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1.1. Introduction  

Electricity has become vital for modern society due to its important role in the operation of its many 

applications, such as lighting, heating, communication, and powering everyday devices, that have shaped the 

way we live and do things. Since the first electric power station PSES “Pearl Street Electric Station” opened 

for business in 1882, conventional electrical power systems have provided the energy needed for all of these 

devices [13]. Because of this and the fact that our modern civilization is becoming more and more dependent 

on energy, stability, resilience, security, and power quality are essential components of electrical power 

systems [14].  

Power substations serve as the link between the three primary components of traditional power networks, 

which are distribution, transmission, and generating. Because the generation is often done at a distance from 

the point of consumption, a transformer is utilized to increase the voltage and lower the losses in the 

transmission system, which is connected to distribution systems to lower the voltage and provide residential, 

commercial, and industrial customers with electricity at the appropriate voltage levels [15]. Furthermore, 

ordinary electric power systems are regarded of as passive systems with unidirectional power flows since they 

employ minimal active components, such as static synchronous compensators and static var compensators. 
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This aspect raises questions about resilience and dependability because of unforeseen outages, major 

disruptions, or natural disasters [16]. 
As a result, in order to satisfy governmental incentives meant to lessen these issues, as well as to answer 

consumer desires and environmental concerns, traditional electric power networks are undergoing constant 

and quick modifications. These changes are transforming existing systems. By having additional active 

components, bidirectional power flows are created from unidirectional ones. In order to provide an intelligent 

electric network with increased sustainability and dependability, the concept of the "smart grid" has lately 

gained traction [17]. So, utilizing digital technology to regulate consumer loads to conserve energy and using 

the idea of microgrids as its foundation, power will be distributed from suppliers to consumers in a way that 

lowers costs and increases dependability. This idea was created to govern the growing adoption of renewable 

energy resources (RESs) and provide end users the capacity to produce, store, control, and manage a portion 

of their energy usage. 

Distributed generation (DG), energy storage, electricity distribution lines, and local loads are connected 

by microgrids, which are small groups that may function both connected and separated from the main grid 

thanks to control technology. As a result, microgrids enable power to flow both ways with the main distribution 

network, activating the system as a whole. Additionally, the traditional power networks' transmission and 

distribution losses may be minimized by integrating distributed generation (DG), which is mostly reliant on 

RESs. 

Grid-connected and island mode are the two primary operating modes for microgrids. The microgrid 

imports or exports power to and from the main grid in the first one. When there is a disturbance in the primary 

grid, the microgrid transitions to an island mode and provides electricity to the burdens according to 

importance. Furthermore, microgrids may be divided into two categories: distribution microgrids, which 

consist of medium voltage lines that can span several miles and are found in places like industrial parks, 

military bases, and residential areas. Conversely, low-voltage microgrids for facilities or smaller regions, such 

a single building, a house, or a collection of buildings next to one another, are covered by these systems [18].  

An AC microgrid linked to the main power grid is shown in Fig. 1.1. The microgrid can be disconnected 

from the grid for island operation by using a circuit breaker at the point of common coupling (PCC). Given 

that microgrids provide efficient, renewable, and storage 

A range of fuel and energy sources may be employed to make the system more adaptable and efficient 

while serving critical and non-critical loads in an emergency. This makes technologies more appealing when 

combined into a single energy system. The ac-dc converter is the primary power interface in distributed 

generation (DG) and a crucial component for dependable control of microgrid systems as power electronics 

interfaces are typically integrated between specific distributed energy resources (DERs) and the remainder of 

the microgrid [19]. 
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Fig. 1.1: Typical microgrid system architecture 

1.2. Distributed Generation Technology 

1.2.1. Definition  

Distributed Generation Technologies mainly include new energy sources such as fuel cells, wind power 

and photovoltaic power generation, energy storage devices such as storage batteries, small internal combustion 

engine generators, and conventional fossil fuel generators [20]. Typically, the DG set is directly connected, 

via a modular and decentralized way, to the low- or medium-voltage distribution network where the load is 

placed. Its capacity ranges from several kilowatts to several tens of megawatts. According to [21], DG 

technology has the following benefits over traditional large-scale power generation technologies: 

1. Green, clean, and renewable energy sources are used by DG technologies to produce power. There is no 

impact from the scarcity of conventional energy sources. It achieves the diversification of energy use, 

resulting in energy conservation and improved energy efficiency.  

2. Decentralized, adaptable, and flexible in position to better utilize RESs while distributing decentralized 

resources and meeting electricity demands.  

3. There is a reduction in the huge cost required for network loss and the upgrading of the transmission 

and distribution network because the construction period is short, the area is small, the investment is 

lower, and the electrical and physical distance between the electricity load and the power generation 

equipment is shortened. Distributed generation provides huge power systems with strong support and a 

powerful addition. According to [22], mutual backup for big power grids also increases power supply 

dependability. As a result, the DG system can enhance the flexibility and dependability of the power 

supply in addition to fully utilizing energy, reducing expenses, and resolving the issue of long-distance 

transmission while using electricity in remote places.  

1.2.2. Literature review of voltage source inverter-based parallel DGs control technology 

   Early multi-voltage source inverter VSI-based parallel DGs technology research reveals that each 

parallel unit is classified into three categories: multi-agent method, signal interconnect line method, and 
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without signal interconnect line method [23]. Centralized control, master-slave control, and decentralized logic 

control are all included in the signal interconnect line approach [24]. The VSI-based DG module depends on 

interactive key information to support parallel operation; if this information interaction is disrupted, the parallel 

system will not be able to function reliably. As a result, the parallel DG units using these methods are unable 

to realize independent parallel operation. The VSI-based DG based on droop control can realize the 

autonomous parallel operation in the case that the VSI-based DG has no information interaction. 

1.2.3. Parallel VSI-based DGs technology relying on information interaction 

In order to achieve information interaction, the VSI-based DG with parallel technology must either add a 

signal interconnect line between the parallel DG units or employ common mode current, power line, or wireless 

communication technologies. Due to the heavy dependency on the interaction signals, this restricts the 

flexibility of the geographical distribution of the VSI-based DG and lowers the redundancy of the parallel 

system [24]. These techniques can, however, produce output voltage quality and higher current sharing. 

Currently, the parallel VSI-based DG systems with a shared AC bus are the norm for parallel DG technology 

with information exchange. 

1.3. Essential Ideas and Importance of Microgrid 

Micro-grids are one of the most important forms of distributed generation [25], and they are also the most 

effective form of integration into large power grids. A micro-grid is a small-scale system for producing and 

distributing power that consists of loads, distributed power supply, protective mechanisms, energy 

management systems, and monitoring systems. It can operate in isolation as well as be integrated with large-

scale power grids to create relatively independent autonomous systems for management, protection, and self-

control [26]. As stated by [27], the micro-grid is going to play a significant role in the smart grid. The following 

are the primary benefits of the microgrid described above [28]:   

1) Boost power supply system dependability: Microgrids can guarantee power quality, lower power 

consumption, and boost local power supply dependability. Moreover, it is concluded that the big power 

grid's safety and stability may be significantly enhanced by the demand side management (DSM) 

function that the flexible parallel operating mode of the microgrid can perform [27].  

2) Adaptable mode of operation There are two ways that microgrids can function: islanding and grid 

connectivity. Following grid connection, the microgrid must produce electricity in accordance with 

big power grid instructions, power dispatching, and the ability of the microgrid's load to receive power 

from either the large power grid or the microgrid. The micro-power grid can realize a large power grid 

solution quickly and smoothly, ensuring that the large power grid, load, and distributed power are not 

affected in the event of a disturbance caused by various faults or intermittent fluctuations of renewable 

energy from distributed generation [29]. A microgrid can match the local load power supply's 

dependability when it is run in islanding mode. The microgrid can function as a black-start device in 

the event that the grid fails, enhancing post-disaster emergency response capabilities and assisting the 

system in returning to regular operation [30]. 

3) Boost the effectiveness of energy use. The microgrid can logically improve resource allocation, boost 

resource utilization, decrease resource waste, and lessen environmental pollution by evaluating the 
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load's electrical consumption. In addition, distributed generation powered by renewable energy 

sources is located nearer to the load, resulting in shorter transmission distances, lower line losses, and 

lower maintenance expenses [31]. 

4) Encourage the growth of the electric power sector. The microgrid modifies the conventional one-way 

power transmission system by integrating dispersed power sources of different shapes and sizes into 

the same physical network. As a separate player in the power market, the microgrid takes part in the 

marketization process, which supports consistent energy scheduling [32]. Energy management will 

raise the power industry's service quality and efficiency while also fostering the stable growth of the 

electrical market. In addition, widespread microgrid deployment can maximize financial gains and 

lower electricity costs [33]. Businesses have the ability to save energy, cut consumption, electrify rural 

areas, and significantly enhance the quality of the power supply. The microgrid holds immense 

importance as a crucial component of the smart grid. In addition to fully realizing the advantages of 

distributed power supply for both users and power grids, micro-power networks also address the 

drawbacks of distributed power supply and increase its potential value. Micro-power networks are an 

efficient use of distributed power supply and an effective supplement to large power grids. Microgrids 

have drawn more attention and have tremendous development potential [34]. 

