 

(3.2) 

In grid-connected operation, the diesel generator operates in speed-droop mode (R is set to 

5%) and supplies the specified power at the grid frequency. In island operation, the diesel 

generator is operated in isochronous mode (R is set at 0.01%) to maintain a constant speed 

under varying load conditions. PID controllers are commonly implemented for the speed 

governor due to the ease in tuning the parameters and minimum implementation complex-

ity compared to other speed control models [43].  A PI (Proportional-Integral) controller 

with derivative feedback is used in this work to implement the speed governor. The speed 

controller regulates the speed 𝜔 (rad/sec) of the diesel generator to the given reference 
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value ωref(rad/sec) under steady state and transient conditions [44]. The PI parameters 

were obtained by adjusting the proportional gain Kpgov, integral gain Kigov, and feedback 

derivative gain Kdgov until a satisfactory response was observed. The gain parameters 

were adjusted using the RSCAD script feature which enables automatic/batch mode oper-

ation. Batch mode operation is defined as the ability to compile RSCAD/draft and run var-

ious test cases on the RTDS with minimal or no user interaction [31].  

3.2.3 Modeling the Excitation System 

The primary role of the excitation system is to provide direct current (DC) to the generators 

field winding and regulate the generator terminal voltage to a specified reference value 

[44]. The components in an excitation system include exciters to provide direct current to 

the field windings, automatic voltage regulators for controlling the exciters to a specified 

terminal voltage level, voltage transducers that change the alternating current (AC) of the 

generator terminal voltage to a DC value, limiters and protection to keep the exciters and 

generator quantities within safe limits of operation, and power system stabilizers that pro-

vide supplementary signals for damping out power oscillations [39].  

Excitation systems are classified as either DC, AC or static excitation systems and a de-

tailed explanation of these classes can be found in [39]. Several advanced models of these 

classes of excitation systems used in the control of power systems are provided in standards 

such as the IEEE Recommended Practice for Excitation System Models for Power System 

Stability Studies [45].  To reduce the modeling complexity of tuning the parameters of the 

excitation systems for power system stability studies, a simplified model of the amplifier 
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and exciter that neglects saturation effects and represents the exciter and amplifier dynam-

ics using a first order transfer function is used in this research [44]. A PID (Proportional-

Integral-Derivative) controller is used to improve the transient response and reduce the 

steady state error of the automatic voltage regulator (AVR). The block diagram of the ex-

citation system used in this research is shown in Figure 3-4.  

 

Figure 3-4 Block Diagram of Excitation System 

The inputs to the exciter are the terminal voltage reference Vref, the power system stabiliz-

ing signal Vpss  and the per unit terminal voltage of the synchronous generator Vpu measured 

through a voltage transducer with time constant Tr. KA and TA are the gain and time constant 

of the amplifier and KE and TE are the exciter gain and time constant.  The output of the 

excitation system is the field voltage for the generator field windings Efield. Table 3-2 

gives typical ranges used to select the gain and time constant values for the exciter, ampli-

fier and voltage transducer [44]. 

Table 3-2 Excitation system parameters 

 

 

 

 

Figure 3-5 shows the block diagram of the excitation system implemented in RSCAD/Draft 

where Vrmax, Vrmin and Vamax, Vamin are the maximum and minimum limits for the 

output of the PID AVR control and exciter amplifier respectively. The derivative portion 

Parameter Value or range 

Tr 0.01 – 0.2 (secs) 

Ka 10 - 400 

Ta 0.02 – 0.1 (secs) 

Ke 1  

Te 0.01– 0.5 (secs) 
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of the PID control is implemented as a washout block to minimize noise caused by using 

the derivative function. 

 

Figure 3-5 Excitation System in RSCAD/Draft 

The manual tuning method described for the diesel governor parameters was used to obtain 

an acceptable set of parameters for the proportional Kp, integral Ki and derivate Kd gains 

for the automatic voltage regulator. The proportional, integral and derivative gains are ad-

justed in a script file until a satisfactory response is obtained.  

3.2.4 Modeling the Power System Stabilizer 

Power system stabilizers (PSS) are used to provide an additional stabilizing signal to the 

excitation system of the synchronous generator [39]. The PSS model implemented in this 

work is shown in Figure 3-6 with the generator angular speed used as the input.  

 
Figure 3-6 Block diagram of the power system stabilizer. 

The components of the PSS include a phase compensation block, washout filter, gain, and 

output limits. The gain Kpss is selected to provide adequate damping to the generators rotor 
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oscillations without compromising the system stability [39]. The phase compensation time 

constants T1 and T2 are used to compensate for the phase lag between the excitation input 

and generators electrical torque [39]. The washout block Tw ensures that the dc value is not 

affected by the controller values and allows the PSS to respond to speed variations associ-

ated with oscillations in the rotor frequency [39]. The limits are selected to provide a suit-

able range of control while maintaining acceptable transient response [39].  

The dynamic response of the diesel generating system with or without the PSS can be ob-

served by using a signal select switch. The PSS output is set to zero when the switch is 

turned off. When the switch is on, the PSS provides the stabilizing signal using the gener-

ator speed deviation as a control input. The lead and lag time constants (T1 and T2) are 

determined from the phase compensation  𝜙𝑚 according to the following equations [39]:  

𝐺𝑐𝑜𝑚𝑝 (𝑠) = 

𝑠𝑇1 + 1

𝑠𝑇2 + 1
=  

𝑠𝑇 + 1

𝑠𝛼𝑇 + 1
 

(3.3) 

 𝑠𝑖𝑛 𝜙𝑚 =  
1 − 𝛼

1 +  𝛼
  

(3.4) 

𝜔𝑚 =  
1

𝑇 √𝛼
 

(3.5) 

where 𝜔𝑚 is be taken as the frequency of the rotor oscillations. Typically the rotor oscilla-

tion frequency range of interest for power system stability is 0.8 – 2Hz and a satisfactory 

value of the time constant Tw of the washout filter for this frequency range is 1.5 seconds 

[39]. The PSS gain is selected to provide adequate damping, however high gain values may 

result in further instability to the response of the AVR system [39].  Table 3-3 shows the 

range of values used for tuning the PSS parameters [39].  
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Table 3-3 Power system stabilizer parameters 

 

 

 

Figure 3-7 shows the PSS model implemented in RSCAD/Draft with the phase compensa-

tion 𝜙𝑚 selected to be 300 with the rotor oscillation frequency 𝜔𝑚 taken as 10 radians/sec-

ond. 

 

Figure 3-7 Power System Stabilizer in RSCAD\Draft 

3.2.5 Simulation of the Diesel Generation System 

The steady state real and reactive power of the synchronous generator in Figure 3-1 is given 

as 3MW and 0.08 MVAr. The given initial mechanical torque and field voltage required to 

initialize the generator controls to meet the steady state machine conditions calculated from 

the RSCAD synchronous machine program are 0.55 pu and 1.42 pu, respectively. Initiali-

zation of the generator control parameters to a new steady state condition is required when 

the diesel generator is used in a different system. The diesel generator is connected to a 

grid with impedance 10∠860 . The objective is to compare the generator response with 

and without the PSS for different values of the AVR PID gains with the governor PID gains 

set to 3, 1 and 0.2, respectively. The diesel generator response to a 0.1 second, 0.1, three 

phase line to ground fault with the power system stabilizer turned on is shown in Figure 3-

PSS Parameters Value or range 

PSS Gain Kpss 1 -  400 

Washout time constant   Tw 1.5(secs) 

Phase compensation 𝜙𝑚 30 – 60 (degrees) 

PSS Limits ±0.2pu 
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8 and Figure 3-9. An improved transient response is obtained with the AVR gain set to 1.0, 

0.4 and 0.2 and the PSS turned on (blue curve).   

 

 

Figure 3-8 Diesel generator real power, per unit angular speed, and mechanical torque (Tm)  



3.3 Photovoltaic Energy System Model  38 
 

 

 

Figure 3-9 Diesel generator reactive power, terminal bus voltage and excitation field voltage  
 

3.3 Photovoltaic Energy System Model 

Photovoltaic (PV) systems convert the energy from the sun into electricity. Demand for 

solar energy is rising due to technological advances in solar cell manufacturing, increasing 
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solar cell power conversion efficiency, and decreasing PV installation and maintenance 

costs [46]. Figure 3-10 shows the PV system modeled in RSCAD/Draft. The components 

of the PV system include a solar array, power converter, associated controllers, and a grid 

interfacing transformer and a load. 

 

Figure 3-10 PV system modeled in RSCAD draft 

3.3.1 PV Array Model 

The fundamental component of a PV array is the solar cell. Solar cells are manufactured 

using semiconductor materials that produce an electric charge when exposed to light. Sem-

iconductors require a certain amount of energy called the bandgap energy to release elec-

trons which participate in the conduction of electric charge across the p-n junction in the 

semiconductor [47].  A properly designed p-n junction structure in the semiconductor can 

cause separation of these charges to create a voltage source. The most commonly used 

semiconductor in solar cells is silicon which can be in the form of mono-crystalline, poly-

crystalline or amorphous [47]. Table 3-4 shows the energy conversion efficiency of these 

forms of silicon solar cells. 
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Table 3-4 Comparing efficiency of commercial silicon solar cells [48] 

 Monocrystalline Polycrystalline Amorphous 

Efficiency 15-20% 13-16% 6-8% 

 

A typical silicon solar cell produces a voltage of about 0.7 V. In order to achieve useful 

voltage and current levels, solar cells are commonly connected in series and/or parallel to 

form PV modules, which produce higher voltages in the range of 16V – 36V. To produce 

large amounts of voltage (kV) and current (kA) for practical applications, PV modules are 

combined in series and parallel to form PV arrays as shown in Figure 3-11.  

 

Figure 3-11 PV Cell - Module - Array [49] 

The parameters used to specify how the cells are interconnected to form arrays in a series-

parallel connected PV array are the number of series connected cells in a module ns, the 

number of parallel connected cells in a module np, the number of series connected modules 

Ns and the number of parallel connected modules Np [31]. A commonly used practical 

solar cell which includes a series and shunt resistance to model the non-linear behaviour of 

a solar cell is shown in Figure 3-12 [50]. 
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Figure 3-12 Practical model of a solar cell 

The current-voltage relationship of the solar cell model in Figure 3-12 is given by [50]: 

𝐼 = 𝐼𝑝ℎ − 𝐼𝐷 − 𝐼𝑠ℎ (3.6) 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑜 (𝑒𝑥𝑝 (
𝑉 +  𝑅𝑠 𝐼

𝑛𝑠𝑎𝑉𝑡
) − 1) − (

𝑉 +  𝑅𝑠 𝐼

𝑅𝑠ℎ
) 

(3.7) 

 

The photocurrent Iph is the current induced by the incidence of sunlight on the solar cell 

[50, 51]. The diode current ID produces the I-V characteristic of the PV cell where Io is the 

diode reverse saturation current [50, 51]. The diode ideality factor a is a measure of how 

closely the diode matches the ideal diode equation [50, 51]. The series resistance Rs is the 

sum of several structural resistances in the solar cell while the shunt resistance Rsh repre-

sents the leakage current of the p-n junction of the semiconductor material and the manu-

facturing process of the solar cell [50, 51].  Vt is the diode thermal voltage, which is a 

constant defined at any given temperature T (in K) by [50, 51]: 

𝑉𝑡  =  
𝑘𝑇

𝑞
 

(3.8) 

k is the Boltzmann constant (1.3806503x10-23J/K) and q is the magnitude of an electron 

charge (1.602176x10-19 C). The operating current and voltage depends on the variation of 
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the solar cell parameters with a given insolation G (W/m2) and temperature T (K) as de-

scribed by equations (3.9) – (3.11) where ki is the short circuit current temperature coeffi-

cient (%/0C or A/0C) and Eg is the energy gap (eV) of the solar cell semiconductor material.  

𝐼𝑝ℎ =  
𝐺

𝐺𝑠𝑡𝑐
∗ (𝐼𝑝ℎ𝑠𝑡𝑐

+ 𝑘𝑖(𝑇 − 𝑇𝑠𝑡𝑐)) 
(3.9) 

𝐼𝑜  =  𝐼𝑜𝑠𝑡𝑐  (
𝑇

𝑇𝑠𝑡𝑐
)

3

𝑒𝑥𝑝 (
𝐸𝑔

𝑎𝑉𝑡
(1 −

𝑇𝑟𝑒𝑓

𝑇
)) 

(3.10) 

𝑎 = 𝑎𝑠𝑡𝑐 (
𝑇

𝑇𝑟𝑒𝑓
) 

(3.11) 

The relationship between the current and voltage of a PV cell is shown in Figure 3-13. The 

current-voltage curve ranges from the short circuit current (Isc,0) to the open circuit voltage 

(0,Voc) with a knee point (Imp, Vmp) defined as the maximum power point where the PV 

array generates maximum electrical power Pmax. 

