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Abstract 

In modern power distribution grids, the evolution of new power control methodologies in 

microgrid applications is growing increasingly due to the large demand for DG sources 

integration. However, with the rising level of the DG sources penetration in the distribution 

network and for maintaining a reliable operation of the main grid, the power flow exchange 

at the point of common coupling between the microgrid and the utility grid should be 

controlled. A few research studies in academia and industry has concentrated on the 

decentralized bidirectional power flow control, especially in low-voltage distribution 

networks. Therefore, in this thesis, a series transformerless H-bridge inverter which plays 

the role of a series power flow controller is placed at PCC between the microgrid and the main 

utility grid to satisfy this target.  

This dissertation focuses on developing suitable power control strategies and algorithms of 

the system components to satisfy a desired real power flow reference at PCC. The proposed 

work is realized by power flow calculations and time-domain simulations, respectively. In 

power flow calculations, the series power flow controller is modeled as a voltage source 

inverter, where an overall power flow algorithm and an optimization function are designed 

to control the real power transfer between both networks. The limits of the proposed approach 

have been investigated by adjustment of different droop settings and various network 

conditions. However, in time-domain simulations, the proposed series controller is modeled 

as a transformerless H-bridge inverter, where two novel power control strategies are 

implemented to control the bidirectional real power transfer at PCC. Furthermore, the power 

control loop of the DG units in the microgrid is supported by 𝑃/𝑉 droop characteristic which 

is varied depending on the PCC voltage changes. The bidirectional real power flow is 

controlled by injecting the needed voltage magnitude and phase angle depending on the 

desired and measured real power at PCC. The series injected voltage changes the microgrid 

side voltage and thus, the 𝑃/𝑉 droop controllers respond automatically to satisfy the assigned 

power reference. Several case scenarios have been investigated using SimPowerSystems and 

PLECS tool boxes of Matlab/Simulink. The proposed methods and methodologies show 

promising results, in which they confirm the feasibility and applicability of the proposed 

series power flow controller concept and its associated methodologies.  

A verification task has been fulfilled by investigating the disconnection and reconnection 

process of the microgrid and the proposed series power flow controller under short circuit 

events. The microgrid is represented by a single DG unit and the series power flow controller 

is represented by the transformerless H-bridge inverter. The islanding and resynchronization 

process of the microgrid is redeemed by activating a synchronization controller within the 

island control mode of the microgrid. However, the disconnection and reinsertion process of 

the transformerless H-bridge inverter is realized based on two different approaches which 

are selected depending on the fault location. After fault clearance, the simulation results of 

the test validation model depict smooth transition and soft reinsertion of the microgrid and 

the transformerless H-bridge inverter, respectively. 
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Chapter 1 : Introduction 

1.1 Motivation 

Lately, the direction toward satisfying the energy demand at the distribution level by generating 

the power locally from non-renewable and/or renewable energy sources like solar photovoltaic, 

wind energy, microturbines, fuel cells is getting more concern. The higher integration of these 

power sources into the distribution network is also another promising trend in the future of power 

systems. The transfer of electricity in the conventional passive power networks is commonly 

considered as unidirectional. However, the increasing prosperity of active distribution networks 

with distributed energy sources (DERs) entails the electricity transportation to be bidirectional. 

Exploiting the clean energy from the renewable energy sources necessitates incorporating 

intelligent and smart control systems. At the same time, the integration of these DERs as a smart 

grid or a microgrid necessitates employing advanced and developed technologies in the future 

active distribution networks. Fundamentally, the microgrid is considered as an active distribution 

network since it combines DG systems and local loads at distribution voltage level. DG systems 

have to be equipped with power electronic interfaces and proper control systems in order to provide 

system operation flexibility which would present the microgrid as a single controllable unit to the 

main utility grid. Microgrid insertion in the distribution network without harming the security and 

reliability of the main power system verifies its compatibility with the grid regulations and rules. 

If the microgrid capacity is relatively small, its connection to the distribution system will not affect 

the stability of the main grid. However, with the higher integration of DG sources into the 

distribution network, the stability and security of the main grid will be affected considerably. 

Therefore, the key issue in the management and operation of the microgrid and the main utility 

grid is the dynamic interaction between both of them [1].  

The trend toward developing decentralized microgrids rather than developing microgrids based 

centralized controllers has got more attention because of a large amount of DGs integration into 

the electrical distribution network [2]. From the perspective of both the consumer and the main 

utility grid, the decentralized microgrid can present worthy advantages and benefits in comparison 

to the one based centralized controller [3, 4]. Moreover, since most of the microgrid 

interconnections are particularly integrated into low voltage distribution networks which are 

mainly resistive, 𝑃/𝑉 droop controllers are essentially being considered in the power control 

strategy of the microgrid DGs because of the natural linkage between 𝑃 and 𝑉 [5, 6]. The active 

power-frequency (𝑃/𝑓) droop control method which is dependent on the natural linkage between 

𝑃 and the phase angle difference or frequency 𝑓 is not preferred and considered as an ineffective 

method as this linkage is only common and efficient in inductive networks. 𝑃/𝑉 droop controller 

is taken into account in low-voltage distribution network which has mainly resistive lines as it is 

more appropriate than the 𝑃/𝑓 droop controller [7]. So that, in order to fully take advantage of the 
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DG units and to provide a flexible voltage-based operation of the microgrid, the proposed 𝑃/𝑉 

droop controller is implemented for generating the real power of the DG units. 

Recently, generation of power from renewable energy sources has depicted an enormous growth 

at the distribution network level. A new trend toward near zero-net bidirectional power exchange 

between the microgrid and the main utility grid can improve the efficiency and reliability of the 

power grid. As the incorporation rate of the DG units which can become controllable entities within 

the electrical distribution network is increasing, in addition to maintaining a reliable and safe 

operation of the main grid, the power transfer between the microgrid and the utility grid needs to 

be controlled. The bidirectional power control at PCC between the utility grid and the microgrid 

in low voltage distribution networks has attracted little attention in research. As a consequence, 

two compromises can be presumed in order to satisfy this objective: 

• The first one is when the utility notifies the needed information using communication lines 

to all microgrid DGs and loads. Nonetheless, this method is not preferred since it conflicts 

with the decentralized control concept that avoids using communications between the 

microgrid DG units and the main grid.  