1.4. Microgrid Development Status 

In recent years, with the continuing development of energy demand and environmental challenges, the 

United States, Europe, and Japan have represented the developed countries. The area has embraced proactive 

and successful initiatives and policies, as well as increased investment in distributed generation. In order to 

initially construct distributed energy sources, it has actively conducted research on microgrids in conjunction 

with real-life situations in many nations, based on the sustainable growth of the economy and practical issues 

of its own power system. In order to confirm that microgrid operation and protection have been resolved, the 

microgrid model and simulation analysis tools have independently developed control and protection strategies 

and communication protocols for domestic microgrid construction. They have also established laboratory tests 

and on-site demonstration projects. Microgrids' efficient integration, adaptability, and intelligent management 

of distributed power supply have drawn a lot of interest and recognition in the field of distributed energy grid-

connected problem solutions [35]. 

1.5. Microgrid Classification 

The microgrid is classified according to the network structure and functional characteristics and can be 

divided into AC microgrids [36], DC microgrids [37] and AC-DC hybrid microgrids [38]. 

1.5.1. AC micro-grid  

The AC microgrid is currently the main form of microgrid [39]. Power electronic inverters are required to 

connect distributed power supply, energy storage devices, and other components of the AC microgrid to the 

AC bus, as seen in Fig. 1.3. The microgrid's grid-connected operation and islanding operation modes can be 

switched by adjusting the on-grid/off network switch at the common contact point PCC. In [40], a novel high 

frequency AC (HFAC) microgrid is proposed in addition to the standard AC bus microgrid. In this microgrid, 



Chapter 1. Microgrid Overview 

Master’s Thesis, Electrical Engineering Department, University of Msila, June 2024                                                                         10 

all distributed power DGs and energy storage devices are connected to high frequency bus, and then supply 

power to the user's load. HFAC microgrids have certain advantages in terms of miniaturization of equipment, 

reduction of harmonic influence, improvement of power quality and easy access to AC energy storage 

equipment due to their high frequency of operation. 

 

Fig. 1.2: AC microgrid structure 

 

 

1.5.2. DC microgrid  

   The distributed power source, energy storage device, and load within the system are all connected to the 

DC bus, which is a feature of the DC microgrid [41]. As seen in Fig. 1.4, the power electronic inverter 

equipment connects the DC network to the external AC grid. Through power electronic converters, DC 

micropower grids can supply power to AC and DC loads at varying voltage levels. The energy storage device 

on the DC side can also moderate load variations [42]. Two or more DC micro-grids can constitute a dual or 

multiple circuit power supply mode, depending on the distributed power supply characteristics and the users' 

requirements for varying levels of power quality [43]. A DC feeder used to supply power to common load 

types is coupled to a distributed power source with very visible intermittent characteristics. 

 

Fig. 1.3: DC microgrid structure 
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To supply power to loads with increasing demand, a DC feed line links dispersed power sources and energy 

storage devices with generally smooth operating characteristics. The DC microgrid features fewer levels of 

voltage conversion equipment between each distributed power source and the DC bus than the AC microgrid, 

which lowers system construction costs and facilitates control implementation. Suppressing the circulation 

between various distributed power sources is also more favorable because the synchronization issue between 

distributed power sources does not need to be taken into account. 

1.5.3. AC-DC Hybrid Microgrid 

The AC-DC hybrid microgrid structure is shown in Fig. 1.5. In this microgrid, it contains both AC bus and 

DC bus. It can supply DC to AC loads and can directly supply DC loads and for the hybrid AC/DC microgrid 

[44], but from the overall structural analysis, it can still be regarded as an AC microgrid and the DC microgrid 

can be regarded as a unique power source that is connected to the AC bus through the power electronic inverter 

[45]. 

 

Fig. 1.4: AC and DC microgrid structure 

 

1.6. Advantages and Disadvantages of micro-grid 

a) Advantages  

• Ability to disconnect from utility grid during disturbance and operate independently.  

• It reduces demand on utility grid thus prevents grid failure.  

• We can use both electricity and heat energy so that overall efficiency increases.  

b) Disadvantages  

• Voltage, frequency and power quality should be at acceptable limits.  

• Requires battery tanks to store which requires space and maintenance.  

• Resynchronization to utility grid is difficult.  

• Protection is difficult. 

1.7. AC Microgrid Operation Modes 

There are two different operating modes: Grid-connected mode and Island mode. The main tasks of the 

central controller in the Grid-Connected operating mode are summarized as follows:  

• Ensuring synchronized operation with the main grid; 
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• Monitoring system diagnostics by collecting information from the DG units and loads; 

• Performing state estimation and security assessment evaluation, economic generation 

• scheduling and active and reactive power control; 

Moreover, the tasks of the central controller in the Islanded Microgrid (IMG) mode are as follows: 

• Frequency and voltage regulation at all points of the microgrid by adjusting active and reactive power 

control of the DG units; 

• Adapting load-shedding strategies using demand-side management with storage device support for 

maintaining power balance; 

• Initiation of a local black start to ensure improved reliability and continuity of service; 

• Switching the microgrid back to grid-connected mode after main grid supply is restored without 

hindering the stability of either grid; 

Finally, it must be noted that the whole hierarchical microgrid structure can be implemented in a 

decentralized manner as done in [30]. 

1.7.1 Grid-Connected Control 

In the grid-connected mode, the microgrid's primary functions are to accommodate :(1) the real or reactive 

power provided by the DER units and (2) the load demand. The voltage of the microgrid's point of common 

coupling (PCC) is primarily set by the host grid. At the appropriate point of connection (PC), reactive power 

injection from a DER unit can be utilized for (1) power factor correction, (2) reactive power supply, or (3) 

voltage control. 

A robust utility network's voltage and/or frequency control cannot be essentially assisted by DER devices 

with modest power producing capability. In order to prevent interference with the grid's operation, the host 

utility may not allow the DER units to regulate or control the PCC voltage in the grid-connected mode. As a 

result, DER units that are close to the PCC (as indicated by the grid's SCMVA and electrical distance) shouldn't 

actively use a voltage control method [46]. 

1.7.2. Hierarchical Microgrid Control 

Microgrids can be very complex systems just as the main grid; hence, proper control and coordination of 

its components is required for stable and efficient operation. As a result, a microgrid is transformed into a 

single, regulated, aggregated system comprising several distributed generation units (DGs) that may 

communicate with the main grid. It also serves as a crucial part of the smart grid's implementation, 

guaranteeing energy production, security, dependability, and power quality [20]. The following duties need to 

be handled by the microgrid control structure [17]: 

• Controlling frequency and voltage in both operational modes;  

• Resynchronizing the microgrid with the main grid; 

• Coordinating DERs for appropriate load-sharing strategies;  

• Managing power flow between the microgrid and the main grid;  

• Optimizing microgrid resources economically. 
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Fig. 1.5: Hierarchical control levels: primary control, secondary control, and tertiary control 

 

1.7.3. Islanded Control 

In the islanded mode, the microgrid operates as an independent entity and must provide voltage and 

frequency control as well as real and reactive power balance. For instance, the microgrid central controller 

should reduce the net generated power if the load demand is less than the total generation. The DER units are 

given new set points in order to do this. On the other hand, noncritical load shedding or the activation of storage 

units must be taken into consideration if the power generated inside the microgrid is insufficient to fulfill the 

load demand. Applying the hierarchy of control Fig. 1.2 to an islanded microgrid looks like this: 

1.7.3.1. Primary Control 

Primary control is the first level in the control hierarchy, and it has the fastest response. Primary control 

responds to the system's dynamics and ensures that its variables, such as voltage and frequency, follow their 

predetermined values. Primary control primarily operates on a local level, utilizing locally measured signals 

and conventional linear control methods [47].  

1.7.3.2. Secondary control 

Secondary control is the next level of control and is responsible for ensuring power quality and mitigating 

longer term voltage and frequency deviations by determining the set points for the primary control. Although 

an energy management strategy and a secondary controller share this responsibility [48], the latter does not 

leverage (1) communication between microgrid components or (2) potential distributed storage (DS) devices 

like spinning reserves. 

Primary control handles the majority of the microgrid's initial transients, and the primary control loop 

reaches its steady state before the secondary controller updates the set point. This is because secondary control 

operates on a slower time frame than primary control, with a settling time of about a minute in a conventional 

grid. Given that the secondary control employs sampled measurements of the microgrid variables, this helps 

to (1) isolate secondary control from primary control [49] and (2) minimize the communication bandwidth. 

