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Abstract 

A microgrid system with a power system grid connection is advantageous because it can 

depend on the power grid when additional power is needed. Alternatively, it can also feed the 

grid with its excess generation. This project looks into the dynamic behavior of a microgrid 

when it switches from non-autonomous to autonomous mode. Non-linear dynamic model of 

non-autonomous as well as autonomous systems for a PV-wind-microalternator-STATCOM 

integrated microgrid system has been developed. Non-linear state equations for the various 

components of microgrid are modeled in terms of a 28th order dynamic model. The performance 

of the system is also evaluated by solving the differential equations through MATLAB ode 

programs. The power generated by three different generating sources are fed to the point of 

common coupling (PCC) so that the excess generation can be supplied to the main grid. The 

effect of temporary and permanent fault in the system network has been investigated. A 

STATCOM controller connected to the microgrid gives voltage support to the system during 

contingencies. Simulation results suggest that the proposed model can effectively operate in 

non-autonomous mode until severe disturbance is encountered in the main grid. It also shows 

that it is capable of switching to the autonomous mode once the disturbance is found to be 

severe or if it persists for a longer time. The results also shows that the fluctuation in the output 

waveform is minimum during the period of transition. 

Keywords: Microgrid, STATCOM, autonomous microgrid, non-autonomous microgrid, 

storage device. 
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Chapter 1 

Introduction 

1.1 Background and Motivation: Distributed Generation and Microgrid 

The increasing energy crisis, environmental issues, and ecological disruptions are signs of more 

power demand and an increment in global warming in the near future. Many organizations are 

collaborating with local and governmental bodies to reduce these environmental-related issues 

and to increase the generation of green and clean power.  

Since 1950, the amount of carbon dioxide in the atmosphere has increased by 30%. Coal, 

natural gas, and oil are the three most frequent types of fossil fuels that were being used with 

coal accounting for 45%, natural gas for 20%, and oil for 35% of carbon dioxide emissions in 

2015 [1]. These days, the interest in utilizing renewable energy sources for minimizing the 

energy crisis and global warming has been increasing. Various types of distributed generation 

(DG) units with different power conversion and power transfer techniques are being 

implemented for generating power on a small or medium scale. The small-scale generators are 

linked to facilitate power transfer to the main grid and to supply local load connected to the 

microgrid during normal/abnormal conditions in the system network. 

DGs are divided into two different types: inertial and non-inertial. DGs such as internal 

combustion engines, and gas turbines fall under inertial DGs; while DGs such as wind systems, 

photovoltaic (PV) systems fall under the non-inertial category. Inertial machines are rotating 

in nature and can provide physical inertia, low sensitivity to parameter variations, and 

switching harmonics during disturbances. This helps in retaining the system back to a steady-

state when temporary disturbances or faults are encountered in the power system network. On 

the contrary, non-inertial systems require various power electronic devices such as converters, 
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capacitors, and inverters for converting obtained power into AC at a desired voltage level and 

frequency. Due to a lack of physical inertia, this type of DG system has limited load capacity 

and is much more sensitive to parameter variations and switching harmonics [2]. 

Besides DG systems, there are microgrids which are long been used to power off-grid villages, 

military operations, and industrial enterprises in remote places; and are defined as a cluster of 

loads and distributed generators operating under a unified controller within a certain local area 

either in a grid-connected (GC) or isolated/islanded (IS) mode. These days, they are rapidly 

being employed in cities, urban centres, universities, hospitals, and data centres. It is directly 

or indirectly assisting communities to become more energy independent and to reduce 

environmental pollution. It also helps to improve grid resiliency and to alleviate grid 

disturbances by serving as a grid resource for quick system response and recovery. Because of 

various advantages and due to the abundance of high-potential renewable energy supplies, the 

focus of current power system experts have been shifted from centralized power generation to 

microgrid systems. 

Around 800 million people do not have access to electricity, and 2.7 billion have only limited 

access.  The cost of establishing microgrids is a major concern, as the World Bank estimates 

that 200,000 microgrids would be required in emerging nations by 2030. According to a survey 

by the National Renewable Energy Laboratory (NREL) in 2018, microgrids for commercial 

and industrial consumers in the United States cost around $4 million per MW, with 

campus/institution microgrids costing $3.3 million per MW, utility microgrids costing $2.5 

million per MW, and community microgrids costing $2.1 million per MW [3]. However, with 

the advent of new technologies, the cost of power converters and inverters has been decreasing, 

leading to the overall decrement in the generation cost of electricity from DGs. 
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As a microgrid is specially designed to improve grid resiliency and to power local loads, the 

modeling and controlling of a microgrid is a significant part of proper power management. The 

well-modeled microgrid system properly regulates the active and reactive power flow in the 

network. This activity is essentially carried out by STATCOM (Static Synchronous 

Compensator) with energy storage devices. At a higher system voltage, the STATCOM absorbs 

reactive power behaving as an inductor; but at a lower system voltage, it generates and injects 

reactive power into the system behaving as a capacitor [4]. Thus, the voltage and frequency of 

the entire system can be improved by altering the STATCOM's active and reactive power flow. 

The DG sources that need the use of power electronic converters encounter various operational 

and stability related issues in a microgrid. As the microgrid contains synchronous sources, 

maintaining rotor angle and voltage stability is very important. During both normal and 

emergency settings, the voltage at the point of common coupling (PCC) must be kept within 

permissible ranges. Large amounts of renewable energy in the system network may have an 

impact on the voltage at the PCC and also on the rotor angle stability. Other issues that develop 

as a result of renewable energy integration include the generation of switching harmonics, 

voltage and frequency fluctuations etc. To reduce these instability issues, microgrid needs 

control techniques for controlling the power supply. So, all these factors need to be considered 

for dynamic modelling and controlling of the microgrid system. 

1.2 Types of Microgrids  

The microgrid can operate in two different modes: non-autonomous (grid-connected) and 

autonomous (islanded/isolated) modes. The main grid maintains the voltage and frequency of 

the microgrid, supplies deficit energy, and extracts excess energy in non-autonomous mode; 

however, in an autonomous mode, the overall renewable energy system (RES) and/or energy 
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storage system itself supplies the necessary deficit energy to maintain the power supply balance 

[5]. 

The ability to shift from non-autonomous to autonomous mode, either intentionally (due to 

switching for maintenance or any other purposes) or unintentionally (due to sudden fault or 

disturbances) is the main idea of the microgrid. It has the capability of both generating enough 

power to deliver to the local load and dumping the excess power using an electronic load 

controller (ELC) after the transition to the autonomous mode from non-autonomous mode [6]. 

 

Fig. 1. 1 Non-autonomous mode of operation in microgrid 

In the non-autonomous mode of operation of a microgrid, one or more DGs as shown in fig. 

1.1 are connected either directly in case of inertial machines or indirectly through power 

electronic converters and inverters in case of non-inertial machines; and then are fed together 

to the common grid, commonly known as microgrid or point of common coupling (PCC). In 

this case, the PCC is connected to the utility grid via a transmission/distribution line. Here, the 

system voltage and frequency at PCC and grid need to be matched before making the 
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connection for reliable operation of power flow. The local loads and main loads are connected 

to the PCC and main grid respectively as shown in fig. 1.1. 

 

Fig. 1. 2 Autonomous mode of operation in microgrid 

In the autonomous mode of operation, one or more DGs as shown in fig. 1.2 are connected 

together to the PCC in a similar way as in the case of non-autonomous mode. The one 

difference here is that the PCC is not connected to the utility grid, and the power generated is 

solely fed to the local loads connected to it. The generation of power also changes according 

to the demand of the load. 

1.3 Control of Microgrid 

Though microgrid design seems to be easier and less time-consuming, its overall control is 

more challenging than it is expected to be. It is necessary to develop some microgrid control 

techniques for ensuring a smooth transition between autonomous and non-autonomous modes 

of operation. During the transition process, the control technique used should be able to reduce 

the voltage/current variations caused by frequency/phase misalignment [7].  
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Microgrid characteristics alter with generation and system loading, resulting in varied system 

behavior under different operating conditions. Due to the complex change in the controller 

parameters, the controller settings that stabilize the system under normal operating conditions 

may not give adequate results when there is a significant change in the power system operation 

parameters. Finely tuned controller parameters are needed for ensuring the desired control 

performance and power quality at varying operating conditions. 

The control of microgrid includes both mechanical and electrical controls [8]. Mechanical 

controls include the control related to the adjustment of input torque pulse. For example, in 

micro-hydro, it is adjusted by regulating the water flow to the turbine. Similarly in WECS, it 

is adjusted by controlling the pitch angle and tip speed ratio of the blade. But as there is no 

rotating parts in PV system, no mechanical control is needed. 

As the disturbances and faults in the microgrid system need to be cleared within a few seconds, 

mechanical-based controlling is not efficient for responding to emergencies. Hence, electrical 

controls are needed for it to restore the system to a steady state. Different excitation systems, 

VAR compensators, and energy storage devices are employed for ensuring the proper 

functionality of the system network during contingencies.  

The power flow in a microgrid is controlled using a variety of control techniques. Maximum 

power point tracking (MPPT) is one of the techniques for extracting the maximum possible 

power from renewable energy sources. MPPT is performed by ensuring the proper positioning 

of the main component of the generating sources. For instance, the best positioning of turbine 

blades in WECS and PV modules in PV systems generates maximum power based on their 

capability/rating. Also, STATCOM is used for regulating the reactive power for grid resiliency; 

which thus also helps in regulating the overall power generation. The voltage of the entire 

system can be improved by controlling the STATCOM's reactive power flow [9].  
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During a grid fault, the microgrid must withstand voltage dips if within a certain percentage of 

nominal voltage for a specified period for fulfilling the LVRT criterion. After encountering 

such voltage dips, it then need to provide quick active and reactive power restoration to pre-

fault values. During fault, reactive power support plays much more importance than active 

power support. Depending on the level of a voltage dip, a reactive current is to be injected into 

the grid to avoid excess current in the inverter and to regulate the smooth power flow during 

that time. 

The power output of DGs need to be controlled. They are usually set to their rated power, and 

their steady state frequency is locked to the grid frequency for reliable operation. As a result, 

an individual DG's active and reactive power requirements need to be determined depending 

on their rating. Normally, power and voltage references are used to determine the output current 

reference. The reference value must be re-initialized when shifted from non-autonomous mode 

to autonomous mode and vice-versa; which then ensures the quick shifting of the system to 

new steady-state values [11]. 

The required number and size of compensators need to be used to neutralize the effects of 

harmonic components produced by local loads while supplying a predetermined amount of 

active and reactive power. The DG's current and voltage will then get balanced [11]. To reduce 

the harmonic distortion induced by the inverter switching process from DC to AC, LCL filters 

are need to be used. The voltage ripple produced by pulse width modulation (PWM) switching 

is then reduced by this LCL filter [12]. 

1.4 Statement of Problem 

Voltage and frequency management, demand and supply balance of power, power quality, and 

communication among various components of microgrids are all difficulties that may arise 

when a microgrid operates in an autonomous mode; while energy security and power flow 
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management are some major difficulties that a microgrid in non-autonomous mode may face. 

With all these issues, voltage and current harmonics, voltage sags/swells, voltage and current 

unbalance, and circulation of neutral currents are some common issues that can occur in both 

the operating modes [13]. 

Because of backward power flows from DG units, oscillations in local loads, transient modes 

in microgrid, demand-supply uncertainties in the network, significant frequency deviations in 

an autonomous mode, these days the microgrid’s main concerns are in stability, protection, and 

reliability [14]. 

Due to the high penetration of distributed energy resources (DERs), a reduction in synchronous 

inertia is prominent as most of DERs are non-inertial in nature. In other words, when compared 

to systems with solely conventional synchronous generators, the microgrid’s resilience to any 

kind of disturbance is weakened, resulting in a higher rate of change in frequency. In the case 

of a sudden mismatch in the injected and/or absorbed power, a significant deviation in 

frequency occurs in the microgrid [15]. This could also influence both rotor angle and 

frequency stability; while a reduction in short-circuit strength and reactive power reserve could 

create voltage and rotor angle stability problems in the power system network [16]. 

Due to the irregularity of generation from DERs, the transition from a synchronous generator-

based conventional power generation to converter-based RESs degrades the frequency stability 

of the power system [17]. The lack of rotational inertia, in contrast to conventional power 

generation, thus becomes the principal issue in connecting RESs to the electrical grid via power 

electronic converters. 

Among many problems, the dc-link voltage regulations of RESs to some constant is one of the 

challenging problems in a microgrid. If no action has been performed in the regulation of the 
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dc-dc converter during a voltage sag, the power from the DGs is not reduced, and the dc-link 

voltage keeps on rising continuously exceeding the higher permissible limit [18].  

In a non-autonomous mode of operation, the droop control relations P-f and Q-V operate 

effectively only when the X/R ratio of the distribution lines is significantly higher than unity. 

When the microgrid shifts from non-autonomous mode to autonomous mode, the X/R ratio of 

linked lines approaches to unity or less than it. This has a major impact on droop power-sharing 

relationships and increases the active and reactive power coupling, lowering controller 

performances [19]. 

On smooth transitioning of a microgrid from non-autonomous mode to autonomous mode and 

vice-versa, fluctuation in frequency may occur and may also distort the power angle [19]. Also, 

due to the switching operation in operating modes, the deviation in inverter outputs may be 

large leading to a complete shut-down of power flow to the consumer end.  

Among all these issues, the major problems which motivated to start this project are the 

switching harmonics and flickers seen in the output waveform during the transition from non-

autonomous mode to autonomous mode.  

1.5 Objectives of the Project 

This project primarily focuses on mathematical modeling and effective ensurance of 

performance of a microgrid with both conventional power generation based (microalternator) 

and power-converter based DERs (PV and wind) in integration with STATCOM. The system 

is aimed to be designed in such a way that it can effectively work in both autonomous and non-

autonomous modes. 

Some additional aims and objectives of this project are listed below: 

 To reduce voltage-frequency fluctuations at the PCC and main grid. 
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 To use the STATCOM for reactive power support in both autonomous and non-

autonomous modes. 

 To analyze the steady state and transient performance of the microgrid through the 

MATLAB ode program. 

 To ensure the dc-link voltage of the power-converter to remain constant or within a 

certain specific range throughout the operation of the microgrid during 

normal/abnormal conditions. 

 To ensure effective transition from non-autonomous mode to autonomous mode during 

severe fault in the main grid. 

 To see the individual and overall performance of the system model under the condition 

of faults/disturbances in both autonomous and non-autonomous modes. 

1.6 Project Outline 

The project report is organized as follows: 

Chapter 1 introduces the overall work done in this project. The background details of 

microgrids and DGs are presented with their different types and control mechanisms used. The 

common issues related to the microgrids are figured out, and various aims and objectives set 

for its solutions are also included here in this chapter. 

Chapter 2 includes the literature review performed throughout the project. The research papers, 

journals, and articles that were referred for the detailed study of various components of 

microgrid, its stability related issues; and the suitable control measures currently being used 

are included in this section. 
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Chapter 3 presents the non-linear models of various components of PV-wind-microalternator-

STATCOM integrated microgrid. The state variables and thus state equations are determined 

for using it in the MATLAB ode program. 

Chapter 4 illustrates the overall system model taken into consideration for the project. The non-

linear system operating in an autonomous and non-autonomous modes is presented here. 

Necessary calculations performed are also included in this chapter. 

Chapter 5 presents the various system responses obtained by simulating the non-linear state 

equations of the microgrid models. The analysis made on the obtained plots is also included 

here in this chapter. 

Chapter 6 illustrates the main findings and conclusion of the project. It also includes the future 

work that can be done in this area.  
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Chapter 2 

Literature Review 

In this chapter, the literature survey done for the successful accomplishment of the project is 

summarized. This chapter is categorized into four major sections. The first section compiles 

the related studies done on different components of a microgrid system taken into 

consideration; i.e. photovoltaic (PV) system, wind energy conversion system (WECS), 

microalternator system, and static synchronous compensator (STATCOM). The second section 

is related to the study of the integrated microgrid and its operation in autonomous and non-

autonomous modes. In the third section, the stability issues mainly seen in the microgrid system 

are focused on. Finally, in the fourth or the last section, the various controlling measures that 

can be implemented for the proper operation of the microgrid are summarized. 

2.1 Components used in Microgrid Model 

Various generating sources, power converters, filters, etc. are needed for forming the 

microgrid. All these components are necessarily used in both the autonomous and non-

autonomous modes of microgrid operation. The major component here in the microgrid is 

distributed energy resources (DERs) for power generation. Microgrid basically consists of two 

major types of DERs, namely inertial or rotating type DERs, and non-inertial or stationary or 

inverter type DERs. Rotating type DERs do not require power-converters as they can directly 

generate and connect AC power to the grid; but stationary type DERs need power-converters 

for proper coupling to the grid [20]. Microalternator used in this project falls under rotating 

nature while PV and WECS fall under inverter type DERs. 

Besides DERs, power converters such as AC/DC or DC/AC converters are used as an 

intermediate component for connecting the power generated by DERs to the grid at the desired 
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level of voltage and frequency. The harmonics in the output current are then filtered by LC or 

LCL filter placed in between the inverter and the grid. 

2.1.1 Photovoltaic (PV) System 

A PV system is formed by the grouping of the number of solar cells. The solar cells are 

connected in series forming PV modules and these modules are then connected together in a 

series-parallel arrangement to form a PV array. PV system is defined as any system with a p-n 

junction that can convert solar energy into electric charge and thus into a usable form of 

electricity [21, 22]. When the sun rays incident on the solar panel, and when these incident 

photons pass the threshold to remove the electrons from the valence band breaking its covalent 

bond, then these charge carriers start to transport at the p-n junction, which then generates 

electricity [23, 24]. 

In the literature, different research papers, journals and articles followed show that the 

mathematical modeling and controlling of PV modules is not an easy task as many parameters 

are needed to be considered. Besides providing theoretical methods for modeling of PV, some 

researchers have also offered a practical method for its modeling. However, a strategy needs 

substantial testing at five different discrete operational points. Because of all these 

complexities, these types of models are rarely used [25]. So, for ease of work in this project, 

the model of PV cell obtained from the manufacturer’s datasheets has been taken into 

consideration. The model used here is named BP Solar Corporation’s BPSX-150 [26]. 

A PV model with power-electronic components is also studied in the literature [27, 28]. The 

thorough model investigates the overall system and its control measures; however, it is 

complex in real implementation [29, 30]. These models are suitable for steady-state analysis, 

but cannot be adopted for dynamic studies. 



14 
  

To match the experimental data collected from a specific PV module with a voltage source 

converter, a PV transient model has been studied [18]. The control action was found by deriving 

mathematical relations that demonstrate the model equations’ independency from the PV 

system considered. The NREL produced simple model of a PV system in which the PV system 

was treated as a regulated current source, considering the current and phase angle are also 

studied [31]. 

2.1.2 Wind Energy Conversion System (WECS) 

In recent years, the use of wind energy for power generation has been increasing rapidly due 

to its many financial and environmental benefits. WECS incorporates two sequential 

conversions; i.e. one direct conversion into mechanical power and another indirect conversion 

into electricity or electrical power by the use of various mechanical and electrical components 

[32]. 