 

• The second compromise which seems to be more optimal and reliable is when the main 

utility grid communicates the required signals only with the PCC, and the 𝑃/𝑉 droop 

controllers of the microgrid DG units react automatically with the system changes. 

Therefore, a series power flow controller is needed between the main grid and the 

microgrid to realize the second compromise. This series power flow controller is 

represented as a transformerless H-bridge inverter which is placed at PCC to control the 

bidirectional power flow. The main advantage of this inverter is the lower harmonic 

content, reduced cost and number of elements, in which only one capacitor is required to 

generate the series injected voltage. Furthermore, the primary contribution of this thesis is 

the capability of controlling the bidirectional real power flow between the main grid and 

the microgrid by locating only single-phase H-bridge inverter which changes the PCC 

voltage depending on its series injected voltage. Thus, the 𝑃/𝑉 droop controllers of the DG 

units modify their droop characteristics according to the series injected voltage at PCC and 

the desired real power reference. The basic architecture of the research idea in this thesis 

is depicted in Figure 1.1 where the detailed modeling and design will be presented in the 

subsequent chapters.  

 

The abovementioned motivation has stimulated a detailed investigation about the research work 

concept and its applicability in the distribution network, where appropriate power control strategies 

for the microgrid DGs and the series transformerless H-bridge inverter will be developed in time-

domain and by the numerical iterative solution. Also, the system performance under short circuit 

events will be investigated to prove the validity of the proposed series converter.   
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Figure 1.1: Basic architecture of the research idea 

 

1.2 Objectives 

The major objective of this thesis is to fulfill a real power balance between the total load demand 

and the total power generation in the microgrid, which means fulfilling near zero-net bidirectional 

real power flow between the microgrid and the main grid in a radial distribution network. In this 

case, using a central controller which requires a complete shutdown in case of system failures and 

obligates a complex communication network can be avoided. Besides, the need for bulky and 

costly battery energy storage systems within the DG units which can absorb the surplus energy 

and supply the lack of power can also be avoided. However, if the net energy balance between the 

total power generation and total load demand is large enough, or if the weather conditions don’t 

allow to generate more power to satisfy the load demand, then battery energy storage systems are 

necessary.   

Further objectives of this thesis can be summarized as the following: 

• Design of a preliminary power flow algorithm based on the numerical iterative process to 

validate the work concept. The proposed power flow algorithm considers developing an 

optimization function for the transformerless H-bridge inverter which is modeled as a 

series voltage source and it considers developing a 𝑃/𝑉 droop characteristic for the 

microgrid DG units.    

 

• Developing a series power flow controller in the form of transformerless H-bridge 

inverter which can interact with the microgrid DG units without any kind of 

communication links. 

 



4 

 

• Developing power control strategies that can be integrated into the control unit of the 

transformerless H-bridge inverter and can track the desired real power flow reference by 

injecting a proper series voltage into the line.  

 

• Development of a power control method for the microgrid DG units that take into 

consideration 𝑃/𝑉 droop characteristic so that the DG real power reference is changed 

automatically in response to the PCC voltage variation. 

 

• Satisfying a bidirectional real power exchange between the main grid and the microgrid 

via decentralized power management between the microgrid DG control units and the 

transformerless H-bridge inverter control unit.  

 

• Implementing an island control method for the DG unit to provide the required demand 

of the local load in case of short circuits. Besides, a proper synchronization controller is 

implemented within the island control method and activated by the system operator to 

ensure the soft transition to grid-connected mode.  

 

• Since the MOSFET devices of the H-bridge inverter have limited overcurrent rating, 

adequate approaches to protect the series transformerless H-bridge inverter during the 

disconnection process are developed. Besides, a soft reconnection method is promoted to 

ensure safe reinsertion process after fault clearance.  

 

• Examining the performance and applicability of the proposed methodologies by carrying 

out several case scenarios either in time-domain or by power flow calculations on a 

realistic power network model taking into account pragmatic selection of the system 

parameters. 

The thesis structure is illustrated in Figure 1.2 where the gray-shaded area includes the chapters 

which belong to the work objectives. Overall, the thesis is organized as follows:  

Chapter 2 gives an overview of the microgrids operation and control for both modes of operation 

either grid-connected or islanded-mode. Besides, a brief description of most common series power 

flow controllers used in transmission and distribution networks are presented.  

Chapter 3 clarifies the limits and working principle of the proposed concept by power flow 

calculation. This chapter begins with the basic principle and description of the proposed approach, 

then it presents the proposed network and the overall power flow algorithm which includes the 

optimization function that is applied to the series VSI. Several case scenarios have been 

investigated to explore the system limits and to validate the performance of the overall power flow 

algorithm in tracking the desired real power reference. 

Chapter 4 addresses the control and modeling of the system or proposed power network 

components in time-domain. It begins with the basic modeling and control of the microgrid power 

converter and the full bridge H-bridge inverter. Then, a series transformerless H-bridge inverter as 

a series power flow controller between the microgrid and the main grid is mathematically 
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introduced.  Primary power control strategies are developed to control the bidirectional power flow 

between both networks. A realistic power network is developed and simulated in time-domain for 

various case scenarios and network conditions.  

Chapter 5 examines the microgrid disconnection and reconnection process in addition to the series 

transformerless H-bridge inverter verification under short circuit conditions. The chapter begins 

by presenting the system behavior during short circuits. Then, the microgrid VSI control and the 

H-bridge inverter behavior during the disconnection and reconnection process under fault events 

are analyzed. Two simulation tests are performed according to the fault location and consequently 

the suitable approach. 

Chapter 6 summarizes the major contributions of the proposed research work and gives some 

directions for future research related to the subject. 