1.7.3.3. Tertiary control 

Tertiary control is the highest level of control  and sets the long term set points depending on the 

requirements  of an optimal power flow, e.g., based on the information received about the status of the DER 

units, market signals, and other system requirements. 
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2.1.  Introduction 

Islanded Microgrid (IMG) is small to medium-scale power system, usually formed by connecting 

distributed generation (DG) units and local load [7]. The DGs are small sources of energy located remotely or 

at close proximity to the loads to be supplied. Typical DG technologies include wind power, photovoltaic (PV), 

fuel cells, microturbines, small hydro, biomass, biogas, geothermal power, and reciprocating internal 

combustion engines with generators. These systems may be driven by renewable energy sources or fossil fuels 

[1]. Certain types of DG provide their power through the recovering of the waste heat produced by sources 

such as the combined heat and power generators, which increases the efficiency and capacity of DGs [7]. DGs-

based AC IMG are usually interfaced with voltage source inverter (VSI), which is the critical element for 

reliable AC IMG that able to control the voltage amplitude and frequency of the AC IMG busbar by using 

local measurements of its output currents and voltages. So, this chapter reviews the fundamental circuit model 

of the VSI-based DG unit and its well-established voltage/frequency control.  

The block diagram of the VSI-based DG is shown in Fig. 2.1, which consists of a constant DC power 

source, three phase VSI connected to the load via LC filter and coupling line impedance, and a voltage 

controller. The last one ensures control of the capacitor voltage amplitude frequency to the load. Frequency is 

maintained through the capacitor voltage phase angle that is used for each transformation between abc frame 

and synchronous rotating reference frame (dq-frame). Whereas, capacitor voltage amplitude control is carried 

out by combining outer voltage and inner current control loops in order to control both voltage magnitude and 

transient currents. The two control loops can be implemented by using the well-established proportional and 

integral controllers (PI-controllers) controllers in dq frame as developed below. 
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Fig. 2.1: The basic topology of three-phase VSI based DG an islanded MG 

In this figure, 𝑉𝑑𝑐 is the DC input voltage, 𝐿𝑓 is the filter inductor, 𝑅𝑓 is the filter resistance and 𝐶𝑓  is the 

filter capacitor. a, b, and c three-phase inverter arms from left to right. The three-phase output voltages of the 

inverter are 𝑣𝑖𝑎, 𝑣𝑖𝑏, 𝑣𝑖𝑐. The three-phase filter capacitor at the output is star-connected and (o) is the midpoint 

of the filter capacitor. The output voltages of the inverter are the capacitor voltages 𝑣𝑎𝑜, 𝑣𝑏𝑜, 𝑣𝑐𝑜. The three-

phase inductor or VSI output currents are 𝑖𝑓𝑎𝑏𝑐.The three-phase output capacitor voltages are 𝑣𝑐𝑎𝑏𝑐.The three-

phase output currents of the load are 𝑖𝑙𝑎𝑏𝑐. The establishment of a mathematical model of a three-phase VSI is 

the basis for its theoretical analysis and is a prerequisite for the design of reasonable control parameters. 

2.2. Modeling of Three-phase Voltage Source Inverter (VSI)  

The modeling and local control of the three-phase VSI-based DG unit are critical for the reliable and 

efficient operation of AC IMGs. By developing accurate models and effective control strategies, we can 

enhance the performance, stability, and resilience of microgrids, paving the way for sustainable and 

autonomous energy systems. 

2.2.1. Voltage Source Inverter (VSI) 

VSI uses semiconducting switches to convert DC voltage to AC voltage. Because the DG units rely on DC 

sources, the VSIs are essential to the functioning of the IMG that is being studied. Each VSI's control system 

is also used to manage the IMG locally. Fig. 2.2 shows a three-phase VSI with an output voltage vi and an 

input dc-voltage Vdc. Together with the input DC voltage at the inverter, the VSI's switching determines the 

output voltage vi [50]. The next part will cover pulse-width modulation, which is a common method of 

controlling the semiconducting switches in the three phase VSI. This control circuit is independent from the 

rest of the system. 

2.2.2. Averaged VSI Model [51] 

Since the operation of the VSI is based on the discrete states that arise from the switching of its IGBTs, 

obtaining a more simplified, comparable model is helpful for control design purposes. Decoupling the DC and 

AC components of the VSI allows for the derivation of a simpler VSI averaged model, which is a non-harmonic 

model, as shown in Fig. 2.2. The power balance between the input (DC side) and output (AC-side) of the VSI 

is the foundation of the model. Three controlled voltage sources with an instantaneous magnitude from the 
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modulator and a current source on the DC side equal to the current needed to reach the active power injected 

for a measured voltage characterize this model [52, 53].  

 
      Fig. 2.2: Averaged VSI model circuit 

Equation (2.1) represents the active power on the input of the VSI, while equation (2.2) represents the 

instantaneous active power on the output of the VSI. 

=
dcinv dc dc

ivP                                                                                                                    (2.1)

= + +
acinv ia fa ib fb ic fc

iv vi ivP                                                                                                    (2.2) 

The DC input power 𝑃𝑑𝑐𝑖𝑛𝑣 is equal to the AC output inverter power 𝑃𝑎𝑐𝑖𝑛𝑣 if both the inverter power 

losses and commutation power losses are ignored. 

2.2.3. Switched Model of the VSI-based DG 

The VSI depicted in Fig. 2.1 functions by turning the switching elements ON or OFF in response to the 

status of the control signals (𝑆𝑎, 𝑆𝑏, and 𝑆𝑐) generated by the PWM approach. Regardless of 𝑖𝑓𝑥 polarity, the 

waveform of the VSI output voltage 𝑣𝑖𝑥 is exclusively governed by the switching functions given by: 

3

3

1  if  is close and  is open
                       , ,  

0 if  is open and  is close

+

+


= =


x x

x

x x

T T
S x a b c

T T
                                                             (2.3) 

As shown in Fig. 2.2, the three input voltages of the VSI (vao, vbo, and vco) called also the potentials of the 

nodes a, b, and c of the VSI with respect to the imaginary midpoint (o) are expressed as a function of the 

switching states and DC voltage by: 

( )

( )

( )

2 1
2

2 1
2

2 1
2

dc

ao a

dc

bo b

dc

co c

V
v S

V
v S

V
v S


= −




= −



= −


                                                                                                                                       (2.4) 

Using this equation, the VSI line-to-line output voltages are represented as follows: 

( )

( )

( )

 = − = −


= − = −


= − = −

ab ao bo dc a b

bc bo co dc b c

ca co ao dc c a

v v v v S S

v v v v S S

v v v v S S

                                                                                                                       (2.5) 
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These line-to-line output voltages are also expressed as a function of the line-to-neutral voltages by: 

ab an bn

bc bn cn

ca cn an

v v v

v v v

v v v

= −


= −
 = −

                                                                                                                                              (2.6) 

This gives: 

( )

( )

( )

ab ca an bn cn an

bc ab bn cn an bn

ca bc cn an bn cn

v v v v v v

v v v v v v

v v v v v v

 − = − + +


− = − + +


− = − + +

                                                                                                                   (2.7) 

Since the sum of the voltages in a balanced three-phase system is: 

0
an bn cn

v v v+ + =                                                                                                                                            (2.8) 

From equations (2.7) and (2.8), we can write: 

( )

( )

( )

an bn cn

bn an cn

cn an bn

v v v

v v v

v v v

 = − +


= − +


= − +

                                                                                                                                         (2.9) 

According to equations (2.7) and (2.9), the output line-to-neutral voltages of the VSI are expressed as 

follows: 

3

3

3

ab ca

an

bc ab

bn

ca bc

cn

v v
v

v v
v

v v
v

−
=


−

=


−
=



                                                                                                                                              (2.10) 

According to equations (2.5) and (2.10), the output line-to-neutral voltages of the VSI are expressed as a 

function of the DC voltage and switching states (𝑆𝑎, 𝑆𝑏, 𝑆𝑐) by the following equation: 

2 1 1

1 2 1
3

1 1 2

− −    
    

= − −    
    − −   

ia a

dc

ib b

cic

v S
V

v S

Sv

                                                                                                                        (2.11) 

From this equation, the output line-to-neutral voltages of the VSI within its eight different switching states 

are given in the abc and αβ stationery reference frames as in the Tab. 2.1: 
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Tab. 2.1: Possible voltage vectors of the VSI in abc and αβ stationery reference frames 

Using the eight vector states and their correspondent output voltages in the Tab. 2.1, we provide the 

switching polygon of the VSI as shown in Fig 2.3 [51]. 