In WECS, the kinetic energy from the wind when passes between the turbine blades, it makes 

turbine blades to rotate with a very high speed. As the shaft of the turbine and generators are 

coupled together, this rotation of turbine blades makes the rotor of the generator to rotate at the 

same speed. The energy generated by the generator is then connected to the microgrid or to the 

main grid by using various power electronic equipments. 

There are various types of generators that can be used in WECS. Among all, the most 

commonly used generators are permanent magnet synchronous generator (PMSG) and doubly-

fed induction generator (DFIG) as they are much more efficient for generating huge power 

even at the variable speed of wind [33]. PMSG is a self-excited ac generator used in WECS. It 

has its own permanent magnet, which is responsible for generating a magnetic field, and hence 

they do not need any dc source for excitation [34]. DFIG is also another commonly used 

generator in WECS. Here in DFIG, the transformer is employed between its stator and grid; 
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and the harmonic filter is used between the rotor and the grid. To gain variable speed, its rotor 

is supplied with an external varied voltage via slip rings [35]. The power converters and other 

power-electronic devices are used in WECS for reducing the overall mechanical stress in the 

system; which thus helps on making the system more reliable and efficient [36]. The power 

electronic components plays a significant role in both fixed and variable speed wind turbine 

systems. The use of these components also assists in eliminating the use of gearbox in the 

WECS, which can ultimately decrease the losses and damages in the overall system.  

In WECS, three different systems are needed to be controlled together for the control of overall 

system. They are pitch angle control, machine side (MS) control, and grid side (GS) control 

[37]. In pitch angle control, the turbine blade speed and aerodynamic power generated are 

controlled by changing the angle of turbine blades. In MS control, the machine side controller 

(MSC) plays a significant role in extracting the maximum power by the principle of MPPT; 

i.e. by changing the blade angle to gain maximum power. In GS control, the grid side controller 

(GSC) does not play any specific role in the conversion of power but it is needed for improving 

the power quality before synchronizing it to the grid. 

2.1.3 Microalternator System 

Microalternators are the DERs that are made for consuming low power in a highly efficient 

way. They are known for their great performance, dependability, and long life [38]. Some 

commonly used microalternators are diesel generators, gas turbine systems and so on. They are 

commonly employed in agriculture, and construction sites. 

In most of the literature, the microalternator is represented by a fourth-order model consisting 

of power angle, angular frequency, generator internal voltage, and field excitation voltage 

along the d-axis [39].  
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Microalternators are easier to control as regulating fuel such as diesel or gas can regulate the 

overall generated power. They can also directly be connected to the grid without using any 

intermediate power-converters so the inter-transmission loss is less in microalternator systems 

than in other commonly used DERs. 

2.1.4 Static Synchronous Compensator (STATCOM) 

As most of the industrial loads are inductive in nature, the power factor of the system usually 

goes below unity. So, to maintain the power factor close to unity, extra reactive power support 

is needed for the system. The reactive power support to the power system network can be 

provided through various flexible alternating current transmission system (FACTS) devices. 

There are two major ways of compensating reactive power; i.e., by the use of traditional 

reactive power generators or by using static reactive power generators. By using shunt 

capacitors, synchronous alternators and phase-modulation machines, the traditional reactive 

power compensation is performed. The major disadvantage of this type of compensation 

technique is that they are not able to track frequent changes in the reactive power of the load. 

With this disadvantage, they are also noisy and bulky in nature. Another method of reactive 

power compensation is by the use of a static VAR compensator. In this method, the 

compensator have a reactor (or static switch) capable of absorbing and emitting reactive current 

for power factor improvement, voltage stabilization and frequency suppression. In past, these 

types of compensation devices were slow operating; but now due to the advent of new 

technology in power-electronic sectors, they are made fast operating; thus can compensate 

reactive power within one or two cycle [40]. 

Among many FACTS devices being used in power plants or substations, STATCOM is the 

most commonly used FACTS device for reactive power support of the system network. 

Generally, STATCOM have continuously varied capacitive or inductive impedance. To 
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determine the direction of flow of reactive power (i.e., whether flowing inside or outside) of 

the system, the impedance value is calculated by controlling the firing angle. As there is the 

absence of moving parts in the STATCOM, they fall under the category of static VAR 

compensator. 

Different models of STATCOM are studied and analyzed for proper modeling of PV-wind-

microalternator integrated microgrid system taken into consideration. Based on DC voltages 

[41, 42], STATCOM controller [43], type of converter used [44], and switching devices [45], 

well-suited STATCOM has been modeled. Besides compensating the reactive power need of 

the system, STATCOM also assists in maintaining the voltage of the system by reducing the 

voltage flickers. Thus, STATCOM is one of the core parts of the microgrid for ensuring system 

stability [40]. 

2.2 Integral form of Microgrid 

One or more than one locally available RESs like PV, wind, microalternator, fuel cells etc. can 

be integrated together to form a microgrid [46]. The microgrid system could operate in both 

autonomous and non-autonomous modes depending on the need, amount of power generation 

and the distance from the nearest utility grid or substation. Though the basis for operating the 

system in both autonomous and non-autonomous modes are almost similar, the level of 

difficulty and common issues encountered in these two modes are a bit different. 

2.2.1 Operation in Non-autonomous or Grid-connected Mode 

In present days, due to the advancement of power converters and switches, the microgrid can 

be effectively coupled to the utility for supplying power to the main grid or receiving from it. 

When the demand of local load at the PCC is less than the power generated by DGs, then in 

such a case, the local frequency increases and the excess power is needed to be supplied to the 

main grid. In contrast, when the local load demand exceeds the total amount of power 
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generation by DGs, the local frequency decreases; and the power for the local load need to be 

received from the main grid [47]. 

In a non-autonomous microgrid, the synchronous grid-connection strategy is implemented for 

the control of the switch placed between PCC and the main grid. The control strategy helps on 

frequency and phase angle detection. Here, separate detection of inverter output voltage and 

frequency is performed. On comparing these values with the references, frequency and phase 

deviation are determined and if it meets the grid code, the grid-connection signal as output 

makes the switch to close [48]. 

When there is any large disturbances in the utility grid or when the microgrid needs to run 

independently, the microgrid should be separated from the utility grid and allowed to operate 

in an autonomous mode as soon as possible [49]. In literature [50], a control strategy for 

controlling the current harmonics of the inverter is proposed. P-f and Q-V control techniques 

is also stated in this literature. 

2.2.2 Operation in Autonomous or Isolated/Islanded Mode 

The grid formed by locally generated renewable power from different power producers has 

been replacing the conventional centralized grid these days [51]. The grid thus formed is 

commonly known as an autonomous or isolated or islanded or standalone microgrid. In this 

type of operating mode, the microgrid itself needs to generate and manage its voltage, 

frequency and power. So, a well-suited voltage, frequency and power control strategy is needed 

to be implemented for its proper operation [52]. 

The autonomous microgrid control techniques are divided into three major steps; namely, 

primary control, secondary control and tertiary control. The primary control is also called local 

control as it only focuses on controlling voltage and frequency locally. Still after primary 

controlling, as there might be a chance of obtaining voltage and frequency deviation, it is then 
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compensated by the secondary controller. This control ensures desired quality of power and 

makes energy management of the microgrid. The tertiary control takes place in the case of 

multiple microgrids and is used between multiple microgrids and the main grid to regulate 

power quality by managing energy between microgrids and the main grid [53]. 

2.3 Stability Issues in Microgrids 

Different stability related issues can be encountered during the operation of microgrid. The use 

of electronically connected DG units causes problems like network disruptions, generation of 

switching harmonics, DG overloading, flickers in distribution transformer, decrease in fault 

ride through capability and so on. Due to these disturbances, the overall stability and its control 

are severely harmed. Unlike regular power generating units, the majority of DG units used in 

microgrids do not contain rotating parts and thus do not respond to frequency change when the 

load changes. The connecting inverter thus need to be programmed in such a way that it can 

mimic the inertia of the synchronous generator [54]. 

The various power quality problems seen in microgrids are frequency and voltage deviation 

due to reactance, charging and leakage currents, low power factor and so on [55]. For 

accommodating the components of switching frequency, a well-designed filter can be used; 

making the impact on the control bandwidth to a minimum. [56] provide a filter with an 

isolating transformer and a complementing controller to reject various disturbances. The 

literature [57] presents the harmonic disturbances obtained due to the interactions of a number 

of inverters in parallel. The solution measures is also proposed here. The voltage fluctuation is 

settled here by the use of various VAR compensating techniques. 

2.4 Control of Microgrids 

For the reliable operation of power system network, it needs to be properly controlled. 

Controlling of microgrid normally deals with reactive power control; as it need to have the 
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capability of LVRT. The topic of reactive power compensation is generally approached from 

two perspectives: load compensation and grid-voltage support. The main goal of load 

compensation is raising the system power factor and balancing the active power drawn by the 

connected load from various DGs. Similarly, the goal of providing voltage support is to reduce 

voltage fluctuation at a transmission/distribution line’s terminal. By raising the generation of 

active power by any of the techniques available, reactive power compensation in power 

systems can be done; which then helps on increasing the system stability [13]. 

The reliability of supplying continuous power and resiliency to various power quality (PQ) 

issues are the most desirable aspects of today’s power system with DGs. PQ issues coming 

from the introduction of DGs, as well as due to high penetrating diverse loads are also 

investigated in literature [58]. The virtual synchronous generator (VSG) systems can be utilized 

as effective active and reactive power control units to compensate the lack of physical inertia; 

which thus helps on maintaining the microgrid voltage and frequency [59]. 

In literature [60], a method of controlling the inverter’s operation for the effective integration 

of DGs into the electrical system is presented. Here, the network’s power demand is monitored, 

and on its basis, the control signal has altered the inverter’s voltage angle and magnitude for 

the desired amount of power transfer. 
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Chapter 3 

Modeling of Microgrid Components 

In this chapter, the detailed dynamic model of various DG units and the power-electronic 

components used to connect to the grid has been presented. The DGs used in this project are 

photovoltaic (PV), wind energy conversion system (WECS) and microalternator. As non-

inertial DGs need a power conditioning unit (PCU), the modeling of interconnecting power-

electronic devices like DC/DC boost converter, AC/DC rectifier, DC-link capacitor, DC/AC 

inverter and the output LCL filter circuit is also performed. For control of microgrid, 

STATCOM with capacitor energy storage system is also modeled. These developed models 

are thereafter used as a non-linear system equation in MATLAB ode program.  

3.1 Microgrid Configuration 

The schematic diagram of the microgrid system considered for this project is shown in fig. 3.1. 

The system model consists of three DG units for generating electrical power, one STATCOM 

for central supervisory control, and one lumped (or local) load for consuming generated power. 

In an autonomous mode of operation, all power produced are consumed by the local loads 

while in a non-autonomous mode of operation, the generated powers when excess is 

transmitted to the main/utility grid. 

Here, two non-inertial DGs, PV and variable speed PMSG-based WECS are indirectly 

connected to the microgrid through sequentially placed PCU and filter circuitry; while 

microalternator system like gas-turbine or a diesel generator is directly connected to the 

microgrid as it is able to generate power at the required frequency and voltage level. In addition, 

for supervising and controlling the overall system operation, a STATCOM with a capacitor 

energy storage device is also interfaced to the system in both an autonomous and non-

autonomous modes. 
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Fig. 3. 1 Microgrid configuration 

3.2 Photovoltaic (PV) System 

To form a complete PV system, a combination of PV or solar cells made up of n-type or p-type 

semiconductor is used. Similar solar cells are incorporated together to form PV module; and 

integration of such modules forms PV panels. The electrical connection of such individual PV 

panels in series-parallel arrangement ultimately forms the PV system to power the electrical 

loads. 

When sunlight of a suitable wavelength strikes the PV array (particularly, striking on each solar 

cells), the electrons are ejected and travels to the n-type layer; while the holes formed are 

collected to the p-type layer. This creates an electric field and when connected to a battery, it 

stores the electric charge on it; which can later be connected to the microgrid by the use of 

various PCU and filter circuitry. The working principle of an ideal PV cell and an ideal diode 

is almost same. The PV output power and current mainly depends on the irradiation level and 

cell temperature [61]. The effect of irradiation level is proportional to the power output. But 
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with the increment in cell temperature, the output current is only moderately increased. The 

increased output current reduces voltage level, which ultimately lowers the output power of the 

PV system. 

For modeling of a PV cell, various components related to it need to be considered. The simple 

electrical equivalent model of a PV cell consists of a photo current source, a diode, a shunt 

resistor and a series resistor. The shunt and series resistors are used to represent the leakage 

current and internal resistance to the flow of electric current respectively [62]. 

In a PV cell, the incident photon from the sunlight produces a current known as photovoltaic 

current (iph). This generated current cannot be fully supplied to the microgrid because of 

leakage and current flow in the diode. 

The net output current of the PV cell (ipv) can be expressed as; 

𝑖𝑝𝑣 = 𝑖𝑝ℎ − 𝑖𝐷 − 𝑖𝑠ℎ                                       (3.1)  

𝑖𝑝𝑣 = 𝑖𝑠𝑐[1 + 𝛼(𝑇 − 𝑇𝑟)]
𝐺

𝐺𝑜
− 𝑖𝑟𝑠𝑐 (𝑒

𝑉𝑝𝑣+𝑖𝑝𝑣𝑅𝑠

𝑛𝑉𝑇 − 1) −  
𝑉𝑝𝑣+𝑖𝑝𝑣𝑅𝑠

𝑅𝑠ℎ
                                         (3.2)  

 

Fig. 3. 2 Simple equivalent electrical model of a PV cell 

where, 𝑖𝑠𝑐 is the PV cell’s short-circuit current at 250C and 1 kW/𝑚2, α is the temperature 

coefficient of 𝑖𝑠𝑐, 𝑇𝑟 is the reference temperature of the PV cell, G is the irradiation of incident 
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photon in kW/𝑚2, 𝐺𝑜 is the reference irradiation of incident photon in kW/𝑚2 𝑖𝑟𝑠𝑐 is the reverse 

saturation current, 𝑉𝑝𝑣 is the output voltage of the PV cell, n is an ideality factor, 𝑅𝑠 is a series 

resistance, 𝑅𝑠ℎ  is a shunt resistance, 𝑉𝑇 =
𝑘𝑇

𝑞
 is a thermal voltage, 𝑘 = 1.380649 ×

10−23 𝑚2𝑘𝑔𝑠−2𝐾−1 is a Boltzmann constant, T  is a cell’s operating temperature and 𝑞 =

1.6022 × 10−19𝐶 is the electronic charge. 

Here, the reverse saturation current (𝑖𝑟𝑠𝑐) at any temperature T is given by; 

𝑖𝑟𝑠𝑐 = 𝑖𝑟𝑠𝑐𝑟 (
𝑇

𝑇𝑟
)

3

𝑛
𝑒

−𝑞𝐸𝑔

𝑛𝑘
(

1

𝑇
−

1

𝑇𝑟
)
                                                               (3.3)

  
where, 𝑖𝑟𝑠𝑐𝑟 is the reverse saturation current of a PV cell at a reference temperature and solar 

irradiance, and 𝐸𝑔 is the band-gap energy of the semiconductor used in the PV cell. 

As the leakage current from the source is inversely proportional to the shunt resistance (𝑅𝑠ℎ) 

and output power is directly proportional to the series resistance (𝑅𝑠), the electrical equivalent 

circuit of a PV cell shown in fig. 3.2 can be reduced to an approximate model by eliminating 

the shunt resistance. Such a reduced model is presented in fig. 3.3. 

 

Fig. 3. 3 Approximate model of a PV cell 

The net output current for this reduced model is thus obtained as; 

𝑖𝑝𝑣 = 𝑖𝑝ℎ − 𝑖𝐷                                                      (3.4) 
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𝑖𝑝𝑣 = 𝑖𝑝ℎ − 𝑖𝑟𝑠𝑐 (𝑒
𝑉𝑝𝑣+𝑖𝑝𝑣𝑅𝑠

𝑛𝑉𝑇 − 1)                                                                                                                        (3.5) 

In practice, the number of PV cells are connected together in series-parallel arrangement for 

getting a high amount of power from each PV module. In such a case, if the number of series 

and parallel modules are Ns and Np respectively, then the equation (3.5) becomes as; 

𝑖𝑝𝑣 = 𝑁𝑝𝑖𝑝ℎ − 𝑁𝑝𝑖𝑟𝑠𝑐 (𝑒
𝑉𝑝𝑣/𝑁𝑠+𝑖𝑝𝑣𝑅𝑠/𝑁𝑝

𝑛𝑉𝑇 − 1)                                                                                   (3.6) 

From (3.6), we observed that the current-voltage relationship of a PV module is non-linear in 

nature and can be solved by the Newton-Raphson method. 

For the PV module, the voltage-current relationship can be expressed as; 

𝑉𝑝𝑣=𝑁𝑠 [𝑙𝑛 (
𝑁𝑝𝑖𝑝ℎ−𝑖𝑝𝑣

𝑁𝑝𝑖𝑟𝑠𝑐
+ 1) 𝑛𝑉𝑇 −

𝑖𝑝𝑣𝑅𝑠

𝑁𝑝
]                (3.7) 

Above equation can be written as; 

𝑓(𝑉) = 𝑉 − 𝑁𝑠 [𝑙𝑛 (
𝑁𝑝𝑖𝑝ℎ−𝑖𝑝𝑣+𝑁𝑝𝑖𝑟𝑠𝑐

𝑁𝑝𝑖𝑟𝑠𝑐
) × 𝑛𝑉𝑇 −

𝑖𝑝𝑣𝑅𝑠

𝑁𝑝
] = 0               (3.8) 

As 𝑓′(𝑉) = 1, the recursive formula for (𝑛 + 1)𝑡ℎ iteration is; 

𝑉𝑛+1 = 𝑁𝑠 [𝑙𝑛 (
𝑁𝑝𝑖𝑝ℎ−𝑖𝑝𝑣−𝑁𝑝𝑖𝑟𝑠𝑐

𝑁𝑝𝑖𝑟𝑠𝑐
) × 𝑛𝑉𝑇 −

𝑖𝑝𝑣𝑅𝑠

𝑁𝑝
]               (3.9) 

3.2.1 Power Conditioning Unit (PCU) 

As PV system power output is dc, it needs to be converted into the desired ac power level 

before connecting it to the grid. For this, a PCU is needed to be used between the PV system 

and the grid. The dominant components used in PCUs are DC/DC boost converter, DC-link 

capacitor and DC/AC inverter. With this, LCL filter circuitry having coupling inductance is 

also used at the output terminals of the inverter.   



26 
  

The DC/DC boost converter connected to the output of the PV array boosts the voltage to a 

certain level. For making this voltage to remain constant throughout the operation, a DC-link 

capacitor is used in parallel between the boost converter and an inverter. The dc power stored 

in the DC-link capacitor is then converted to the ac of desired voltage and frequency level by 

the use of an inverter. But still there might be a chance of getting harmonics and resonance in 

the power output. In order to reduce it, LCL filter having coupling inductance is incorporated 

into the system. The complete model of a PV system with various PCUs is presented in fig. 