 

Figure 1.2: Thesis structure 
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Chapter 2 : Relevant Literature and Research  

2.1 Microgrids Operation and Control 

2.1.1 Introduction  

Microgrids are representing an essential role of the future power systems which are shaped by the 

diverse smart grid trends [2]. The prompt evolution of decentralized power energy systems has 

motivated the need for integrating the distributed energy resources (DER) which offer promising 

viewpoints in the sector of sustainable energy. The term microgrid is defined as a domestic grid 

which is able to work either in grid-connected or in island-mode, with the capability of seamless 

transition between both of operation modes. The microgrid (MG) is composed of local loads, 

various distributed generators (DGs), and energy storage systems (ESS) that might be integrated 

in the grid-connected mode to control the net power flow from or to the utility grid [8]. Also, the 

microgrid can include circuit breakers, protective relays, and power flow or voltage controllers as 

flexible AC transmission system (FACTS) devices [9]. The distributed energy sources can be in 

the form of wind turbines, microturbines, PV panels, fuel cells, etc. Also, the energy storage 

devices can be in the form of batteries, power capacitors, flywheels, etc. The basic architecture of 

the AC microgrid is depicted in Figure 2.1, in which each feeder can have power flow controllers 

and circuit breakers [10]. 

 

Figure 2.1: Basic architecture of the AC microgrid. Modified from reference [10], © 2015, with 

permission from Elsevier. 
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The microgrid exhibits several advantages and contributes to the development of the future 

distribution power systems [11, 12, 13, 14, 15, 16, 17]. However, in spite of these advantages, 

some challenging problems are noticed due to the microgrid applications [3] [18, 19, 20, 21, 22, 

23]. The typical microgrid has a feature that it appears like a single controllable entity from the 

grid perspective and can be structured in a defined location in the distribution network or even in 

a remote area. Furthermore, to control the power flow of the DG units, the microgrid uses only 

local information when it is connected to the main grid. In island operation mode it can generate 

the required reference voltage and frequency by itself [24, 25]. Both advantages and disadvantages 

of the microgrid integration in the electrical power systems are listed below. 

 

Advantages: 

- The possibility of utility grid failure is prohibited by minimizing the load on the grid in the 

period of peak load. 

 

- Minimizing the costs of electricity on the customers as the microgrid satisfy some or all of 

the load demand. 

 

- The capability of separation and isolation from the main grid seamlessly during short 

circuits without serious disruption of the microgrid local loads.  

 

-  It has the benefit that it can support the sensitive loads in terms of power quality 

enhancement in addition to promoting the system general operation. The power quality can 

be improved since the microgrid DG can be located close to the sensitive load either if it 

works in grid-connected mode or in stand-alone mode. During interruption of the main 

power supply, it is capable of feeding the power demand instantaneously.    

 

- A major advantage is that the energy efficiency can be improved with systems that generate 

combined heat and power (CHP). The close proximity between the user and the generator 

makes it possible to increase the overall energy efficiency. 

 

- Reducing emissions and system losses are one of the significant environmental benefits 

that can be achieved when the microgrid is integrated into the power network.   

 

Disadvantages:  

- Microgrids hardware implementation in terms of the control and protection is considered 

as one of the most important challenges due to the stability of DG units during islanding 

and resynchronization with the main grid. 

 

- From a stability point of view, microgrid resynchronization to the main grid after an 

islanding condition is also a big challenge. 
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- The accuracy of the reactive power control and the reactive power sharing is affected due 

to the unequal output impedances and the unequal voltage drops, respectively.  

 

- Voltage and/or reactive power oscillations can appear due to small errors in the voltage set 

points which can produce circulating currents that override the DG limits. 

 

- In island mode, slight errors in frequency generation can appear since the active and 

reactive power operating points should be changed to match the load changes and to ensure 

that the voltage and frequency are controlled to be within the standard limits. 

 

- The net metering needs and the high costs in addition to the interconnection standards may 

lead to some challenges in the microgrid construction process.    

 

 

2.1.2 Distributed Power Generation 

The surplus dependency on fossil fuels and non-renewable energy resources in addition to the 

environmental problems have stimulated the need for using more reliable technologies and modern 

power generation systems. The current power system grid has some challenges and concerns which 

can affect the stability and quality of the future power systems. The major challenge is related to 

the environmental effect which is caused by the nuclear wastes or CO2 emissions. The increasing 

demand, power system expansion limitation, limited power quality, and security threats are also 

considered as major challenges in the existing power systems.  

Therefore, the incorporation of distributed generation (DG) units is the suitable way to overcome 

the obstacles faced into the existing power grid. The DG concept is of the early 1990s and many 

definitions for this concept are introduced in the literature [26, 27]. The DG concept can be defined 

as “Generation of electricity by facilities that are sufficiently smaller than central generating 

plants so as to allow interconnection at nearly any point in the power system” [28]. The distributed 

generation power system structure compromises the input power source and the interfacing 

converter. The former can have several configurations like wind turbines, photovoltaic, fuel cells, 

etc. Whereas, the latter can have either single stage DC-AC converter or double stage converter 

DC-DC and DC-AC. In grid-connected mode, they perform as a current source. However, in the 

autonomous mode, they perform as a voltage source [29]. For enhancing harmonic performance 

and filtering signals injected from the DG inverter, a passive filter can be connected in series with 

the DG inverter which is normally connected to the grid using either L (inductor), LC (inductor-

capacitor), or LCL filters [30, 31, 32]. At low frequencies, the L and LC filters become expensive 

and bulky so that the LCL filter was introduced to reduce the size and cost. The point of common 

coupling (PCC) is the point where the distributed generation (DG) units are connected to the utility 

grid. Moreover, the bidirectional power transfer and control in addition to managing the energy 

storage are carried out through this point [33]. Generally speaking, the pressure on the power grid 

should be reduced as long as the DG units are integrated into the network. Technically speaking, 
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the high DG penetration results in a new denomination of problems which are summarized below 

[34]: 

➢ Since the flow of power in the current power grids is from transmission to distribution 

and as the behavior of the DG units is different from the conventional loads, then 

problems can occur in case of any change in the power flow. 

 

➢ The DG units provide a DC or AC output and operate close to the distribution voltage 

level as it exists near the customers. Therefore, an interface with the power grid or the 

load in the form of power electronic devices is required. These interfaces of power 

electronics mean that a new generation of control strategies should be developed. 