 

Figure 3-13 I-V and P-V curve of a PV cell/module/array 

The required parameters at standard test conditions 𝐼𝑝ℎ𝑠𝑡𝑐
, 𝐼𝑜𝑠𝑡𝑐 ,  𝑎𝑠𝑡𝑐, 𝑅𝑠 ,𝑅𝑠ℎ  are gener-

ally not provided in the PV data sheets and have to be estimated from the available data 

namely 𝐼𝑠𝑐𝑠𝑡𝑐
,  𝑉𝑜𝑐𝑠𝑡𝑐

, 𝐼𝑚𝑠𝑡𝑐
,  𝑉𝑚𝑠𝑡𝑐

, 𝑅𝑠𝑠𝑡𝑐 , 𝑅𝑠ℎ𝑠𝑡𝑐  specified at standard test condi-

tions(𝐺𝑠𝑡𝑐 = 1000 
𝑊

𝑚2  , 𝑇𝑠𝑡𝑐 = 250𝐶). Methods used to approximate the unknown solar 
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cell parameters include analytical approximations, iterative algorithms, or curve fitting 

methods [50, 52]. The complexity of modeling the solar cell increases with the number of 

unknown parameters to be estimated. To reduce the modeling complexity, the solar cell 

model can be simplified by neglecting the effect of the shunt resistance as shown in Figure 

3-14. 

 

Figure 3-14 Solar cell model with shunt resistance neglected 

The current-voltage equations for the solar cell model in Figure 3-14 is given as: 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑜 (𝑒𝑥𝑝 (
𝑉 +  𝑅𝑠 𝐼

𝑛𝑠𝑎𝑉𝑡
) − 1) 

(3.12) 

The four unknown parameters (𝐼𝑝ℎ𝑠𝑡𝑐
, 𝐼𝑜𝑠𝑡𝑐 ,  𝑎𝑠𝑡𝑐,  𝑅𝑠 ) are estimated using the analytical 

approximations given in [53]:  

𝐼𝑝ℎ𝑠𝑡𝑐 =  𝐼𝑠𝑐𝑠𝑡𝑐  

(3.13) 

𝐼𝑜𝑠𝑡𝑐 = 

𝐼𝑠𝑐𝑠𝑡𝑐

(𝑒𝑥𝑝 (
𝑉𝑜𝑐𝑠𝑡𝑐

𝑛𝑠𝑎𝑠𝑡𝑐𝑉𝑡
) − 1)

 
 

(3.14) 

𝑅𝑠 =
𝑛𝑠𝑎𝑠𝑡𝑐𝑉𝑡 𝑙𝑛 (1 −

𝐼𝑚𝑠𝑡𝑐

𝐼𝑠𝑐𝑠𝑡𝑐
) + (𝑉𝑜𝑐𝑠𝑡𝑐 − 𝑉𝑚𝑠𝑡𝑐)

𝐼𝑚𝑠𝑡𝑐
 

 

(3.15) 

𝑎𝑠𝑡𝑐 =  
𝑞(2𝑉𝑚𝑠𝑡𝑐 − 𝑉𝑜𝑐𝑠𝑡𝑐)

𝑛𝑠𝑘𝑇 [
𝐼𝑠𝑐𝑠𝑡𝑐

𝐼𝑠𝑐𝑠𝑡𝑐 − 𝐼𝑚𝑠𝑡𝑐
+ 𝑙𝑛 (1 −

𝐼𝑚𝑠𝑡𝑐

𝐼𝑠𝑐𝑠𝑡𝑐
) ]

 
(3.16) 
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The total PV array current and power is calculated as: 

𝐼𝑝𝑣 = 𝑛𝑝𝑁𝑝𝐼𝑝ℎ − 𝑛𝑝𝑁𝑝𝐼𝑜 (𝑒𝑥𝑝 (

𝑉𝑝𝑣  +
𝑁𝑠

𝑛𝑝𝑁𝑝
 𝑅𝑠 𝐼𝑝𝑣

𝑛𝑠𝑁𝑠𝑎𝑉𝑡
) − 1) 

 

(3.17) 

𝑃𝑝𝑣 = 𝑉𝑝𝑣𝐼𝑝𝑣 (3.18) 

The solar cell model in RSCAD/Draft shown in Figure 3-15 is used with the assumption 

that the effect of the shunt resistance is negligible (𝑅𝑠ℎ > 1000 𝑜ℎ𝑚𝑠).  The inputs to the 

PV model are the insolation (Watts/m2) and temperature (0C) and the outputs are the posi-

tive and negative DC node voltages VP and VN.  

 

Figure 3-15 RSCAD PV Model [31] 

3.3.2 Modeling the PV System Power Converter  

Power converters are required to connect the PV array to the grid. PV arrays can be inter-

faced to the grid through a single stage or dual stage power converter topology as shown 

in Figure 3-16 and Figure 3-17 respectively.  
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Figure 3-16 Single stage PV converter topology 

 

Figure 3-17 Dual stage PV converter topology 

The dual stage topology uses a DC/DC converter to first step up or step down the PV volt-

age followed by a DC/AC converter to interface with the grid. The single stage topology 

uses only a DC/AC converter to interface with the grid. The single stage topology has a 

higher power efficiency than the dual stage; however, the design of the control scheme is 

more complex as the DC/AC converter handles all the control functions to transfer the 

maximum available power from the PV array to the grid [54]. The single stage, grid-con-

nected PV system shown in Figure 3-18 is implemented in this research. A DC capacitor 

is used to reduce oscillations on the DC voltage. A delta-wye transformer is used to step 

up the VSC AC side voltage to the grid level and further minimize harmonic current injec-

tions to the grid. Interface reactors and capacitive filters are used to interface the VSC’s 

AC side and the grid at the point of connection (PCC) and to minimize the converter har-

monics injected to the grid [55]. R represents the internal resistance of the interface reactor 

L, which is selected such that the resonant frequency of the equivalent inductance seen by 

the filter with the capacitance C is smaller than the power converters switching frequency 
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but larger than the grid frequency [56]. The equivalent inductance 𝐿𝑒𝑞 is the sum of the 

grid inductance, transformer leakage reactance and the interface reactor [56]. 

𝑓𝑔𝑟𝑖𝑑_60𝐻𝑧 <  (𝑓𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑡 =
1

√𝐿𝑒𝑞𝐶 
) <  𝑓𝑠𝑤𝑖𝑡_𝑉𝑆𝐶 

(3.19) 

 

Figure 3-18 Single-Stage, Grid-connected PV system 

Several DC/AC power converter topologies exist to interface the PV array with the grid. A 

commonly used converter topology is the two-level voltage source converter (VSC) shown 

in Figure 3-19.  

   

Figure 3-19 3-phase, 2-level Voltage Source Converter 
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The two level, three phase VSC has three legs each with two valves having an insulated-

gate bipolar transistor (IGBT) semiconductor power device and an anti-parallel diode. Each 

leg of the VSC is connected to one phase of the grid where the AC side phase voltages can 

adopt either of two voltage levels, –VDC when the bottom switches are turned ON or +VDC 

when the top switches are turned ON with reference to the DC side mid-point [55]. The 

VSC switching frequencies are commonly in the 1- 4 kHz range. Higher switching fre-

quencies (4-20 kHz) may be used to improve the output waveform but with an increase in 

the VSC power losses. The 2-level, VSC is modeled in the RSCAD using a small time step 

subnetwork shown in Figure 3-20. The small time step subnetwork is solved in RSCAD 

within a time step of 1.4–3µsecs enabling the simulation of the high switching frequency 

dynamics of the VSC [31]. 

 

Figure 3-20 Small time step simulation of the VSC in RSCAD [31] 

The switching of the VSC valves is done using sinusoidal pulse width modulation (SPWM) 

due to its simplicity and minimized lower order harmonics [57]. In SPWM, the output 

voltage waveforms are generated by comparing a high frequency triangular carrier wave 

with a low frequency sinusoidal modulation signal. The comparison of these two signals 

generate firing pulses that control the switching of each valve in the VSC bridges. The 

parameters that determine the magnitude and harmonic content of the output voltage are 

the amplitude modulation index m and the frequency modulation index mf [57]. 



3.3 Photovoltaic Energy System Model  48 
 

 

 m is defined as the ratio of the amplitude of the modulating signal, Ac, to the amplitude of 

the carrier signal, Am. For -1≤m≤1, the VSC operates in a linear modulation range between 

the carrier signal and the output voltages. For m ≥1, the VSC becomes over modulated 

degrading the quality of the output voltage waveforms [57]. The modulation waveforms 

are symmetric, sinusoidal signals generated by the PV control scheme and given by: 

𝑚𝑎(𝑡) =  𝑚 𝑐𝑜𝑠(𝜔𝑡 + 𝜃) = 
𝐴𝑚

𝐴𝑐
 𝑐𝑜𝑠(𝜔𝑡 + 𝜃) (3.20) 

𝑚𝑏(𝑡) =  𝑚 𝑐𝑜𝑠 (𝜔𝑡 + 𝜃 −
2𝜋

3
) = 

𝐴𝑚

𝐴𝑐
 𝑐𝑜𝑠 (𝜔𝑡 + 𝜃 −

2𝜋

3
) (3.21) 

𝑚𝑐(𝑡) =  𝑚 𝑐𝑜𝑠 (𝜔𝑡 + 𝜃 −
4𝜋

3
) = 

𝐴𝑚

𝐴𝑐
 𝑐𝑜𝑠 (𝜔𝑡 + 𝜃 −

4𝜋

3
) (3.22) 

 

mf is defined as the ratio of the frequency of the carrier signal to the frequency of the 

modulation signal.   

𝑚𝑓 =  
𝑓𝑐

𝑓𝑚
 

(3.23) 

 

To generate symmetric three phase waveforms, mf should be an integer multiple of 3 of the 

modulation frequency  𝑚𝑓 = 3𝑘, (𝑘 ∈ 𝑁) [57]. The SPWM procedure for the VSC shown 

for switches in leg 1 (phase A) shown in Figure 3-19 is described by:  

- Am > Ac, S1 is ON, S2 is OFF, Vout = +VDC 

- Am < Ac, S1 is OFF, S2 is ON, Vout = -VDC 

-  

3.3.3 Modeling the PV Control System 

The main objective of the PV control system as shown in Figure 3-18 is to transfer the 

maximum power available from the PV array to the grid [58]. The real and reactive power 

exchanged between the PV system and the grid is controlled in the dq reference frame 
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using a decoupled current-mode scheme. The control in the dq reference frame transforms 

the instantaneous, steady-state AC voltages and currents into DC signals, which simplifies 

the control design and parameter tuning process [55]. Current-mode control protects the 

VSC against high current conditions and provides robust dynamic response to transient 

events in the PV-grid system [58].  The AC-side dynamics of the PV-grid system shown 

in Figure 3-18 is described by: 

𝑣𝑎 − 𝑣𝑝𝑎 = 𝑚𝑎

𝑉𝐷𝐶

2
− 𝑣𝑝𝑎 = 𝑅𝑖𝑎 + 𝐿

𝑑𝑖𝑎

𝑑𝑡
 

(3.24) 

𝑣𝑏 –  𝑣𝑝𝑏 = 𝑚𝑏

𝑉𝐷𝐶

2
− 𝑣𝑝𝑏 = 𝑅𝑖𝑏 + 𝐿

𝑑𝑖𝑏

𝑑𝑡
 

(3.25) 

𝑣𝑐  –  𝑣𝑝𝑐 = 𝑚𝑐

𝑉𝐷𝐶

2
− 𝑣𝑝𝑐 = 𝑅𝑖𝑐 + 𝐿

𝑑𝑖𝑐

𝑑𝑡
 

(3.26) 

The transformation of the AC voltages and currents to the dq reference frame is done using 

a transform angle 𝜌 obtained by tracking the frequency of the grid side voltages (on the 

delta side of the transformer shown in Figure 3-18) using a phase locked loop (PLL) con-

trol.  A prebuilt PLL component available in the RSCAD library was used to implement 

the PLL controller [31]. 
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Figure 3-21 Phase locked loop and dq transform of AC side voltages and currents 

Figure 3-22 shows the decoupled dq current control scheme described: 

𝑉𝑠𝑑  –  𝑉𝑝𝑑 = 𝑚𝑑

𝑉𝐷𝐶

2
− 𝑉𝑝𝑑 =  𝑅𝑖𝑑 + 𝐿

𝑑

𝑑𝑡
𝑖𝑑 −  𝐿𝜔𝑖𝑞 

(3.27) 

𝑉𝑠𝑞 –  𝑉𝑝𝑞  = 𝑚𝑞

𝑉𝐷𝐶

2
− 𝑉𝑝𝑞  = 𝑅𝑖𝑞 + 𝐿

𝑑

𝑑𝑡
𝑖𝑞 +  𝐿𝜔𝑖𝑑 

(3.28) 

 

Figure 3-22 Decoupled dq current control  
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The output of the current controllers are the dq modulation indices, md and mq , which are 

transformed to sinusoidal, three-phase signals and used as the modulation waveforms in 

the SPWM control described in section 3.3 to generate the firing pulses of the 2-level, VSC 

valves S1-S6. The proportional 𝑘𝑝𝑐𝑐
 and integral gain 𝑘𝑖_𝑐𝑐 parameters for the current con-

trol are selected using the following relationship given in [55]: 

𝑘𝑝_𝑐𝑐 =  
𝐿

𝜏𝑐𝑐
 

(3.29) 

𝑘𝑖_𝑐𝑐 =  
𝑅

𝜏𝑐𝑐
 

(3.30) 

where 𝜏𝑐𝑐 is a design choice that determines the current control response time and is chosen 

such that the closed loop bandwidth of the current control is smaller than the VSC switch-

ing frequency [55].  Typical range of values for 𝜏𝑐𝑐 are 0.5msecs-5msecs [55].  