 
Fig. 2.3: Representation of the switching polygon of the VSI 

The matrix form of (2.11) yields the following equation, which defines the VSI conversion matrix: 

2 1 1

1 2 1
3

1 1 2

ia a

dc

ib b

ic c

v S
V

v S

v S

− −    
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    
    − −    

                                                                                                                           (2.12) 
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On the DC side, the output current is determined by: 

   

fa

dc a b c fb

fc

i

I S S S i

i

 
 

=  
 
 

                                                                                                                                 (2.13) 

2.3. Dynamic model of the three phase VSI 

2.3.1. Model of the three phase VSI in the abc reference frame 

Using Kirchhoff's theorem in the Fig. 2.1, the VSI output current and capacitor voltages dynamics may be 

expressed as follows: 

ca

f ca fa La

cb

f cb fb Lb

cc

f cc fc Lc

dv
C i i i

dt

dv
C i i i

dt
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C i i i
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(2.15) 
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di
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
= − −




= − −



= − −


                                                                                                                                         (2.16) 

2.3.2. Model of the three phase VSI in the  reference frame 

Using the Park transformation with power conservation named the Concordia transformation, the VSI 

output voltages in the αβ-reference frame by: 

3,2

ia

i

ib

i

ic

v
v

T v
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
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                                                                                                         (2.17) 

where: 
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T
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 =
 
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                                                                                                                              (2.18) 

Similarly, the capacitor voltages are expressed in the αβ-reference frame are given by: 
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                                                                                                          (2.19) 

Also, the output currents of the VSI in the αβ-reference frame are represented as follows: 
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It is advised to convert the three-phase system into a virtual two-phase system in order to simplify the prior 

VSI model. This results in: 

After converting the dynamics of the capacitor voltages and VSI output currents in equations (2.15) and 

(2.16) from the abc-reference frame into αβ-reference frame, we obtained: 
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(2.21) 
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(2.22) 

The input DC current of the VSI in equation (2.13) is given as function of the switching states and output 

current in the αβ-reference frame as follows; 

dc f f
I S i S i   = +

                                                                                                                                                     
(2.23) 

where: 
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                                                                                                      (2.24) 

2.3.3. Model of the three phase VSI in the dq reference frame 

By applying the direct Park transformation on the VSI output voltages in equation (2.17), we obtained 

these voltages in the dq reference frame as follows 

id i
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iiq

v v
T

vv





   
=   

  
                                                                                                        (2.25) 

where:  
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(2.26) 

Also, using this transformation, we convert the capacitor voltages from the αβ-reference frame into the dq 

reference frame as follows: 
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                                                                                                        (2.27) 

Similarly, we obtained the output currents of the VSI in the dq-reference frame as follows: 
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                                                                                                         (2.29) 

After converting the dynamics of the capacitor voltages and VSI output currents in equations (2.21) and 

(2.22) from the αβ-reference frame into dq reference frame, we obtained: 
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(2.30)
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(2.31) 

The input DC current of the VSI in equation (2.13) is given as function of the switching states and output 

current in the dq-reference frame as follows: 

dc d fd q fq
I S i S i= +

                                                                                                                                                       
(2.32) 

2.4. Instantaneous active and rective powers in abc  frame 

2.4.1. Instantaneous active power (P) 

In a three-phase VSI in Fig. 2.1, the instantaneous active power is provided by: 

= + +ca la cb lb cc lcP v i v i v i                                                                                                                                (2.33) 

2.4.2. Instantaneous rective power (Q) 

The instantaneous reactive power in a three-phase system can be defined in terms of the cross-products of 

the capacitor voltages and VSI output currents. One common definition uses Clarke transformation to 

transform the 𝑎𝑏𝑐-frame quantities to the 𝛼𝛽-frame and then compute the reactive power. However, in the 

𝑎𝑏𝑐-frame, an alternative approach involves defining a power that represents the energy exchanged between 

phases, which does not contribute to the net energy transfer to the load. This definition is less straightforward 

but can be understood as: 
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1
[( ) ( ) ( ) ]

3
= − + − + −ca cb lc cb cc la ca cc lbQ v v i v v i v v i                                                                                     (2.34) 

2.4.3. Instantaneous active and rective powers in  -frame 

By taking into account balanced three-phase systems and defining capacitor voltage and VSI output current 

phases as  and = −
l l

I I jI    , respectively, the apparent complex power in αβ-frame may be 

written as follows [54]: 

( )( )= + = = + −
refc l c c l l

S P jQ V I V jV I jI                                                                                             (2.35) 

The active and reactive powers as functions of capacitor voltages and VSI output currents in the αβ-frame 

can be expressed by rearranging equation (2.35) as follows: 

= +


= −

c l c l

c l c l

P V I V I

Q V I V I

   
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                                                                                                                                     (2.36) 

2.4.4. Instantaneous active and rective powers in the dq-frame 

Similar to this, the apparent complex power in the dq-frame may be found by using = +
cdq cd cq

V v jv  and 

= −
ldq ld lq

I i ji  as the capacitor voltage and VSI output current phases, respectively [54]: 

( )( )= + = = + −
refcdq ldq cd cq ld lq

S P jQ V I V jV I jI                                                                                           (2.37) 

The active and reactive powers as functions of capacitor voltages and VSI output currents in the dq 

reference frame can be expressed by rearranging equation (2.37) as follows: 

= +


= −

cd ld cq lq

cd lq cq ld

P V I V I

Q V I V I
                                                                                                                                         (2.38) 

2.5. Low-Pass Filter (LPF) 

The three phase VSI output filter circuits are essential components in power converter systems, particularly 

in applications where the quality of the output waveform is crucial, which has an important influence on the 

dynamic and static performance of the VSI output voltage and current control. These filters help to reduce 

harmonic distortion, mitigate high-frequency noise, and shape the output voltage waveform to meet specific 

requirements. There are three common types of output filter circuits: L, LC, and LCL filters. 

2.5.1. Inductive Filter (L Filter) 

A single inductor filter, also known as an L filter, is a basic type of output filter commonly used in power 

electronic systems, including VSIs. It consists of a single inductor L connected in series with the output load. 

This configuration forms a low-pass filter that attenuates high-frequency harmonics while allowing the 

fundamental frequency component (desired output frequency) to pass through with minimal attenuation.this 

filter is shown in Fig. 2.4: 

= +
c c c

V V jV  
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Fig. 2.4: L Filter 

2.5.2. Inductive-capacitive Filter (LC Filter) 

The LC filter is typically used to removing the higher-order harmonics from the outputs of the VSIs. The 

cut-off frequency (fc) of this filter is a trade-off between VSI control bandwidth and harmonic attenuation 

effect. Decreasing the cut-off frequency increases the harmonic attenuations; but can limits the VSI control 

bandwidth. 

 

Fig. 2.5: LC Filter 

Advantages: 

• Simple and economical. 

• Provides basic filtering for reducing harmonic distortion. 

Disadvantages: 

• Limited effectiveness in attenuating high-order harmonics. 

• Can introduce resonances if not properly designed. 

2.5.3. Inductive-capacitive-inductive Filter (LCL Filter) 

The LCL filter is an advanced version of the LC filter, incorporating two inductors (Lf1 and Lf2) and a 

capacitor (Cf). It provides better harmonic attenuation and improved filtering performance compared to the LC 

filter. The additional inductor (Lf2) helps to mitigate resonances and provides additional filtering of higher-

order harmonics. this filter is shown in Fig. 2.6: 

Advantages: 

• Better harmonic attenuation compared to LC filters. 

• Helps to suppress resonances and improve stability. 

Disadvantages: 

• More complex and expensive compared to LC filters. 

• Requires careful design to prevent resonance and ensure stability 
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Fig. 2.6: LCL filter 

In this theses we are speak to LC Low-Pass filter that show in Fig. 2.5:  

2.5.4. Parameters tuning of LC Filter 

Usually, the cut-off frequency is maintained between and three times the fundamental frequency and one-

five of the switching frequency as [7]: 

( )03  1 / 5 c swf f f
                                                                                                                                  

(2.39) 

The inductance of the LC filter (Lf) is chosen such that its voltage drop remains within 3% of the VSI 

output voltage as follows [7], [55]: 

( )max 2  0.03f f invI fL V 
                                                                                                                        

(2.40) 

where: 

maxfI  is the max of the inverter output current. 

According to equation (2.40), the inductance of the filter is expressed by: 

( ) ( )    0.03  / (     2f inv fmaxL V I f                                                                                                                     (2.41) 

The cut-off frequency of the LC filter is expressed as a function of the inductance and capacitor by: 

1
 
2  

c

f f

f
L C

=                                                                                                                                        (2.42) 

According to this equation, the filter capacitance can be calculated as follows: 

( )
2

1
  

2
f

c f

C
f L

=                                                                                                                                      (2.43) 

According to the system parameters in Tables A.1 and A.2 for Ifmax = 15 A and fc = 150 Hz, we obtained:  

Lf = 2 mH and Cf = 150 uF. 

2.6. Transmission Lines (feeders) 

Usually, in IMGs, feeders are critical components that distribute power from DGs to various load points 

within the IMG. Feeders can be classified based on the voltage level of the IMGs into three types, which has 
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resistive feeder (Low Voltage IMG), inductive feeder (High Voltage IMG) or resistive- inductive feeder 

(Medium Voltage IMG) as shown in Tab. 2.2 [56]. 

Type of Line R [Ω/km] X [Ω/km] Ratio, R/X 

Low Voltage 0.642 0.083 7.7 

Medium Voltage 0.161 0.190 0.85 

High Voltage 0.06 0.191 0.31 

Tab. 2.2: Typical feeder parameters for differnt IMG voltage levels. 