 

➢ As the DG units are inertialess, power imbalances between the generation and load are 

faced because of this lack of inertia. Other technical and business barriers can also be 

faced when connecting the DG units to the electrical power grid.  

 

➢ In the case where the DG units are connected to the power grid, the weather conditions 

have a fundamental role in the consistency of the renewable energy sources output which 

can be considered as a questionable issue. 

These problems and the high penetration of DG units into the power grid can be discarded by 

introducing the concept of Microgrid [35]. DG unit’s integration into the power grid can be 

achieved by using the combination of power electronic devices and the renewable energy resources 

(DER). The performance and flexibility of the system can be improved using power electronic 

devices in which the power is converted from a source to a fixed frequency AC power.                 

 

2.1.3 Overall Control Sequence of AC Microgrids  

The most common feature of the microgrid is that it has diverse interconnected power generation 

systems which are developed by different power ratings and technologies. Therefore, for 

improving the reliability and efficiency, it is necessary to accomplish an overall control structure 

for the AC microgrid in the power system. The optimum operation point of the microgrid can be 

determined by considering some main issues like the distribution of generation systems and local 

loads, availability of energy from primary sources, costs of generation, rating of power and 

electrical market prices [36, 37, 38]. To ensure an appropriate arrangement of the microgrid 

operation point, the overall control structure can be divided into three main parts which are: 

primary control or local control, secondary control, and tertiary control.  

The primary control is responsible for controlling the local variables, such as the current, voltage 

or frequency without dependency on communication. Also, it is responsible for determining the 

references of the inner voltage and current control loops. An external power loop based on droop 

control is also implemented by every local controller in order to facilitate the autonomous 

operation of each DG unit [39]. The secondary controller is responsible for restoring the nominal 
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values of the microgrid voltage and frequency as a compensation for the steady-state errors. 

Keeping the voltage profile of the ac buses of the microgrid network within its operational limits 

is also another responsibility of the secondary controller. The secondary controller has a slow 

dynamic time response in comparison to the primary controller. This is due to the use of 

communications and wide-area monitoring systems which are integrated to coordinate the DG 

units’ action within a specified area. Furthermore, this controller is responsible for the microgrid 

resynchronization before performing the transition from island mode to grid-connected mode [40, 

41]. Optimizing the performance of the microgrid and regulating its interaction with the 

distribution network by means of regulating the DG units active and reactive power references are 

the main tasks of the tertiary control level. From an economic point of view, the relationship 

between the energy supply balance and the demand in addition to the DG unit’s generation cost 

are considered for the microgrid operation optimization. Besides, other responsibilities of the 

tertiary control are concluded in supporting the secondary control if necessary, restoring the 

secondary control reserve, managing eventual congestions, and providing load balancing by using 

an optimal power flow solver [42]. 

Furthermore, it should be noted that the secondary and tertiary control levels are utilized to control 

the microgrid operation in grid-feeding and grid-supporting inverters which are described in the 

next subsection. A specified amount of power is provided by the DG units in grid-connected mode. 

However, in autonomous mode, holding the voltage and frequency values within their acceptable 

limits even during disconnection and reconnection events is the primary task of the DG units. 

Therefore, the DG units employ grid forming inverters in autonomous mode in which the voltage 

and frequency will be locally controlled. An appropriate voltage profile along the microgrid 

domain can be ensured by integrating grid supporting inverters [43]. 

                    

2.1.4 Power Converters in AC Microgrids 

Power converters are categorized into three main classifications according to their operation in the 

AC microgrid which are grid-forming, grid-feeding, and grid-supporting power converters [44].  

The grid-forming power converters are responsible for determining the voltage and frequency of 

the microgrid generating units by implementing an adequate control method. These power 

converters are performing as ideal ac voltage sources with low output impedance. A standby UPS 

(uninterruptable power supply) is a functional paradigm of the grid-forming power converter in 

which the UPS system remains disconnected when the operating conditions are within specified 

limits. However, when a grid failure occurs, the grid voltage is formed by the power converter of 

the UPS. The grid-forming power converter can also work as a reference for a group of grid-

feeding power converters connected in parallel in a microgrid by providing a proper ac voltage. 

The control of the grid-forming power converter is designed by implementing two cascaded 

control loops in the dq reference frame. In the external loop, the grid voltage is controlled to match 

a reference value. However, the current provided by the converter is regulated in the internal 

control loop [24].  
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The grid-feeding power converters are responsible for delivering active and reactive power to the 

main grid as they appear as an ideal current source with high impedance. Controlling the active 

and reactive power exchange precisely with the main grid entails synchronizing the current source 

accurately with the ac voltage of the connection point. By adjusting the real and reactive power 

references, the ac voltage magnitude and frequency of the microgrid can be controlled by the 

involvement of these converters. In grid-connected mode, they are appropriate to work in parallel 

with other grid-feeding power converters. However, in island control mode, it should be noted that 

the operation of these power converters is infeasible unless there is a grid-forming or grid-

supporting power converter that can set the microgrid voltage magnitude and frequency. The 

control of the grid-feeding power converter consists of external and internal control loops. The 

external controller deals with the current reference to regulate the power delivered to the main 

grid, while the internal controller deals with the current control loops that regulate the current 

injected into the main grid [45].   

The grid-supporting power converters are responsible for regulation of voltage magnitude and 

frequency of the ac grid by controlling the active and reactive power exchange to the main grid. 

The grid-supporting power converter can be controlled as a current source so that it can satisfy the 

load demand of the microgrid and it can contribute to the regulation of the voltage magnitude and 

frequency of the main grid. Moreover, this power converter can be controlled as a voltage source 

connected to the grid through a link impedance in which the voltage source ac voltage, the main 

grid ac voltage, and the link impedance determine the delivered power by this converter. The main 

advantage of this power converter is that it can operate in both grid-connected and islanded mode 

without the need of grid-forming power converter in the microgrid. Besides, no communication 

line is needed to achieve power sharing in the microgrid since the droop control implemented in 

the grid-supporting power converters can keep the grid voltage magnitude and frequency under 

control by proper regulation of active and reactive power exchange with the main grid [46]. 