3.4. 

 

Fig. 3. 4 Interconnection of PCU in a PV system 

I. DC/DC Boost Converter 

 

The main function of DC/DC boost converter in a PV system is to increase the output voltage 

generated by PV with minimum losses during the conversion. It incorporates 

inductor/capacitor, insulated-gate bipolar transistor (IGBT) switches and a diode to act as a 

DC/DC boost converter. Here, the inductor/capacitor behaves as a storage element for 

delivering output voltage with low ripple. This can only be obtained by forming a low bandpass 

filter [63]. Depending on the duty cycle of the converter, IGBT switches and diode operates to 

deliver desired dc output voltage. 
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A DC/DC converter can operate in two modes; namely, continuous conduction mode (CCM) 

and discontinuous conduction mode (DCM). For continuously supplying power to the grid 

without any disturbances, here in this project, CCM is implemented. This also ensures that 

during the fluctuation, the current never reaches to zero. 

The basic circuitry of DC/DC boost converter is presented in fig. 3.5. As shown in this circuit, 

to smoothen the output voltage from the converter, capacitor is used at the output terminal. 

 

Fig. 3. 5 DC/DC boost converter circuitry model 

On considering the output current from PV (𝑖𝑝𝑣) as a state variable; let us apply Kirchhoff’s 

voltage law (KVL) in the first loop of the circuit shown in fig. 3.5. Hence, we get,  

𝑉𝑝𝑣 − 𝐿𝑑𝑐𝑝𝑣
𝑑𝑖𝑝𝑣

𝑑𝑡
− 𝑉𝑠𝑤 = 0                                                                                                      (3.10) 

where, 𝐿𝑑𝑐𝑝𝑣 is the inductance of the DC/DC boost converter and 𝑉𝑠𝑤 is the voltage across the 

IGBT switch . This 𝑉𝑠𝑤 can be expressed in terms of duty ratio of converter (𝑑𝑝𝑣) and capacitor 

output voltage (𝑉𝑑𝑐𝑝𝑣) as; 

𝑉𝑠𝑤 = (1 − 𝑑𝑝𝑣)𝑉𝑑𝑐𝑝𝑣                                                                                                               (3.11) 

Combining (3.10) and (3.11); the state equation for the DC/DC boost converter becomes as; 

𝑉𝑝𝑣 − 𝐿𝑑𝑐𝑝𝑣
𝑑𝑖𝑝𝑣

𝑑𝑡
− (1 − 𝑑𝑝𝑣)𝑉𝑑𝑐𝑝𝑣 = 0                               
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i.e. 
𝒅𝒊𝒑𝒗

𝒅𝒕
=

𝟏

𝑳𝒅𝒄𝒑𝒗
[𝑽𝒑𝒗 − (𝟏 − 𝒅𝒑𝒗)𝑽𝒅𝒄𝒑𝒗] = 𝟎                                                                            (3.12)     

II. DC-link Capacitor 

 

The DC-link capacitor by name is an energy storage device linking DC/DC boost converter 

and DC/AC inverter. It filters out DC output voltage from the rectifier and helps on ensuring 

constant voltage at the input side of an inverter. Fig. 3.6 shows the DC-link capacitor connected 

between the DC/DC boost converter and DC/AC inverter. 

 

Fig. 3. 6 DC-link capacitor circuitry model 

In fig. 3.6, applying Kirchhoff’s current law (KCL) at the DC-link junction; we can get the 

state equation for the DC-link capacitor as; 

𝑖𝑑𝑐𝑖𝑛 = 𝑖𝑑𝑐𝑜𝑢𝑡 + 𝐶𝑑𝑐𝑝𝑣
𝑑𝑉𝑑𝑐𝑝𝑣

𝑑𝑡
  

i.e. 
𝒅𝑽𝒅𝒄𝒑𝒗

𝒅𝒕
=

𝟏

𝑪𝒅𝒄𝒑𝒗
(𝒊𝒅𝒄𝒊𝒏 − 𝒊𝒅𝒄𝒐𝒖𝒕)                                                                                                 (3.13)     

where, 𝑖𝑑𝑐𝑖𝑛 = (1 − 𝑑𝑝𝑣)𝑖𝑝𝑣 is an output current from the DC/DC boost converter and 𝑖𝑑𝑐𝑜𝑢𝑡 

is an input DC current to the inverter. Here, 𝑉𝑑𝑐𝑝𝑣 is a voltage across the terminal of the DC-

link capacitor. 

III. Inverter 

The inverter connected between the DC-link capacitor and filter circuit transforms the dc power 

into ac power with suitable voltage level and frequency. In this project, for modeling the 

inverter to make it operate as a synchronous generator, the voltage gain model of an inverter 
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operating in the pulse width modulation (PWM) mode is used. Fig. 3.7 shows the model of an 

inverter operating in PWM mode. 

 

Fig. 3. 7 Inverter circuitry model 

Referring fig. 3.7, the power input to the inverter can be expressed as; 

𝑃𝑑𝑐𝑝𝑣 = 𝑉𝑑𝑐𝑝𝑣𝑖𝑑𝑐𝑜𝑢𝑡                        (3.14) 

Similarly, the power output of the inverter can be expressed as; 

𝑃𝑎𝑐𝑝𝑣 = 𝑅𝑒[𝑉𝑖𝑛𝑣𝑝𝑣𝑖𝑓𝑝𝑣
∗ ]                               (3.15) 

where, 𝑉𝑖𝑛𝑣𝑝𝑣 and 𝑖𝑓𝑝𝑣 are the output voltage and output current of an inverter respectively. 

In d-q axes frame, (3.15) becomes as; 

𝑉𝑖𝑛𝑣𝑝𝑣 = 𝑉𝑖𝑛𝑣𝑑𝑝𝑣 + 𝑗𝑉𝑖𝑛𝑣𝑞𝑝𝑣                                                                                                   (3.16) 

𝑖𝑓𝑝𝑣 = 𝑖𝑓𝑑𝑝𝑣 + 𝑗𝑖𝑓𝑞𝑝𝑣                                                                                                                (3.17) 

Substituting the values of 𝑉𝑖𝑛𝑣𝑝𝑣 and 𝑖𝑓𝑝𝑣 from (3.16) and (3.17) into (3.15); we get, 
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𝑃𝑎𝑐𝑝𝑣 = 𝑅𝑒[(𝑉𝑖𝑛𝑣𝑑𝑝𝑣 + 𝑗𝑉𝑖𝑛𝑣𝑞𝑝𝑣) × (𝑖𝑓𝑑𝑝𝑣 + 𝑗𝑖𝑓𝑞𝑝𝑣)∗]            

i.e. 𝑃𝑎𝑐𝑝𝑣 = 𝑉𝑖𝑛𝑣𝑑𝑝𝑣𝑖𝑓𝑑𝑝𝑣 + 𝑉𝑖𝑛𝑣𝑞𝑝𝑣𝑖𝑓𝑞𝑝𝑣                                                                                             (3.18) 

Considering the lossless inverter, we can equate (3.14) and (3.18). Hence, 

𝑃𝑑𝑐𝑝𝑣  =  𝑃𝑎𝑐𝑝𝑣 

i.e. 𝑉𝑑𝑐𝑝𝑣𝑖𝑑𝑐𝑜𝑢𝑡 =  𝑉𝑖𝑛𝑣𝑑𝑝𝑣𝑖𝑓𝑑𝑝𝑣 + 𝑉𝑖𝑛𝑣𝑞𝑝𝑣𝑖𝑓𝑞𝑝𝑣                                                                                   (3.19) 

As an inverter here is assumed to be operating in PWM mode; the inverter output voltage in 

terms of DC-link voltage, modulation index 𝑚𝑝𝑣 and phase angle of the inverter 𝜓𝑝𝑣 can be 

expressed as;  

𝑉𝑖𝑛𝑣𝑝𝑣 = 𝑚𝑝𝑣𝑉𝑑𝑐𝑝𝑣∡𝜓𝑝𝑣                                 (3.20) 

In terms of d-q axes;  

𝑉𝑖𝑛𝑣𝑑𝑝𝑣 = 𝑚𝑝𝑣𝑉𝑑𝑐𝑝𝑣cos(𝜓𝑝𝑣 + 𝜃)                          (3.21) 

and, 

𝑉𝑖𝑛𝑣𝑞𝑝𝑣 = 𝑚𝑝𝑣𝑉𝑑𝑐𝑝𝑣sin(𝜓𝑝𝑣 + 𝜃)                                     (3.22) 

Substituting the values of 𝑉𝑖𝑛𝑣𝑑𝑝𝑣 and 𝑉𝑖𝑛𝑣𝑞𝑝𝑣 from (3.21) and (3.22) into (3.19); we get, 

𝑖𝑑𝑐out = 𝑚𝑝𝑣𝑖𝑓𝑑𝑝𝑣cos(𝜓𝑝𝑣 + 𝜃) + 𝑚𝑝𝑣𝑖𝑓𝑞𝑝𝑣sin(𝜓𝑝𝑣 + 𝜃)                       (3.23) 

IV. LCL Filter  

 

In this project, a low bandpass LCL filter is used for attenuating higher-order harmonics 

received from the inverter. The filter is designed in such a way that the LR section is tapped 

somewhere in the middle by a capacitor. Here, the inductor allows passing signals with low 

frequencies and blocks higher frequency harmonics; while a capacitor only allows higher 

frequency signals to pass and block low frequency harmonics. In this way, these energy-storing 



31 
  

devices incorporate together to deliver ripple free power to the grid [64]. For avoiding the 

resonance due to the inductor and capacitor in the filter circuitry, a passive damping resistor is 

added in series to a capacitor.  

Now, using KVL in the path starting from the output of the inverter and ending at the damping 

circuit; we get, 

𝑉𝑖𝑛𝑣𝑝𝑣 = 𝑖𝑓𝑝𝑣𝑅𝑓𝑝𝑣 + 𝐿𝑓𝑝𝑣
𝑑𝑖𝑓𝑝𝑣

𝑑𝑡
+ 𝑉𝑐𝑝𝑣 + (𝑖𝑓𝑝𝑣 − 𝑖𝑐𝑜𝑝𝑣)𝑅𝑑𝑟𝑝𝑣   

i.e. 
𝑑𝑖𝑓𝑝𝑣

𝑑𝑡
=

1

𝐿𝑓𝑝𝑣
[𝑉𝑖𝑛𝑣𝑝𝑣 − 𝑖𝑓𝑝𝑣𝑅𝑓𝑝𝑣 − 𝑉𝑐𝑝𝑣 − (𝑖𝑓𝑝𝑣 − 𝑖𝑐𝑜𝑝𝑣)𝑅𝑑𝑟𝑝𝑣]                                       (3.24) 

where, 𝑅𝑓𝑝𝑣, 𝐿𝑓𝑝𝑣, 𝑅𝑑𝑟𝑝𝑣 and 𝑉𝑐𝑝𝑣 are filter resistance, filter inductance, damping resistance 

and capacitor voltage of filter respectively. 

In terms of d-q axes; (3.24) becomes as; 

𝒅𝒊𝒇𝒅𝒑𝒗

𝒅𝒕
=

−𝝎𝟎𝑹𝒇𝒑𝒗

𝑳𝒇𝒑𝒗
𝒊𝒇𝒅𝒑𝒗 + 𝝎𝟎𝝎𝒊𝒇𝒒𝒑𝒗 +

𝝎𝟎𝒎𝒑𝒗𝑽𝒅𝒄𝒑𝒗 𝐜𝐨𝐬(𝝍𝒑𝒗+𝜽)

𝑳𝒇𝒑𝒗
−

𝝎𝟎𝑽𝐜𝐝𝐩𝐯

𝑳𝒇𝒑𝒗
−

𝝎𝟎𝑹𝒅𝒓𝒑𝒗 

𝑳𝒇𝒑𝒗
(𝒊𝒇𝒅𝒑𝒗 −

𝒊𝒄𝒐𝒅𝒑𝒗)                                                         (3.25) 

and, 

𝒅𝒊𝒇𝒒𝒑𝒗

𝒅𝒕
=

−𝝎𝟎𝑹𝒇𝒑𝒗

𝑳𝒇𝒑𝒗
𝒊𝒇𝒒𝒑𝒗 − 𝝎𝟎𝝎𝒊𝒇𝒅𝒑𝒗 +

𝝎𝟎𝒎𝒑𝒗𝑽𝒅𝒄𝒑𝒗 𝐬𝐢𝐧(𝝍𝒑𝒗+𝜽)

𝑳𝒇𝒑𝒗
−

𝝎𝟎𝑽𝐜𝐪𝐩𝐯

𝑳𝒇𝒑𝒗
−

𝝎𝟎𝑹𝒅𝒓𝒑𝒗 

𝑳𝒇𝒑𝒗
(𝒊𝒇𝒒𝒑𝒗 −

𝒊𝒄𝒐𝒒𝒑𝒗)                                                              (3.26) 

Similarly, using KVL in the path starting from the microgrid and ending at the damping circuit; 

we get, 

𝑉𝑐𝑝𝑣 + (𝑖𝑓𝑝𝑣 − 𝑖𝑐𝑜𝑝𝑣)𝑅𝑑𝑟𝑝𝑣 = 𝑖𝑐𝑜𝑝𝑣𝑅𝑐𝑜𝑝𝑣 + 𝐿𝑐𝑜𝑝𝑣
𝑑𝑖𝑐𝑜𝑝𝑣

𝑑𝑡
+ 𝑉𝑚𝑔    

i.e. 
𝑑𝑖𝑐𝑜𝑝𝑣

𝑑𝑡
=

1

𝐿𝑐𝑜𝑝𝑣
[𝑉𝑐𝑝𝑣 + (𝑖𝑓𝑝𝑣 − 𝑖𝑐𝑜𝑝𝑣)𝑅𝑑𝑟𝑝𝑣 − 𝑖𝑐𝑜𝑝𝑣𝑅𝑐𝑜𝑝𝑣 − 𝑉𝑚𝑔]           (3.27) 
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In terms of d-q axes; (3.27) becomes as; 

𝒅𝒊𝒄𝒐𝒅𝒑𝒗

𝒅𝒕
=

−𝝎𝟎𝑹𝒄𝒐𝒑𝒗

𝑳𝒄𝒐𝒑𝒗
𝒊𝒄𝒐𝒅𝒑𝒗 + 𝝎𝟎𝝎𝒊𝒄𝒐𝒒𝒑𝒗 +

𝝎𝟎

𝑳𝒄𝒐𝒑𝒗
(𝑽𝐜𝐝𝐩𝐯 − 𝑽𝐦𝐠𝐝) +

𝝎𝟎𝑹𝒅𝒓𝒑𝒗 

𝑳𝒄𝒐𝒑𝒗
(𝒊𝒇𝒅𝒑𝒗 − 𝒊𝒄𝒐𝒅𝒑𝒗)     (3.28) 

and, 

𝒅𝒊𝒄𝒐𝒒𝒑𝒗

𝒅𝒕
=

−𝝎𝟎𝑹𝒄𝒐𝒑𝒗

𝑳𝒄𝒐𝒑𝒗
𝒊𝒄𝒐𝒒𝒑𝒗 + 𝝎𝟎𝝎𝒊𝒄𝒐𝒅𝒑𝒗 +

𝝎𝟎

𝑳𝒄𝒐𝒑𝒗
(𝑽𝐜𝐪𝐩𝐯 − 𝑽𝐦𝐠𝐪) +

𝝎𝟎𝑹𝒅𝒓𝒑𝒗 

𝑳𝒄𝒐𝒑𝒗
(𝒊𝒇𝒒𝒑𝒗 − 𝒊𝒄𝒐𝒒𝒑𝒗)    (3.29)                                                    

where, 𝑅𝑐𝑜𝑝𝑣 and 𝐿𝑐𝑜𝑝𝑣 are coupling resistance and inductance of LCL filter respectively.  

The current flowing through the filter capacitor is given by; 

𝑖𝑓𝑝𝑣 − 𝑖𝑐𝑜𝑝𝑣 = 𝐶𝑐𝑝𝑣
𝑑𝑉𝑐𝑝𝑣

𝑑𝑡
                 

i.e. 
𝑑𝑉𝑐𝑝𝑣

𝑑𝑡
 = 

𝜔0

𝐶𝑐𝑝𝑣
(𝑖𝑓𝑝𝑣 − 𝑖𝑐𝑜𝑝𝑣)                                      (3.30) 

where, 𝐶𝑐𝑝𝑣 is the capacitance of filter. 

In terms of d-q axes; (3.30) becomes as; 

𝒅𝑽𝒄𝒅𝒑𝒗

𝒅𝒕
=

𝝎𝟎

𝑪𝒄𝒑𝒗
(𝒊𝒇𝒅𝒑𝒗 − 𝒊𝒄𝒐𝒅𝒑𝒗) + 𝝎𝟎𝝎𝑽𝒄𝒒𝒑𝒗                                      (3.31) 

and, 

𝒅𝑽𝒄𝒒𝒑𝒗

𝒅𝒕
=

𝝎𝟎

𝑪𝒄𝒑𝒗
(𝒊𝒇𝒒𝒑𝒗 − 𝒊𝒄𝒐𝒒𝒑𝒗) − 𝝎𝟎𝝎𝑽𝒄𝒅𝒑𝒗              (3.32) 

Thus, the PV system model can be represented by 8 non-linear differential equations (3.12), 

(3.13), (3.25), (3.26), (3.28), (3.29), (3.31) and (3.32). Hence, the state variables associated 

with the PV system are; 

𝒙𝒑𝒗 = [𝒊𝒑𝒗, 𝑽𝒅𝒄𝒑𝒗, 𝒊𝒇𝒅𝒑𝒗, 𝒊𝒇𝒒𝒑𝒗, 𝒊𝒄𝒐𝒅𝒑𝒗, 𝒊𝒄𝒐𝒒𝒑𝒗, 𝑽𝒄𝒅𝒑𝒗, 𝑽𝒄𝒒𝒑𝒗]𝑻 
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3.3 Wind Energy Conversion System (WECS) 

To form a complete PMSG-based WECS, a sequential combination of gearless drive-train, 

PMSG, full frequency converter and LCL filter model is used as shown in fig. 3.8. The rotor 

of a wind turbine placed in an open area couples the rotor of a PMSG by means of a gearless 

drive-train. As PMSG has its own exciter for field excitation, it not necessarily need any 

separate exciter for excitation. The stator of the generator is fed to the full-scale converter for 

getting AC power of constant frequency. The full-scale converter used constitutes of AC/DC 

rectifier, DC-link capacitor and DC/AC inverter. The AC power of variable frequency received 

from the stator of PMSG is transformed to DC power with the help of the rectifier. This DC 

power is stored by the DC-link capacitor at some constant values; which is then converted back 

to the AC power of suitable frequency by the use of an inverter. As there might be a chance of 

getting harmonics and ripples at the output side of an inverter, it is further connected to the 

LCL filter circuitry for getting AC power of desired grid frequency and voltage level. 