2.7. Load 

As shown in Fig. 2.1, a resistive-inductive linear load was selected in our thesis to study the characteristic 

of the DG outputs (active and reactive powers, DG output currents and voltages, and line currents) of the 

investigated microgrid system, which has chosen to model a residential load, as given in the benchmark 

microgrid [57]. This load is modelled as a constant impedance (Z0=R0+jX0) and it adjusted to provide the 

nominal active, reactive, and apparent powers at the nominal voltage of the IMG as follows:  

2
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
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



=

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 =
                                                                                                                                                 

(2.44) 

2.8. Design of inner voltage and current controllers in the dq-frame 

 As shown in the general control schema of the three phase VSI-based IMG shown in Fig. 2.7, both 

capacitor voltages and VSI output currents are controlled using the Vector Oriented Control (VOC) concept, 

which consists of two control loops: the outer capacitor voltage control loop and the inner output current 

control loop. The basic principle of this method is to convert the three-phase capacitor voltage and output 

current quantities from the abc reference frame to the dq-frame and control them as constant vectors in the 

steady state with the goal of eliminating the static errors of both vectors by using PI controllers. The 

transformation of the three-phase capacitor voltage and output current quantities into the dq-frame is achieved 

using the Park transformation with power conservation named the Concordia transformation, in which the 

phase angle is provided using the phase locked loop (PLL). The details of different parts of the general control 

schema are described in the next subsections. 
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Fig. 2.7: Block diagram of single three-phase VSI based DG of an Islanded Microgrid with control. 

2.8.1. Output currents and capacitor voltages dual classed loop controllers in the dq reference frame 

The main goals of controlling the capacitor voltages are to maintain them pure sinusoidal and balanced 

under linear and nonlinear; balanced and unbalanced loads, as well as to provide the suitable reference of the 

inner output current control loop. This latter is used to control the output current for the objectives of 

controlling the active and reactive powers, decoupling the d-axis and q-axis, i.e., decoupling the active and 

reactive powers, protecting the VSI circuit against the overcurrent, and to provide the proper VSI output 

voltage references used in the PWM stage for the generation of PWM switching-states of the VSI to generate 

good output voltages. In this work both outer voltage control and inner output current control loops are 

achieved using the PI controllers as shown in Fig. 2.5.   

According to the capacitor voltage dynamics in equation (2.27), we obtained the capacitor currents in the 

dq reference frame as follows:  

cd

cd f f cq

cq

cq f f cd

dv
i C C v

dt

dv
i C C v

dt






= −


 = +


                                                               

(2.45) 

The terms cd

f

dv
C

dt
and 

cq

f

dv
C

dt
 are obtained with the opposite of coupling terms from the regulation of the 

capacitor voltages in the dq frame using PI-controllers as follows: 

( )( )

( )( )

cd iv

f f cq cd pv cd cd

cq iv

f f cd cq pv cq cq

dv k
C C v i k v v

dt s

dv k
C C v i k v v

dt s










+ = = + −


 − = = + −
                                                                                            (2.46) 
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The opposite of the coupling’s terms is determined by the PI-regulators to compensate the coupling 

between d-axis and q-axis of the capacitor voltages. 

( )( )

( )( )

iv

fd cd Ld pv cd cd f cq Ld

iv

fq cq Lq pv cq cq f cd Lq

k
i i i k v v C v i

s

k
i i i k v v C v i

s





  

  


= + = + − − +


 = + = + − + +
                                                                                                

(2.47) 

According to the VSI output current dynamics in equation (2.47), we obtained the VSI output voltages in 

the dq reference frame as follows:  

fd

id f f fd f fq cd

fq

iq f f fq f fd cq

di
v L R i L i v

dt

di
v L R i L i v

dt






= + − +



 = + + +
                                                                                                                          

(2.48) 

The terms 
fd

f f fd

di
L R i

dt
+ and 

fq

f f fq

di
L R i

dt
+  represent the inductance drop voltages, which are obtained 

with the opposite of coupling terms from the regulation of the VSI output currents with their references 

obtained from the regulation of the capacitor voltages in equation (2.47) using PI controllers as follows: 

*

*

( )( )
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(2.49) 

Subtracting equation (2.49) into equation (2.48), we obtain the VSI output voltage references as follows: 

* *

* *

( )( )

( )( )
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id ld cd pi fd fd f fq cd
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iq lq cq pi fq fq f fd cq
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


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
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                                                                                                

(2.50) 

Also, in this control loop, the opposite of the coupling’s terms is determined by the PI-regulators to 

compensate the coupling between d-axis and q-axis of the VSI output currents. 

According to the two equations (2.47) and (2.50), the bloc diagram of both control loops is given in the 

Fig. 2.8: 

 

Fig. 2.8: Block diagram of dual loop voltage and current regulations in the dq reference frame 
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2.8.2. Parameter tuning of PI controllers 

In steady state, when considering that the coupling terms of both control loops are compensated, the outer 

capacitor voltage close loop control and inner output current close loop control output current are given, 

respectively, in Figs. 2.9 (a and b).  

 

(a) 

 

(b) 

Fig. 2.9: Outer capacitor voltage and inner current close loop PI controllers. (a) Outer capacitor voltage close loop PIv control, 

(b) Inner output current close loop PIi control 

According to Fig. 2.9.a, the closed loop transfer function Fv(s) of the capacitor voltage controller is given by: 

( )
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+ +

                                                                                                                          

(2.51)

 By identifying this transfer function with the closed loop transfer function of the second order system F(x) 

given by equation (2.52), we obtain the gains of the PIv as in equation (2.53): 
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Similarly, we calculate the gains of the PIi controller according to Fig. 2.9.b as follows: 

The closed loop transfer function Fi(s) of the output current controller is given by: 

( )
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(2.54) 
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By identifying this transfer function with the closed loop transfer function of the second order system F(x) 

given by equation (2.55), we obtain the gains of the PIv as in equation (2.56): 

2

2 2
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c c
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F s
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(2.55)
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where : 

v  and i  are respectively the damping factor of the PIv and PIi controllers. ωcv and ωci are respectively the 

cut-off frequency of the PIv and PIi controllers.  

To achieve well-damped oscillations and a slight overshoot, the voltage and current controllers have chosen 

a damping coefficient, ξv and ξi of 0.707. To obtain the correct response, it is therefore possible to determine 

the natural frequency, ωcv and ωci for each controller. The condition of choosing ωcv and ωci is knowing that the 

cut-off frequency of the voltage control loop is too low comparing to the cut-off frequency of the current 

control loop 10 ci cv   [51]. The outer voltage loop's lower cut-off frequency ensures stability and 

robustness by making the system less sensitive to high-frequency noise, disturbances, and unmolded dynamics, 

while the inner current loop's higher cut-off frequency provides fast response, better disturbance rejection, and 

decoupling. Both factors contribute to the system's robustness and stability. 

2.9. Simulation results and discussions 

To verify the characteristics of the three phase VSI-based DG unit, the system with its inner voltage and 

current in Fig. 2.3 is simulated under the change of load in both cases balanced and unbalance load using 

MATLAB/Simulink. The parameters of system and simulation are given in the Appendix A.  The results of 

both cases are presented in the Following subsections: 

2.9.1. Characteristics of the VSI-based DG unit under balanced loads 

The simulation results of this test when the DG is feeding the three loads are shown in Figs. 2.10 to 2.16. 

Figs. 2.10 to 2.13 show the steady and transient waveforms of DG output currents and voltages in the abc 

reference frame, as well as their dq components. These results demonstrate that the DG with its inner voltage 

and current controller, can track the change in load and provide good output voltage and current waveforms, 

as well as can perfectly reject the disturbance of load. Both output voltages and currents are sinusoidal and can 

track their references with a steady state tracking error near zero and with very fast dynamic responses under 

the change of three phase load. Also, we can observe that the DG can increase its output current to track the 

change in load and meet its active and reactive power requirements as shown in Figs. 2.15 and 2.16. 
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Fig. 2.10: Three phase VSI-based DG output currents. 

 

Fig. 2.11: VSI-based DG output currents in the dq reference frame. 

 

Fig. 2.12: Three phase DG output voltages (capacitor voltages) 
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Fig .2.13: DG output voltages in the dq reference frame 

 

Fig .2.14: Three phase line currents. 

 

Fig .2.15: DG output active power 
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vcdref
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Fig .2.16: DG output reactive power 

Figs. 2.17 and 2.18 show the three phase IMG voltages and its RMS value, respectively. Both figures 

demonstrated that the three phase IMG voltages are sinusoidal under the three loads, with a decrease in its 

RMS voltage value under any change in load due to the increase in MG impedance drop voltage. 

 

Fig .2.17: Three phase IMG voltages  

 

Fig .2.18. RMS voltage of IMG 

2.10. Conclusions  

In this chapter, a three-phase voltage source inverter with LC filter used as distributed generation unit in 

an IMG is studied. In the first part of this chapter, the mathematical model of a VSI based DG unit including 

the dynamics of both VSI output current and capacitor voltages are presented in the three well knowing frames. 