 

2.1.5 Energy Management of AC Microgrids 

The real and reactive power and/or voltages of the DG sources in a microgrid are determined by 

implementing a proper energy management scheme. In microgrids, energy management schemes 

are classified into communication-based and communication-less schemes, respectively. The 

communication-based scheme is divided into centralized and decentralized energy management 

schemes, while the communication-less scheme relies on droop control methods and requires no 

communication link with other controllers [47].  

Figure 2.2 presents the block diagrams of the communication-based energy management schemes 

where (a) depicts the centralized energy management scheme and (b) depict the decentralized 

energy management scheme. In the centralized scheme, the operation points of DGs and making 

decisions are determined by a supervisory control center or a centralized system. All of the 

measured signals of the DG units are transmitted to the control center that determines the set points 

of every DG unit. After that, the control center sends the feedback signals to the local controllers 

which are controlling the interfacing converter of every DG source. The advantage of the 
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centralized energy management scheme is the capability of collecting all of the required 

information and optimizing the system parameters so that the system efficiency is improved. 

However, the disadvantage of using this scheme is the possibility of a complete system shutdown 

when a failure happens in the communication system. Another disadvantage is the heavy and 

complex computational burden which may affect the system reliability and controllability [48].    

On the other hand, the decentralized energy management scheme employs a communication bus 

which exchanges data among all DGs local controllers as they are connected through it. In this 

system, no supervisory or central control unit is needed since each local controller realizes the 

other controllers operating point. The advantage of this scheme is the reduced computation 

requirement of each controller and the ability to extend the control system to newly added DG 

sources. However, any failure in the communication bus can affect the system performance and 

reliability [24].       

 

Figure 2.2: Block diagrams of the communication-based energy management schemes (a) the 

centralized energy management scheme (b) the decentralized energy management scheme. 

Modified from reference [47], with permission from Creative Commons Attribution 4.0 

International License, https://creativecommons.org/licenses/by/4.0/ 

https://creativecommons.org/licenses/by/4.0/
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The communication-less scheme revokes using a communication bus between the local controllers 

of the DG units. However, each DG unit has its own local controller and must operate 

independently. The most common methodology in the communication-less energy management 

scheme is the droop control method. The block diagram of the communication-less energy 

management scheme is shown in Figure 2.3 where every DG unit local controller uses droop 

characteristics in which the voltage and frequency vary with the output real and reactive power. 

The advantage of this scheme is the absence of communications which makes the control strategy 

more reliable and expandable. The disadvantages are summarized as follows (1) stability concerns 

and power coupling problems can be aroused in low-voltage microgrids with higher R/X ratios, 

(2) power and nonlinear current sharing errors can also happen, (3) nonlinear loads are not 

considered in this method [22] [49].  

 

Figure 2.3: Block diagram of communication-less energy management scheme. Modified from 

reference [47], with permission from Creative Commons Attribution 4.0 International License, 

https://creativecommons.org/licenses/by/4.0/ 

2.1.6 Power Control Strategies of the DG Interfacing Converter 

The previous section has discussed the energy management strategies which specify the power 

references of every DG and the regulation of voltage and frequency as well. This section explains 

the proper control strategy and mode of operation required for controlling the real and reactive 

power of each DG interfacing converter. The power control strategies are divided into current 

control mode and voltage control mode which are controlled through DG output voltage and 

current regulations.  

In grid-connected mode, where the voltage magnitude and frequency are determined by the grid, 

it is very common to use the current control mode for controlling the output active and reactive 

power of the DG interfacing converter. The scheme of this control mode is shown in Figure 2.4 

where a closed loop system is utilized for tracking the real and reactive power. The 𝑑-axis 

reference current is produced by the real power control loop and the 𝑞-axis reference current is 

produced by the reactive power control loop. The 𝑑𝑞-current references are controlled by PI-

controllers, then the output current of the DG is controlled either in the stationary or synchronous 

frame. A phase-locked loop is used to synchronize the inverter output voltage with the grid voltage. 

https://creativecommons.org/licenses/by/4.0/
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Furthermore, the DC-link voltage control can be used to determine the 𝑑-axis reference current. 

This situation is more common in two stage converters in which the first stage is responsible for 

controlling the real power [47]. 

In standalone mode, the voltage control mode of at least on DG unit in the microgrid is required 

since the current control mode will not be able to determine the voltage magnitude and the 

frequency. The voltage control mode block diagram is presented in Figure 2.5 in which it can be 

applied in both grid-connected mode and standalone mode. The references of real and reactive 

power are determined by the energy management strategies discussed in the previous section.  

 

Figure 2.4: Real and reactive power control strategy based current control mode. Modified from 

reference [47], with permission from Creative Commons Attribution 4.0 International License, 

https://creativecommons.org/licenses/by/4.0/ 

 

Figure 2.5: Real and reactive power control strategy based voltage control mode. Modified from 

reference [47], with permission from Creative Commons Attribution 4.0 International License, 

https://creativecommons.org/licenses/by/4.0/ 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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Moreover, the active power controller is used to provide the output voltage phase angle while the 

reactive power controller determines the output voltage magnitude. The closed-loop voltage 

control system can have either a normal voltage loop or current loop with the voltage loop to 

improve the stability and transient performance [50]. Furthermore, the major advantage of using 

the voltage control mode over the current control mode is that the former can be used in both grid-

connected and standalone operation modes which makes the switching between them smooth and 

more efficient. The lack of direct control of the DG output current especially during grid short 

circuit events is considered as the main disadvantage of the voltage control mode [22].          

2.1.7 Islanding and Resynchronization in Microgrids  

Islanding of microgrids can be classified into two main parts: intentional islanding (planned) and 

unintentional islanding (unplanned). The planned islanding has the benefit that the microgrid can 

supply electric power to the load demand in a reliable way when the microgrid disconnect itself 

from the main utility grid since the islanding event is planned and controllable. The unplanned 

islanding is considered as an uncontrollable and undesired event which happens due to many 

reasons like human errors, equipment failure, line tripping and so on. The problem of the 

unplanned islanding is that it happens occasionally and its range is not easy to be determined and 

thus affecting the microgrid security and stability [51]. Therefore, several islanding detection 

methods have been developed in the literature in order to perform the microgrids islanding or 

disconnection in a fast and smooth way. These islanding detection methods can be divided into 

two major groups either local or remote methods which are clearly described in [52].  