The dq reference currents are obtained from the power balance between the DC side and 

AC side given by:  

𝑃𝐷𝐶 =  𝑉𝐷𝐶𝐼𝐷𝐶 = 𝑃𝐴𝐶 + 𝑃𝑙𝑜𝑠𝑠𝑉𝑆𝐶
 (3.32) 

𝑃𝐺𝑅𝐼𝐷 = 𝑃𝐴𝐶 +  𝑃𝑙𝑜𝑠𝑠𝑅
 + 𝑃𝑙𝑜𝑠𝑠𝑇𝑟𝑓

 (3.33) 

𝑄𝐺𝑅𝐼𝐷 = 𝑄𝐴𝐶 + 𝑄𝑓𝑖𝑙𝑡𝐶
 (3.34) 

𝑃𝐴𝐶 = 𝑣𝑎𝑖𝑎 +   𝑣𝑏𝑖𝑏  +  𝑣𝑐𝑖𝑐   (3.35) 

𝑄𝐴𝐶 =  
𝑣𝑎 ∗ (𝑖𝑏 − 𝑖𝑐) +   𝑣𝑏 ∗ (𝑖𝑐 − 𝑖𝑎)  + 𝑣𝑐 ∗ (𝑖𝑎 − 𝑖𝑏) 

√3
 

(3.36) 

The power balance in the dq reference frame, assuming negligible losses and that at steady 

state the q component of the grid voltage 𝑉𝑝𝑞 is regulated to zero by the PLL, is given by: 

𝑃𝑟𝑒𝑓 =  
3

2
(𝑉𝑝𝑑 𝑖𝑑𝑟𝑒𝑓 ) (3.37) 
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𝑄𝑟𝑒𝑓 =  
3

2
(−𝑉𝑝𝑑 𝑖𝑞𝑟𝑒𝑓 ) (3.38) 

From the power balance equations, the d axis and the q axis current controllers inde-

pendently regulate the real and reactive power exchanged in the PV-grid-connected system. 

Typically, 𝑄𝑟𝑒𝑓 is set to zero for unity power factor operation so the PV system does not 

regulate the AC voltage at the point of connection. The advantage of using the reactive 

power capability was discussed in Chapter 2.  𝑄𝑟𝑒𝑓 can be set to a value within the reactive 

power limits of the PV inverter. For example, if the PV converter system is rated at 2MW 

with a power factor of ±0.95 (lag/lead), the reactive power can range between ±0.6574 

MVAR within the reactive power capability of the power converter. 𝑄𝑟𝑒𝑓 can also be set 

by a voltage regulation control, which maintains the PCC voltage at the reference level by 

delivering a certain amount of reactive power [55].  Figure 3-23 shows the two methods 

for setting the q current reference with a compensation factor for the AC filter capacitance 

included to obtain the desired current reference for the current control loop. Vpdref is set to 

the nominal peak value of the line to neutral voltage at the PV-grid system PCC [55].  

𝑉𝑝𝑑𝑟𝑒𝑓 =   
√2|𝑣𝑝𝑑|

𝐿𝐿_𝑟𝑚𝑠

√3
  

(3.39) 

 

Figure 3-23 Methods to obtain q current control reference 

A method to obtain suitable parameters for the proportional 𝑘𝑝𝑣𝑎𝑐
 and integral gain 

𝑘𝑖_𝑣𝑎𝑐  for the AC bus voltage regulation control is discussed in [55] and described by: 
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𝑘𝑝_𝑣𝑎𝑐 =  𝐶𝜔𝑚 (3.40) 

𝑘𝑖_𝑣𝑎𝑐 = 𝛼𝑣𝑎𝑐𝑘𝑝_𝑣𝑎𝑐 (3.41) 

𝜔𝑚 = √𝜏𝑐𝑐
−1𝛼𝑣𝑎𝑐 

(3.42) 

𝑠𝑖𝑛𝛿𝑣𝑎𝑐 = 
1 − 𝜏𝑐𝑐𝛼𝑣𝑎𝑐

1+ 𝜏𝑐𝑐𝛼𝑣𝑎𝑐
 

(3.43) 

Where 𝛿𝑣𝑎𝑐 is a compensation angle selected in the range of  300 - 900.  

𝑃𝑟𝑒𝑓 is obtained using a DC link voltage regulation control shown in Figure 3-24, which 

controls the DC bus voltage VDC to the given reference voltage obtained from a maximum 

power point tracking control [55].  

 

Figure 3-24 PV DC link voltage regulation and MPPT control 

A PI control is used to obtain the desired power reference according to the DC side dynam-

ics described by [55]: 

𝑉𝐷𝐶𝐼𝑃𝑉−𝑉𝐷𝐶𝐼𝐷𝐶 =
𝐶𝐷𝐶𝑑𝑉𝐷𝐶

2

𝑑𝑡
 

(3.44) 

The proportional 𝑘𝑝_𝑣𝑑𝑐 and integral gains 𝑘𝑖_𝑣𝑑𝑐 are selected so that the closed loop re-

sponse 𝜏𝑣𝑑𝑐  of the DC bus regulation is slower than the closed loop response 𝜏𝑐𝑐 of the dq 

current control [55].  

Table 3-6 shows the proportional and integral gain values for the PV system controllers.  
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Table 3-5 Proportional and Integral gains for PV controllers 

Decoupled dq current control 𝑘𝑝_𝑐𝑐
=  0.025 , 𝑘𝑖_𝑐𝑐 =  0.5, 𝜏𝑐𝑐 = 4𝑚𝑠 

AC bus voltage control 𝑘𝑝_𝑣𝑎𝑐
=  0.0125 , 𝑘𝑖_𝑣𝑎𝑐 = 0.4 , 𝛿𝑣𝑎𝑐 = 820 

DC bus voltage control 𝑘𝑝_𝑣𝑑𝑐
=  1 , 𝑘𝑖_𝑣𝑑𝑐 =  5 

 

The DC side capacitance should be sufficiently large to reduce ripples on the DC bus volt-

age. A method to select a suitable DC side capacitance to minimize ripples on the DC bus 

voltage is discussed in [59] and described by: 

𝐶𝐷𝐶 ≥
𝑃𝐷𝐶𝑟𝑎𝑡𝑒𝑑

240 ∗ 𝑉𝑟𝑖𝑝𝑝𝑙𝑒 ∗ |𝑣𝑝𝑑|
𝐿𝐿𝑟𝑚𝑠

∗ 𝑓𝑔𝑟𝑖𝑑

 
(3.45) 

𝑉𝑟𝑖𝑝𝑝𝑙𝑒 ≤ (1% − 5%)𝑉𝐷𝐶𝑟𝑎𝑡𝑒𝑑
 (3.46) 

The DC bus voltage is selected to be greater than two times the nominal peak value of the 

line to neutral voltage at the point of connection of the PV-grid system [55].  

𝑉𝐷𝐶 >   
2√2|𝑣𝑝𝑑|

𝐿𝐿_𝑟𝑚𝑠

√3
  

(3.47) 

The DC bus voltage reference 𝑉𝐷𝐶𝑟𝑒𝑓
 is obtained from a MPPT method which, is designed 

to track the maximum power point of the PV array under varying insolation and tempera-

ture conditions.  Figure 3-25 shows several methods used for tracking the maximum power 

point of PV arrays which can be classified as direct and indirect tracking techniques [60, 

61].  
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Figure 3-25 Maximum power point tracking techniques 

Direct methods such as the perturbation & observation (P&O) and incremental conduct-

ance (INC) methods are commonly used due to their reduced implementation complexity 

and computation requirements [61].  The disadvantage of direct methods is they have in-

herent oscillations at the maximum power point which increase power losses in the PV 

system. In addition direct methods can become confused when tracking the maximum 

power point under rapidly changing environment conditions [61].  Indirect maximum 

power point tracking techniques offer rapid tracking under varying environmental condi-

tions with minimal oscillations at the maximum power point but are more complex to im-

plement in practise as they require more knowledge of the operating conditions of the PV 

array leading to an increase in computation requirements compared to direct methods [61]. 

In this thesis, the incremental conductance algorithm is used to obtain the DC bus voltage 

reference. The INC algorithm uses the idea that the slope of the P-V curve is zero at the 

MPP, negative at points greater than the MPP and positive at points less than the MPP as 

described by [62]. For a given isolation and temperature condition, the DC bus voltage 

reference is either increased or decreased by the MPPT control using a specified step size 
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dV and MPPT sampling time to track the new maximum power point.  The flow chart of 

the incremental conductance method is shown in Figure 3-26. 

𝑑𝑃𝑃𝑉

𝑑𝑉𝑃𝑉
=

𝑑(𝑉𝑃𝑉𝐼𝑃𝑉)

𝑑𝑉𝑃𝑉
= 𝑉𝑃𝑉

𝑑𝐼𝑃𝑉

𝑑𝑉𝑃𝑉
+  𝐼𝑃𝑉 

(3.44) 

𝑑𝐼𝑃𝑉

𝑑𝑉𝑃𝑉
= −

𝐼𝑃𝑉

𝑉𝑃𝑉
 𝑓𝑜𝑟 

𝑑𝑃𝑃𝑉

𝑑𝑉𝑃𝑉
= 0 (𝑀𝑃𝑃) 

(3.45) 

𝑑𝐼𝑃𝑉

𝑑𝑉𝑃𝑉
< −

𝐼𝑃𝑉

𝑉𝑃𝑉
 𝑓𝑜𝑟 

𝑑𝑃𝐷𝐶

𝑑𝑉𝑃𝑉
< 0 ( > 𝑀𝑃𝑃) 

(3.46) 

𝑑𝐼𝑃𝑉

𝑑𝑉𝑃𝑉
> −

𝐼𝑃𝑉

𝑉𝑃𝑉
 𝑓𝑜𝑟 

𝑑𝑃𝑃𝑉

𝑑𝑉𝑃𝑉
< 0 ( > 𝑀𝑃𝑃) 

(3.47) 

 
Figure 3-26 Flowchart of incremental conductance algorithm 
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3.3.4 Simulation of the PV System 

Figure 3-27 shows the RSCAD Runtime model for simulating and controlling the PV sys-

tem.  The VSC’s AC side is interfaced to a 3∠860, 60Hz grid using a 2.5MVA, 

0.48/13.2kV, delta-wye transformer. The PV system is rated to deliver 1.74 MW at a DC 

bus voltage rating of 2kV at the reference (STC) insolation and temperature condition of 

1000W/m2 and 250C.  The capacitance of the AC-side filter is set to 2500µF.  A 1MW 

dynamic load is connected at the point of connection to study the power flow dynamics 

between the PV system and the grid.  

 

Figure 3-27  RSCAD Runtime for PV Simulation 

Figure 3-28 and Figure 3-29 show the I-V and P-V curves of the PV array parameters listed 

in Table 3-5 for solar insolation values from 200W/m2 to 1000W/m2. The curves indicate 

a maximum power point for each insolation condition. 

Table 3-6 PV Array Parameters 

Ncs 36 
Ncp 1 

Voc_stc 21.7 V 
Isc_stc 3.35 A 
Vm_stc 17.4 V 
Im_stc 3.05 A 
Ki 0.065 %/degC 
Eg 1.11eV 
Prated 1.74 MW 
Ns 115 
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Np 285 

 

 
Figure 3-28 I-V curves for different insolation at T=250 C 

 
Figure 3-29 P-V curves for different insolation at T=250C 

The PV array is connected to the AC grid using the two-level, VSC modeled in the RSCAD 

small time step bridge box. The switching frequency of the VSC is set to be 21 times the 

grid frequency i.e 1620Hz. The interface between the PV array which is simulated with a 

large time step of 50𝜇𝑠𝑒𝑐𝑠 and the 2-level, VSC which is simulated with a small time step 
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of 2.5 𝜇𝑠𝑒𝑐𝑠  is done using a small time step to large time step transmission line interface 

model in RSCAD as shown in Figure 3-30. 

 

Figure 3-30 Interfacing the PV array with the 2-level VSC in RSCAD 

The interface transmission line adds an artificial inductance 𝐿𝑙𝑖𝑛𝑒 and shunt capacitance 

𝐶𝑙𝑖𝑛𝑒 according to the travel time relationship described by [31]: 

𝜏𝑙𝑖𝑛𝑒 = 1.39∆𝑇𝑙𝑎𝑟𝑔𝑒 = √𝐿𝑙𝑖𝑛𝑒𝐶𝑙𝑖𝑛𝑒 (3.48) 

The impact of the artificial transmission line can be alleviated by taking the shunt capaci-

tance value 𝐶𝑙𝑖𝑛𝑒 to be a portion of the DC bus capacitor 𝐶𝐷𝐶 , which has a natural charging 

and discharging transient time delay.   

Figure 3-31 shows the DC bus response to a ramp change in insolation from 400 W/m2 to 

1000W/m2. The step size dV and sampling period 𝑇𝑠𝑎𝑚𝑝 for the INC MPPT were set to 

value 5V and 200 ms (5Hz), respectively. The initialization time of the INC method was 

set to 5 seconds and during this time the initial value of the DC bus voltage reference was 

set to 80% of the measured open circuit voltage of the PV array [56]. The open circuit 

voltage is given as an output from PV model. The selected step size and sampling period 

for the INC is shown to offer rapid tracking with minimum oscillations at the maximum 

power point.   
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Figure 3-31 DC Bus voltage response to changing insolation 

The variation of the PV array power to the ramp change in insolation is shown in Figure 3-

32.  The efficiency of the DC/AC power conversion stage remains above 95%.  

 

Figure 3-32 Increasing PV array power (DC and AC side) to increasing insolation 

The variation of the power delivered to the grid by the PV array to the ramp change in 

insolation is shown in Figure 3-33.  The power produced by the PV array increases as the 
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insolation increases and consequently the power supplied by the grid to the load reduces 

showing the intermittent nature of the power supplied by renewable PV DERs. 