 

Fig. 3. 8 PMSG based WECS model 

3.3.1 Wind Turbine 

By utilizing the available wind, blades of wind turbine rotates and generates mechanical power; 

which is then transferred to the drive-train to run the synchronous generator. The mechanical 
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power output of the turbine depends on air density, the area swept by the turbine, wind velocity 

and power coefficient. This mechanical power generated by the wind turbine can be 

mathematically expressed as; 

𝑃𝑚𝑤 =
1

2
𝜌𝑆𝑉𝑤

3𝐶𝑝(𝛽, 𝜆)                  (3.33) 

where, 𝜌 is the air density, 𝑆 is the area swept by the turbine, 𝑉𝑤 is the wind velocity and 

𝐶𝑃(𝛽, 𝜆) is the power coefficient depending on the tip speed ratio 𝜆 and blade pitch angle 𝛽.  

As the tip speed ratio 𝜆 is the ratio of tangential speed of the tip of a blade to the wind velocity; 

it can be expressed as; 

𝜆 =
𝜔𝑡𝑅

𝑉𝑤
                             (3.34) 

where, 𝜔𝑡 is the speed of turbine and 𝑅 is the radius of the blades of a turbine. 

Also, the power coefficient 𝐶𝑃(𝛽, 𝜆) can be expressed in terms of 𝛽 and 𝜆 as; 

𝐶𝑃(𝛽, 𝜆) = 0.5176 [
116

𝜆𝑖
− 0.4𝛽 − 5] 𝑒

−
21

𝜆𝑖 + 0.0068𝜆                                (3.35) 

where,  
1

𝜆𝑖
=

𝛽3+1−0.035(𝜆+0.08𝛽)

(𝜆+0.08𝛽)(𝛽3+1)
 

In this project, a two mass drive-train is used as shown in fig. 3.9. Here, the higher inertial 

turbine rotor is coupled to the lower inertial PMSG rotor through a drive-train having stiffness 

of 𝐾𝑠. 

The electromechanical equations of such two mass drive-train in terms of torsional angle 𝜃𝑠 

and turbine speed 𝜔𝑡 can be expressed as;  

𝒅𝜽𝒔

𝒅𝒕
=  𝝎𝟎(𝝎𝒕 − 𝝎𝒘)                 (3.36) 

𝒅𝝎𝒕

𝒅𝒕
=

𝟏

𝟐𝑯𝒕
[𝑷𝒎𝒘 − 𝑲𝒔𝜽𝒔 − 𝑫𝒕(𝝎𝒕 − 𝟏)]                 (3.37) 
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where, 𝜔𝑤 is the PMSG rotor speed, 𝐻𝑡 is the inertial constant of the turbine and 𝐷𝑡 is the 

damping coefficient of the turbine. 

 

Fig. 3. 9 Two mass drive-train model 

3.3.2 Permanent Magnet Synchronous Generator (PMSG) 

The equivalent electrical circuit model of PMSG having sinusoidal flux distribution is as shown 

in fig. 3.10. 

 

Fig. 3. 10 Equivalent electrical circuit model of PMSG 

The d-q axes current-voltage-flux relationship in armature and field circuit of PMSG-based 

WECS can be expressed as; 
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ψ𝑑𝑤 = −𝑋𝑑𝑤𝑖𝑝𝑚𝑠𝑔𝑑𝑤 + 𝑋𝑎𝑓𝑑𝑤𝑖𝑓𝑑𝑤                    (3.38) 

ψ𝑞𝑤 = −𝑋𝑞𝑤𝑖𝑝𝑚𝑠𝑔𝑞𝑤                                          (3.39) 

ψ𝑓𝑑𝑤 = −𝑋𝑎𝑓𝑑𝑤𝑖𝑝𝑚𝑠𝑔𝑑𝑤 + 𝑋𝑓𝑓𝑑𝑤𝑖𝑓𝑑𝑤                    (3.40) 

Hence, the armature voltage can be decomposed into d-q axes as; 

V𝑝𝑚𝑠𝑔𝑑𝑤 = −𝑅𝑎𝑤𝑖𝑝𝑚𝑠𝑔𝑑𝑤 − ω𝑤ψ𝑞𝑤 +
1

ω𝑜

𝑑ψ𝑑𝑤

𝑑𝑡
                   (3.41) 

V𝑝𝑚𝑠𝑔𝑞𝑤 = −𝑅𝑎𝑤𝑖𝑝𝑚𝑠𝑔𝑞𝑤 + ω𝑤ψ𝑑𝑤 +
1

ω𝑜

𝑑ψ𝑞𝑤

𝑑𝑡
                   (3.42) 

As there is permanent magnet in the field for excitation; we can assume that, 

𝑋𝑎𝑓𝑑𝑤𝑖𝑓𝑑𝑤 = ψ𝑜 

Hence, (3.41) and (3.42) can be rewritten as; 

V𝑝𝑚𝑠𝑔𝑑𝑤 = −𝑅𝑎𝑤𝑖𝑝𝑚𝑠𝑔𝑑𝑤 + ω𝑤X𝑞𝑤𝑖𝑝𝑚𝑠𝑔𝑞𝑤 −
𝑋𝑑𝑤

ω𝑜

𝑑𝑖𝑝𝑚𝑠𝑔𝑑𝑤

𝑑𝑡
                

i.e. 
𝒅𝒊𝒑𝒎𝒔𝒈𝒅𝒘

𝒅𝒕
=

𝛚𝒐

𝑿𝒅𝒘
[−𝑹𝒂𝒘𝒊𝒑𝒎𝒔𝒈𝒅𝒘 + 𝛚𝒘𝐗𝒒𝒘𝒊𝒑𝒎𝒔𝒈𝒒𝒘 − 𝐕𝒑𝒎𝒔𝒈𝒅𝒘]                  (3.43) 

and, 

V𝑝𝑚𝑠𝑔𝑞𝑤 = −𝑅𝑎𝑤𝑖𝑝𝑚𝑠𝑔𝑞𝑤 − ω𝑤X𝑑𝑤𝑖𝑝𝑚𝑠𝑔𝑑𝑤 + ω𝑤ψ𝑜 −
𝑋𝑞𝑤

ω𝑜

𝑑𝑖𝑝𝑚𝑠𝑔𝑞𝑤

𝑑𝑡
                   

i.e. 
𝒅𝒊𝒑𝒎𝒔𝒈𝒒𝒘

𝒅𝒕
=

𝛚𝒐

𝑿𝒒𝒘
[−𝑹𝒂𝒘𝒊𝒑𝒎𝒔𝒈𝒒𝒘 − 𝛚𝒘𝐗𝒅𝒘𝒊𝒑𝒎𝒔𝒈𝒅𝒘 + 𝛚𝒘𝐄𝒇𝒅𝒘 − 𝐕𝒑𝒎𝒔𝒈𝒒𝒘]                      (3.44) 

where, 𝑅𝑎𝑤 is the armature resistance, 𝑋𝑑𝑤 and 𝑋𝑞𝑤 are the armature reactances in d-q axes 

and 𝐸𝑓𝑑𝑤 is the field-excitation voltage along d-axis of PMSG-based WECS. 

The electromechanical torque produced by the generator can be expressed as; 

𝑇𝑒𝑤 = 𝐸𝑓𝑑𝑤𝑖𝑝𝑚𝑠𝑔𝑞𝑤 + (𝑋𝑞𝑤 − 𝑋𝑑𝑤)𝑖𝑝𝑚𝑠𝑔𝑑𝑤𝑖𝑝𝑚𝑠𝑔𝑞𝑤                                             (3.45) 
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Thus, the power output of the generator becomes as; 

𝑃𝑒𝑤 = ω𝑤 × 𝑇𝑒𝑤 

i.e. 𝑃𝑒𝑤 = ω𝑤[𝐸𝑓𝑑𝑤𝑖𝑝𝑚𝑠𝑔𝑞𝑤 + (𝑋𝑞𝑤 − 𝑋𝑑𝑤)𝑖𝑝𝑚𝑠𝑔𝑑𝑤𝑖𝑝𝑚𝑠𝑔𝑞𝑤]             (3.46) 

The electromechanical equation of the rotor can be expressed as; 

𝒅𝜹𝒘

𝒅𝒕
=  𝝎𝟎(𝝎𝒘 − 𝟏)                 (3.47) 

and, 

𝒅𝝎𝒘

𝒅𝒕
=

𝟏

𝟐𝑯𝒈
[𝑲𝒔𝜽𝒔 − 𝑷𝒆𝒘 − 𝑫𝒈(𝝎𝒘 − 𝟏)]                          (3.48) 

where, 𝛿𝑤 is the rotor angle and 𝐻𝑔 is the inertial constant of the PMSG.  

3.3.3 Full Frequency Converter 

As power output of PMSG-based WECS may not be equal to the desired ac power level, it is 

needed to be converted into the desired level of voltage and frequency before connecting it to 

the grid. For this, full frequency converter is needed to be employed between the PMSG and 

the grid. The dominant components used in full frequency converter are AC/DC rectifier (MS 

converter), DC-link capacitor, DC/AC inverter (GS converter). With this, LCL filter circuitry 

having coupling inductance is also used at the output terminals of the inverter.  

The rectifier connected to the output of the PMSG converts AC into pulsating DC. For keeping 

this voltage level to remain constant throughout the operation, a DC-link capacitor is used in 

parallel between the rectifier and an inverter. The dc power stored in the DC-link capacitor is 

then converted to the ac of required voltage and frequency level by the use of an inverter. But 

still there might be a chance of getting harmonics and resonance in the power output. In order 

to reduce it, LCL filter having coupling inductance is incorporated into the system. The 
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complete model of a PMSG-based WECS with various full frequency converter is presented in 

fig. 3.11. 

 

         Fig. 3. 11 Interconnection of full frequency converter in a PMSG-based WECS 

I. Rectifier or Machine Side (MS) Converter 

The voltage at the ac side of the rectifier (i.e. at the output terminal of the PMSG) can be 

expressed as; 

𝑉𝑝𝑚𝑠𝑔𝑤 = 𝑚𝑟𝑤𝑉𝑑𝑐𝑤∡𝛼                  (3.49) 

where, 𝑚𝑟𝑤 is the modulation index of the rectifier, 𝑉𝑑𝑐𝑤 is the DC-link voltage, 𝛼 = 90° −

𝛿𝑟𝑤 is the firing angle and 𝛿𝑟𝑤 is the rotor angle of the PMSG. 

In terms of d-q axes; (3.49) becomes as; 

𝑉𝑝𝑚𝑠𝑔𝑑𝑤 = 𝑚𝑟𝑤𝑉𝑑𝑐𝑤cos(90° − 𝛿𝑟𝑤)       

i.e. 𝑉𝑝𝑚𝑠𝑔𝑑𝑤 = 𝑚𝑟𝑤𝑉𝑑𝑐𝑤sin𝛿𝑟𝑤                                  (3.50) 

and, 

𝑉𝑝𝑚𝑠𝑔𝑞𝑤 = 𝑚𝑟𝑤𝑉𝑑𝑐𝑤sin(90° − 𝛿𝑟𝑤)       

i.e. 𝑉𝑝𝑚𝑠𝑔𝑞𝑤 = 𝑚𝑟𝑤𝑉𝑑𝑐𝑤cos𝛿𝑟𝑤                       (3.51) 

Using (3.50) and (3.51), the power input to the rectifier can be expressed as; 
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𝑃𝑝𝑚𝑠𝑔𝑤 = 𝑉𝑝𝑚𝑠𝑔𝑑𝑤𝑖𝑝𝑚𝑠𝑔𝑑𝑤 + 𝑉𝑝𝑚𝑠𝑔𝑞𝑤𝑖𝑝𝑚𝑠𝑔𝑞𝑤  

i.e. 𝑃𝑝𝑚𝑠𝑔𝑤 = 𝑚𝑟𝑤𝑉𝑑𝑐𝑤sin𝛿𝑟𝑤𝑖𝑝𝑚𝑠𝑔𝑑𝑤 + 𝑚𝑟𝑤𝑉𝑑𝑐𝑤cos𝛿𝑟𝑤𝑖𝑝𝑚𝑠𝑔𝑞𝑤             (3.52) 

II. Inverter or Grid Side (GS) Converter 

The output voltage at the ac side of an inverter can be expressed as; 

𝑉𝑖𝑛𝑣𝑤 = 𝑚𝑖𝑛𝑣𝑤𝑉𝑑𝑐𝑤∡(𝜓𝑖𝑛𝑣𝑤 + 𝜃)                (3.53) 

where, 𝑚𝑖𝑛𝑣𝑤 is the modulation index of the inverter, 𝑉𝑑𝑐𝑤 is the DC-link voltage, 𝛼 =

𝜓𝑖𝑛𝑣𝑤 + 𝜃 is the firing angle of the inverter and 𝜃 is the phase angle of the microgrid voltage 

𝑉𝑚𝑔. 

In terms of d-q axes; (3.53) becomes as; 

𝑉𝑖𝑛𝑣𝑑𝑤 = 𝑚𝑖𝑛𝑣𝑤𝑉𝑑𝑐𝑤cos(𝜓𝑖𝑛𝑣𝑤 + 𝜃)               (3.54) 

and, 

𝑉𝑖𝑛𝑣𝑞𝑤 = 𝑚𝑖𝑛𝑣𝑤𝑉𝑑𝑐𝑤sin(𝜓𝑖𝑛𝑣𝑤 + 𝜃)               (3.55) 

Using (3.54) and (3.55), the power output of the inverter becomes as; 

𝑃𝑖𝑛𝑣𝑤 = 𝑉𝑖𝑛𝑣𝑑𝑤𝑖𝑓𝑑𝑤 + 𝑉𝑖𝑛𝑣𝑞𝑤𝑖𝑓𝑞𝑤  

i.e. 𝑃𝑖𝑛𝑣𝑤 = 𝑚𝑖𝑛𝑣𝑤𝑉𝑑𝑐𝑤cos(𝜓𝑖𝑛𝑣𝑤 + 𝜃)𝑖𝑓𝑑𝑤 + 𝑚𝑖𝑛𝑣𝑤𝑉𝑑𝑐𝑤sin(𝜓𝑖𝑛𝑣𝑤 + 𝜃)𝑖𝑓𝑞𝑤          (3.56) 

III. DC-link Capacitor 

The DC-link capacitor by name is an energy storage device linking AC/DC rectifier or MS 

converter and DC/AC inverter or GS converter. It filters out DC output voltage from the 

rectifier and helps on ensuring constant voltage at the input side of an inverter.  

The power consumed by the DC-link capacitor can be expressed as; 

𝑃𝑑𝑐𝑤 = 𝑉𝑑𝑐𝑤𝑖𝑑𝑐𝑤 
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where, 𝑖𝑑𝑐𝑤 is the current flowing through the DC-link capacitor and can be expressed as; 

𝑖𝑑𝑐𝑤 = 𝐶𝑑𝑐𝑤
𝑑𝑉𝑑𝑐𝑤

𝑑𝑡
                                           

Thus, we get, 

𝑃𝑑𝑐𝑤 = 𝑉𝑑𝑐𝑤𝐶𝑑𝑐𝑤
𝑑𝑉𝑑𝑐𝑤

𝑑𝑡
                      (3.57) 

For this case, let us consider the capacitor to be lossless. Thus, we get, 

𝑃𝑑𝑐𝑤 = 𝑃𝑝𝑚𝑠𝑔𝑤 − 𝑃𝑖𝑛𝑣𝑤                 (3.58) 

Using (3.57) and (3.58); we get, 

𝑉𝑑𝑐𝑤𝐶𝑑𝑐𝑤
𝑑𝑉𝑑𝑐𝑤

𝑑𝑡
 = 𝑃𝑝𝑚𝑠𝑔𝑤 − 𝑃𝑖𝑛𝑣𝑤 

i.e. 
𝑑𝑉𝑑𝑐𝑤

𝑑𝑡
 = 

1

𝑉𝑑𝑐𝑤𝐶𝑑𝑐𝑤
[𝑃𝑝𝑚𝑠𝑔𝑤 − 𝑃𝑖𝑛𝑣𝑤]                (3.59) 

Substituting the values of 𝑃𝑝𝑚𝑠𝑔𝑤 and 𝑃𝑖𝑛𝑣𝑤 from (3.52) and (3.56) into (3.59); we get the state 

equation for the DC-link capacitor as; 

i.e.  
𝒅𝑽𝒅𝒄𝒘

𝒅𝒕
=

𝟏

𝑪𝒅𝒄𝒘
[𝒎𝒓𝒘𝐬𝐢𝐧𝜹𝒓𝒘𝒊𝒑𝒎𝒔𝒈𝒅𝒘 + 𝒎𝒓𝒘𝐜𝐨𝐬𝜹𝒓𝒘𝒊𝒑𝒎𝒔𝒈𝒒𝒘 − 𝒎𝒊𝒏𝒗𝒘𝐜𝐨𝐬(𝝍𝒊𝒏𝒗𝒘 +

𝜽)𝒊𝒇𝒅𝒘 − 𝒎𝒊𝒏𝒗𝒘𝐬𝐢𝐧(𝝍𝒊𝒏𝒗𝒘 + 𝜽)𝒊𝒇𝒒𝒘]                (3.60)  

IV. LCL Filter 

In this project, for PMSG-based WECS, a low bandpass LCL filter is used for attenuating 

higher-order harmonics received from the inverter. The filter is designed in such a way that the 

LR section is tapped somewhere in the middle by a capacitor. Here, the inductor allows to pass 

signals with low frequencies and blocks higher frequency harmonics; while a capacitor only 

allows higher frequency signals to pass and blocks low frequency harmonics. In this way, these 

energy-storing devices incorporate together to deliver ripple free power to the grid [64]. For 

avoiding the resonance due to the inductor and capacitor in the filter circuitry, a passive 

damping resistor is added in series to a capacitor. 
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Now, using KVL in the path starting from the output of the inverter and ending at the damping 

circuit; we get, 

𝑉𝑖𝑛𝑣𝑤 = 𝑖𝑓𝑤𝑅𝑓𝑤 + 𝐿𝑓𝑤
𝑑𝑖𝑓𝑤

𝑑𝑡
+ 𝑉𝑐𝑤 + (𝑖𝑓𝑤 − 𝑖𝑐𝑜𝑤)𝑅𝑑𝑟𝑤   

i.e. 
𝑑𝑖𝑓𝑤

𝑑𝑡
=

1

𝐿𝑓𝑤
[𝑉𝑖𝑛𝑣𝑤 − 𝑖𝑓𝑤𝑅𝑓𝑤 − 𝑉𝑐𝑤 − (𝑖𝑓𝑤 − 𝑖𝑐𝑜𝑤)𝑅𝑑𝑟𝑤]                                                (3.61) 

where, 𝑅𝑓𝑤, 𝐿𝑓𝑤, 𝑅𝑑𝑟𝑤 and 𝑉𝑐𝑤 are filter resistance, filter inductance, damping resistance and 

capacitor voltage of filter respectively. 