 

When a short circuit is initiated in the main grid, the VSIs of the microgrid DGs will change their 

operation mode to island mode and the VSIs will start to act as grid-forming power converter fed 

by external dc source. Accordingly, the voltage and frequency will be adjusted to their nominal 

values during the disconnection process. However, the phase angle will be the one detected 

previously to the opening of the circuit breaker. Furthermore, to make a successful reconnection 

of the microgrid to the main grid, a pre-synchronization is required to reduce the transient current 

at the moment of reconnection. The pre-synchronization is achieved by bringing the voltage, 

frequency, and phase angle of the microgrid closer to the main grid before closing the circuit 

breaker and switching the operation mode from island-mode to grid-connected mode. 

Synchronizing the microgrid to the AC power grid is considered as an important issue since the 

circuit breaker closure initiates a short circuit current and shaft vibrations before reaching the trip 

condition [53, 54]. Figure 2.6 depicts the basic representation of the synchronization criteria 

between the microgrid and the main grid.  
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Figure 2.6: Basic representation of the synchronization criteria 

The synchronization unit is responsible for measuring the voltage of each side and also for 

calculating the magnitude, frequency, and phase angle so as to determine the synchronization 

criteria which will control the operation of the circuit breaker. Once the synchronization condition 

is met and the reconnection to the main grid is permitted, the synchronization unit sends a 

command signal to the circuit breaker. This command enables the circuit breaker to close its 

contacts and the microgrid generating units can switch their operation mode to grid-connected 

mode.  

  

2.2 Series Power Flow Controllers 

2.2.1 Introduction 

Power flow controllers are the devices that attempt to change the parameters of the system to 

control the power flow. These parameters that can be adjusted to control the power flow can be 

the line impedance, the voltage magnitude or the phase angle. Power flow controllers can be 

divided into shunt controllers, series controllers, and combined controllers depending on the way 

they are connected in the system. Besides, these controllers can be classified into either mechanical 

or power electronics based control devices. The power flow controllers based power electronics 

can be subdivided into either thyristor or voltage source converter (VSC) based devices. The 

implementation of the VSC power flow controllers employs advanced switch technologies, like 

Metal Oxide Semiconductor Field Effect Transistors (MOSFET), Insulated Gate Bipolar 

Transistors (IGBT). Also, the output voltage of the VSC is independent of the current since the 

switches have the capability of turn-on and turn-off. A free controllable voltage (magnitude and 
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phase angle) can be attained by utilizing these VSCs. This is due to their high switching frequency 

which facilitates an instant control in less than one cycle [55, 56] [57] [58].       

Inverters and converters are considered as the most common power electronic devices for DG 

systems. These devices have several advantages which are [59]: 

• They can be controlled by other software or electronic systems. 

• They can support the sensitive loads in terms of fast switching times.  

• They can support reactive power control and voltage regulation at the DG connection point 

with the utility.      

• Improving the power quality and harmonics. 

• Reduced cost and size.  

 

 The power electronic devices are classified into several types which are [60]:  

• Diodes  

The diode consists of two terminals and it is responsible for conducting unidirectional 

current and blocking the voltage in the reverse direction. 

 

• Thyristors 

Among all semiconductor devices, thyristors possess the highest power handling 

capabilities. They operate like a diode with gate control signal in which the conduction 

state change is initiated if the unit is forward-biased.  

 

• Insulated gate bipolar transistors (IGBTs) 

This type of switches is considered as the most common one for power electronic systems. 

It has the benefit that the switching can be done at higher frequencies and the power flow 

in the switch can be controlled by gate voltage.   

   

• Metal oxide semiconductor field effect transistor (MOSFET) 

The MOSFET is also controlled by the gate voltage and normally available in low-voltage 

(< 500 𝑉) and low-power applications. MOSFETs have the capability to start and stop 

forward conduction in a fast way even if the forward voltage is constant. Consequently, 

they are highly preferable in switch mode power supply applications where the DC voltage 

or power is being transformed to different DC magnitude or to AC value. 

 

   

2.2.2 Back to Back Converter 

The back to back converter is connected between two interconnected AC networks and involves 

two VSCs that engage a joint DC link. This AC-DC-AC converter has the feature that the active 

power can be freely exchanged between both networks and the reactive power can also be 
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generated or absorbed depending on the needs of each VSC independently. The configuration of 

the back to back converter is shown in Figure 2.7, where VSC 1 and VSC 2 are connected through 

a common DC-link. With this configuration, the decoupling and independent control of both VSCs 

can be carried out taking into account an appropriate regulation of the DC-link voltage and a 

specific power control range of the VSCs. Both VSCs can act as either an inverter or a rectifier 

depending on the power flow direction. As a result of generating a controlled voltage by each VSC, 

then a difference in the voltage level and consequently the line impedance will create an active 

and reactive power flow between VSC 1 and VSC 2. It’s worth noting that the flow of active power 

can be bidirectional and the operation mode of the back to back converter can be either with 

lagging power factor (𝑄 > 0) or leading power factor (𝑄 < 0). An operating region of the back 

to back converter must be pre-defined in order to determine its power rating and maximum power 

range of the used topology. In this way, the active power transfer or reactive power compensation 

will be also defined [61].       

 

Figure 2.7: Back to Back converter configuration 

The back to back converter has the advantage of facilitating a faster and extensive active and 

reactive power flow control range between two different AC systems. Another advantage is that 

the back to back converter can operate as STATCOM since its capacity of controlling the reactive 

power is wide [62]. However, some of the disadvantages of using the back to back converter are 

its increased costs, high switching losses, and bulky DC link capacitor [63].   