 

Figure 3-33 Grid response to varying solar insolation 

To demonstrate the reactive power capability of the PV inverter for voltage regulation, the 

load on the transformer’s delta winding was decreased from 1MW to 0.1MW as shown in 

Figure 3-34. The delta winding’s bus voltage response with and without the voltage regu-

lation control is shown in Figure 3-35. 

 

Figure 3-34 Step Change in Load for PV voltage regulation 
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Figure 3-35 PV-grid PCC bus response to step change in load with and without voltage regulation. 

Figure 3-35 shows that the voltage regulation lowers the value of the PCC bus voltage 

compared to when the voltage regulation is disabled (unity power factor operation).  This 

demonstrates the capability of using the reactive power capability of power converters for 

voltage regulation to keep bus voltages within the specified voltage limits and provide grid 

voltage support to distribution networks with converter interfaced renewable energy sys-

tems. 

3.4 Wind Energy System Model 

Wind energy systems convert the kinetic energy in the wind into electrical power, which 

can be delivered to the grid or used in off-grid applications to supply local loads.  

Wind turbines are grouped into two categories based on the axis of rotation namely: hori-

zontal axis wind turbines (HAWT) and vertical axis wind turbines (VAWT).  Wind tur-

bines are further classified based on the speed of operation into fixed speed and variable 

speed wind turbines. Fixed speed wind turbines have optimum operation at a constant wind 
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speed while variable wind speeds can operate over a wider wind speed range. The output 

of modern wind turbines range from 10kW for small wind turbines to 5MW for large wind 

turbines [57]. The most common configuration used in modern wind turbines is the variable 

speed, 3 bladed upwind HAWT due to its advantage of higher wind energy conversion 

efficiency, better controllability, and improved aerodynamic performance over a wide wind 

speed range [57].  In this research, the doubly fed induction generator (DFIG) wind turbine 

system shown in Figure 3-36 is discussed and implemented.  

 

Figure 3-36 DFIG wind energy system 

3.4.1 Doubly Fed Induction Generator (DFIG) 

The doubly fed induction generator is used to convert the wind turbine’s mechanical power 

to electrical power. Transformers are used to step up or down the wind turbine’s voltage 

typically in the range of 0.69 – 2kV before connection to the grid/load. In addition, trans-

formers are used to isolate the grid from the wind turbine system.  
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A gearbox may be used to convert the low speed of the wind turbine rotor (≤ 20rpm) to the 

high speed of the generator (1000rpm – 1800rpm). The gearbox ratio is given by [57]: 

𝑟𝑔𝑏 =
𝑛𝑡𝑢𝑟𝑏𝑖𝑛𝑒 (𝑟𝑝𝑚) 

   𝑛𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 (𝑟𝑝𝑚)    
=

(1 − 𝑠)60  𝑓𝑠

    𝑛𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟  𝑃  
 (3.49) 

where P is the number of generator pole’s pairs, s is the rated slip and fs is the rated grid 

frequency in Hz [57]. Direct drive wind turbine systems with low speed, high pole gener-

ators do not require a gearbox and are connected directly to the wind turbine rotor shaft 

reducing the required maintenance and overall cost of the wind turbine system  [57]. The 

energy from the wind is captured through the rotor and blades. The mechanical power out-

put of a wind turbine is related to its rotor size by equation (3.25) where Vw is the wind 

velocity, A is the area swept by the rotor and  is the density of air [63].  

𝑃𝑚 = 0.5𝐶𝑝𝜌𝐴𝑉𝑤
3 (3.50) 

The blade power coefficient 𝐶𝑝 determines the amount of kinetic energy in the wind con-

verted to mechanical energy by the wind turbine. The blade power coefficient 𝐶𝑝 for mod-

ern wind turbines ranges from 0.2-0.5 with a maximum limit of 0.59 called the Betz limit. 

The blade power coefficient is a function of the tip speed ratio 𝜆 and the blade pitch angle 

𝛽 which is the angle between the wind speed direction and the surface of the wind turbine 

blades [63].  

The tip speed ratio 𝜆 is the ratio of the rotor tip speed 𝜔𝑚 to the wind velocity,   𝑉𝑤 and for 

a rotor with radius R, it is given by [63]. 

𝜆 =
𝑅𝜔𝑚

  𝑉𝑤     
 

(3.51) 

The variation of the wind turbine blade power coefficient 𝐶𝑝 with tip speed ratio 𝜆 is shown 

in Figure 3-37. The curves indicate an optimal tip speed ratio 𝜆 for a given pitch angle 𝛽 
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which determines the maximum power that can be extracted by the wind turbine at a given 

wind speed 𝑉𝑤. 

 

Figure 3-37  Power coefficient curves (Cp) vs tip speed ratio (TSR) (λ, β) [31] 

The drivetrain is represented using a two mass model shown in Figure 3-38, which ignores 

the inertia of the gearbox and includes the rotating mass of the wind turbine and the gen-

erator [64]. 

 
Figure 3-38 Two mass model of the wind turbine drive train 

The dynamics of the two-mass model is described by [64]: 

𝑇𝑡𝑢𝑟 − 𝑇𝑚 = 2𝐻𝑟

𝑑𝜔𝑟

𝑑𝑡
 

(3.52) 

𝑇𝑚 −  𝑇𝑒 = 2𝐻𝑔

𝑑𝜔𝑔

𝑑𝑡
 

(3.53) 
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𝑇𝑚 = 𝐷𝑚(𝜔𝑟−𝜔𝑔) + 𝐾𝑚 ∫(𝜔𝑟−𝜔𝑔)𝑑𝑡 
(3.54) 

Where Ttur is the wind turbine’s mechanical torque, Tm and Te are the generator’s mechan-

ical and electrical torque, Hr and Hg are the turbine and generator inertia constants, Km and 

Dm are the stiffness and damping of the mechanical connection between the turbine and 

generator [64].  Figure 3-39 shows the RSCAD models used for simulating the wind tur-

bine and drive train system [31]. 

 

Figure 3-39 RSCAD Model of Wind Turbine and Drive Train [31] 

As shown in Figure 3-36, the stator of the DFIG is connected directly to the grid and the 

rotor is connected to the grid using two back to back power converters with a common 

capacitive DC link and an AC filter. The back to back, VSCs known as the grid side con-

verter (GSC) and rotor side converter (RSC) control the power exchanged between the 

wind turbine and the grid. The back to back converters have a rated power of about 25-

30% of the total DFIG wind power system resulting in reduced converter power losses and 

increased efficiency  [57].  The interface reactors La and Lb control the real and reactive 

power flow between the converters and grid as well as provide some filtering of the con-

verter harmonics injected to the grid [55]. Typically IGBT based, PWM VSCs are used in 
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DFIG applications allowing the simultaneous control of the active and reactive power ex-

changed between the grid and the generator [57]. The RSC may be subjected to DC link 

over-voltages and rotor circuit over-currents during grid faults. Crowbar circuits (CB) pro-

tect the RSC by short circuiting the rotor windings enabling the DFIG to remain connected 

to the grid during fault events  [31].  The crowbar is modeled as a shunt conductance in 

series with a switch and is connected between the GSC and RSC of the DFIG as shown in 

Figure 3-40  [31].  

 

Figure 3-40 DFIG Crowbar Circuit. 

The crowbar switch is turned on when the dc link voltage exceeds a specified maximum 

value and is turned off when the dc link voltage drops below a minimum value. The value 

of the crowbar resistance affects the operation of the DFIG. High resistance values provide 

adequate damping to the fault transients when the crowbar is enabled but can create 

undesirable transients when the crowbar is turned off [65]. High resistance values provide 

adequate damping to the fault transients when the crowbar is enabled but can create 

undesirable transients when the crowbar is turned off [65]. 

The DFIG allows variable speed operation over a slip speed range (typically 0.7 – 1.2 pu) 

and has better controllability than other wind turbine generators without the need for addi-

tional mechanical parts and capacitors for reactive power compensation [66]. The power 

delivered by the rotor and stator side of the DFIG is given by [64]: 
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𝑃𝑠𝑡𝑎𝑡𝑜𝑟 =
𝑃𝑚

1 − 𝑠𝑙𝑖𝑝
 

(3.55) 

𝑃𝑟𝑜𝑡𝑜𝑟 =  −𝑠𝑙𝑖𝑝 ∗ 𝑃𝑠𝑡𝑎𝑡𝑜𝑟  (3.56) 

𝑠𝑙𝑖𝑝 =  
𝜔𝑠𝑡𝑎𝑡𝑜𝑟 − 𝜔𝑚

𝜔𝑠𝑡𝑎𝑡𝑜𝑟
=  

𝜔𝑟𝑜𝑡𝑜𝑟

𝜔𝑠𝑡𝑎𝑡𝑜𝑟
 

(3.57) 

𝑃𝑔𝑟𝑖𝑑 =  𝑃𝑠𝑡𝑎𝑡𝑜𝑟 + 𝑃𝑟𝑜𝑡𝑜𝑟  (3.58) 

 

 

3.4.2 Modeling the DFIG control system 

Control systems are required for the reliable and safe operation of the DFIG system over a 

wide wind speed range. The control of the DFIG wind energy system is based on [31, 67] 

and is described as follows: 

 Pitch angle control 

The electrical power output of a wind turbine at various wind speeds is indicated by its 

power-wind speed curve as shown in Figure 3-41.  

 

 Figure 3-41 Wind system power-speed curves [68]  
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The power-speed curves indicate the cut in wind speed Vc (3-5m/s) where the wind turbine 

starts to operate, the rated wind speed Vr (12-15m/s) where rated power operation is 

achieved and the cut out wind speed Vf (≥ 25m/s) at which the wind turbine is designed to 

stop operation to avoid mechanical damage due to excessive wind speeds [68]. The func-

tion of the pitch angle control shown in Figure 3-42 is to change the pitch angle of the wind 

turbine blades for wind speeds greater than Vr to reduce rotor blade rotations and frequency 

oscillations caused by high wind speeds [68]. Due to the large inertia of the rotor blades, 

the pitch angle has a slow rate of change and is limited to protect the wind turbine during 

grid fault events and high wind speeds [64]. 

 
Figure 3-42 Pitch angle control 

 

 Maximum power point tracking control  

For wind speeds between the cut-in and rated speed range [Vc Vr], the pitch angle is set 

to zero and a MPPT control strategy is used to track the maximum power of the wind 

turbine at the given wind speed. Commonly used MPPT methods are optimal tip speed 

ratio where the optimum rotor speed for a given wind speed is calculated based on the 

known optimum tip speed ratio which is constant for a given blade [69]; turbine power 

feedback control which measures the rotor speed at a given wind speed and calculates the 

maximum power from the known power curve of the wind turbine [69] and optimal torque 

control which uses the idea that for a given gearbox ratio, the turbine’s mechanical torque 

and speed can be converted to the generator torque and speed from which the optimum 
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torque can be calculated using the generator rated parameters [69]. The optimum torque 

control (OTC) shown in Figure 3-43 is used in this work. Limits are placed to avoid damage 

to the wind turbine when the rotor speed exceeds a specified level [55]. 

 
Figure 3-43 Optimal torque control for DFIG MPPT method 

The input to the OTC control is the turbine speed and the output is the electrical torque 

reference that indicates the maximum power in the wind. The optimum torque coefficient 

kopt can be obtained from the maximum power coefficient  𝐶𝑝max
 as described by [69]: 

𝐶𝑝(𝜆𝑜𝑝𝑡, 𝛽=0) = 𝐶𝑝𝑚𝑎𝑥 (3.59) 

𝑃𝑚,𝑜𝑝𝑡𝑖𝑚𝑢𝑚 = 𝑘𝑜𝑝𝑡 𝜔𝑚,𝑜𝑝𝑡
3  (3.60) 

𝑇𝑚,𝑜𝑝𝑡 = 𝑘𝑜𝑝𝑡 𝜔𝑚,𝑜𝑝𝑡𝑖𝑚𝑢𝑚
2 (3.61) 

𝜔𝑚,𝑜𝑝𝑡 =  
𝜆𝑜𝑝𝑡𝑉𝑤

𝑅
 

(3.62) 

𝑘𝑜𝑝𝑡 =
0.5𝜋𝜌𝐶𝑝𝑚𝑎𝑥𝑅5

𝜆𝑜𝑝𝑡
3  

(3.63) 

 

 Grid Side Converter (GSC) control 

The function of the GSC is to control the DC link voltage to a constant reference value and 

provide reactive power support to the grid voltage at the point of connection (PCC) during 

fault events [57]. 
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Figure 3-44 GSC voltages and currents 

The voltage equations across the GSC R-L reactor as shown in Figure 3-44 is given by 

[55]: 

𝑣𝑎𝑡,𝑏𝑡,𝑐𝑡 = 𝑅𝑏𝑖𝑎,𝑏,𝑐1 + 𝐿𝑏
𝑑

𝑑𝑡
𝑖𝑎,𝑏,𝑐1 + 𝑣𝑎1,𝑏1,𝑐1 (3.64) 

In dq reference frame:  

𝑉𝑑𝑡_𝑔𝑠𝑐 = 𝑉𝑑𝑟𝑒𝑓1 =  𝑅𝑏𝐼𝑑1 + 𝐿𝑏
𝑑

𝑑𝑡
𝐼𝑑1 −  𝜔𝑒𝐿𝑏𝐼𝑞1 + 𝑉𝑑1 (3.65) 

𝑉𝑞𝑡_𝑔𝑠𝑐 = 𝑉𝑞𝑟𝑒𝑓1 =  𝑅𝑏𝐼𝑞1 + 𝐿𝑏
𝑑

𝑑𝑡
𝐼𝑞1 +  𝜔𝑒𝐿𝑏𝐼𝑑1 + 𝑉𝑞1 (3.66) 

 

The decoupled dq current mode control described in section 3.3.2 is used for the GSC to 

allow the independent control of the DC link voltage and reactive power injected to the 

grid during fault events. The d axis control regulates the DC bus voltage to the DC bus 

voltage reference VDCrefd which should be greater than 2 times the peak-peak, line to neutral 

grid voltage at the point of common connection (PCC) and should be set to a value that 

accounts for the maximum grid voltage during system transients [67]. 