The obtained dynamic models of the VSI output currents and capacitor voltages in the dq reference frame is 
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used to develop the inner voltage and current controllers in the dq reference frame to control the output active 

and reactive powers and regulate the capacitor voltages of the VSI-based DG unit. For both the VSI output 

current control loop and the capacitor voltage control loop, PI controllers are used. In the second part of this 

chapter, the characteristics of the three phase VSI-based DG unit are tested and analyzed using the controllers 

that are designed before. The obtained simulation results show the good responses of the VSI-based DG unit 

in terms of output currents, capacitor voltages, line currents, active and reactive powers. Based on these, an 

IMG with three VSI-based DG units is constructed in the next chapter, in which an adaptive virtual complex 

impedance-based droop control method combined with the inner voltage and current control loop is proposed 

in the control of the IMG to improve the power sharing among the three DG, the power decoupling, and the 

circulating current eliminations. 
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General Conclusions 

 

This master's thesis aims to enhance the control performance of VSI-based distributed generation (DG) 

units in an islanded microgrid, focusing on power sharing, power decoupling, power oscillation reduction, and 

circulating current eliminations, all while utilizing a decentralized method. The virtual impedance concept-

based droop control methods are a powerful way to improve the performance and power quality of IMGs. This 

is especially true when power decoupling, accurate power sharing, and circulating currant suppression are very 

important. However, these virtual impedance-based methods also have some limitations, including increased 

control complexity and potential stability issues due to improper design or tuning of the virtual impedance. In 

this context, we investigated an adaptive virtual complex impedance-based droop control method for three 

VSI-based DG units in an IMG, and we validated its results using Hardwar-In-the-Loop (HIL) real-time 

simulation and the OPAL RT OP5700 associated with the OP8660 HIL controller. 

In the first chapter of this master's thesis, a brief overview of microgrids discussed in the literature was 

presented, and then attention was focused on an IMG, which shows many advantages compared to the others, 

including improved reliability and resilience, energy efficiency and reduced transmission losses, and economic 

benefits, as well as its utilisation for power requirements in remote and isolated communities, critical 

infrastructure and facilities (hospitals, data centres, military bases, and emergency services require a highly 

reliable and uninterrupted power supply), and campus environments (Universities, research parks, and large 

commercial or industrial complexes). 

In the second chapter, we presented a comprehensive analysis of a three-phase voltage source inverter 

(VSI) with LC filter used as a DG unit in the IMG. We divided this chapter into two main parts. In the first 

part, we presented the mathematical model of a VSI-based DG module, including the dynamics of both VSI 

output current and capacitor voltages in different reference frames (abc, αβ, and dq). We use the model in the 

dq reference frame to develop the inner voltage and current controllers, employing PI controllers to manage 

the output active and reactive powers and regulate the capacitor voltages. In the second part, we simulate the 

three phase VSI-based DG unit using the designed controllers in MATLAB/Simulink environment. 

Simulation results demonstrate that the VSI-based DG unit responds effectively in terms of output currents, 

capacitor voltages, line currents, and active and reactive powers, as well as load power requirements under any 

change. These results form the foundation for constructing an IMG with three VSI-based DG units in the 

subsequent chapter, where an advanced control method is proposed to enhance power sharing, power 

decoupling, and the elimination of circulating currents within the IMG. 

Two virtual impedance-based droop control methods in the dq reference frame have been developed in the 

third chapter to enhance the control performance of the IMG and their dynamic responses, including power 

sharing, power decoupling, reduction of power overshoot and oscillation, and elimination of circulating 

current. The first droop control method is based on the complex virtual impedance concept, and the second 

droop control method is based on the adaptive complex virtual impedance concept. Simulation results using 
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MATLAB/Simulink confirm that the virtual impedance-based droop control method is completely possible 

for controlling the three parallel VSI-based DG units of the IMG. The method enhances power sharing, 

eliminates power overshoot, and eliminates circulating current in situations where line impedances are 

mismatches. However, the results obtained from this method demonstrate that any change in the IMG's 

structure, such as a change in load, swiftly erases these performances. This method's main drawback stems 

from the selection of the resistive and inductive values of the complex virtual impedance method in the ideal 

IMG scenario, rendering it incapable of adapting to any changes in the system's structure. In order to address 

this issue and improve the performance of the IMG, an adaptive virtual complex impedance-based droop 

control method based on the output reactive power and voltage amplitude of each DG unit is applied. The 

method's results significantly enhance the control performances of the IMG. The system shares the active and 

reactive powers equally with few oscillations. It also gets rid of the three DG units' reactive power errors and 

stops the circulating currents completely. It can be concluded that this control method yields favorable 

performance and notable enhancements under line impedance mismatches and load changes when compared 

to both the traditional droop control and the virtual complex impedance-based droop control method. 

To validate and examine the performance of the adaptive virtual complex impedance-based droop control 

method used for controlling the three VSI-based DG units of the IMG, HIL real-time simulations of the three 

control methods are performed in the fourth chapter using the OPAL RT OP5700 associated with the OP8660 

HIL controller. The HIL simulation results show complete similarity to those previously obtained by 

simulations, further demonstrating the superiority of the proposed adaptive virtual complex impedance-based 

droop control method. It's interesting to note that the HIL real-time simulations done with the OPAL RT 

OP5700 and the OP8660 HIL controller pretty much match the real-time implementations. This result indicates 

that the proposed control method is ready for practical implementation. 

This master's thesis is open to a variety of future research avenues. We have listed some of the important 

aspects of future research below. 

• Practical implementation of the proposed control method; 

• Applications of new control methods, such as secondary control, for power sharing, voltage, and 

frequency stabilization; 

• Improvement of the IMG systems by using new power VSIs, such as multi-leg and multi-level VSIs. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Reference Bibliography  

Master’s Thesis, Electrical Engineering Department, University of Msila, June 2024                                                                         87 

Reference Bibliography 

[1] Meraj, S. T., Yu, S. S., Rahman, M. S., Hasan, K., Lipu, M. H., and Trinh, H., "Energy management schemes, 
challenges and impacts of emerging inverter technology for renewable energy integration towards grid 

decarbonization". Journal of Cleaner Production, vol. 221, 137002, 2023. 

[2] Samrat Sumsher Acharya, "Coordinated Frequency and Voltage Control Strategies for Islanded Microgrids with 

Demand Side Management Capability". Master’s thesis, Masdar Institute of Science and Technology, 2017.  

[3 ] REmap. "Roadmap for a renewable energy future". Report, International Renewable Energy Agency, 2016. 

[4] Chethan Raj D. "Operation and Control of a Microgrid with Distributed Generation Systems". Doctoral Thesis, 

National Institute of Technology Karnataka, Surathkal, Mangalore, 2020.  

[5] Wang, X., Li, Y. W., Blaabjerg, F., and Loh, P. C., "Virtual-impedance-based control for voltage-source and 

current-source converters". IEEE Transactions on Power Electronics, vol. 30, no. 12, pp. 7019–7037, 2015. 

[6] Liu, B., Liu, Z., Liu, J., An, R., Zheng, H., and Shi, Y., "An adaptive virtual impedance control scheme based on 

Small-AC-Signal injection for unbalanced and harmonic power sharing in islanded microgrids". IEEE 

Transactions on Power Electronics, vol. 34, no. 12, pp. 12333–12355, 2019. 

[7] Sharma, B., Pankaj, P. K., Terriche, Y., Saim, A., Shrestha, A., Su, C. L., and Guerrero, J. M. "Power Sharing in 

Three-Level NPC Inverter Based Three-Phase Four-Wire Islanding Microgrids With Unbalanced Loads". IEEE 

Access, vol. 11, pp. 20725–20740, 2023. 

[8] Yazdanian, M. and Mehrizi-Sani, A., "Distributed control techniques in microgrids". IEEE Transactions on Smart 

Grid, vol. 5, no. 6, pp. 2901–2909, 2014. 

[9] Keyvani-Boroujeni, B., Fani, B., Shahgholian, G., and Alhelou, H. H. "Virtual impedance-based droop control 

scheme to avoid power quality and stability problems in VSI-dominated microgrids". IEEE Access, vol. 9, pp. 

144999–145011, 2021. 

[10] Hatziargyriou, Nikos, ed. "Microgrids: architectures and control". John Wiley and Sons, 2014. 

[11] Jadav, K. A., Karkar, H. M., and Trivedi, I. N. "A Review of microgrid architectures and control strategy". Journal 

of The Institution of Engineers (India): Series B, vol. 98, pp. 591–598, 2017. 

[12] Anders Bergheim Holvik, "Virtual Impedance Techniques for Power Sharing Control in AC Islanded Microgrids". 

Master’s Thesis, Norwegian University of Science and Technology, 2018. 

[13] Haitham Abu-Rub; Mariusz Malinowski; Kamal Al-Haddad, "Multilevel Converter/Inverter Topologies and 

Applications," in Power Electronics for Renewable Energy Systems, Transportation and Industrial Applications, 

IEEE, 2014. 

[14] Euzeli dos Santos; Edison R. da Silva, "Power Electronics Converters Processing AC Voltage and Power Blocks 

Geometry," in Advanced Power Electronics Converters: PWM Converters Processing AC Voltages, IEEE, 2014. 

[15] Tsoumas, I. P. and Tischmacher, H., "Influence of the Inverter's Modulation Technique on the Audible Noise of 

Electric Motors". IEEE Transactions on Industry Applications, vol. 50, no. 1, pp. 269–278, 2014. 