In terms of d-q axes; (3.61) becomes as; 

𝒅𝒊𝒇𝒅𝒘

𝒅𝒕
=

−𝝎𝟎𝑹𝒇𝒘

𝑳𝒇𝒘
𝒊𝒇𝒅𝒘 + 𝝎𝟎𝝎𝒊𝒇𝒒𝒘 +

𝝎𝟎𝒎𝒊𝒏𝒗𝒘𝑽𝒅𝒄𝒘 𝐜𝐨𝐬(𝝍𝒊𝒏𝒗𝒘+𝜽)

𝑳𝒇𝒘
−

𝝎𝟎𝑽𝐜𝐝𝐰

𝑳𝒇𝒘
−

𝝎𝟎𝑹𝒅𝒓𝒘 

𝑳𝒇𝒘
(𝒊𝒇𝒅𝒘 − 𝒊𝒄𝒐𝒅𝒘)   

(3.62) 

and, 

𝒅𝒊𝒇𝒒𝒘

𝒅𝒕
=

−𝝎𝟎𝑹𝒇𝒘

𝑳𝒇𝒘
𝒊𝒇𝒒𝒘 − 𝝎𝟎𝝎𝒊𝒇𝒅𝒘 +

𝝎𝟎𝒎𝒊𝒏𝒗𝒘𝑽𝒅𝒄𝒘 𝐬𝐢𝐧(𝝍𝒊𝒏𝒗𝒘+𝜽)

𝑳𝒇𝒘
−

𝝎𝟎𝑽𝐜𝐪𝐰

𝑳𝒇𝒘
−

𝝎𝟎𝑹𝒅𝒓𝒘 

𝑳𝒇𝒘
(𝒊𝒇𝒒𝒘 − 𝒊𝒄𝒐𝒒𝒘)          

(3.63)      

Similarly, using KVL in the path starting from the microgrid and ending at the damping circuit; 

we get, 

𝑉𝑐𝑤 + (𝑖𝑓𝑤 − 𝑖𝑐𝑜𝑤)𝑅𝑑𝑟𝑤 = 𝑖𝑐𝑜𝑤𝑅𝑐𝑜𝑤 + 𝐿𝑐𝑜𝑤
𝑑𝑖𝑐𝑜𝑤

𝑑𝑡
+ 𝑉𝑚𝑔    

i.e. 
𝑑𝑖𝑐𝑜𝑤

𝑑𝑡
=

1

𝐿𝑐𝑜𝑤
[𝑉𝑐𝑤 + (𝑖𝑓𝑤 − 𝑖𝑐𝑜𝑤)𝑅𝑑𝑟𝑤 − 𝑖𝑐𝑜𝑤𝑅𝑐𝑜𝑤 − 𝑉𝑚𝑔]           (3.64) 

In terms of d-q axes; (3.64) becomes as; 

𝒅𝒊𝒄𝒐𝒅𝒘

𝒅𝒕
=

−𝝎𝟎𝑹𝒄𝒐𝒘

𝑳𝒄𝒐𝒘
𝒊𝒄𝒐𝒅𝒘 + 𝝎𝟎𝝎𝒊𝒄𝒐𝒒𝒘 +

𝝎𝟎

𝑳𝒄𝒐𝒘
(𝑽𝐜𝐝𝐰 − 𝑽𝐦𝐠𝐝) +

𝝎𝟎𝑹𝒅𝒓𝒘 

𝑳𝒄𝒐𝒘
(𝒊𝒇𝒅𝒘 − 𝒊𝒄𝒐𝒅𝒘)       (3.65) 

and, 
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𝒅𝒊𝒄𝒐𝒒𝒘

𝒅𝒕
=

−𝝎𝟎𝑹𝒄𝒐𝒘

𝑳𝒄𝒐𝒘
𝒊𝒄𝒐𝒒𝒘 + 𝝎𝟎𝝎𝒊𝒄𝒐𝒅𝒘 +

𝝎𝟎

𝑳𝒄𝒐𝒘
(𝑽𝐜𝐪𝐰 − 𝑽𝐦𝐠𝐪) +

𝝎𝟎𝑹𝒅𝒓𝒘 

𝑳𝒄𝒐𝒘
(𝒊𝒇𝒒𝒘 − 𝒊𝒄𝒐𝒒𝒘)        (3.66) 

where, 𝑅𝑐𝑜𝑤 and 𝐿𝑐𝑜𝑤 are coupling resistance and inductance of LCL filter respectively.  

The current flowing through the filter capacitor is given by; 

𝑖𝑓𝑤 − 𝑖𝑐𝑜𝑤 = 𝐶𝑐𝑤
𝑑𝑉𝑐𝑤

𝑑𝑡
                 

i.e. 
𝑑𝑉𝑐𝑤

𝑑𝑡
 = 

𝜔0

𝐶𝑐𝑤
(𝑖𝑓𝑤 − 𝑖𝑐𝑜𝑤)                        (3.67)            

where, 𝐶𝑐𝑤 is the capacitance of filter. 

In terms of d-q axes; (3.67) becomes as; 

𝒅𝑽𝒄𝒅𝒘

𝒅𝒕
=

𝝎𝟎

𝑪𝒄𝒘
(𝒊𝒇𝒅𝒘 − 𝒊𝒄𝒐𝒅𝒘) + 𝝎𝟎𝝎𝑽𝒄𝒒𝒘                                          (3.68)        

and, 

𝒅𝑽𝒄𝒒𝒘

𝒅𝒕
=

𝝎𝟎

𝑪𝒄𝒘
(𝒊𝒇𝒒𝒘 − 𝒊𝒄𝒐𝒒𝒘) − 𝝎𝟎𝝎𝑽𝒄𝒅𝒘                   (3.69) 

Thus, the PMSG-based WECS model can be represented by 13 non-linear differential 

equations (3.36), (3.37), (3.43), (3.44), (3.47), (3.48), (3.60), (3.62), (3.63), (3.65), (3.66), 

(3.68) and (3.69). Hence, the state variables associated with the PMSG-based WECS are; 

𝒙𝒘 = [𝜽𝒔, 𝝎𝒕, 𝜹𝒘, 𝝎𝒘, 𝒊𝒑𝒎𝒔𝒈𝒅𝒘, 𝒊𝒑𝒎𝒔𝒈𝒒𝒘, 𝑽𝒅𝒄𝒘, 𝒊𝒇𝒅𝒘, 𝒊𝒇𝒒𝒘, 𝒊𝒄𝒐𝒅𝒘, 𝒊𝒄𝒐𝒒𝒘, 𝑽𝒄𝒅𝒘, 𝑽𝒄𝒒𝒘]𝑻 

3.4 Microalternator System 

The microalternator used in this project can be modeled as a synchronous generator as they can 

directly be coupled to the grid. Thus, the microalterator can be represented by the fourth order 

model consisting of the swing equation, internal voltage equation and field voltage along d-

axis [39]. 
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The rotor of the microalternator can be represented by the swing equation as; 

2𝐻𝑎

𝜔𝑜

𝑑2𝛿𝑎

𝑑𝑡2 = 𝑃𝑚𝑎 − 𝑃𝑒𝑎 − 𝐷𝑎(𝜔𝑎 − 𝜔𝑜)               (3.70) 

where, 𝐻𝑎 is the inertial constant of the rotor, 𝛿𝑎 is the rotor angle, 𝜔𝑎 is the rotor speed, 𝐷𝑎 is 

the damping coefficient, 𝑃𝑚𝑎 is the mechanical power input and 𝑃𝑒𝑎 is the electrical power 

output of the microalternator. 

On decomposing (3.70) into two first order differential equations; we get, 

𝒅𝜹𝒂

𝒅𝒕
=  𝝎𝒐(𝝎𝒂 − 𝟏)                           (3.71) 

and, 

𝒅𝝎𝒂

𝒅𝒕
=

𝟏

𝟐𝑯𝒂
[𝑷𝒎𝒂 − 𝑷𝒆𝒂 − 𝑫𝒂(𝝎𝒂 − 𝝎𝒐)]              (3.72) 

The internal voltage 𝑒𝑞
′ of the generator can be expressed as; 

𝒅𝒆𝒒
′

𝒅𝒕
=  

𝟏

𝑻𝒅𝒐
′ [𝑬𝒇𝒅 − 𝒆𝒒

′ − (𝒙𝒅𝒂 − 𝒙′
𝒅𝒂)𝒊𝒕𝒅𝒂]                                       (3.73) 

where, 𝑥𝑑𝑎 is the d-axis synchronous reactance, 𝑥𝑑𝑎
′  is the d-axis transient reactance and 𝑇𝑑𝑜

′  is 

the open-circuit field constant of the microalternator.  

The field voltage along d-axis can be expressed as;  

𝒅𝑬𝒇𝒅

𝒅𝒕
=

𝟏

𝑻𝒂
[𝑲𝒂(𝑽𝒕𝒓𝒆𝒇 − 𝑽𝒕) − (𝑬𝒇𝒅 − 𝑬𝒇𝒅𝒐) ]              (3.74) 

where, 𝐾𝑎 is the gain and 𝑇𝑎 is the time constant of the exciter. 

Thus, the microalternator system can be represented by 4 non-linear differential equations 

(3.71), (3.72), (3.73) and (3.74). Hence, the state variables associated with the microalternator 

are; 
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𝒙𝒂 = [𝜹𝒂, 𝝎𝒂, 𝒆𝒒
′, 𝑬𝒇𝒅]𝑻 

Let us consider that the microalternator is connected to the microgrid for both autonomous and 

non-autonomous modes as shown in fig. 3.12. 

 

Fig. 3. 12 Microalternator interfaced to the microgrid 

Using KVL between the terminal of microalternator and microgrid; we get, 

𝑉𝑡𝑎 = (𝑅𝑡𝑎 + 𝑗𝑥𝑡𝑎)𝑖𝑡𝑎 + 𝑉𝑚𝑔                        

where, 𝑥𝑡𝑎 = 𝐿𝑡𝑎𝜔𝑎 is the reactance of the line. 

𝑖𝑡𝑎 = 𝑖𝑡𝑑𝑎 + 𝑗𝑖𝑡𝑞𝑎   

𝑉𝑚𝑔 = 𝑉𝑑𝑚𝑔 + 𝑗𝑉𝑞𝑚𝑔   

i.e. 𝑉𝑡𝑎 = (𝑅𝑡𝑎 + 𝑗𝑥𝑡𝑎)(𝑖𝑡𝑑𝑎 + 𝑗𝑖𝑡𝑞𝑎) + (𝑉𝑑𝑚𝑔 + 𝑗𝑉𝑞𝑚𝑔)           

i.e. 𝑉𝑡𝑎 = (𝑉𝑑𝑚𝑔 + 𝑅𝑡𝑎𝑖𝑡𝑑𝑎 − 𝑥𝑡𝑎𝑖𝑡𝑞𝑎) + 𝑗( 𝑉𝑞𝑚𝑔 + 𝑅𝑡𝑎𝑖𝑡𝑞𝑎 + 𝑥𝑡𝑎𝑖𝑡𝑑𝑎)                 (3.75) 

In d-q axes; the terminal voltage of the microalternator can be expressed as; 

𝑉𝑡𝑎 = 𝑉𝑡𝑑𝑎 + 𝑗𝑉𝑡𝑞𝑎   

where, 𝑉𝑡𝑑𝑎 = 𝑥𝑞𝑎𝑖𝑡𝑞𝑎 

𝑉𝑡𝑞𝑎 = 𝑒𝑞
′ − 𝑥𝑑𝑎′𝑖𝑡𝑑𝑎 

i.e. 𝑉𝑡𝑎 = 𝑥𝑞𝑎𝑖𝑡𝑞𝑎 + 𝑗(𝑒𝑞
′ − 𝑥𝑑𝑎′𝑖𝑡𝑑𝑎)                       (3.76)   

Thus, from (3.75) and (3.76); we get, 
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(𝑉𝑑𝑚𝑔 + 𝑅𝑡𝑎𝑖𝑡𝑑𝑎 − 𝑥𝑡𝑎𝑖𝑡𝑞𝑎) + 𝑗( 𝑉𝑞𝑚𝑔 + 𝑅𝑡𝑎𝑖𝑡𝑞𝑎 + 𝑥𝑡𝑎𝑖𝑡𝑑𝑎) = 𝑥𝑞𝑎𝑖𝑡𝑞𝑎 + 𝑗(𝑒𝑞
′ − 𝑥𝑑𝑎′𝑖𝑡𝑑𝑎)          

On equating real and imaginary parts; we get, 

𝑥𝑞𝑎𝑖𝑡𝑞𝑎 = 𝑉𝑑𝑚𝑔 + 𝑅𝑡𝑎𝑖𝑡𝑑𝑎 − 𝑥𝑡𝑎𝑖𝑡𝑞𝑎 

i.e. (𝑥𝑞𝑎 + 𝑥𝑡𝑎)𝑖𝑡𝑞𝑎 − 𝑅𝑡𝑎𝑖𝑡𝑑𝑎 = 𝑉𝑑𝑚𝑔               (3.77)   

and, 

𝑒𝑞
′ − 𝑥𝑑𝑎

′𝑖𝑡𝑑𝑎 = 𝑉𝑞𝑚𝑔 + 𝑅𝑡𝑎𝑖𝑡𝑞𝑎 + 𝑥𝑡𝑎𝑖𝑡𝑑𝑎 

i.e. 𝑅𝑡𝑎𝑖𝑡𝑞𝑎 + (𝑥𝑑𝑎
′ + 𝑥𝑡𝑎)𝑖𝑡𝑑𝑎 = 𝑒𝑞

′ − 𝑉𝑞𝑚𝑔               (3.78)   

On solving (3.77) and (3.78); we get,  

𝑖𝑡𝑑𝑎 =
−𝑅𝑡𝑎𝑉𝑑𝑚𝑔+(𝑒𝑞

′−𝑉𝑞𝑚𝑔)(𝑥𝑞𝑎+𝑥𝑡𝑎)

𝑅𝑡𝑎
2+(𝑥𝑑𝑎′+𝑥𝑡𝑎)(𝑥𝑞𝑎+𝑥𝑡𝑎)

               (3.79)  

and, 

𝑖𝑡𝑞𝑎 =
𝑉𝑑𝑚𝑔(𝑥𝑑𝑎

′ +𝑥𝑡𝑎)(𝑥𝑞𝑎+𝑥𝑡𝑎)+𝑅𝑡𝑎(𝑒𝑞
′−𝑉𝑞𝑚𝑔)(𝑥𝑞𝑎+𝑥𝑡𝑎)

(𝑥𝑞𝑎+𝑥𝑡𝑎)[𝑅𝑡𝑎
2+(𝑥𝑑𝑎′+𝑥𝑡𝑎)(𝑥𝑞𝑎+𝑥𝑡𝑎)]

                     (3.80) 

The terminal voltage of the microalternator can be expressed as; 

𝑉𝑡𝑎 = √𝑉𝑡𝑑𝑎
2 + 𝑉𝑡𝑞𝑎

2  

i.e. 𝑉𝑡𝑎 = √(𝑥𝑞𝑎𝑖𝑡𝑞𝑎)
2

+ (𝑒𝑞
′ − 𝑥𝑑𝑎

′𝑖𝑡𝑑𝑎)
2
                         (3.81) 

The mathematical expression for the electrical power output can be written as; 

𝑃𝑒𝑎 = 𝑉𝑡𝑑𝑎𝑖𝑡𝑑𝑎 + 𝑉𝑡𝑞𝑎𝑖𝑡𝑞𝑎 

i.e. 𝑃𝑒𝑎 = (𝑥𝑞𝑎𝑖𝑡𝑞𝑎)𝑖𝑡𝑑𝑎 + (𝑒𝑞
′ − 𝑥𝑑𝑎

′𝑖𝑡𝑑𝑎)𝑖𝑡𝑞𝑎 

i.e. 𝑃𝑒𝑎 = (𝑒𝑞
′𝑖𝑡𝑞𝑎) + (𝑥𝑞𝑎 − 𝑥𝑑𝑎

′)𝑖𝑡𝑑𝑎𝑖𝑡𝑞𝑎                   (3.82) 
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On substituting (3.79) and (3.80) into (3.81) and (3.82); we can get the terminal voltage and 

power output of the microalternator in terms of microgrid voltage components 𝑉𝑑𝑚𝑔 and 𝑉𝑞𝑚𝑔. 

3.5 Static Synchronous Compensator (STATCOM) 

The STATCOM with capacitor energy storage system is used in this project for regulating the 

system voltage and frequency. The STATCOM fulfills the reactive power demand of the 

system while the capacitor energy storage system fulfills the active power demand of the 

system for a short time. 

 

 Fig. 3. 13 Central controller model 

Fig. 3.13 shows the STATCOM with capacitor energy storage device as a central controller. 

Here, the STATCOM is modeled as a voltage source converter (VSC) and is capable of 

supplying reactive power by changing the modulation index (𝑚𝑠𝑡𝑎𝑡) of the controller. 

Similarly, the energy storage device delivers active power by changing the phase angle (𝜓𝑠𝑡𝑎𝑡) 

of the converter. 

Using KVL at the output side of the STATCOM; we get, 

𝑉𝑠𝑡𝑎𝑡 − 𝑉𝑚𝑔 = 𝐿𝑠𝑡𝑎𝑡
𝑑𝑖𝑠𝑡𝑎𝑡

𝑑𝑡
+ 𝑅𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑎𝑡    

i.e. 
𝑑𝑖𝑠𝑡𝑎𝑡

𝑑𝑡
=

1

𝐿𝑠𝑡𝑎𝑡
[−𝑅𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑎𝑡 + 𝑉𝑠𝑡𝑎𝑡 − 𝑉𝑚𝑔]                         (3.83) 
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where, 𝑅𝑠𝑡𝑎𝑡 is the resistance, 𝐿𝑠𝑡𝑎𝑡 is the inductance, 𝑉𝑠𝑡𝑎𝑡 is the output voltage and 𝑖𝑠𝑡𝑎𝑡 is the 

output current of the STATCOM.  

The output voltage of the STATCOM can be expressed as; 

𝑉𝑠𝑡𝑎𝑡 = 𝑚𝑠𝑡𝑎𝑡𝑉𝑑𝑐𝑠𝑡𝑎𝑡∡(𝜓𝑠𝑡𝑎𝑡 + 𝜃)               (3.84) 

where, 𝑚𝑠𝑡𝑎𝑡 is the modulation index, 𝑉𝑑𝑐𝑠𝑡𝑎𝑡 is the DC-link voltage, 𝛼 = 𝜓𝑠𝑡𝑎𝑡 + 𝜃 is the 

firing angle of the STATCOM and 𝜃 is the phase angle of the microgrid voltage 𝑉𝑚𝑔. 