The reactive power and consequently the power factor of the DFIG system is controlled by 

the q axis current controller. The reactive power reference Qset_gsc is set to zero for unity 

power factor, greater than 0 for lagging power factor and less than 0 for leading power 

factor within the reactive power limits of the GSC.  Figure 3-45 – 3-47 show the decoupled 

current control for the GSC.  
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Figure 3-45 Grid side converter dq current control 

 

Figure 3-46 Phase locked loop of grid three phase voltages 

 

 
Figure 3-47 dq transform of GSC AC voltages and currents 

 

The output of the current controllers are the voltage reference dq modulation indices, which 

are transformed to sinusoidal, three phase signals and used as the modulation waveforms 

in the SPWM control described in section 3.3 to generate the firing pulses of the GSC as 

shown in Figure 3-48. 

 
Figure 3-48 Firing pulse generation for GSC using SPWM 
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 Rotor Side Converter (RSC) control 

The function of the RSC shown in Figure 3-49 is to control the electrical torque and power 

factor of the DFIG which respectively controls the real and reactive power exchanged be-

tween the rotor circuit and the grid. The RSC control  is done using the stator flux vector 

orientation scheme where the dq axis are aligned with the stator flux allowing the simulta-

neous control of the electrical torque/real power and rotor excitation current/reactive power 

of the DFIG [67]. 

 

Figure 3-49 Rotor side converter voltages and currents 

The equations that describe the relationship between the electrical torque  𝑇𝑒; the total re-

active power 𝑄𝑔; the stator and rotor flux linkages; the rotor and stator voltages and cur-

rents in the dq reference axis are given by [67]. 

𝑣𝑑𝑟 = 𝑣𝑑𝑟
′ − 𝜔𝑠𝑙𝑖𝑝 𝜎𝐿𝑟𝑖𝑞𝑟 = 𝑣𝑑𝑟

′ − (𝜔𝑠 − 𝜔𝑟) 𝜎𝐿𝑟𝑖𝑞𝑟 (3.67) 

𝑣𝑞𝑟 = 𝑣𝑞𝑟
′ + 𝜔𝑠𝑙𝑖𝑝 (𝐿𝑚𝑖𝑚𝑠 + 𝜎𝐿𝑟𝑖𝑑𝑟) (3.68) 

𝑣𝑑𝑟
′ = 𝑅𝑟𝑖𝑑𝑟 +  𝜎𝐿𝑟

𝑑𝑖𝑑𝑟

𝑑𝑖
 

(3.69) 

𝑣𝑞𝑟
′ =  𝑅𝑟𝑖𝑞𝑟 +  𝜎𝐿𝑟

𝑑𝑖𝑞𝑟

𝑑𝑖
 

(3.70) 

𝜆𝑠 = 𝜆𝑑𝑠= 𝐿𝑜𝑖𝑚𝑠 = 𝐿𝑠𝑖𝑑𝑠 +  𝐿𝑜𝑖𝑑𝑟 (3.71) 

𝜆𝑑𝑟 =  
𝐿𝑜

2

𝐿𝑠
𝑖𝑚𝑠 +  𝜎𝐿𝑟𝑖𝑑𝑟 (3.72) 
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𝜆𝑞𝑟 =   𝜎𝐿𝑟𝑖𝑑𝑟 (3.73) 

𝑖𝑞𝑠 =  
−𝐿𝑜

𝐿𝑠
𝑖𝑞𝑟 

(3.74) 

 𝜎 = 1 −
𝐿𝑜

2

𝐿𝑠𝐿𝑟
;  

𝐿𝑜
2 = 𝐿𝑚𝐿𝑠 ; 𝐿𝑠 = 𝐿𝑚 + 𝐿𝑙𝑠 ; 𝐿𝑟 = 𝐿𝑚 + 𝐿𝑙𝑟 

(3.75) 

 

(3.76) 

𝑇𝑒 = −
3

2
𝑃 𝐿𝑚𝑖𝑚𝑠𝑖𝑞𝑟 

(3.77) 

𝑄𝑞 =  
𝐿𝑚𝑣𝑞𝑠

𝐿𝑠
(

𝑣𝑞𝑠

𝜔𝑠𝐿𝑚
+  𝑖𝑑𝑟) −  

𝑣𝑞𝑠
2

𝜔𝑠𝐿𝑠
 

(3.78) 

 

where 𝜆𝑑𝑟,𝜆𝑑𝑠 and 𝜆𝑞𝑟 , 𝜆𝑞𝑠 are the dq stator and rotor flux linkages; 𝐿𝑠, 𝐿𝑟 are the stator 

and rotor inductances;  𝐿𝑙𝑠, 𝐿𝑙𝑟 are the stator and rotor leakage inductances; 𝐿𝑚 is the mag-

netizing inductance; 𝑖𝑚𝑠 is the stator magnetizing current; 𝑖𝑑𝑟,𝑖𝑑𝑠 and 𝑖𝑞𝑟 , 𝑖𝑞𝑠 are the dq 

stator and rotor currents; 𝑣𝑑𝑟,𝑣𝑑𝑠 and 𝑣𝑞𝑟 , 𝑣𝑞𝑠  are the dq stator and rotor voltages; Rr and 

Rs are the rotor and stator resistances; 𝜔𝑠𝑙𝑖𝑝 is the slip frequency; 𝜔𝑠, 𝜔𝑟 are the stator and 

rotor angular frequencies; P is the number of poles. 

As shown in Figure 3-50, the rotor phase currents are transformed to the dq axis using the 

slip angle 𝜃𝑠𝑙𝑖𝑝  which is the angle between the stator flux vector 𝜃𝑠 and the rotor an-

gle 𝜃𝑟 [67].  

 

Figure 3-50 ABC-dq RSC 

𝜃𝑠𝑙𝑖𝑝 =  𝜃𝑠 − 𝜃𝑟 (3.79) 
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The rotor angle  𝜃𝑟 is output from the DFIG model [31] while the stator flux angle is given 

by [67]. 

  𝜃𝑠  =  tan−1 𝜆𝛽𝑠

𝜆𝛼𝑠
= tan−1 ∫(𝑣𝛼𝑠−𝑅𝑠𝑖𝛼𝑠)𝑑𝑡

∫(𝑣𝛽𝑠−𝑅𝑠𝑖𝛽𝑠)𝑑𝑡
  (3.80) 

𝜔𝑠 =  
𝑑𝜃𝑠  

𝑑𝑡
 

(3.81) 

𝜆𝑠 = √𝜆𝛼𝑠
2 + 𝜆𝛽𝑠

2
 

(3.82) 

Where 𝜆𝛽𝑠, 𝜆𝛼𝑠; 𝑣𝛼𝑠, 𝑣𝛽𝑠;  𝑖𝛼𝑠, 𝑖𝛽𝑠 are the alpha-beta transform of the stator flux, stator volt-

ages and stator currents [67].  Figure 3-51 shows the dq current control of the RSC where 

the d axis regulates the rotor current and subsequently the reactive power output and the q 

axis controls the electrical torque and subsequently the real power delivered to the grid by 

the DFIG as indicated by equations (3.67) - (3.78). 

 

Figure 3-51 RSC dq current control 

Idr_ref is set to zero to minimize the VSC AC side currents and power losses in the VSC 

and rotor circuit [55]. Iqr_ref is determined from the torque equation given by:  
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𝑇𝑒_𝑟𝑒𝑓 = −
3

2
𝑃 𝐿𝑚𝑖𝑚𝑠𝑖𝑞𝑟_𝑟𝑒𝑓 

(3.83) 

  

𝑇𝑒_𝑟𝑒𝑓 is obtained using the optimum torque MPPT control. The output of the RSC current 

control are the dq rotor voltage references used to create the rotor modulation waveforms 

for the SPWM control used to generate the switching sequence for the RSC as shown in 

Figure 3-52. 

 

Figure 3-52 RSC Firing pulse generation using SPWM 

The proportional and integral gain parameters for the DFIG GSC and RSC controls are 

given in [31]  and listed in Table 3-7.  

Table 3-7 DFIG RSC and GSC Control Parameters 

GSC dq current control 𝑘𝑝_𝑔𝑠𝑐
=  0.35 , 𝑘𝑖_𝑔𝑠𝑐 =  10 

RSC dq current control 𝑘𝑝_𝑟𝑠𝑐
=  1.387 , 𝑘𝑖_𝑟𝑠𝑐 =  0.02808 

GSC DC bus voltage control 𝑘𝑝_𝑣𝑑𝑐_𝑔𝑠𝑐
=  1 , 𝑘𝑖_𝑣𝑑𝑐_𝑔𝑠𝑐 =  10 

 

3.4.3 Simulation of the DFIG Wind System. 

Figure 3-53 shows the RSCAD model used to analyze the dynamic response of the DFIG 

system. The back to back DFIG converter and stator side is connected to the grid by a three 

winding 2.5MVA, 13.2kV/22.2kV/0.69kV wye-wye-wye transformer simulated using the 

small time step subnetwork bridge box with a time step of 2.943µsecs. The DFIG system 
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is connected to the grid through a 25MVA, 138kV/13.2kV, delta-wye transformer through 

a 7.2km line represented by a PI section model The DC capacitance that connects the RSC 

and GSC is given as 110mF. The parameters of the DFIG system are obtained from [31] 

and given in Table 3-8.  

 
Figure 3-53 DFIG System in RSCAD [31] 

Table 3-8 DFIG System Parameters [31] 

Rated MVA S_dfig 2.2 

Power MW P_dfig 2 

Vrated_stator_prim vs_sec 0.69kV LL rms 

Interface resistance Ra=Rb 0.0015 ohms 

Interface reactor La=Lb 100µH 

Power rating converter 0.3MW 

Switching frequency DFIG  2000Hz 

Turns ratio_rotor-stator 2.6377 

Frequency Fgrid 60 Hz 

Stator leakage reactance 𝑿𝒔 0.102 pu 

Stator resistance 𝑹𝒔 0.00462 pu 

Rotor leakage reactance 𝑿𝒓 0.08596pu 

Rotor resistance 𝑹𝒓 0.0060 pu 

Inertia constant 𝑯𝒅𝒇𝒊𝒈 1.5 MWs/MVA 

 

The interface between the small time step subnetwork and the grid simulated in the large 

time step is done using an interface transformer model in RSCAD. The interface trans-

former is modeled as a travelling line with a travel time given by [31]: 
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𝜏𝑡𝑟𝑓_𝑖𝑛𝑡𝑒𝑟 = 1.39∆𝑇𝑙𝑎𝑟𝑔𝑒 = √𝐿𝑡𝑟𝑓_𝑖𝑛𝑡𝑒𝑟𝐶𝑡𝑟𝑓_𝑖𝑛𝑡𝑒𝑟 
(3.58) 

To alleviate the effect of including an artificial line, the inductance of the line 𝐿𝑡𝑟𝑓_𝑖𝑛𝑡𝑒𝑟 

should be chosen to minimize the size of the shunt capacitance 𝐶𝑡𝑟𝑓𝑖𝑛𝑡𝑒𝑟
 [31] . 𝐿𝑡𝑟𝑓_𝑖𝑛𝑡𝑒𝑟 

can be taken as a fraction of the leakage inductance of the transformers in the DFIG system 

A 0.22MVAr high pass capacitive filter with cut off frequency of 2000Hz is connected to 

the grid side converters AC terminals to reduce harmonic current injections to the grid [31].  

Figure 3-54 shows the response of the DFIG wind system pitch control to a ramp increase 

in wind speed from 5m/s to 15m/s. For wind speed <12m/s, the pitch angle is set to zero. 

For wind speeds > 12m/s, the pitch control is activated at a rate limit of 5deg/s and the 

DFIG output power is regulated to its rated power output as shown in Figure 3-55.   

 
Figure 3-54 Pitch angle response to wind speed ramp 
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Figure 3-55 Power and speed response of DFIG wind system to ramp change in wind speed. 