[16] Un, E. and Hava, A. M., "A Near-State PWM Method With Reduced Switching Losses and Reduced Common-

Mode Voltage for Three-Phase Voltage Source Inverters". IEEE Transactions on Industry Applications, vol. 45, 

no. 2, pp. 782–793, 2009. 

[17] Lai, Y. S., Chen, P. S., Lee, H. K., and Chou, J., "Optimal common-mode voltage reduction PWM technique for 

inverter control with consideration of the dead-time effects-part II: applications to IM drives with diode front end". 

IEEE Transactions on Industry Applications, vol. 40, no. 6, pp. 1613–1620, 2004. 

[18] Xiao, P., Corzine, K. A., and Venayagamoorthy, G. K., "Multiple Reference Frame-Based Control of Three-Phase 

PWM Boost Rectifiers under Unbalanced and Distorted Input Conditions". IEEE Transactions on Power 

Electronics, vol. 23, no. 4, pp. 2006–2017, 2008. 

[19] Calame, Edgar Ariel Escala. Local and Central Controllers for Microgrids. University of Arkansas, 2019. 

[20] Zhang, C., Xu, Y., Dong, Z.Y. and Ravishankar, J. "Three-Stage Robust Inverter-Based Voltage/Var Control for 

Distribution Networks with High-Level PV". IEEE Transactions on Smart Grid, vol. 10, no. 1, pp. 782–793, 2017. 

[21] Pesaram, M.H.A., Huy, P.D. and Ramachandaramurthy, V.K., "A review of the optimal allocation of distributed 

generation: objectives, constraints, methods and algorithms". Journal Renewable and Sustainable Energy Reviews, 

vol.75, no. 1, pp. 293–312, 2017. 

[22] Kayalvizhi, S. and Kumar, V.D.M. "Frequency control of microgrid with wind perturbations using levy walks with 

spider monkey optimization algorithm". International Journal of Renewable Energy Research, vol.7, no. 1, pp. 

146–156, 2017. 

[23] Nunna, H. S. V. S. K. and Srinivasan, D. "Multiagent based transactive energy framework for distribution systems 

with smart microgrids". IEEE Transactions on Industrial Informatics, vol.13, no. 5, pp. 2241–2250, 2017. 

[24] Guerrero, J.M., Hang, L. and Uceda, J. "Control of distributed uninterruptible power supply systems". IEEE 

Transactions on Industrial Electronics, vol.55, no. 8, pp. 273–281, 2008. 



Reference Bibliography  

Master’s Thesis, Electrical Engineering Department, University of Msila, June 2024                                                                         88 

[25] Hatziargyriou, N., Asano, H., Iravani, R. and Marnay. C. "Microgrids: An overview of ongoing research, 

development and demonstration projects". IEEE Power and Energy Magazine, vol.5, no. 4, pp. 78–94, 2007. 

[26] Lasseter, R.H., Eto, J.H., Schenkman., B., Stevens, J., Volkommer, H., Klapp, D., Linton, E., Hurtado, H. and Roy, 

J. "CERTS microgrid laboratory test". IEEE Transactions on Power Delivery, vol. 26, no. 1, pp. 325–332, 2011. 

[27] Nunna, H. S. V. S. K., and Doolla, S. "Demand response in smart distribution system with multiple microgrids". 

IEEE Transactions on Smart Grid, vol.3, no. 4, pp. 1641–1649, 2012. 

[28] Katiraei, F. and Iravani, M.R. "Power management strategies for a microgrid with multiple distributed generation 

units". IEEE Transactions on Power Systems, vol. 21, no. 4, pp. 1821–1831, 2006. 

[29] Micallef, A., Apap, M., Staines, C.S. and Guerrero, J.M. "Single phase microgrid with seamless transition 

capabilities between modes of operation". IEEE Transactions on Smart Grid, vol. 6, no. 6, pp. 2736–2745, 2015. 

[30] Pecaslopes, J.A., Moreira, C.L. and Resende, F.O. "Control strategies for microgrids black start and islanded 

operation". Journal of Distributed energy rersources, vol. 1, no. 3, pp. 241–261, 2005. 

[31] Dahraie, M.V., Moghaddam, A.A. and Guerrero, J.M. "Evaluation of reliability in risk constrained scheduling of 

autonomous microgrids with demand response and renewable resources". IET Renewable Power Generating, vol. 

12, no. 6, pp. 657– 667, 2018. 

[32] Lee, P.K., Lai, L.L. and Chan, S.W. "A practical approach of energy efficiency management reporting systems in 

microgrid". IEEE Power and Energy Society General Meeting, pp. 1–5, 2011. 

[33] Mohan, V., Singh, J.G. and Ongsakul, W. "Sortino ratio based portfolio optimization considering EVs and 

Renewable energy in microgrid power market" IEEE Transactions on Sustainable Energy, vol. 8, no. 1, pp. 219–

229, 2017. 

[34] Vluski, R., Kumar, J., Venkata, S.S., Vishwakarma, D., Scheider, K., Sani, A.M., Terry, R. and Agate, W. 

"Microgrid controller design, implementation and deployment: A journey from conception to implementation at 

the Philadelphia navy yard". IEEE Power and Energy Magazine, vol. 15, no. 4, pp. 50–62, 2017. 

[35] Shuai, Z., Sun, Y., Shen, Z.J., Tian, W., Tu, C., Li, Y. and Yin, X. "Microgrid stability: classification and a 

review". Journal of Renewable and Sustainable Energy Reviews, vol. 58, no. 1, pp. 167–179, 2017. 

[36] Eid, B.M., Rahim. N.A., Selvaraj, J. and Kateb, A.H.E. "Control method and objectives for electronically coupled 

distributed energy resources in microgrids: A Review". IEEE Systems Journal, vol. 10, no. 2, pp. 446–458, 2016. 

[37] Augustine, S., Lakshminarasamma, N. and Mishra, M.K. "Control of photovoltaic based low voltage dc microgrid 

system for power sharing with modified droop algorithm". IET Power Electronics, vol. 9, no. 6, pp. 1132–1143, 

2016. 

[38] Gupta, A., Dolla, S. and Chatterjee, K. "Hybrid AC-DC microgrid: Systematic evaluation of control strategies". 

IEEE Transactions on Smart Grid, vol. 9, no. 4, pp. 3830–3843, 2018. 

[39] Rajesh, K.S., Dash, S.S., Rajagopal, R. and Sridhar, R. "A review on control of ac microgrid". Journal of 

Renewable and Sustainable Energy Reviews. vol. 71, no. 1, pp. 814–819, 2017. 

[40] Xiaofei, L., Xin, A. and Yonggang, W. "Study of single phase HFAC microgrid based on MATLAB/Simulink". 4th 

International conference on electric utility deregulation and restricting and power technologies (DRPT), pp. 1104–

1108, 2011. 

[41] Rocabert. J., Luna, A., Blaabjerg, F. and Rodriguez, P. "Control of power converters in ac microgrid". IEEE 

Transactions on Power Electronics, vol. 27, no. 11, pp. 4734–4749, 2012. 

[42] Augustine, S., Mishra, M.K. and Lakshminarasamma. ,N. "Adaptive droop control strategy for load sharing and 

circulating current minimization in low voltage standalone dc microgrid". IEEE Transactions on Sustainable 

Energy, vol.  6, no. 1, pp. 132–141, 2015. 

[43] Ricchiuto, D., Mastromauro, R.A., Liserre, M., Trintis, I. and Nielsen, S.N. "Overview of multi DC bus solutions 

for DC microgrids". Proc., IEEE International symposium on power electronics for distributed generation systems, 

Rogers, USA, pp. 1–8, 2013. 

[44] Unamuno, E. and Barrena, J.A. "Hybrid AC/DC microgrids-Part I: Review and classification of topologies".  

Journal of Renewable and Sustainable Energy Reviews, vol. 52, no. 1, pp. 1251–1259, 2015. 

[45] Poh, C.L., Ding, L. and Blaabjerg, F. "Autonomous control of interlinking converters in hybrid AC-DC microgrids 

with energy storages." IEEE energy conversion congress and exposition (ECCE), Phoenix, USA, pp. 652–658, 

2011. 

[46] IEEE Standard for Interconnecting Distributed Resources with Electric Power Systems, IEEE Std. vol. 1547, 2003, 

reaffirmed 2008. 

[47] Lopes, J. P., Moreira, C. L., and Madureira, A. G., "Defining control strategies for microgrids islanded operation". 

IEEE Transactions on Power Systems, vol. 21, no. 2, pp. 916–924, 2006. 

[48] Katiraei, F. and Iravani, M. R., "Power management strategies for a microgrid with multiple distributed generation 

units". IEEE Transactions on Power Systems, vol. 21, no. 4, pp. 1821–1831, 2006.  



Reference Bibliography  

Master’s Thesis, Electrical Engineering Department, University of Msila, June 2024                                                                         89 

[49] Marinescu, B. and Bourles, H., "Robust predictive control for the flexible coordinated secondary voltage control of 

large-scale power systems". IEEE Transactions on Power Systems, vol. 14, no. 4, pp. 1262–1268, 1999. 