In terms of d-q axes; (3.84) becomes as; 

𝑉𝑑𝑠𝑡𝑎𝑡 = 𝑚𝑠𝑡𝑎𝑡𝑉𝑑𝑐𝑠𝑡𝑎𝑡cos(𝜓𝑠𝑡𝑎𝑡 + 𝜃)                                    (3.85) 

and, 

𝑉𝑞𝑠𝑡𝑎𝑡 = 𝑚𝑠𝑡𝑎𝑡𝑉𝑑𝑐𝑠𝑡𝑎𝑡sin(𝜓𝑠𝑡𝑎𝑡 + 𝜃)                            (3.86) 

Using (3.85) and (3.86) after expressing (3.83) in terms of d-q axes; we get, 

𝒅𝒊𝒅𝒔𝒕𝒂𝒕

𝒅𝒕
=

−𝝎𝟎𝑹𝒔𝒕𝒂𝒕

𝑳𝒔𝒕𝒂𝒕
𝒊𝒅𝒔𝒕𝒂𝒕 + 𝝎𝟎𝝎𝒊𝒒𝒔𝒕𝒂𝒕 +

𝝎𝟎𝒎𝒔𝒕𝒂𝒕𝑽𝒅𝒄𝒔𝒕𝒂𝒕 𝐜𝐨𝐬(𝝍𝒔𝒕𝒂𝒕+𝜽)

𝑳𝒔𝒕𝒂𝒕
−

𝝎𝟎𝑽𝒅𝒔𝒕𝒂𝒕

𝑳𝒔𝒕𝒂𝒕
                       (3.87) 

and, 

𝒅𝒊𝒒𝒔𝒕𝒂𝒕

𝒅𝒕
=

−𝝎𝟎𝑹𝒔𝒕𝒂𝒕

𝑳𝒔𝒕𝒂𝒕
𝒊𝒒𝒔𝒕𝒂𝒕 − 𝝎𝟎𝝎𝒊𝒅𝒔𝒕𝒂𝒕 +

𝝎𝟎𝒎𝒔𝒕𝒂𝒕𝑽𝒅𝒄𝒔𝒕𝒂𝒕 𝐬𝐢𝐧(𝝍𝒔𝒕𝒂𝒕+𝜽)

𝑳𝒔𝒕𝒂𝒕
−

𝝎𝟎𝑽𝒒𝒔𝒕𝒂𝒕

𝑳𝒔𝒕𝒂𝒕
                             (3.88) 

The current output of the storage capacitor (𝑖𝑑𝑐𝑠) is given by; 

𝑖𝑑𝑐𝑠 = 𝐶𝑑𝑐𝑠𝑡𝑎𝑡
𝑑𝐸𝑠

𝑑𝑡
                            (3.89) 

where, 𝐶𝑑𝑐𝑠𝑡𝑎𝑡 is the capacitance of storage capacitor and 𝐸𝑠 is the voltage of the capacitor. 

Using KCL at the DC-link; we get, 

𝑖𝑑𝑐𝑠𝑡𝑎𝑡 − 𝑖𝑑𝑐𝑠 = 𝐶𝑑𝑐𝑠𝑡𝑎𝑡
𝑑𝑉𝑑𝑐𝑠𝑡𝑎𝑡

𝑑𝑡
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i.e. 
𝑑𝑉𝑑𝑐𝑠𝑡𝑎𝑡

𝑑𝑡
=

1

𝐶𝑑𝑐𝑠𝑡𝑎𝑡
[𝑖𝑑𝑐𝑠𝑡𝑎𝑡 − 𝑖𝑑𝑐𝑠]                                     (3.90) 

where, 𝑉𝑑𝑐𝑠𝑡𝑎𝑡 is the DC-link voltage and 𝑖𝑑𝑐𝑠𝑡𝑎𝑡  is the DC-link current of the STATCOM.  

Let us consider the controller to be lossless. In such a case, the power input and output of the 

STATCOM needs to be equal in magnitude. Hence, 

𝑃𝑑𝑐𝑠𝑡𝑎𝑡 = 𝑃𝑎𝑐𝑠𝑡𝑎𝑡        

i.e. 𝑖𝑑𝑐𝑠𝑉𝑑𝑐𝑠𝑡𝑎𝑡 = 𝑉𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑎𝑡                        (3.91) 

In terms of d-q axes; (3.91) becomes as; 

𝑖𝑑𝑐𝑠𝑉𝑑𝑐𝑠𝑡𝑎𝑡 = 𝑉𝑑𝑠𝑡𝑎𝑡𝑖𝑑𝑠𝑡𝑎𝑡 + 𝑉𝑞𝑠𝑡𝑎𝑡𝑖𝑞𝑠𝑡𝑎𝑡                (3.92) 

Using (3.85) and (3.86) into (3.92);  we get, 

𝑖𝑑𝑐𝑠𝑉𝑑𝑐𝑠𝑡𝑎𝑡 = [𝑚𝑠𝑡𝑎𝑡𝑉𝑑𝑐𝑠𝑡𝑎𝑡cos(𝜓𝑠𝑡𝑎𝑡 + 𝜃)]𝑖𝑑𝑠𝑡𝑎𝑡 + [𝑚𝑠𝑡𝑎𝑡𝑉𝑑𝑐𝑠𝑡𝑎𝑡sin(𝜓𝑠𝑡𝑎𝑡 + 𝜃)]𝑖𝑞𝑠𝑡𝑎𝑡 

i.e. 𝑖𝑑𝑐𝑠 = 𝑚𝑠𝑡𝑎𝑡𝑖𝑑𝑠𝑡𝑎𝑡cos(𝜓𝑠𝑡𝑎𝑡 + 𝜃) + 𝑚𝑠𝑡𝑎𝑡𝑖𝑞𝑠𝑡𝑎𝑡sin(𝜓𝑠𝑡𝑎𝑡 + 𝜃)          (3.93) 

Substituting (3.93) into (3.90); we get, 

𝒅𝑽𝒅𝒄𝒔𝒕𝒂𝒕

𝒅𝒕
=

𝟏

𝑪𝒅𝒄𝒔𝒕𝒂𝒕
[𝒊𝒅𝒄𝒔𝒕𝒂𝒕 − {𝒎𝒔𝒕𝒂𝒕𝒊𝒅𝒔𝒕𝒂𝒕𝐜𝐨𝐬(𝝍𝒔𝒕𝒂𝒕 + 𝜽) + 𝒎𝒔𝒕𝒂𝒕𝒊𝒒𝒔𝒕𝒂𝒕𝐬𝐢𝐧(𝝍𝒔𝒕𝒂𝒕 + 𝜽) }](3.94) 

Thus, the central controller system with STATCOM and capacitor energy storage can be 

represented by 3 non-linear differential equations (3.87), (3.88) and (3.94). Hence, the state 

variables associated with the STATCOM are; 

𝒙𝒔𝒕𝒂𝒕 = [𝒊𝒅𝒔𝒕𝒂𝒕, 𝒊𝒒𝒔𝒕𝒂𝒕, 𝑽𝒅𝒄𝒔𝒕𝒂𝒕]𝑻 
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Chapter 4  

Microgrid System Composite Model 

In this chapter, different components of microgrid considered in this project; i.e. photovoltaic 

(PV), wind energy conversion system (WECS), microalternator and static synchronous 

compensator (STATCOM) modeled by the non-linear differential equations are combined 

together to form a common microgrid system capable of operating in both autonomous and 

non-autonomous modes. 

Fig. 4.1 presents the overall circuitry diagram of the microgrid model. The PV, WECS, 

microalternator, STATCOM and load are connected together at the point of common coupling 

(PCC). Here, as microalternator behaves as a synchronous generator and is capable of 

generating ac power of required voltage and frequency level, it is connected directly to the PCC 

without any intermediate converter; while the PV and PMSG are interfaced to the PCC via 

power conditioning unit (PCU) and full frequency converter respectively. Additionally, LCL 

filter circuitry is also included between the generating sources and the PCC for getting the 

desired ac power at constant level of voltage and frequency. For active and reactive power 

support at the time of temporary disturbances or during the disconnection of the grid, 

STATCOM with capacitor energy storage system is also connected to the grid. The 

combination of all these power generating units and compensator supplies power to the 

constant power loads. In case of non-autonomous mode of operation, power if excess may be 

transmitted to the main grid as shown by the arrow-head ‘ig’ in the figure. 
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Fig. 4. 1 Microgrid system model for both autonomous and non-autonomous modes of operation 

4.1 Non-Autonomous Mode of Operation 

Applying KCL at the PCC; we get, 

𝑖𝑐𝑜𝑝𝑣 + 𝑖𝑐𝑜𝑤 + 𝑖𝑡𝑎 + 𝑖𝑠𝑡𝑎𝑡 = 𝑖𝑙 + 𝑖𝑔                            (4.1) 

In terms of d-q axes; (4.1) becomes as; 

𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑡𝑑𝑎 + 𝑖𝑑𝑠𝑡𝑎𝑡 = 𝑖𝑑𝑙 + 𝑖𝑑𝑔                (4.2) 

and, 

𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑡𝑞𝑎 + 𝑖𝑞𝑠𝑡𝑎𝑡 = 𝑖𝑞𝑙 + 𝑖𝑞𝑔                    (4.3) 
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Let us model the load at the PCC by an admittance 𝑌 = 𝑔 − 𝑗𝑏. The load current then can be 

expressed as; 

𝑖𝑙 = 𝑉𝑚𝑔𝑌  

i.e. 𝑖𝑙 = 𝑉𝑚𝑔(𝑔 − 𝑗𝑏)                                 (4.4) 

In terms of d-q axes; (4.4) becomes as; 

𝑖𝑑𝑙 + 𝑗𝑖𝑞𝑙 = (𝑉𝑑𝑚𝑔 + 𝑗𝑉𝑞𝑚𝑔)(𝑔 − 𝑗𝑏) 

i.e. 𝑖𝑑𝑙 + 𝑗𝑖𝑞𝑙 = 𝑔𝑉𝑑𝑚𝑔 − 𝑗𝑏𝑉𝑑𝑚𝑔 + 𝑗𝑔𝑉𝑞𝑚𝑔 + 𝑏𝑉𝑞𝑚𝑔 

i.e. 𝑖𝑑𝑙 + 𝑗𝑖𝑞𝑙 = (𝑔𝑉𝑑𝑚𝑔 + 𝑏𝑉𝑑𝑚𝑔) + 𝑗(𝑔𝑉𝑞𝑚𝑔 − 𝑏𝑉𝑑𝑚𝑔)                 (4.5) 

Equating real and imaginary parts; we get, 

𝑖𝑑𝑙 = 𝑔𝑉𝑑𝑚𝑔 + 𝑏𝑉𝑑𝑚𝑔                     (4.6) 

and, 

𝑖𝑞𝑙 = 𝑔𝑉𝑞𝑚𝑔 − 𝑏𝑉𝑑𝑚𝑔                     (4.7) 

The current flowing from PCC to the main grid can be written as; 

𝑖𝑔 =
𝑉𝑚𝑔−𝑉𝑔

𝑅𝑔+𝑗𝑋𝑔
                        (4.8) 

In terms of d-q axes; we get, 

𝑖𝑑𝑔 + 𝑗𝑖𝑞𝑔 =
(𝑉𝑑𝑚𝑔+𝑗𝑉𝑞𝑚𝑔)−(𝑉𝑔𝑠𝑖𝑛𝛿𝑎+𝑗𝑉𝑔𝑐𝑜𝑠𝛿𝑎)

𝑅𝑔+𝑗𝑋𝑔
  

i.e. 𝑖𝑑𝑔 + 𝑗𝑖𝑞𝑔 =
[(𝑉𝑑𝑚𝑔−𝑉𝑔𝑠𝑖𝑛𝛿𝑎)+𝑗(𝑉𝑞𝑚𝑔−𝑉𝑔𝑐𝑜𝑠𝛿𝑎)](𝑅𝑔−𝑗𝑋𝑔)

(𝑅𝑔)2−(𝑗𝑋𝑔)2
  

i.e. 𝑖𝑑𝑔 + 𝑗𝑖𝑞𝑔 =
𝑅𝑔(𝑉𝑑𝑚𝑔−𝑉𝑔𝑠𝑖𝑛𝛿𝑎)+𝑋𝑔(𝑉𝑞𝑚𝑔−𝑉𝑔𝑐𝑜𝑠𝛿𝑎)+𝑗𝑅𝑔(𝑉𝑞𝑚𝑔−𝑉𝑔𝑐𝑜𝑠𝛿𝑎)−𝑗𝑋𝑔(𝑉𝑑𝑚𝑔−𝑉𝑔𝑠𝑖𝑛𝛿𝑎)

𝑅𝑔
2+𝑋𝑔

2  

Equating real and imaginary parts; we get, 
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𝑖𝑑𝑔 =
𝑅𝑔(𝑉𝑑𝑚𝑔−𝑉𝑔𝑠𝑖𝑛𝛿𝑎)+𝑋𝑔(𝑉𝑞𝑚𝑔−𝑉𝑔𝑐𝑜𝑠𝛿𝑎)

𝑅𝑔
2+𝑋𝑔

2                  (4.9) 

and, 

𝑖𝑞𝑔 =
𝑅𝑔(𝑉𝑞𝑚𝑔−𝑉𝑔𝑐𝑜𝑠𝛿𝑎)−𝑋𝑔(𝑉𝑑𝑚𝑔−𝑉𝑔𝑠𝑖𝑛𝛿𝑎)

𝑅𝑔
2+𝑋𝑔

2                (4.10) 

Substituting the values of 𝑖𝑡𝑑𝑎, 𝑖𝑑𝑙 and 𝑖𝑑𝑔 from (3.79), (4.6) and (4.9) respectively into (4.2); 

we get, 

𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 +
−𝑅𝑡𝑎𝑉𝑑𝑚𝑔+(𝑒𝑞

′−𝑉𝑞𝑚𝑔)(𝑥𝑞𝑎+𝑥𝑡𝑎)

𝑅𝑡𝑎
2+(𝑥𝑑𝑎′+𝑥𝑡𝑎)(𝑥𝑞𝑎+𝑥𝑡𝑎)

+ 𝑖𝑑𝑠𝑡𝑎𝑡 = (𝑔𝑉𝑑𝑚𝑔 + 𝑏𝑉𝑑𝑚𝑔) +

𝑅𝑔(𝑉𝑑𝑚𝑔−𝑉𝑔𝑠𝑖𝑛𝛿𝑎)+𝑋𝑔(𝑉𝑞𝑚𝑔−𝑉𝑔𝑐𝑜𝑠𝛿𝑎)

𝑅𝑔
2+𝑋𝑔

2                 (4.11) 

Let; 𝑋1 = 𝑥𝑑𝑎′ + 𝑥𝑡𝑎 

𝑋2 = 𝑥𝑞𝑎 + 𝑥𝑡𝑎 

𝑍1 = 𝑅𝑡𝑎
2 + 𝑋1𝑋2 

𝑍𝑔 = 𝑅𝑔
2 + 𝑋𝑔

2 

Using these variables in (4.11); we get, 

𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 +
−𝑅𝑡𝑎𝑉𝑑𝑚𝑔+(𝑒𝑞

′−𝑉𝑞𝑚𝑔)𝑋2

𝑍1
+ 𝑖𝑑𝑠𝑡𝑎𝑡 = (𝑔𝑉𝑑𝑚𝑔 + 𝑏𝑉𝑑𝑚𝑔) +

𝑅𝑔(𝑉𝑑𝑚𝑔−𝑉𝑔𝑠𝑖𝑛𝛿𝑎)+𝑋𝑔(𝑉𝑞𝑚𝑔−𝑉𝑔𝑐𝑜𝑠𝛿𝑎)

𝑍𝑔
  

i.e.𝑍𝑔𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) − 𝑅𝑡𝑎𝑍𝑔𝑉𝑑𝑚𝑔 + 𝑍𝑔𝑋2𝑒𝑞
′ − 𝑍𝑔𝑋2𝑉𝑞𝑚𝑔 =  𝑔𝑍𝑔𝑍1𝑉𝑑𝑚𝑔 +

𝑏𝑍𝑔𝑍1𝑉𝑞𝑚𝑔 + 𝑍1𝑅𝑔𝑉𝑑𝑚𝑔 − 𝑍1𝑅𝑔𝑉𝑔𝑠𝑖𝑛𝛿𝑎 + 𝑍1𝑋𝑔𝑉𝑞𝑚𝑔 − 𝑍1𝑋𝑔𝑉𝑔𝑐𝑜𝑠𝛿𝑎 

i.e.(𝑔𝑍𝑔𝑍1 + 𝑍1𝑅𝑔 + 𝑍𝑔𝑅𝑡𝑎)𝑉𝑑𝑚𝑔 + (𝑏𝑍𝑔𝑍1 + 𝑍1𝑋𝑔 + 𝑍𝑔𝑋2)𝑉𝑞𝑚𝑔 = 𝑍𝑔𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 +

𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) + 𝑍𝑔𝑋2𝑒𝑞
′ + 𝑍1𝑋𝑔𝑉𝑔𝑐𝑜𝑠𝛿𝑎 + 𝑍1𝑅𝑔𝑉𝑔𝑠𝑖𝑛𝛿𝑎               (4.12) 
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Similarly, substituting the values of 𝑖𝑡𝑞𝑎, 𝑖𝑞𝑙 and 𝑖𝑞𝑔 from (3.80), (4.7) and (4.10) respectively 

into (4.3); we get, 

𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 +
𝑉𝑑𝑚𝑔(𝑥𝑑𝑎

′ +𝑥𝑡𝑎)(𝑥𝑞𝑎+𝑥𝑡𝑎)+𝑅𝑡𝑎(𝑒𝑞
′−𝑉𝑞𝑚𝑔)(𝑥𝑞𝑎+𝑥𝑡𝑎)

(𝑥𝑞𝑎+𝑥𝑡𝑎)[𝑅𝑡𝑎
2+(𝑥𝑑𝑎′+𝑥𝑡𝑎)(𝑥𝑞𝑎+𝑥𝑡𝑎)]

+ 𝑖𝑞𝑠𝑡𝑎𝑡 = (𝑔𝑉𝑞𝑚𝑔 − 𝑏𝑉𝑑𝑚𝑔) +

𝑅𝑔(𝑉𝑞𝑚𝑔−𝑉𝑔𝑐𝑜𝑠𝛿𝑎)−𝑋𝑔(𝑉𝑑𝑚𝑔−𝑉𝑔𝑠𝑖𝑛𝛿𝑎)

𝑅𝑔
2+𝑋𝑔

2                  (4.13) 

In terms of 𝑋1, 𝑋2, 𝑍1 and 𝑍𝑔 as in the case of d-axes current; (4.13) becomes as; 

𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 +
𝑋1𝑋2𝑉𝑑𝑚𝑔+𝑅𝑡𝑎(𝑒𝑞

′−𝑉𝑞𝑚𝑔)𝑋2

𝑍1𝑋2
+ 𝑖𝑞𝑠𝑡𝑎𝑡 = (𝑔𝑉𝑞𝑚𝑔 − 𝑏𝑉𝑑𝑚𝑔) +

𝑅𝑔(𝑉𝑞𝑚𝑔−𝑉𝑔𝑐𝑜𝑠𝛿𝑎)−𝑋𝑔(𝑉𝑑𝑚𝑔−𝑉𝑔𝑠𝑖𝑛𝛿𝑎)