 

 
Figure 3-56 Grid power response to ramp change in wind speed 
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3.5 Conclusions 

This chapter discussed the modeling of a diesel generating system; a photovoltaic system 

and a DFIG wind energy system as well as their associated control systems. The objective 

of this chapter was to gain an introductory knowledge of the theory of each DERs and their 

control systems. The modeling of voltage source converters using the small time step sub-

network which is required to represent the high switching frequency dynamics of VSCs 

was discussed. These small time step subnetworks require dedicated processors to keep the 

simulation time steps less than 3µsecs which increasing the computational burden and re-

quired hardware resources on the RTDS. The use of average-value models (AVM) to re-

duce the required hardware resources is discussed in Chapter 4.  A comparison of the steady 

state and transient operation of the AVM and full VSC model is discussed in Chapter 4 to 

understand the limitations of AVMs for transient simulations. The individual simulation 

cases of the diesel system, photovoltaic system and DFIG wind energy system helps to 

study their steady state and transient behaviour before they are connected to a larger net-

work with other DERs. The DERs discussed in this chapter are used in the microgrid sys-

tem discussed in Chapter 5. 

 



 

 

Chapter 4 

Average Value Modeling of Voltage 

Source Converters 

 

4.1 Introduction 

This chapter describes the average-value modeling of the voltage source converters used 

in the solar and wind energy systems described in Chapter 3. The goal of this chapter is to 

compare the response of the fully switched VSCs models with the AVMs to show the lim-

itations of using AVMs for converter modeling. A comparison of the hardware reduction 

using the AVMs is discussed in Chapter 5. 

 

4.2 Average Value Models 

Detailed modeling of the voltage source converters for the solar and wind energy systems 

described in Chapter 3 requires small simulation time steps in the range of 1.4 – 2.5µsecs 
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to represent their high switching frequency dynamics. Typically in transient simulation 

programs, the ON and OFF state of a switch is represented by a small resistance (large 

conductance) and a large resistance (small conductance), respectively, as shown in Figure 

4-1.  

 
Figure 4-1 Switching state representation 

To maintain real-time simulation using the EMTP algorithm described in Chapter 2, the 

system conductance matrix has to be reinverted each time the switching state of the net-

work changes. For small simulation time steps in the range of 1-3 µsecs, the reinversion of 

this matrix will require significant processing power.  In order to achieve real-time simu-

lation with small simulation time steps, an alternative approach is used in RTDS to model 

the high frequency switching in voltage source converters [31]. The RTDS simulator uses 

calculation short cuts, dedicated processors, and components to represent the fully switched 

models of the VSCs. Nevertheless, it requires a significantly high processing resources to 

simulate power system networks with voltage source converters [31].  
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To reduce the required hardware resources and computation burden, the fully switched 

VSCs can be represented using average-value models (AVMs). The two available AVM 

methods for representing voltage source converters using controlled voltage and current 

sources are (i) average modelling in the dq reference frame and (ii) the average models 

based on the use of switching functions [70]. The AVM approach in the dq reference frame 

is discussed and implemented in this research. 

4.3 AVM in the dq reference Frame 

The averaging operator over one switching cycle 𝑇𝑠 is defined by equation 4.1 where 

�̅�(𝑡) represents the averaged voltage (or current) waveform of the VSC as described by 

[55]: 

�̅�(𝑡) =  
1

𝑇𝑠
∫ 𝑥(𝜏)𝑑𝜏

𝑇𝑠

0

 (4.1) 

Applying equation 4.1 to the AC side voltages of a VSC gives [55]: 

�̅�𝑎,𝑏,𝑐 (𝑡) = �̅�𝑎,𝑏,𝑐 (𝑡) 
𝑉𝐷𝐶

2
 (4.2) 

where �̅�𝑎,𝑏,𝑐 (𝑡) are the averaged values of modulation indices of the three phase sinusoi-

dal waveforms used for generating the PWM signals in the converter control scheme.  In 

the dq reference frame, equation 4.2 becomes [55]: 

�̅�𝑑 (𝑡) = �̅�𝑑(𝑡)
𝑉𝐷𝐶

2
 

(4.3) 

�̅�𝑞 (𝑡) = �̅�𝑞 (𝑡) 
𝑉𝐷𝐶

2
 

(4.4) 

The DC side current is obtained using the power balance (assuming negligible converter 

losses) between the DC and AC side of the VSC, which is given by [55]: 
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𝑃𝐷𝐶(𝑡) = 𝑃𝐴𝐶(𝑡) (4.5) 

𝑉𝐷𝐶(𝑡)𝐼𝐷𝐶(𝑡) =  𝑣𝑎 (𝑡)𝑖𝑎 (𝑡) + 𝑣𝑏 (𝑡)𝑖𝑏 (𝑡) + 𝑣𝑐 (𝑡)𝑖𝑐 (𝑡) (4.6) 

𝐼𝐷𝐶(𝑡) =  
𝑣𝑎 (𝑡)𝑖𝑎 (𝑡) + 𝑣𝑏 (𝑡)𝑖𝑏 (𝑡) + 𝑣𝑐 (𝑡)𝑖𝑐 (𝑡) 

𝑉𝐷𝐶(𝑡)
 (4.7) 

  In the dq reference frame [55]:  

 𝐼𝐷𝐶(𝑡) =   

3
2

(𝑣𝑑 (𝑡)𝑖𝑑 (𝑡) + 𝑣𝑞 (𝑡)𝑖𝑞(𝑡)) 

𝑉𝐷𝐶(𝑡)
 

(4.8) 

 

Figures 4-2 and 4-3 shows the dq reference frame AVM representation of the VSCs for the 

PV (solar) and DFIG wind converter systems.  

   

Figure 4-2 AVM for PV VSC 
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Figure 4-3 AVM for DFIG VSC 

The voltage sources are controlled using the output of the dq-ABC transformation which 

are the reference modulation waveforms for the SPWM control discussed in chapter 3. The 

AVM based on the dq reference frame AVM does not represent the switching harmonics 

and cannot be used for VSC harmonic analysis [70]. The converter power losses can be 

included in the AVM by using a lumped resistance in the controlled voltage sources. For 

the DFIG AVM, the resistance can be added to the stator or rotor winding resistance [55].  

4.4 Comparing AVM and Detailed VSC 

This section shows the comparison between the AVM and detailed VSCs in terms of the 

dynamic response of the Solar and DFIG system. The comparison in terms of hardware 

resources will be discussed in Chapter 5.  
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4.4.1 Comparing the AVM and Full VSC for the DFIG system 

Figure 4-4 shows the RSCAD Draft case used to compare the response of the AVM and 

detailed VSC model for the DFIG. The DFIG is rated at 2MW, 0.69kV LL rms at the stator 

terminals and is connected to the 25MVA, 138kV/13.2kV transformer through a 7.2 km 

line represented by a PI section model. The impedance of the grid is 3/860.  

 
 

Figure 4-4 Comparing the AVM and Fully Switched DFIG VSC 

The control scheme and parameters are kept the same for both the AVM and detailed VSC. 

The controlled voltage source AVM representation of the GSC and RSC is shown in Figure 

4-5 where the injected voltages are the reference voltage waveforms obtained from the 

GSC and RSC current control schemes described in Section 3.4.2.  

 
Figure 4-5 GSC and RSC AVM voltage source representation in RSCAD/Draft 
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The DC bus link for the DFIG AVM is shown in Figure 4-6 [71]. The value of the DC bus 

capacitance is 110 mF. The current sources represent the DC currents obtained from the 

AC and DC power balance of the GSC and RSC circuits. A charge controller represented 

by the voltage source and breaker BRKCH is used to set the DC bus voltage to its initial 

value to charge the DC side capacitance at simulation start up and is switched off (i.e 

BRKCH is opened) when the DC side voltage is regulated to the reference point by the 

controls [71]. 

 
Figure 4-6 DC Bus link for the AVM 

Figures 4-7 –  4.12 compares the transient response of the DFIG real and reactive power, 

speed, DC bus voltage, dq voltage and current response of the AVM and Full VSC DFIG 

system to a 0.1 ohm, 5 cycle, three phase line to ground fault at the DFIG-Grid bus con-

nection terminal. Figures 4-7 – 4-12 show a close response between the Full and AVM of 

the VSC before and after the fault event. The deviations in the transient response of the 

AVM from the Full VSC model is due to the simplifications used in the AVM which does 

not represent the high switching frequency dynamics of the VSC as shown in Figure 4-13. 
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Figure 4-7 DFIG Real and Reactive Power 

 

 
Figure 4-8 DFIG Speed 

    
Figure 4-9 DC Bus Voltage 
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         Figure 4-10 Grid side converter dq voltage references 

 

           
             Figure 4-11 Rotor side converter dq voltage references 

 
Figure 4-12 q current reference for RSC and d current reference for GSC 
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       Figure 4-13 Switching frequency dynamics in DFIG Full VSC. 

 

4.4.2 Comparing the AVM and Full VSC for the PV system 

Figure 4-14 shows the RSCAD Draft case used to compare the response of the AVM and 

detailed VSC model for the PV system. The ratings of the solar system are given in Section 

3.3.4. The control scheme and parameters are kept the same for both the AVM and detailed 

VSC PV system. The response of the real and reactive power of the PV system and grid, 

the VSC dc bus voltage, modulation waveforms response of the AVM and Full VSC to a 

0.1ohm, 5 cycle, and three phase line to ground is shown in Figures 4-15 to 4-17. The 

difference in the Solar AVM transient response compared to the fully switched PV VSC 

model transient response shown in Figures 4-15 to 4-17 is associated with the approxima-

tions made in the modeling of the converter side dynamics for the AVM which does not 

include the switching harmonics in the Full VSC model. 
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Figure 4-14 Simulation case for comparing the FULL and AVM VSC for the PV system 

 
Figure 4-15 Real power output and DC bus voltage of FULL and AVM model to three phase line to 

ground fault 
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Figure 4-16 Per unit voltage at PV-grid point of connection and reactive power of FULL (black) and 

AVM(red) model to three phase line to ground fault.  

 

  
Figure 4-17 dq modulation indices response to three phase line to ground fault with FULL (black) 

and AVM (red) VSC models 
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Figure 4-18 Real and Reactive power at grid side response to three phase line to ground fault with 

FULL (black) and AVM (red) VSC models 

 

4.5 Conclusions 

The AVM of the solar and DFIG was developed and their response compared. The results 

show differences in the transient operation between the FULL and AVM model and this 

can be attributed to the difference in modeling the switched VSC models in the small time 

step and comparing the simulation with no VSCs in the large time. From the grid 

perspective, the active and reactive power delivered by the AVM for both wind and solar 

match closely with the FULL VSC models as shown in Figure 4-7 and Figure 4-18. The 

response of the AVM and FULL VSC is sufficient when AC side dynamics are considered 

and this will be compared in the microgrid system in Chapter 5. The reduction in hardware 

requirements when the AVM VSC models are used in the microgrid is discussed in Chapter 

5. 

 



 

 

Chapter 5 

 

Microgrid System Analysis 

 

5.1 Introduction 

This chapter describes the microgrid structure. An analysis of the operation of the mi-

crogrid and DERs in grid-connected and islanded mode is also presented. A hardware-in 

the-loop simulation with the microgrid system with a protective relay is implemented and 

discussed. 

5.2 Microgrid Structure 

The microgrid structure is shown in Figure 5-1. The 13.2 kV microgrid is connected to the 

138 kV utility grid through a 138 kV/13.2 kV transformer.  The point of common connec-

tion (PCC) is on the LV side of the transformer, and the microgrid is interconnected using 

a static switch (S1). The microgrid is a radial network if the disconnect switches S2 and S3 

are open, and can be transformed to a mesh network if S2 and S3 are closed [1]. In this 
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research, the microgrid is analyzed with S2 and S3 open. The interconnection transformer 

is a -Y grounded connection rated at 25MVA with 8% impedance. The 5.5 MVA diesel 

generator described in Section 3.2 is interconnected to the microgrid at bus-B7, and it per-

forms the frequency control of the microgrid during the islanded operation. The 1.74MW 

PV system described in Section 3.3 is connected to the microgrid at bus-B3, and the 2MW 

DFIG wind turbine generator described in Section 3.4 is connected to bus-B5. To facilitate 

microgrid voltage synchronization three switched capacitors banks rated at 0.5MVAr each 

are connected at BUS1. 

 
Figure 5-1 Microgrid structure 

The distribution lines in the microgrid are less than 8 km and are represented using pi-

section models in the simulation model. Due node limitations (72 single phase nodes) im-

posed by the hardware limits on the RTDS, the CIGRE benchmark network was reduced 

from an 11 bus system to a 7 bus system while maintaining the original structure. This was 
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done as the short transmission line lengths in the microgrid network are not long enough 

for the network to be divided into subsystems for multi-rack simulations. Multi-rack sim-

ulations require transmission line lengths which have a travel time greater than the simula-

tion time step. For a 50µsecs simulation time step, the minimum length of line required for 

multi-rack simulations is 15km. Table 5-1 gives the transmission line data is given in terms 

of the positive and zero sequence resistance, reactance and susceptance with the length of 

the corresponding line section indicated in Figure 5-1. 

Table 5-1 Transmission line data 

Rp Xp Bp R0 X0 B0 

[Ω/km] [Ω/km] [1/μΩ·km] [Ω/km] [Ω/km] [1/μΩ·km] 

0.173 0.4317 3.8305 0.3506 1.7987 1.57 

The self-resistance, reactance and susceptance of the line are obtained from Table 5-2 using 

the following expressions: 

Rs(Ω/km) =
R0 + 2Rp

3
 

(5.1) 

Xs(Ω/km) =
X0 + 2Xp

3
 

(5.2) 

Bs(1/μΩ · km) =
B0 + 2Bp

3
 

(5.3) 

5.2.1 Load shedding scheme 

An automatic under-frequency load shedding scheme described in [6] was implemented to 

maintain the stability of the microgrid during power imbalances and frequency fluctuations 

caused by islanding or fault events. The loads are shed in stages to restore the frequency 

and consequently the stability of the microgrid network. The load shedding control is acti-

vated when the frequency and rate of change of frequency fall within the specified limits 
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and time duration [6]. The load shedding stages, amount of load to be shed, the frequency 

and rate of change of frequency limits and time duration settings are shown in Table 5-3. 