[50] Ned M., Tore U., and William P. R., "Power electronics: converters, applications, and design". John Wiley and 

Sons, 3rd edition, 2003. 

[51] Mohammed-Said, Ouahabi, Aissat, L., "SIL and PIL Simulation of Second Order SMC of HVDC Systems". 

Master thesis, University of M’sila, 2020.  

[52] Yazdani, A., and Iravani, R., "Voltage-Sourced Converters in Power Systems, Modeling, Control, and 

Application". Wiley-IEEE Press, 2010. 

[53] Egea-Alvarez, A., Junyent-Ferre, A., and Gomis-Bellmunt, O., "Active and Reactive Power Control of Grid 

Connected Distributed Generation Systems in Modeling and Control of Sustainable Power Systems". Towards 

Smarter and Greener Electric Grids,L. Wang Ed.,Springer, Berlin, Heidelberg, 2012. 

[54] Akagi, H., Watanabe, E., and Aredes, M., "Instantaneous Power Theory and Applications to Power Conditioning". 

Wiley, New Jersey, USA, 2017. 

[55] Beres, R., N., Wang, X., Liserre, M., Blaabjerg, F., and Bak, C., L., "A review of passive power filters for three-

phase grid-connected voltage-source converters". IEEE Transactions J. Emerg. Sel. Topics Power Electronics, vol. 

4, no. 1, pp. 54–69, 2016. 

[56] Joan, R., Alvaro L., Blaabjerg, F., and Pedro R., "Control of power converters in ac microgrids". IEEE 

Transactions on Power Electronics, vol. 27, no. 11, pp. 4734–4749, 2012. 

[57] Stavros P., Nikos H., Kai S., Benchmark, A., "low voltage microgrid network". In Proceedings of the CIGRE 

Symposium: Power Systems with Dispersed Generation, pp. 1–8, 2005. 

[58] Cao, X., Wang, J., and Zeng, B., "Networked microgrids planning through chance constrained stochastic conic 

programming". IEEE Transactions on Smart Grid, vol. 10, no. 6, pp. 6619–6628, 2019. 

 [59] Mirafzal, B. and Adib, A., "On grid-interactive smart inverters: Features and advancements". IEEE Access, vol. 8, 

pp. 160526–160536, 2020. 

[60] Fan, B., Li, Q., Wang, W., Yao, G., Ma, H., Zeng, X., and Guerrero, J. M. "A novel droop control strategy of 

reactive power sharing based on adaptive virtual impedance in microgrids". IEEE Transactions on Industrial 

Electronics, vol. 69, no. 11, pp. 11335–11347, 2021. 

[61] Hirase, Y., Abe, K., Sugimoto, K., Sakimoto, K., Bevrani, H., and Ise, T., "A novel control approach for virtual 

synchronous generators to suppress frequency and voltage fluctuations in microgrids". Appl. Energy, vol. 210, pp. 

699–710, 2018. 

[62] Guerrero, J.M., Vasquez, J.C., Matas, J. and Vicuna, L.G.De. "Hierarchical control of droop-controlled ac and dc 

microgrids-A general approach towards standardization". IEEE Transactions on Industrial Electronics, vol. 58, no. 

1, pp. 158–172, 2011. 

[63] Zhang, Z. "Research on droop control strategy for microgrid inverter". Master thesis, Nanjing university of 

aeronautics and astronautics, China, 2013. 

[64] IEEE Standards Association. IEEE 1547–2018- IEEE Standard for Interconnection and Interoperability of 

Distributed Energy Resources with Associated Electric Power Systems Interfaces. IEEE, 2018. 

doi: 10.1109/IEEESTD.2018.8332112 

[65] IEEE Standards Association. IEEE 2030.7-2017 - IEEE Standard for the Specification of Microgrid Controllers. 

IEEE, 2017. doi: 10.1109/IEEESTD.2018.8340204 

[66] IEC 62257-4:2005 - Recommendations for renewable energy and hybrid systems for rural electrification - Part 4: 

System selection and design. 

[67] Chen, Z., Pei, X., Yang, M., and Peng, L., "An Adaptive Virtual Resistor (AVR) Control Strategy for Low-Voltage 

Parallel Inverters". IEEE Transactions on Power Electronics, vol. 34, no. 1, pp. 863–876, 2019. 

[68] Li, Y. W. and Kao, C. N., "An accurate power control strategy for power-electronics-interfaced distributed 

generation units operating in a low-voltage multibus microgrid". IEEE Transactions on Power Electronics, vol. 24, 

no. 12, pp. 2977–2988, 2009. 

[69] Zhang, M., Mu, L., Chen, G., and Fang, C. "A circulating current suppression strategy of VSG based on adaptive 

virtual complex impedance". Electric Power Systems Research, vol. 228, 110065, 2024. 

[70] An, R., Liu, Z., and Liu, J., "Successive-Approximation-Based virtual impedance tuning method for accurate 

reactive power sharing in islanded microgrids". IEEE Transactions on Power Electronics, vol. 36, no. 1, pp. 87–

102, 2021. 

[71] Hu, Y., Xiang, J., Peng, Y., Yang, P., and Wei, W., "Decentralised control for reactive power sharing using 

adaptive virtual impedance". IET Gener. Transmiss. Distrib., vol. 12, no. 5, pp. 1198–1205, 2018. 

[72] Pham, M. D., and Lee, H. H. "Effective coordinated virtual impedance control for accurate power sharing in 

islanded microgrid". IEEE Transactions on Industrial Electronics, vol. 68, no. 3, pp. 2279–2288, 2020. 

https://doi.org/10.1109/IEEESTD.2018.8332112
https://doi.org/10.1109/IEEESTD.2018.8340204


Reference Bibliography  

Master’s Thesis, Electrical Engineering Department, University of Msila, June 2024                                                                         90 

[73] He, J., Li, Y. W., Bosnjak, D., and Harris, B., "Investigation and active damping of multiple resonances in a 

parallel-inverter-based microgrid". IEEE Transactions on Power Electronics, vol. 28, no. 1, pp. 234–246, 2013. 

[74] Tawfique, K. Merabet, A., Ibrahim, A., H and Beguenane, R., "Standalone wind energy conversion system using 

OPAL-RT real-time HIL/RCP laboratory," 2016 International Conference on Industrial Informatics and Computer 

Systems (CIICS), Sharjah, 2016, pp. 1-5.  

[75] Chaudron, Jean-Baptiste, "Architecture de Simulation Distribuée Temps Réel". Doctoral Thesis en informatique, 

Toulouse, University of Toulouse, 2012.  

[76]. Menghal, P. M., and Laxmi, A. J., "Real time simulation: A novel approach in engineering education". 2011 3rd 

International Conference on Electronics Computer Technology, vol. 1, pp. 215–219, 2011,.  

[77]. Merabet, A., Zhang, Q., Ghias A., "Control of Simulated Solar PV Microgrid Operating in Grid-Tied and Islanded 

Modes". IECON 2018 44th Annual Conference of the IEEE Industrial Electronics Society, Washington, DC, USA, 

pp. 21-23 Oct. 2018. 

[78]. Real-time simulation, 2017. [Online]. Available: http://www.opalrt.com/trainingprograms-overview/. 

[79]. MA I., Merabet, A., Beguenane, R., Ibrahim, H., "Power management strategy for solar-wind-diesel stand-alone 

hybrid energy system". International Journal of Energy and Power Engineering, vol. 8, no.6, pp.850-85, 2014. 

[80] Dhar, Rupak Kanti "Experimental validation of solar photovoltaic and battery storage-based microgrid energy 

management system". Master thesis, Saint Mary’s University, 2020. 
[81] Manuals and Documentations OPAL-RTLAB technologies/OP5700. 2018. OPAL-RT Technologies, Inc. 1751 

Richardson, suite 2525 Montréal (Québec) Canada H3K 1G6. https://opal-

rt.atlassian.net/wiki/spaces/PHDGD/pages/144659899/OP5700. 

 [82] Manuals and Documentations OPAL-RTLAB technologies/OP8660. 2016. OPAL-RT Technologies, Inc. 1751 

Richardson, suite 2525 Montréal (Québec) Canada H3K 1G6. https://www.opal-rt.com/wp-

content/uploads/2016/09/OP8660_User-Manual.pdf 

[83] O. Mohammed and N. Abed, "Real-time simulation of electric machine drives with hardware-in-the-loop". 

COMPEL: The International Journal for Computation and Mathematics in Electrical and Electronic Engineering, 

vol. 27, no. 4, pp. 929-938, 2008. 

[84] Zoubida, C., Halima, A., Mokhtar, B. "Performances de simulation en temps réel avec RT-LAB d’un système 

d’entrainement électrique sur  ‘OP4510’". Master thesis, University of Saida, 2021.  

 

 

 

http://www.opalrt.com/trainingprograms-overview/
https://opal-rt.atlassian.net/wiki/spaces/PHDGD/pages/144659899/OP5700
https://opal-rt.atlassian.net/wiki/spaces/PHDGD/pages/144659899/OP5700


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