𝑍𝑔
   

i.e.𝑍𝑔𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) + 𝑍𝑔𝑋1𝑋2𝑉𝑑𝑚𝑔 + 𝑍𝑔𝑋2𝑅𝑡𝑎𝑒𝑞
′ − 𝑍𝑔𝑋2𝑅𝑡𝑎𝑉𝑞𝑚𝑔 =

𝑔𝑍𝑔𝑍1𝑋2𝑉𝑞𝑚𝑔 − 𝑏𝑍𝑔𝑍1𝑋2𝑉𝑑𝑚𝑔 + 𝑍1𝑋2𝑅𝑔𝑉𝑞𝑚𝑔 − 𝑍1𝑋2𝑅𝑔𝑉𝑔𝑐𝑜𝑠𝛿𝑎 − 𝑍1𝑋𝑔𝑋2𝑉𝑑𝑚𝑔 +

𝑍1𝑋𝑔𝑋2𝑉𝑔𝑠𝑖𝑛𝛿𝑎 

i.e.(𝑏𝑍𝑔𝑍1𝑋2 + 𝑍1𝑋𝑔𝑋2 + 𝑍𝑔𝑋1𝑋2)𝑉𝑑𝑚𝑔 − (𝑔𝑍𝑔𝑍1𝑋2 + 𝑍1𝑋2𝑅𝑔 + 𝑍𝑔𝑋2𝑅𝑡𝑎)𝑉𝑞𝑚𝑔 =

−𝑍𝑔𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) − 𝑍𝑔𝑋2𝑅𝑡𝑎𝑒𝑞
′ − 𝑍1𝑋2𝑅𝑔𝑉𝑔𝑐𝑜𝑠𝛿𝑎 + 𝑍1𝑋𝑔𝑋2𝑉𝑔𝑠𝑖𝑛𝛿𝑎(4.14) 

Let (4.12) and (4.13) be expressed as; 

𝐴𝑉𝑑𝑚𝑔 + 𝐵𝑉𝑞𝑚𝑔 = 𝑍𝑔𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) + 𝑍𝑔𝑋2𝑒𝑞
′ + 𝑍1𝑉𝑔(𝑅𝑔𝑠𝑖𝑛𝛿𝑎 + 𝑋𝑔𝑐𝑜𝑠𝛿𝑎) 

i.e.𝑉𝑑𝑚𝑔 =
1

𝐴
[𝑍𝑔𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) + 𝑍𝑔𝑋2𝑒𝑞

′ + 𝑍1𝑉𝑔(𝑅𝑔𝑠𝑖𝑛𝛿𝑎 + 𝑋𝑔𝑐𝑜𝑠𝛿𝑎) −

𝐵𝑉𝑞𝑚𝑔]                     (4.15) 

and, 

𝐶𝑉𝑑𝑚𝑔 − 𝐴𝑋2𝑉𝑞𝑚𝑔 = −𝑍𝑔𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) − 𝑍𝑔𝑋2𝑅𝑡𝑎𝑒𝑞
′ −

𝑍1𝑋2𝑉𝑔(𝑅𝑔𝑐𝑜𝑠𝛿𝑎 − 𝑋𝑔𝑠𝑖𝑛𝛿𝑎)                (4.16) 
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where, 

𝐴 = 𝑔𝑍𝑔𝑍1 + 𝑍1𝑅𝑔 + 𝑍𝑔𝑅𝑡𝑎 

𝐵 = 𝑏𝑍𝑔𝑍1 + 𝑍1𝑋𝑔 + 𝑍𝑔𝑋2 

𝐶 = 𝑏𝑍𝑔𝑍1𝑋2 + 𝑍1𝑋𝑔𝑋2 + 𝑍𝑔𝑋1𝑋2 

Putting the values of 𝑉𝑑𝑚𝑔 from (4.15) into (4.16); we get, 

𝐶 ×
1

𝐴
[𝑍𝑔𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) + 𝑍𝑔𝑋2𝑒𝑞

′ + 𝑍1𝑉𝑔(𝑅𝑔𝑠𝑖𝑛𝛿𝑎 + 𝑋𝑔𝑐𝑜𝑠𝛿𝑎) − 𝐵𝑉𝑞𝑚𝑔] −

𝐴𝑋2𝑉𝑞𝑚𝑔 = −𝑍𝑔𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) − 𝑍𝑔𝑋2𝑅𝑡𝑎𝑒𝑞
′ − 𝑍1𝑋2𝑉𝑔(𝑅𝑔𝑐𝑜𝑠𝛿𝑎 −

𝑋𝑔𝑠𝑖𝑛𝛿𝑎)  

i.e. 
𝐶

𝐴
𝑍𝑔𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) +

𝐶

𝐴
𝑍𝑔𝑋2𝑒𝑞

′ +
𝐶

𝐴
𝑍1𝑅𝑔𝑉𝑔𝑠𝑖𝑛𝛿𝑎 +

𝐶

𝐴
𝑍1𝑋𝑔𝑉𝑔𝑐𝑜𝑠𝛿𝑎 −

𝐵𝐶

𝐴
𝑉𝑞𝑚𝑔 − 𝐴𝑋2𝑉𝑞𝑚𝑔 = −𝑍𝑔𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) − 𝑍𝑔𝑋2𝑅𝑡𝑎𝑒𝑞

′ −

𝑍1𝑋2𝑅𝑔𝑉𝑔𝑐𝑜𝑠𝛿𝑎 + 𝑍1𝑋𝑔𝑋2𝑉𝑔𝑠𝑖𝑛𝛿𝑎 

i.e. 
𝐶

𝐴
𝑍𝑔𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) + (

𝐶

𝐴
+ 𝑅𝑡𝑎)𝑍𝑔𝑋2𝑒𝑞

′+𝑍𝑔𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) +

(
𝐶

𝐴
𝑍1𝑅𝑔 − 𝑍1𝑋𝑔𝑋2)𝑉𝑔𝑠𝑖𝑛𝛿𝑎 + (

𝐶

𝐴
𝑍1𝑋𝑔 + 𝑍1𝑋2𝑅𝑔)𝑉𝑔𝑐𝑜𝑠𝛿𝑎 − (

𝐵𝐶

𝐴
+ 𝐴𝑋2)𝑉𝑞𝑚𝑔 = 0  

i.e.(
𝐵𝐶+𝐴2𝑋2

𝐴
) 𝑉𝑞𝑚𝑔 =

𝐶

𝐴
𝑍𝑔𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) + (

𝐶+𝐴𝑅𝑡𝑎

𝐴
) 𝑍𝑔𝑋2𝑒𝑞

′+𝑍𝑔𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 +

𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) + (
𝐶𝑍1𝑅𝑔−𝐴𝑍1𝑋𝑔𝑋2

𝐴
) 𝑉𝑔𝑠𝑖𝑛𝛿𝑎 + (

𝐶𝑍1𝑋𝑔+𝐴𝑍1𝑋2𝑅𝑔

𝐴
) 𝑉𝑔𝑐𝑜𝑠𝛿𝑎 

i.e. 𝑉𝑞𝑚𝑔 =
1

𝐵𝐶+𝐴2𝑋2
[𝐶𝑍𝑔𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) + (𝐶 +

𝐴𝑅𝑡𝑎)𝑍𝑔𝑋2𝑒𝑞
′+𝐴𝑍𝑔𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) + (𝐶𝑍1𝑅𝑔 − 𝐴𝑍1𝑋𝑔𝑋2)𝑉𝑔𝑠𝑖𝑛𝛿𝑎 +

(𝐶𝑍1𝑋𝑔 + 𝐴𝑍1𝑋2𝑅𝑔)𝑉𝑔𝑐𝑜𝑠𝛿𝑎] 

Let; 𝐵𝐶 + 𝐴2𝑋2 = 𝐷𝑒𝑛 
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So,𝑉𝑞𝑚𝑔 =
1

𝐷𝑒𝑛
𝐶𝑍𝑔𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) +

1

𝐷𝑒𝑛
(𝐶𝑍𝑔𝑋2 +

𝐴𝑍𝑔𝑋2𝑅𝑡𝑎)𝑒𝑞
′+

1

𝐷𝑒𝑛
𝐴𝑍𝑔𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) +

1

𝐷𝑒𝑛
[(𝐶𝑍1𝑋𝑔 + 𝐴𝑍1𝑋2𝑅𝑔)𝑐𝑜𝑠𝛿𝑎 +

(𝐶𝑍1𝑅𝑔 − 𝐴𝑍1𝑋𝑔𝑋2)𝑠𝑖𝑛𝛿𝑎]𝑉𝑔 

i.e. 𝑉𝑞𝑚𝑔 = 𝐷(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) + 𝐸𝑒𝑞
′ + 𝐹(𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) + 𝐺𝑉𝑔         (4.17) 

where, 

𝐷 =
1

𝐷𝑒𝑛
𝐶𝑍𝑔𝑍1 

𝐸 =
1

𝐷𝑒𝑛
(𝐶𝑍𝑔𝑋2 + 𝐴𝑍𝑔𝑋2𝑅𝑡𝑎) 

𝐹 =
1

𝐷𝑒𝑛
𝐴𝑍𝑔𝑍1𝑋2 

𝐺 =
1

𝐷𝑒𝑛
[(𝐶𝑍1𝑋𝑔 + 𝐴𝑍1𝑋2𝑅𝑔)𝑐𝑜𝑠𝛿𝑎 + (𝐶𝑍1𝑅𝑔 − 𝐴𝑍1𝑋𝑔𝑋2)𝑠𝑖𝑛𝛿𝑎] 

Using these values; 𝑉𝑑𝑚𝑔 and 𝑉𝑞𝑚𝑔 can be determined while operating non-autonomous mode; 

and then can be used in the state equations of different component models. Thus, the state 

equation takes the form of; 

𝑋̇ = 𝑓(𝑋, 𝑢) 

where, 𝑋 is the state vector and u is the control vector. This can be expressed as; 

𝑿 = [𝒊𝒑𝒗, 𝑽𝒅𝒄𝒑𝒗, 𝒊𝒇𝒅𝒑𝒗, 𝒊𝒇𝒒𝒑𝒗, 𝒊𝒄𝒐𝒅𝒑𝒗, 𝒊𝒄𝒐𝒒𝒑𝒗, 𝑽𝒄𝒅𝒑𝒗, 𝑽𝒄𝒒𝒑𝒗, 𝜽𝒔, 𝝎𝒕, 𝜹𝒘, 𝝎𝒘, 𝒊𝒑𝒎𝒔𝒈𝒅𝒘, 𝒊𝒑𝒎𝒔𝒈𝒒𝒘,   

𝑽𝒅𝒄𝒘, 𝒊𝒇𝒅𝒘, 𝒊𝒇𝒒𝒘, 𝒊𝒄𝒐𝒅𝒘, 𝒊𝒄𝒐𝒒𝒘, 𝑽𝒄𝒅𝒘, 𝑽𝒄𝒒𝒘, 𝜹𝒂, 𝝎𝒂, 𝒆𝒒
′, 𝑬𝒇𝒅, 𝒊𝒅𝒔𝒕𝒂𝒕, 𝒊𝒒𝒔𝒕𝒂𝒕, 𝑽𝒅𝒄𝒔𝒕𝒂𝒕]𝑻 

and, 

 𝒖 = [𝒎𝒑𝒗, 𝝍𝒑𝒗, 𝒎𝒓𝒘, 𝒎𝒊𝒏𝒗𝒘, 𝝍𝒊𝒏𝒗𝒘, 𝒎𝒔𝒕𝒂𝒕, 𝝍𝒔𝒕𝒂𝒕]𝑻 



56 
  

4.2 Autonomous Mode of Operation 

Applying KCL at the PCC; we get, 

𝑖𝑐𝑜𝑝𝑣 + 𝑖𝑐𝑜𝑤 + 𝑖𝑡𝑎 + 𝑖𝑠𝑡𝑎𝑡 = 𝑖𝑙                          (4.18) 

In terms of d-q axes; (4.18) becomes as; 

𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑡𝑑𝑎 + 𝑖𝑑𝑠𝑡𝑎𝑡 = 𝑖𝑑𝑙                          (4.19) 

and, 

𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑡𝑞𝑎 + 𝑖𝑞𝑠𝑡𝑎𝑡 = 𝑖𝑞𝑙                              (4.20) 

Let us model the load at the PCC by an admittance 𝑌 = 𝑔 − 𝑗𝑏. The load current then can be 

expressed as; 

𝑖𝑙 = 𝑉𝑚𝑔𝑌                   

i.e. 𝑖𝑙 = 𝑉𝑚𝑔(𝑔 − 𝑗𝑏)                               (4.21) 

In terms of d-q axes; (4.21) becomes as; 

𝑖𝑑𝑙 + 𝑗𝑖𝑞𝑙 = (𝑉𝑑𝑚𝑔 + 𝑗𝑉𝑞𝑚𝑔)(𝑔 − 𝑗𝑏) 

i.e. 𝑖𝑑𝑙 + 𝑗𝑖𝑞𝑙 = 𝑔𝑉𝑑𝑚𝑔 − 𝑗𝑏𝑉𝑑𝑚𝑔 + 𝑗𝑔𝑉𝑞𝑚𝑔 + 𝑏𝑉𝑞𝑚𝑔 

i.e. 𝑖𝑑𝑙 + 𝑗𝑖𝑞𝑙 = (𝑔𝑉𝑑𝑚𝑔 + 𝑏𝑉𝑑𝑚𝑔) + 𝑗(𝑔𝑉𝑞𝑚𝑔 − 𝑏𝑉𝑑𝑚𝑔)               (4.22) 

Equating real and imaginary parts; we get, 

𝑖𝑑𝑙 = 𝑔𝑉𝑑𝑚𝑔 + 𝑏𝑉𝑑𝑚𝑔                   (4.23) 

and, 

𝑖𝑞𝑙 = 𝑔𝑉𝑞𝑚𝑔 − 𝑏𝑉𝑑𝑚𝑔                   (4.24) 

Substituting the values of 𝑖𝑡𝑑𝑎 and 𝑖𝑑𝑙 from (3.79) and (4.23) respectively into (4.19); we get, 
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𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 +
−𝑅𝑡𝑎𝑉𝑑𝑚𝑔+(𝑒𝑞

′−𝑉𝑞𝑚𝑔)(𝑥𝑞𝑎+𝑥𝑡𝑎)

𝑅𝑡𝑎
2+(𝑥𝑑𝑎′+𝑥𝑡𝑎)(𝑥𝑞𝑎+𝑥𝑡𝑎)

+ 𝑖𝑑𝑠𝑡𝑎𝑡 = 𝑔𝑉𝑑𝑚𝑔 + 𝑏𝑉𝑑𝑚𝑔          (4.25) 

Let; 𝑋1 = 𝑥𝑑𝑎′ + 𝑥𝑡𝑎 

𝑋2 = 𝑥𝑞𝑎 + 𝑥𝑡𝑎 

𝑍1 = 𝑅𝑡𝑎
2 + 𝑋1𝑋2 

Using these variables in (4.25); we get, 

𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 +
−𝑅𝑡𝑎𝑉𝑑𝑚𝑔+(𝑒𝑞

′−𝑉𝑞𝑚𝑔)𝑋2

𝑍1
+ 𝑖𝑑𝑠𝑡𝑎𝑡 = 𝑔𝑉𝑑𝑚𝑔 + 𝑏𝑉𝑑𝑚𝑔  

i.e.𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) − 𝑅𝑡𝑎𝑉𝑑𝑚𝑔 + 𝑋2𝑒𝑞
′ − 𝑋2𝑉𝑞𝑚𝑔 =  𝑔𝑍1𝑉𝑑𝑚𝑔 + 𝑏𝑍1𝑉𝑞𝑚𝑔 

i.e.(𝑔𝑍1 + 𝑅𝑡𝑎)𝑉𝑑𝑚𝑔 + (𝑏𝑍1 + 𝑋2)𝑉𝑞𝑚𝑔 = 𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) + 𝑋2𝑒𝑞
′            (4.26) 

Similarly, substituting the values of 𝑖𝑡𝑞𝑎 and 𝑖𝑞𝑙 from (3.80) and (4.24) respectively into (4.20); 

we get, 

𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 +
𝑉𝑑𝑚𝑔(𝑥𝑑𝑎

′ +𝑥𝑡𝑎)(𝑥𝑞𝑎+𝑥𝑡𝑎)+𝑅𝑡𝑎(𝑒𝑞
′−𝑉𝑞𝑚𝑔)(𝑥𝑞𝑎+𝑥𝑡𝑎)

(𝑥𝑞𝑎+𝑥𝑡𝑎)[𝑅𝑡𝑎
2+(𝑥𝑑𝑎′+𝑥𝑡𝑎)(𝑥𝑞𝑎+𝑥𝑡𝑎)]

+ 𝑖𝑞𝑠𝑡𝑎𝑡 = 𝑔𝑉𝑞𝑚𝑔 − 𝑏𝑉𝑑𝑚𝑔 

(4.27) 

In terms of 𝑋1, 𝑋2 and 𝑍1 as in the case of d-axes current; (4.27) becomes as; 

𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 +
𝑋1𝑋2𝑉𝑑𝑚𝑔+𝑅𝑡𝑎(𝑒𝑞

′−𝑉𝑞𝑚𝑔)𝑋2

𝑍1𝑋2
+ 𝑖𝑞𝑠𝑡𝑎𝑡 = 𝑔𝑉𝑞𝑚𝑔 − 𝑏𝑉𝑑𝑚𝑔   

i.e.𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) + 𝑋1𝑋2𝑉𝑑𝑚𝑔 + 𝑋2𝑅𝑡𝑎𝑒𝑞
′ − 𝑋2𝑅𝑡𝑎𝑉𝑞𝑚𝑔 = 𝑔𝑍1𝑋2𝑉𝑞𝑚𝑔 −

𝑏𝑍1𝑋2𝑉𝑑𝑚𝑔 

i.e.(𝑏𝑍1𝑋2 + 𝑋1𝑋2)𝑉𝑑𝑚𝑔 − 𝑋2(𝑔𝑍1 + 𝑅𝑡𝑎)𝑉𝑞𝑚𝑔 = −𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) −

𝑋2𝑅𝑡𝑎𝑒𝑞
′                                                      (4.28) 