Table 5-2 Load shedding criteria 

Stage Criteria Time Load shed 

1 f≤59.5Hz or 
𝑑𝑓

𝑑𝑡
> 1.5 

𝐻𝑧

𝑠
 0.1 secs LD1 1.37MW  

0.66MVAr 

2 f≤58.7Hz or 
𝑑𝑓

𝑑𝑡
> 1.5

𝐻𝑧

𝑠
 0.08 secs LD2 1.045MW 

0.343MVAr 

3 f≤58.3Hz 0.08 secs LD3 0.930MW 

0.45MVAr 

4   f≤58.0Hz 0.08 secs LD4 0.96MW 

0.47MVAr 

 

Table 5-2 gives the load data for bus 1-7 of the microgrid. Loads on bus 1-4 are modeled 

as switched RL passive loads which are allowed to shed if needed while loads on bus 5-7 

are modeled as non-switchable dynamic loads representing the critical loads in the network.   

Table 5-3 Load Data 

Bus 

Phase A  

[KVA] 

Phase B  

[KVA] 

Phase C 

 [KVA] pf 

1 506 506 506 0.9 

2 367 367 367 0.95 

3 344 344 344 0.9 

4 356 356 356 0.9 

5 325 625 100 0.95 

6 125 725 300 0.95 

7 275 625 150 0.95 
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5.2.2 Implementation of microgrid in RTDS 

The microgrid model shown in Figure 5-1 was implemented in a RTDS real-time simulator. 

Figure 5-2 shows the microgrid with the DERs modeled in RSCAD. The microgrid is sim-

ulated with a time step of 75µs on a one rack simulator with four processor cards. 

 
Figure 5-2 RSCAD Runtime model of microgrid with the DERs 

Figure 5-3 shows the allocation of hardware resources for the microgrid using the fully 

switched VSC models. All four processor cards on the RTDS rack are required to obtain 

the solution of the microgrid network. 
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Figure 5-3 Processor assignment using fully switched VSC models 

The allocation of hardware resources when the AVM models are used for the solar and 

DFIG energy system is shown in Figure 5-4. The number of required processor cards has 

been reduced to three when using the AVM.  The AVM is useful when the available hard-

ware resources on the RTDS rack is insufficient to model the given network with the fully 

switched VSC models. 

 

Figure 5-4 Processor assignment using the average-value VSC models 
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5.3 Grid connected operation of microgrid 

In grid-connected mode, the main switch S1 is closed and the microgrid frequency is de-

termined by the grid frequency. The DFIG wind and PV systems control their real and 

reactive power output using the control schemes described in Chapter 3 while the diesel 

generator operates in droop control to exchange real and reactive power with the grid. The 

diesel generator was set to produce 3MW and 1.736MVAr at steady state and was initial-

ized by taking the solar and wind generator system as constant PQ sources at unity power 

factor at rated power of 1.74MW and 2MW respectively. The generator controls described 

in chapter 3.2 were reinitialized to the new initial mechanical torque and excitation field 

voltage given as 0.55pu and 1.85pu. Table 5-4 show the steady state, per unit line to neutral 

phase voltages on each bus with NO DERs and with DERs using the Full and AVM VSC 

models discussed in chapter 4. Table 5-5 gives the average, per unit RMS bus voltages and 

percentage voltage unbalance defined by equation (2.3). 

Table 5-4 Per RMS Line phase voltages on bus 1-7 of the microgrid 

  PER UNIT RMS PHASE VOLTAGES 

BUS 
NO DERS DERS (FULL VSC) DERS (AVM VSC) 

PHASE 
A 

PHASE 
B 

PHASE 
C 

PHASE 
A 

PHASE 
B 

PHASE 
C 

PHASE 
A 

PHASE 
B 

PHASE 
C 

M1 0.995 0.975 0.989 0.995 0.991 0.992 0.995 0.991 0.992 

1 0.991 0.969 0.986 0.995 0.990 0.992 0.995 0.990 0.992 

2 0.913 0.733 1.013 0.979 0.951 0.975 0.980 0.949 0.967 

3 0.912 0.731 1.009 0.978 0.951 0.973 0.979 0.949 0.966 

4 0.910 0.727 1.002 0.974 0.946 0.967 0.975 0.944 0.961 

5 0.895 0.694 1.037 0.974 0.944 0.980 0.976 0.942 0.965 

6 0.902 0.704 1.030 0.976 0.947 0.981 0.980 0.946 0.968 

7 0.898 0.695 1.036 0.980 0.956 0.983 0.988 0.954 0.974 
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Table 5-5 Average LL rms voltages and %Voltage unbalance  

  AVERAGE pu LL RMS VOLTAGES AND % VOLTAGE UNBALANCE 

BUS NO DERS DERS FULL DERS AVM 

M1 0.9862 0.769% 0.9925 0.266% 0.9927 0.294% 

1 0.9821 0.781% 0.9922 0.275% 0.9922 0.299% 

2 0.8864 5.788% 0.9683 1.993% 0.9654 2.037% 

3 0.8840 5.787% 0.9671 1.927% 0.9646 2.036% 

4 0.8796 5.785% 0.9624 1.841% 0.9600 2.034% 

5 0.8754 7.265% 0.9658 2.336% 0.9609 2.560% 

6 0.8786 6.803% 0.9677 2.044% 0.9646 2.365% 

7 0.8761 7.165% 0.9730 2.212% 0.9721 2.352% 

 

From Table 5-5 it can be shown that with no DERs, the voltage unbalance exceeds 4% on 

bus 2-7. The connection of the DERs reduces the voltage unbalance to less than 3% thus 

improving the voltage profile of the grid-connected microgrid network.   The error differ-

ence between voltage unbalance and per unit bus voltages between the AVM and FULL 

VSC models shown in Tables 5-4 and 5-5 are less than 0.6% and 0.002 pu respectively, 

thus the steady state bus voltages and voltage unbalance values using the AVM and full 

VSC models give very close results.  

5.3.1 Microgrid transient response in grid-connected mode 

An analysis of the impact of DER integration on fault current levels in the network is dis-

cussed in this section. DER integration may result in fault currents in excess of the capa-

bility of circuit breakers and associated protection and control equipment. Changing fault 

levels can also affect the correct operation of traditional fault detection schemes. Figure 5-

5 shows a 5 cycle, 0.1, three phase line to ground fault applied at Bus 6.  
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Figure 5-5 Line to Line Voltages response to 3 Phase line to ground fault at BUS6 

Figure 5-6 compares the phase fault currents at Bus 6 with a 5 cycle, 0.1 line to ground 

fault with no DERs (Blue), DERs with full VSC model (Black) and DERs with AVM mod-

els(Red) in the microgrid. The fault current response of the microgrid with the Full and 

AVM VSC of the Solar and DFIG system give similar results. It is shown that with the 

DERs integrated in the network the fault currents in each phase of Bus 6 is increased by 

~25%. 

 

Figure 5-6 Fault currents at Bus 6 with a 5 cycle, 0.1 ohm line to ground fault with no DERs (Blue), 

DERs with full VSC model (Black) and DERs with AVM models(Red) in the microgrid 
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The real and reactive power supplied by the DFIG Wind, Solar and Diesel DERs is shown 

in Figure 5-7. The results obtained with the AVM and FULL VSC converter models are 

very similar.   

 

Figure 5-7 Real and reactive power supplied by the individual DERs and consumed for the AVM 

(black) and FULL (red) VSC converter models during 

 

Figure 5-8 compares the microgrid frequency in grid-connected mode before and after the 

fault using the AVM and FULL VSC converter models. The Full and AVM model show 

similar response. The AVM model has a slightly different variation during the transient 

period immediately after the fault. For both models the frequency is regulated to 60Hz by 

the main grid source. 
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Figure 5-8 Microgrid frequency response to 3PH, line to ground fault at BUS 6 for the AVM(black) 

and FULL VSC (red) converter DERs. 

 

5.4 Microgrid Operation in islanded mode 

The operation of the microgrid is analyzed for the following scenarios namely: (i) change 

of grid-connected to islanded mode of operation and (ii) microgrid response in islanded 

operation during a temporary fault condition.   Simulation results with the AVM and FULL 

VSC converter models are compared for all simulation cases. 

5.4.1 Case A: Change from Grid-connected to Islanded operation  

The microgrid is islanded by opening the point of connection circuit breaker switch S1 

using a manual trip command. A breaker status signal is sent to the diesel generator to 

change the operating mode from droop power control mode to isochronous frequency con-

trol mode. Figure 5-9 shows the microgrid frequency before and after the islanded opera-

tion using the AVM and full VSC models for the DFIG and solar DERs.  The frequency of 

the microgrid is regulated to 60Hz by the diesel generator operating in isochronous mode 

and the load shedding scheme is not activated, since the total microgrid load could be sup-

plied by the DERs. 
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Figure 5-9 Microgrid Frequency before and after islanding with the AVM VSC (black) and FULL 

VSC Models(Red). Load shedding is not activated. 

 

The total real and reactive power supplied by the GRID, DERs and consumed by the load 

before and after the islanding is shown in Figure 5-10. The steady state operation before 

islanding shows the GRID supplies 0.74MVAr at 2.64MVAr, the DERs supply 6.55MVAr 

at 1.33MVAr and the LOADS consume 7.2MVAr at 2.833MVAr. The results obtained 

with the AVM and FULL VSC converter models are very similar.  

 

 
Figure 5-10 Total real and reactive power supplied by the GRID and DERs and consumed by the 

LOADS for both the AVM(black) and FULL (red) VSC converter models. 
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From Figure 5-10, the total power consumed by the load drops after islanding. This is due 

to the loss of reactive power from the grid which as shown in Figure 5-11 and 5-12 causes 

a 7% drop in the bus 1-7 voltages for the simulations with both AVM and FULL VSC 

models. The voltage drop changes the active power of the constant impedance loads on bus 

1-4. The loads on bus 5-7 are represented as dynamic loads which despite the drop in the 

bus voltages keep their active power at the power set points given in Table 5-2. The Solar 

and DFIG DERs are operated in constant PQ mode and are not regulating the bus voltages 

(unity power factor operation).  The reactive power lost from the grid disconnection is thus 

picked up by the diesel generator. 

 
Figure 5-11  Per Unit average RMS Bus Voltage and Load Response on Bus 5-7 for AVM (Black) 

and Full VSC Model (Red) 
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Figure 5-12  Per Unit average RMS Bus Voltage and Load Response on Bus 1-4 or AVM (Black) and 

Full VSC Model (Red) 

 

Figure 5-13 shows an increase in the voltage unbalance on Bus 1-7 when the microgrid 

transitions from grid-connected to islanded operation. The microgrid with the AVM model 

of the DFIG and PV VSC shows a higher voltage unbalance compared to the FULL VSC 
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after islanding. The difference between the voltage unbalance after islanding obtained us-

ing the Full and AVM model on Bus 1-7 is less than 15%. This difference can be accounted 

for due to the use of transmission line interfaces to connect the VSC in the small time 

bridge box with the rest of the network simulated in the large time step. The interface 

transmission adds artificial capacitances to the network which are not present in the AVM.   

 
Figure 5-13 Voltage unbalance of the islanded microgrid using the FULL(black) and AVM(red) VSC 

Converter models for the Solar and DFIG DERs. 

 

5.4.2 Case B: Temporary fault in islanded mode 

A 0.1, 0.1s single phase line to ground fault is applied to phase A of BUS6 of the islanded 

microgrid. The fault current obtained using the AVM and FULL VSC converter models 

give a close match as shown in shown in Figure 5-14.  
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Figure 5-14 Fault current level for islanded microgrid with line to ground fault at BUS 6 using the 

AVM (black) and FULL(red) VSC model of the DFIG and SOLAR DERs. 

  

Figure 5-15 shows the load shedding scheme is activated as the rate of change of frequency 

exceeds 1.5Hz/secs for both the simulations with the AVM and FULL VSC models. As a 

result, LOAD1 and LOAD2 and the diesel generator is able to restore the frequency of the 

islanded microgrid. Figure 5-16 shows the total power of the loads and DERs before and 

after the fault condition in the islanded microgrid using both the Full and AVM VSC mod-

els in the microgrid.  

 
Figure 5-15 Microgrid Frequency during islanded fault condition activates load shedding 
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Figure 5-16 Response of total real and reactive power supplied by the DERs and consumed by the 

LOADS for both the AVM(black) and FULL (red) VSC converter models during temporary fault in 

islanded microgrid. 

 

5.5 Microgrid Synchronization 

As shown in Section 5.4, the microgrid supplies the local load when it is switched to is-

landed operation due to some network event such as a fault on the utility grid but the volt-

age unbalance exceeds 3% when the microgrid is islanded. In section 2.7, recommended 

limits for voltage unbalance are less than 3% to avoid heating in induction machine based 

DERs, in this case the DFIG system, and uncharacteristic harmonics in converter interfaced 

DERs. The microgrid has to be resynchronized (reconnected) to the utility grid to restore 

normal operation. For resynchronization, the voltage, phase angle and frequency of an is-

landed microgrid at the point of connection (BUS1) must be brought within the acceptable 

limits given in Table 2-1 before reconnection with the main grid. A passive synchronization 

method described in [6] is implemented using a synchro-check element available from the 
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RTDS protection library shown in Figure 5-17. The islanding and resynchronization sig-

nals are manually controlled by the TRIPCTL and RECLSCTL pushbuttons to demonstrate 

the synchronization of the microgrid back to the utility grid. 