2.2.3 SSSC 

The static synchronous series compensator (SSSC) has been used immensely as a power flow 

controller between two different power transmission networks or electrical feeders. The SSSC is 

basically a DC to AC converter and it is connected through a coupling transformer to the 



20 

 

transmission line. The structure of the SSSC is depicted in Figure 2.8, where 𝑉𝑆 is the series 

injected voltage of the SSSC and 𝐼𝐿 is the transmission line current. If 𝑉𝑆 leads the line current 𝐼𝐿 

by 90°, then an inductive series compensation is realized. However, if 𝑉𝑆 lags the line current 𝐼𝐿 

by 90°, a capacitive series compensation will be attained. The amount of the series compensation 

is dependent on controlling the voltage magnitude of 𝑉𝑆. The real power control of the SSSC can 

be achieved either by direct control or indirect control strategies. The direct control is applied on 

the line current or power while the indirect control is achieved by controlling the compensating 

reactance, 𝑋𝑆 or the series voltage, 𝑉𝑆 [64]. The basic operation and performance characteristics in 

addition to the modelling and control of the SSSC in the electrical transmission and distribution 

networks have been discussed widely in research [55] [65, 66, 67, 68, 69, 70, 71, 72]. A numerical 

analysis in [73, 74, 75] has discussed the modelling of the SSSC in Newton power flow, which 

can be used for steady state control of one of the active or reactive parts of the line. Moreover, the 

SSSC can be utilized for improving the network stability, subsynchronous resonance mitigation, 

and damping of power oscillation [69] [76, 77]. 

 

Figure 2.8:Structure of the SSSC. [64], © 2005 IEEE. 

Along with the power flow control, the advantage of the SSSC is that it can correct the power 

factor by continuous voltage injection and reduces harmonic distortion by active filtering in 

addition to the capability of load balancing in interconnected distribution networks [78]. However, 

its major disadvantage is that it has limited voltage support and limited impact on voltage stability 

[79].  
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2.2.4 D-SSSC 

The electrical industry sectors are converting themselves into modern electrical networks due to 

the decreasing price and increasing performance of power electronics and communication 

technologies. Enhancing the reliability and controllability of microgrids can be fulfilled by 

integrating D-FACTS based power electronics as they are less expensive and smaller than the 

conventional FACTS devices. Table 2-1 summarizes the most significant D-FACTS devices that 

have been employed into the smart / micro grids in electrical power networks [80].  

One of the most effective series power flow controllers in distribution networks is the distributed 

static synchronous series compensator (D-SSSC). The term D-SSSC is related to the static 

synchronous series compensator used in the distribution network. The D-SSSC is a series inverter 

connected in series with the line and injects a series voltage in quadrature to the line current. 

This inverter can perform as an inductive or a capacitive impedance to increase or decrease the 

total impedance of the line. Thus, the power flow between two different power networks or 

connected feeders can be controlled. Besides, the D-SSSC can be applied in the distribution 

network as short circuit limiter and for reversing the power flow [81, 82]. Power flow control and 

line series compensation using D-SSSC based on cascaded H-bridge inverter have been 

investigated in [72] [83, 84, 85]. The benefit of using the D-SSSC is that it has reduced cost and 

rating and can be connected to the line without the costly and bulky transformers [86, 87]. 

 

Table 2-1:D-FACTS devices in electrical power networks. [60], © 2002 IEEE.  

D-FACTS Features 

Distributed Switched Filter Compensator  

(D-SFC) 
• Voltage stabilization 

• Power factor improvement 

• Mitigating THD at buses 

Distributed Green Plug SFC  

(D-GPSFC) 
• Stabilization of the dc bus voltage 

• Low power losses 

Distributed Static Compensator  

(D-STATCOM) 
• Voltage regulation 

• Compensation of current harmonics 

• Control of reactive power 

• Uninterrupted supply in the case of 

using an energy storage device 

Distributed Static Series Compensator 

(DSSC) 
• Allowing control of active power flow 

of the line 

• Smaller and less expensive than 

traditional FACTS devices 

• Minimizing real power losses 

Distributed TCSC  

(D-TCSC) 
• System stability and development of 

corresponding cyber-secure control 

method 

• Controlling system voltages 
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2.2.5 Smart Transformer  

The smart transformer is an on-load tap changing (OLTC) transformer which is widely used to 

control the voltage in distribution networks by changing the turns ratio under load without 

interruption. This can be achieved by adding or subtracting turns from either the primary or 

secondary winding. OLTC transformers are classified into three main types which are mechanical 

tap changers, solid-state power electronic tap changers, and power electronic assisted tap changers. 

The difference between the tap changers-based power electronics and the mechanical ones is that 

the former results in an arc-free tap change. Besides, there are some factors that play a major role 

in the cost and material required for the OLTC transformer  [88]: 

➢ The OLTC is an autotransformer or built using a two-winding transformer. 

➢ The number of taps and semiconductor switches.  

➢ Nominal voltage and current rating of the transformer windings and/or the semiconductor 

switches.  

➢ Protection and control requirements for fault conditions in the network. 

In the context of microgrids, the smart transformer has been installed at the PCC to control the 

power exchange between the utility grid and the microgrid. The smart transformer changes its taps 

based on a power reference, then the microgrid automatically responds to the voltage changes at 

PCC without any communication. The smart transformer concept in the microgrid is shown in 

Figure 2.9, where the power transfer 𝑃𝑃𝐶𝐶 is varied by communicating only 𝑃𝑃𝐶𝐶,𝑟𝑒𝑓 to the smart 

transformer which changes the microgrid side voltage 𝑉𝑃𝐶𝐶 by changing its taps. As a consequence, 

the active power of the DG units and active loads inside the microgrid will be changed since they 

are voltage based. Thus, the microgrid can be seen as a controllable entity within the distribution 

network [89]. 

 

Figure 2.9: Smart transformer concept in the microgrid. [89], © 2013 IEEE. 

Finally, the main disadvantage of the smart transformer is the bulky and costly size which makes 

its application in controlling the power flow in distribution networks non-optimal. 
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2.2.6 Matrix Converter 

The matrix converter can be defined as a forced commutated converter which can create a variable 

output voltage with free frequency range without having a dc-link or energy storage elements. This 

variable voltage is created by using an array of controlled bidirectional power element switches. 

The fully controlled four-quadrant bidirectional switch that permits high frequency operation is 

considered as the key element in a matrix converter [90]. 