Let (4.26) and (4.28) be expressed as; 
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𝐴𝑉𝑑𝑚𝑔 + 𝐵𝑉𝑞𝑚𝑔 = 𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) + 𝑋2𝑒𝑞
′ 

i.e.𝑉𝑑𝑚𝑔 =
1

𝐴
[𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) + 𝑋2𝑒𝑞

′ − 𝐵𝑉𝑞𝑚𝑔]              (4.29) 

and, 

𝐶𝑉𝑑𝑚𝑔 − 𝐴𝑋2𝑉𝑞𝑚𝑔 = −𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) − 𝑋2𝑅𝑡𝑎𝑒𝑞
′            (4.30) 

where, 

𝐴 = 𝑔𝑍1 + 𝑅𝑡𝑎 

𝐵 = 𝑏𝑍1 + 𝑋2 

𝐶 = 𝑏𝑍1𝑋2 + 𝑋1𝑋2 

Putting the values of 𝑉𝑑𝑚𝑔 from (4.29) into (4.30); we get, 

𝐶 ×
1

𝐴
[𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) + 𝑋2𝑒𝑞

′ − 𝐵𝑉𝑞𝑚𝑔] − 𝐴𝑋2𝑉𝑞𝑚𝑔 = −𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 +

𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) − 𝑋2𝑅𝑡𝑎𝑒𝑞
′  

i.e.
𝐶

𝐴
𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) +

𝐶

𝐴
𝑋2𝑒𝑞

′ −
𝐵𝐶

𝐴
𝑉𝑞𝑚𝑔 − 𝐴𝑋2𝑉𝑞𝑚𝑔 = −𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 +

𝑖𝑞𝑠𝑡𝑎𝑡) − 𝑋2𝑅𝑡𝑎𝑒𝑞
′  

i.e. 
𝐶

𝐴
𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) + (

𝐶

𝐴
+ 𝑅𝑡𝑎) 𝑋2𝑒𝑞

′ + 𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) −

(
𝐵𝐶

𝐴
+ 𝐴𝑋2)𝑉𝑞𝑚𝑔 = 0  

i.e.(
𝐵𝐶+𝐴2𝑋2

𝐴
) 𝑉𝑞𝑚𝑔 =

𝐶

𝐴
𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) + (

𝐶+𝐴𝑅𝑡𝑎

𝐴
) 𝑋2𝑒𝑞

′ + 𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 +

𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) 

i.e. 𝑉𝑞𝑚𝑔 =
1

𝐵𝐶+𝐴2𝑋2
[𝐶𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) + (𝐶 + 𝐴𝑅𝑡𝑎)𝑋2𝑒𝑞

′ + 𝐴𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 +

𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡)] 
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Let; 𝐵𝐶 + 𝐴2𝑋2 = 𝐷𝑒𝑛 

So,𝑉𝑞𝑚𝑔 =
1

𝐷𝑒𝑛
𝐶𝑍1(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) +

1

𝐷𝑒𝑛
(𝐶 + 𝐴𝑅𝑡𝑎)𝑋2𝑒𝑞

′ +
1

𝐷𝑒𝑛
𝐴𝑍1𝑋2(𝑖𝑐𝑜𝑞𝑝𝑣 +

𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡) 

i.e. 𝑉𝑞𝑚𝑔 = 𝐷(𝑖𝑐𝑜𝑑𝑝𝑣 + 𝑖𝑐𝑜𝑑𝑤 + 𝑖𝑑𝑠𝑡𝑎𝑡) + 𝐸𝑒𝑞
′ + 𝐹(𝑖𝑐𝑜𝑞𝑝𝑣 + 𝑖𝑐𝑜𝑞𝑤 + 𝑖𝑞𝑠𝑡𝑎𝑡)                      (4.31) 

where, 

𝐷 =
1

𝐷𝑒𝑛
𝐶𝑍1 

𝐸 =
1

𝐷𝑒𝑛
(𝐶 + 𝐴𝑅𝑡𝑎)𝑋2 

𝐹 =
1

𝐷𝑒𝑛
𝐴𝑍1𝑋2 

Using these values; 𝑉𝑑𝑚𝑔 and 𝑉𝑞𝑚𝑔 can be determined while operating in autonomous mode; 

and then can be used in the state equations of different component models. Thus, the state 

equation takes the form of; 

𝑋̇ = 𝑓(𝑋, 𝑢) 

where, 𝑋 is the state vector and u is the control vector. This can be expressed as; 

𝑿 = [𝒊𝒑𝒗, 𝑽𝒅𝒄𝒑𝒗, 𝒊𝒇𝒅𝒑𝒗, 𝒊𝒇𝒒𝒑𝒗, 𝒊𝒄𝒐𝒅𝒑𝒗, 𝒊𝒄𝒐𝒒𝒑𝒗, 𝑽𝒄𝒅𝒑𝒗, 𝑽𝒄𝒒𝒑𝒗, 𝜽𝒔, 𝝎𝒕, 𝜹𝒘, 𝝎𝒘, 𝒊𝒑𝒎𝒔𝒈𝒅𝒘, 𝒊𝒑𝒎𝒔𝒈𝒒𝒘,   

𝑽𝒅𝒄𝒘, 𝒊𝒇𝒅𝒘, 𝒊𝒇𝒒𝒘, 𝒊𝒄𝒐𝒅𝒘, 𝒊𝒄𝒐𝒒𝒘, 𝑽𝒄𝒅𝒘, 𝑽𝒄𝒒𝒘, 𝜹𝒂, 𝝎𝒂, 𝒆𝒒
′, 𝑬𝒇𝒅, 𝒊𝒅𝒔𝒕𝒂𝒕, 𝒊𝒒𝒔𝒕𝒂𝒕, 𝑽𝒅𝒄𝒔𝒕𝒂𝒕]𝑻 

and, 

 𝒖 = [𝒎𝒑𝒗, 𝝍𝒑𝒗, 𝒎𝒓𝒘, 𝒎𝒊𝒏𝒗𝒘, 𝝍𝒊𝒏𝒗𝒘, 𝒎𝒔𝒕𝒂𝒕, 𝝍𝒔𝒕𝒂𝒕]𝑻 
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Chapter 5  

Simulation Results and Analysis 

In this chapter, the dynamically modeled microgrid system with photovoltaic (PV), wind 

energy conversion system (WECS), microalternator and static synchronous compensator 

(STATCOM) operating in both non-autonomous and autonomous modes has been considered 

for heuristically analyzing the system performance. Initial values for running the system at the 

steady state has been calculated by using the general law of power systems. This is then used 

in the MATLAB ode program for running the system in both non-autonomous and autonomous 

modes. In this study, at first the observed system is allowed to run in non-autonomous mode; 

and has been switched to autonomous mode after encountering permanent fault in the main 

grid. Temporary disturbance has been given and the system performance has been observed. 

The system performance has also been observed when permanent fault is encountered. It is 

expected that during temporary disturbances, the system must continue to operate in non-

autonomous mode but during permanent fault it is to be shifted to the autonomous mode by 

opening the circuit braker and isolator between the microgrid and the main grid. 

For both the cases, here in this section, various system performances such as microgrid voltage, 

total active and reactive power of microgrid, PV array current, PV DC-link voltage, net output 

PV current, PMSG current, WECS DC-link voltage, net output WECS current, synchronous 

generator field voltage along d-axis, internal voltage along q-axis, microalternator rotor speed, 

STATCOM DC-link voltage, reactive power supplied by STATCOM and STATCOM current 

has been observed and heuristically analyzed. 

5.1 Overall Microgrid Response 

Fig. 5.1, 5.2 and 5.3 shows the plots for voltage, total active power and total reactive power of 

the microgrid or point of common coupling (PCC) respectively for the microgrid system 
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operating in non-autonomous and autonomous modes. Here, temporary disturbances in the 

main grid is simulated from 1 sec to 1.1 sec; which the system itself clears out by the use of 

the controller and make it to return back to the steady state. But when a permanent fault for 0.5 

sec is simulated from 8.4 sec to 8.9 sec, the system could not return back to the steady state 

and kept on oscillating. Hence, the system is switched to an autonomous mode. Then, within 

0.5 sec to 1 sec, the system is found to deliver power to local loads efficiently by operating in 

an autonomous mode. Here, at steady state, before and after the fault; the microgrid voltage, 

active power and reactive power has been found to be maintained constant at about 1 p.u, 1.3 

p.u and 0.02 p.u respectively.  

 

Fig. 5. 1 Microgrid voltage vs time 
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Fig. 5. 2 Total active power of microgrid vs time 

 

Fig. 5. 3 Total reactive power of microgrid vs time 
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5.2 PV System Response 

Fig. 5.4, 5.5 and 5.6 shows the plots for PV array current, PV DC-link voltage and net output 

PV current respectively for the microgrid system operating in non-autonomous and 

autonomous modes. Here, during the temporary disturbances, the PV array current varies from 

0.65 p.u to 0.7 p.u and PV DC-link voltage varies from 0.99 p.u to 1.06 p.u. But the net output 

PV current shortly spikes due to the distortion in transmission to the main grid. As controller 

is used in the network, this increased current settles down to some steady state value quickly. 

But for example, if permanent fault for 0.5 sec from 8.4 sec to 8.9 sec is encountered in the 

main grid, the system could not return back to the steady state and kept on oscillating. Then, 

once the system is switched to an autonomous mode; within 2 to 3 sec, the system is found to 

deliver power to local loads efficiently. Here, at steady state, before and after the fault; the PV 

array current, PV DC-link voltage and net output PV current has been found to be maintained 

constant at about 0.696 p.u, 1 p.u and 0.57 p.u respectively.  

  

Fig. 5. 4 PV array current vs time 
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Fig. 5. 5 PV DC-link voltage vs time 

  

Fig. 5. 6 Net output PV current vs time 
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5.3 WECS Response 

Figure 5.7, 5.8 and 5.9 shows the plots for PMSG current, WECS DC-link voltage and net 

output WECS current respectively for the microgrid system operating in non-autonomous and 

autonomous modes. Here, during the temporary disturbances, the PMSG current varies from 

0.53 p.u to 0.62 p.u and WECS DC-link voltage varies from 0.99 p.u to 1.06 p.u. But the net 

output WECS current shortly spikes due to time lag in controller action; and settles down to 

some steady state value quickly. Similar to case of PV system, if permanent fault for 0.5 sec 

from 8.4 sec to 8.9 sec is encountered in the main grid, the system could not return back to the 

steady state and kept on oscillating. Then, once the system is switched to an autonomous mode; 

within few seconds, the WECS is also found of contributing power to the local loads. Here, at 

steady state, before and after the fault; the PMSG current, WECS DC-link voltage and net 

output WECS current has been found to be maintained constant at about 0.6 p.u, 1 p.u and 0.57 

p.u respectively. 

 

Fig. 5. 7 PMSG current vs time 
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Fig. 5. 8 WECS DC-link voltage vs time 

 

Fig. 5. 9 Net output WECS current vs time 
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5.4 Microalternator System Response 

Fig. 5.10, 5.11 and 5.12 shows the plots for synchronous generator field voltage along d-axis, 

internal voltage along q-axis and microlaternator rotor speed respectively for the microgrid 

system operating in non-autonomous and autonomous modes. Just like in PV system and 

WECS, during temporary disturbances, the voltages and rotor speed of microalternator system 

oscillates for few seconds and gets back to the steady state by its physical inertia. Here, rotor 

speed varies between 0.98 p.u to 1.01 p.u. But once a permanent fault is encountered, the 

system cannot get enough inertia by itself to bring the whole power system network into steady 

state. Then, once the system is switched to an autonomous mode; within few seconds, the 

microalternator system is also found of contributing power to the local loads.  Here, at steady 

state, synchronous generator field voltage along d-axis, internal voltage along q-axis and 

microlaternator rotor speed has been found to be maintained constant at about 1.18 p.u, 1.06 

p.u and 1 p.u respectively. 

 

Fig. 5. 10 Synchronous generator field voltage along d-axis vs time 
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Fig. 5. 11 Internal voltage along q-axis vs time 

 

Fig. 5. 12 Microalternator rotor speed vs time 
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5.5 STATCOM Response 

Fig. 5.13, 5.14 and 5.15 shows the plots for STATCOM DC-link voltage, reactive power 

supplied by the STATCOM and STATCOM current respectively for the microgrid system 

operating in non-autonomous and autonomous modes. As STATCOM acts as a central 

supervisory controller, it supplies reactive power during contingencies in the grid. Here, during 

both temporary and permanent disturbances; though the STATCOM DC-link voltage 

decreases, the STATCOM reactive power and current increases to support the microgrid 

voltage. From the plots, it can also be observed that during steady state, the STATCOM DC-

link voltage remains constant at about 0.97 p.u. But at the same time, the STATCOM reactive 

power and STATCOM current has been found to be zero as STATCOM normally do not play 

any major role in normal operating state. 

 

Fig. 5. 13 STATCOM DC-link voltage vs time 
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Fig. 5. 14 Reactive power supplied by STATCOM vs time 

 

Fig. 5. 15 STATCOM current vs time 
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From the plots for different mcirogrid components, it is observed that the system can efficiently 

run in both non-autonomous and autonomous modes depending on the level of disturbances. 

Here, in this dynamically modeled microgrid system, when disturbance or fault is encountered 

for upto 0.2 sec (here, 0.19 sec) between the main grid and the microgrid, it is seen that the 

system can settle down itself to return back to the steady state. But when the disturbance is not 

cleared within few cycles; then in such a case, the system is found to be shifted to the 

autonomous mode. The mode transition is performed by the set of circuit breaker and isolator 

placed between the microgrid and the main grid. Though spikes are encountered during the 

transition, it is seen that they are slowly settled down to the steady state value. The quick 

settlement of the fluctuating waveform is because of the use of STATCOM with capacitor 

energy storage based central controller. 
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Chapter 6 

Conclusion and Future Work 

6.1 Summary 

The dynamic modeling and performance analysis of a microgrid system with photovoltaic 

(PV), wind energy conversion system (WECS), microalternator and static synchronous 

compensator (STATCOM) has been performed in this project. The inertial type of DG; i.e. 

microalternator has been directly coupled to the microgrid while the non-inertial type of DGs; 

i.e. PV and WECS has been connected to the microgrid via power conditioning unit and filter 

circuitry. The STATCOM here is connected to the microgrid via capacitor energy storage 

device. 

Non-linear state equations for all the components in use has been dynamically modeled; and 

they were combined together to form a complete system capable of operating in both 

autonomous and non-autonomous modes. 28 different state equations from different system 

components; i.e. PV, WECS, microalternator and STATCOM has been used here for modeling 

the microgrid system. The system has been modeled by using MATLAB ode program; and has 

been solved by ‘ode 45’ solver. 

Different types of disturbances; i.e. temporary and permanent disturbances has been simulated 

to heuristically analyze the system performances. The resilency to continue in the same 

operating mode; and the successful transition between the modes during abnormal condition 

has been analyzed. The role of STATCOM in maintaining microgrid voltage during 

contingencies has also been analyzed in this project.  

Finally, it is ensured that the load connected to the microgrid could always get power of desired 

voltage and frequency irrespective of duration of contingencies and mode of operation. 
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6.2 Conclusion 

From non-linear analysis, it was observed that the designed system can operate in both 

autonomous and non-autonomous modes depending on the need of the system. When the 

system itself can run at steady state after the disturbances, the system continues to run in non-

autonomous mode. But, if the inertia of the system could not bring the whole system back to a 

steady state; then in such a case, it detaches itself from the main grid to run in an autonomous 

mode.  

It was also observed that the properly modeled STATCOM with capacitor energy storage 

system can support the grid voltage and frequency during contingencies. In this project, they 

were used for supplying active and reactive power to the microgrid during contingencies. It 

thus assists on maintaining the microgrid voltage level and frequency.  

In overall, the dynamically modeled microgrid system has been observed and found that the 

designed system model is well-efficient to operate in both autonomous and non-autonomous 

modes. The simulation result also shows that the transition of operating modes is smooth and 

does not create fluctuation in output power for a longer time. 

6.3 Future Work 

The work that can be carried out in this area are illustrated as: 

 The hybrid microgrid consisting of both AC and DC networks linked together can be 

designed by using multi-bidirectional converters. 

 Different energy storage devices such as supercapacitors, superconducting magnetic 

energy storage (SMES) devices can be used for regulating the active power flow in the 

microgrid. 
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 Different FACTS devices other than STATCOM can be used for regulating the reactive 

power flow during the transients. 

 Various control and optimization techniques can be implemented for controlling the 

overall power system network. 
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Appendix A. 

𝑁𝑠 Number of PV modules connected in series 72 

𝑃𝑝𝑣 Power generated by the PV system 0.6 p.u. 

𝑃𝑝𝑚𝑠𝑔𝑤  Power generated by the PMSG-based WECS 0.2 p.u. 

𝑃𝑎 Power generated by the microalternator 0.6 p.u. 

𝑃𝑙  Active power consumed by local load 0.8 p.u. 

𝑄𝑙  Reactive power consumed by local load 0.2 p.u. 

𝐿𝑑𝑐𝑝𝑣  DC/DC boost converter inductance of PV system 0.2 p.u. 

𝑅𝑓𝑝𝑣 Filter resistance of PV system 0.05 p.u. 

𝐿𝑓𝑝𝑣 Filter inductance of PV system 0.2 p.u. 

𝐶𝑐𝑝𝑣 Filter capacitance of PV system 0.2 p.u. 

𝑅𝑑𝑟𝑝𝑣 Filter damping resistance of PV system 0.02 p.u. 

𝑅𝑐𝑜𝑝𝑣 Coupling line resistance of PV system 0.05 p.u. 

𝐿𝑐𝑜𝑝𝑣  Coupling line inductance of PV system 0.2 p.u. 

𝑚𝑝𝑣 Modulation index of inverter of PV system 1.02 

𝐻𝑟𝑤 Inertial constant of rotor of PMSG 0.3 

𝐻𝑡𝑤 Inertial constant of wind turbine 2 

𝑥𝑑𝑤  d-axis synchronous reactance of PMSG 1 p.u. 

𝑥𝑞𝑤 q-axis synchronous reactance of PMSG 0.7 p.u. 

𝑅𝑓𝑤 Filter resistance of WECS 0.1 p.u. 

𝐿𝑓𝑤 Filter inductance of WECS 0.2 p.u. 

𝐶𝑐𝑤 Filter capacitance of WECS 0.2 p.u. 

𝑅𝑑𝑟𝑤 Filter damping resistance of WECS 0.1 p.u. 

𝑅𝑐𝑜𝑤 Coupling line resistance of WECS 0.1 p.u. 

𝐿𝑐𝑜𝑤  Coupling line inductance of WECS 0.2 p.u. 

𝑚𝑖𝑛𝑣𝑤 Modulation index of inverter of WECS 1.02 

𝐾𝑠 Stiffness constant of a two mass drive-train used in WECS 0.2 

𝑥𝑑𝑎 d-axis synchronous reactance of microalternator 1.3 p.u. 
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𝑥𝑑𝑎′ d-axis transient reactance of microalternator 0.3 p.u. 

𝑥𝑞𝑎 q-axis synchronous reactance of microalternator 0.47 p.u. 

𝑇𝑑𝑜′ Open-circuit field constant of microalternator 5 

𝑅𝑡𝑎 Line resistance between microalternator and microgrid 0.1 p.u. 

𝑥𝑡𝑎 Line reactance between microalternator and microgrid 0.2 p.u. 

𝑅𝑠𝑡𝑎𝑡 Resistance of STATCOM 0.02 p.u. 

𝐿𝑠𝑡𝑎𝑡 Inductance of STATCOM 0.2 p.u. 

𝑚𝑠𝑡𝑎𝑡 Modulation index of STATCOM 1.02 

𝑅𝑔 Line resistance between microgrid and main grid 0.15 p.u. 

𝑥𝑔 Line reactance between microgrid and main grid 0.26522 p.u. 

   

 

 