 

Figure 5-17 RTDS Synchro-check element for microgrid synchronization 

The breaker control synchronization command is issued by the breaker control unit within 

the synchro-check element after the microgrid system is restored to steady state following 

the clearing of the fault. The synchro-check verifies that the phase voltages of the microgrid 

at the PCC breaker are within the set limits of magnitude, angle and frequency difference 

given in Table 2-1 before issuing a close command to the PCC circuit breaker to reconnect 

the microgrid to the grid [26]. The simulated scenario in this section includes disconnection 

from the grid (by manually tripping breaker S1) and then reconnecting the microgrid with 

the utility grid by the synchro-check element when the synchronized conditions are met. 

Figure 5-18 shows the voltage difference and angle difference of the microgrid using the 

AVM and FULL VSC models for the solar and DFIG system. The angle difference for 
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both models is less than 10 degrees and within the synchronization limits. A 6% angle 

difference is observed between the AVM and FULL VSC models. The voltage difference 

for both models give a close match and are greater than the limits of 3% for synchroniza-

tion. 

 
Figure 5-18 Voltage and phase difference between microgrid and grid at PCC after islanding using 

the FULL (red) and AVM(black) converter based DERs, 

 

To meet the voltage synchronization criteria, the switched shunt capacitors connected to 

the PCC are manually turned on until the voltage difference meets the required criteria of 

3%. It was observed that all three switched capacitors banks were required to meet the 

voltage criteria for synchronization. As shown in Figure 5-19, the switched capacitors re-

duce the phase voltage difference to less than 0.00657kV at the PCC.  

 
Figure 5-19 Voltage difference at Microgrid PCC after turning on the switched shunt capacitors 



5.5 Microgrid Synchronization  113 
 

 

To facilitate synchronization, the speed reference of the diesel generator is increased to 

1.00045 pu which makes the voltage phasor of the microgrid rotate with a frequency dif-

ference of about 0.2Hz as shown in Figure 5-20. 

 

Figure 5-20 Phasor diagram representation of microgrid (blue) and grid (red) bus voltages 

The microgrid is reconnected to the grid when the voltage phasor of the microgrid crosses 

the grid voltage phasor at 0.0 deg. The delay in seconds between when the reclose is initi-

ated to when the microgrid is reconnected is shown in Figure 5-21. The synchronous gen-

erator control mode is changed to power control mode after the synchronization.  

 
Figure 5-21 Reconnecting the microgrid with the grid 
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The microgrid frequency after reconnection to the grid is shown in Figure 5-22.  The RE-

CLOSE command is not synchronized between the microgrid simulation case using the 

Full and AVM VSC models so a time delay is seen between the two models. The frequency 

response is however similar for both models showing that the synchronization criteria has 

been met by the voltage balancing capacitors as well as the diesel generator governor action 

for isochronous frequency control. When the microgrid is reconnected, the breaker closed 

status is sent to the diesel generator to switch the governor back to droop control. 

 
Figure 5-22 Microgrid frequency synchronized to grid frequency power with the AVM(black) and 

FULL(red) VSC converter based models 

 

The total power from the grid, loads and DERs after reconnection to the microgrid is shown 

in Figure 5-23 for the AVM and Full VSC converter models. The total load increases due 

to increased voltage level, as the additional real and reactive power demand is mostly sup-

plied by the utility grid. The response of both the AVM and FULL microgrid systems give 

close results after the microgrid is reconnected, the time difference is again due to the man-

ual reclose command being issued earlier in the microgrid simulation with the Full VSC 

modeled compared to the AVM model. 
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Figure 5-23 Grid, Load and DER power before and after resynchronisation with the AVM(black) 

and FULL(red) VSC converter based models 

 

5.6 Interfacing a Physical Relay with the Microgrid 

System 

The reliable operation of microgrids requires protection systems with appropriate settings 

to detect fault conditions to avoid damage to equipment and abnormal operating conditions. 

The key benefit of real-time simulations is the ability to interface actual protection equip-

ment with the simulated microgrid system in order to test their operation under realistic 

operating conditions. This section discusses interfacing a protection relay with the mi-

crogrid to perform hardware in the loop simulations. The simulation model with the de-

tailed VSC representation was used in these simulations. 
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5.6.1 Interface between the microgrid model and the relay 

Figure 5-24 shows the interface between the microgrid model and a physical micro-pro-

cessor relay placed at bus 1 (B1). The bus voltages and line currents are scaled down and 

measured by using a voltage (potential) transformer (PT) with turns ratio of 2000 and a 

current transformer (CT) with a turns ratio of 100 respectively. The burden voltages and 

burden currents of the voltage and current transformer are then sent to the relay using a 

digital to analog converter (analogue output) card included as part of the RTDS hardware. 

The fault detection signal from the relay indicated by the relay contact operation is sent 

back to the simulated microgrid model using a digital input card where a logic 0 input 

indicates a relay trip operation and a logic 1 input indicates no relay operation. The fault 

detection signal can be used to operate the point of connection breaker or used to initiate 

some control action in the microgrid system. 

 

Figure 5-24 Interface between Microgrid System and a Physical Relay 

Figures 5-25 and 5-26 compares the rms voltages and current magnitudes estimated by the 

relay and inside RTDS simulation. The small differences are due to errors in D/A and A/D 

conversion and the differences in the phasor estimation methods. If necessary, these can be 

calibrated inside the relay. 
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Figure 5-25 Measured primary RMS voltage and RMS current signals in the relay 

 

Figure 5-26 Measured primary RMS voltage (kV) and RMS current (A) in the RTDS simulation  

 

Typically, micro-processor relays have multiple protection functions used to detect fault 

conditions and provide the fault detection (trip) signal using pre-defined settings. Com-

monly available protection functions include overcurrent, over/under voltage, over/under 

frequency, rate of change of frequency, distance and impedance elements. A major chal-

lenge in the protection of microgrids is the setting and co-ordination of these different pro-

tection functions when the microgrid operates in grid-connected or islanded operation.   In 

this work, the ground overcurrent element of the relay was enabled to demonstrate the relay 

interface with the microgrid system. Figure 5-27 shows the required settings of the neutral 

overcurrent elements in the relay.  The relay used in the experiment was actually a trans-

mission line protection relay and comes with directional capability. However, directional 

function was not enabled as typical distribution protection relays are not directional.  
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Figure 5-27 Overcurrent Element of Protection Relay 

 

The ground/neutral overcurrent element detects the line to ground faults by measuring the 

zero sequence current and comparing it against a predetermined pickup current setting as 

given by [72]: 

Ipick_up =
Inominal ∗ Unbalanced Factor 

Current Transformer Ratio
 

(5.4) 

 

Typical value for the unbalanced factor for distribution feeders is given as 0.3[72]. The 

time multiplier setting adjusts the relay operating time when the fault current is equal to or 

greater than the pick-up current to provide a discrimination margin to coordinate between 

other relay elements when enabled [72]. 
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Figure 5-28 shows the fault current obtained when a 0.1Ω, single phase line to ground fault 

is applied at bus 1 with the microgrid in grid-connected mode.  

 
Figure 5-28 Grid Connected Mode: Phase A Line to Ground Fault Current  

 

The overcurrent setting detects the fault and issues the trip signal after a time delay of ~0.11 

seconds as shown in Figure 5-29.  The trip signal is received back in the RTDS via the 

digital input card in the hardware in the loop interface as shown in Figure 5-30.  The CT 

currents observed in the relay and the RTDS simulation during the fault are shown in Figure 

5-31 and Figure 5-32 respectively. 

 

Figure 5-29 Fault Detection in Relay 
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Figure 5-30 Fault and relay trip signal in simulated system grid connected operation 

 

 

Figure 5-31 CT currents in the Relay 
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Figure 5-32 CT currents in the RTDS 

Figure 5-33 shows a reduced fault current level when the microgrid is in islanded operation 

and a 0.1Ω, single phase line to ground fault is applied at bus 1. The overcurrent element 

does not detect the fault in the islanded microgrid as shown in Figure 5-34. A more sophis-

ticated fault detection method or an adaptive overcurrent settings is required to ensure fault 

detection when the microgrid is in islanded mode. Future work will look into implementing 

a co-ordinated protection strategy to detect fault conditions when in the microgrid operates 

in both grid-connected and islanded mode.  
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Figure 5-33 Fault Current - Islanded Mode 

 

 
Figure 5-34 Fault and relay trip signal in islanded operation 
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5.7 Conclusions 

A microgrid model based on the CIGRE North American medium voltage network was 

developed and simulated using the DERs discussed in Chapter 3. The operation of the load 

shedding control as well as the synchronization of the microgrid using voltage balancing 

capacitors was demonstrated. The response of the microgrid was compared for several 

transient scenarios using the AVM and FULL VSC models of the Solar and DFIG system 

and similar results were obtained with slight differences in the transient voltage and fault 

currents due to the approximations used in the AVMs and the modeling representation of 

the VSC models in the small time step. This chapter showed that the AVM model reduced 

the hardware resources required to simulate the Full VSC models. The AVM model is 

sufficient for real-time simulation of large distribution networks with limited hardware re-

sources. In this chapter, the advantage of real time digital simulation to interface actual 

microgrid protection and control hardware to test their operation under different fault con-

ditions was demonstrated by a hardware in the loop simulation with a protection relay.  



 

 

Chapter 6 

Conclusions and Future Work 

6.1 Conclusions 

The following conclusions are drawn from the work carried out in this thesis 

      An understanding of microgrid concepts, the technical issues related to microgrid 

implementation, and simulation tools used for microgrid studies was achieved by a 

comprehensive literature review. The advantage of using real-time simulation tools 

for microgrid studies to allow for hardware in the loop testing of microgrid protec-

tion and control devices was established. 

 

 A real-time simulation model of a microgrid based on the CIGRE bench mark MV 

North American distribution network was developed on the RTDS simulator.  Short 

three-phase overhead distribution line segments in the network were represented 

using coupled pi networks.  Implementation of large distribution networks with 

many nodes in a real-time simulator is challenging as it is nearly impossible to di-
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vide the network into subsystems due to short distribution line lengths. The struc-

ture of the microgrid was reduced from an 11 bus network to a 7 bus network by 

combining transmission lines to meet the node requirements. 

 

  The microgrid included three types of DERs namely a solar PV generator, a DFIG 

driven by a wind turbine, and a synchronous generator driven by a diesel engine. 

Real time simulation models of the individual DERs were developed, accuracy was 

validated and the hardware requirements were determined. The implementation of 

the converter based DERs namely the PV and wind generators using detailed model 

with small time step simulations requires a considerable amount of hardware re-

sources to represent the high switching frequency dynamics of their voltage source 

converters. 

 The simulation models of the VSCs of the wind and PV system were implemented 

using the average-value modelling (AVM) technique in the dq reference frame to 

reduce the required hardware resources. The simulation results obtained with the 

average models were compared with those obtained with fully switched converter 

models under variety of situations. The results indicate the results obtained with 

average models are adequate for most purposes. However, some differences were 

observed in the transient response of the two models due to the approximations 

made in using the AVM and the small time step simulation approach used in the 

RTDS. The AVM is shown to be sufficient when AC side dynamics of DERs are 

considered. 
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 The operation of the microgrid in grid-connected and islanded mode was analyzed 

by simulating several transient events such as islanding and resynchronization of 

the microgrid. A load shedding scheme to achieve power balance during islanded 

operation and a switched capacitor bank to balance and control the voltages to en-

able resynchronization of the microgrid after an islanding event were implemented 

in the microgrid simulation model. Correct operation of the microgrid with the im-

plemented control was successfully demonstrated by simulating a number of is-

landing, synchronization and fault events. The simulation model using the AVM 

and Full converter models gave similar results and behaved as expected.  

 

 The developed real-time microgrid simulation model was interfaced to a protection 

relay in a hardware in the loop simulation.  It was demonstrated that the protection 

relay operates differently due to differences in fault currents when the microgrid is 

in grid-connected and islanded operation. Advanced protection techniques are re-

quired for microgrid operation in grid-connected and islanded mode. 

 

6.2 Future Work 

 The logical next step is to use the developed real-time microgrid simulation model 

to investigate various issues related to advanced protection and control of mi-

crogrids. Main advantage of real-time simulations is the ability of testing actual 

protection and control devices using hardware in the loop simulations.  
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 In this research the role of the diesel generators in the microgrid is to control the 

frequency during islanding due to the high mechanical inertia of the synchronous 

machine. However, practical diesel generators require regular transportation of die-

sel fuels which might be difficult to access in remote/rural based microgrids. In 

addition, the combustion of the diesel fuel causes surrounding pollution compared 

to the renewable PV and wind DERs as shown in Figure 6-1. The simulation model 

can be enhanced to include new elements such as energy storage to study the oper-

ation and control of microgrids with only converter based DERs using battery en-

ergy storage systems for voltage and frequency control during islanding operation.  

 

 

Figure 6-1 Diesel Generator with associated pollution (blackened walls) 
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