Matrix converters have two common forms. The first one is the direct matrix converter (DMC) 

which perform the power conversion in a single stage. The other one is the indirect matrix 

converter (IMC) which require two stages for the power conversion. The scheme of both converter 

types direct and indirect is presented in Figure 2.10 (a) and (b), respectively. The DMC has the 

advantage that it includes an adjustable input power factor, the power flow is bidirectional, and 

the power output waveforms are of high quality.  

 

Figure 2.10: Matrix converter schemes. (a) direct (b) indirect. Modified from reference [91], © 

2012, with permission from Elsevier.  
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However, the DMC still have many disadvantages and has not been endorsed in the industry since 

a complex pulse width modulation (PWM) switching strategy is required for the modulation 

algorithm. The IMC is considered as an alternative topology which offers the same benefits of the 

DMC and consists of two separated line and load bridges. If there is no need for bidirectional 

power flow, this converter can provide the option to reduce the number of active switches of the 

line bridge to three. Moreover, the highest manageable voltage ratio between the input and output 

voltages in a matrix converter is limited to 87% which is considered as the main drawback of it. 

This limited ratio leads to output current increase for a certain output power which will cause an 

increase in the converter losses and load. Furthermore, matrix converters require more 

semiconductor devices than conventional power frequency converters. The nature of the control 

algorithm and the switching frequency decide the maximum power transfer to the load and the 

THD of the converter [91, 92]. 

 

2.2.7 UPFC  

The unified power flow controller (UPFC) is considered as one of the most effective FACTS 

devices since it has the ability to control all parameters affecting the power flow in the line which 

are the bus voltage magnitude, phase angle, and line impedance. The major benefits of the UPFC 

can be listed as the following [93]: 

• It can provide flexible power flow control and robust combination of shunt and series 

compensations.  

• Voltage stability enhancement and transmission capability increasement.  

• The possibility of congestion on some lines is reduced. 

Moreover, the structure of the UPFC is like a combination of a STATCOM on the shunt part and 

a SSSC on the series part. However, from a technical point of view, the principle of operation is 

different in which the UPFC can control the bus voltage and the power flow individually or jointly. 

The basic structure of the UPFC is depicted in Figure 2.11 where it can be seen that the UPFC 

includes two linked self-commutating converters which are connected to the ac systems through 

coupling transformers and share a joint dc link capacitor. The series and shunt converters are 

voltage sourced converters-based semiconductor devices and their dc sides are connected to a joint 

dc capacitor like the case of the back to back converter. This common dc link capacitor supports 

the converter voltage and performs as an energy storage element. The reactive power of the UPFC 

is generated or absorbed locally as a result of both converters switching operation in which the 

reactive power generation or absorption is achieved independently without passing through the dc 

link capacitor. 
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Figure 2.11: UPFC basic structure. [94], © 2015 IEEE. 

Furthermore, the real power flows between the ac terminals of the series and shunt converters 

through the joint dc link capacitor. Besides, it is worth noting that only the real power sets the 

rating of the UPFC depending on the amount of real power transferred between the two converters. 

The main operation of the UPFC is dependent on the series converter since it generates a series-

controlled voltage magnitude and phase angle. This voltage is injected at the fundamental 

frequency in series with the line through a series coupling transformer. Besides, the real and 

reactive power exchange is realized at the ac terminals of the series converter through the series 

coupling transformer. The shunt converter which is connected to the transmission line in parallel 

is only responsible for injecting or absorbing a controllable current and power factor angle to or 

from the power system [94].       
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Chapter 3 : Functionality and Limits of the 

New Concept  

3.1 Introduction  

This chapter clarifies the new concept of controlling the bidirectional active power flow using a 

series voltage source inverter which has the structure of a transformerless H-bridge inverter. 

Implementing the control operation of the series VSI in this work resembles the form of a 

simulation-based optimization. Furthermore, investigating the system behavior takes into account 

implementing an overall power flow algorithm. This algorithm considers controlling the active 

power of the series VSI and the active power between the main grid and the microgrid to zero 

using an optimization function. The results revealed in this chapter are (1) investigating different 

settings for the DG droop characteristics to determine the limits of the proposed approach and (2) 

monitoring the iterations of the network power flow calculation when enabling and disabling the 

optimization function to examine the overall power flow algorithm performance for different 

network conditions.  

Following the introduction, this chapter is organized as follows: section 3.2 describes the principle 

and formulation of the proposed approach. Section 3.3 presents the network model in which every 

node in the network is identified and section 3.4 presents the state space model representation 

where the state space matrices and, thus the admittance matrix are obtained. Section 3.5 depicts 

the solution of the nonlinear power flow equations. Section 3.6 clarifies the optimization procedure 

of the series VSI and the description of the overall power flow algorithm. Section 3.7 investigates 

the limits of the active power margin under different active and reactive droop characteristics and 

various network conditions. Section 3.8 demonstrates the validation results of the overall power 

flow algorithm by performing several case scenarios. 

 

3.2 Overview of the Proposed Approach 

The microgrid concept was developed in order to be able to efficiently integrate the decentralized 

generators into the LV distribution network. As these networks are resistive by nature, the interest 

in the P-U droop is getting more attention than the conventional P-f droop since the reactive power 

compensation can be avoided and the loads are closer to the energy production which can reduce 

the transmission losses in the network. The P-U relationship allows the electrical loads in the LV 

network to be fed by several DGs connected in parallel. The DGs are connected to the distribution 

network by power electronics and they are controlled so that the active power output and the 

voltage amplitude are linked together via a static linear characteristic as shown in Figure 3.1.  
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Figure 3.1: P-U static droop characteristic of DGs 

In this way, the active power of every DG in the microgrid is derived as [95] [96]: 

𝑃 − 𝑃0 =
1

𝑘𝑃
. (𝑈 − 𝑈𝑁)                                                                                                                           (3.1) 

Where, 𝑃0 is the initial active power, 𝑈𝑁 = 230 𝑉, 𝑘𝑃 = −(
𝑈𝑚𝑎𝑥−𝑈𝑚𝑖𝑛

𝑃𝑚𝑎𝑥−𝑃𝑚𝑖𝑛
) which is analogous to the 

characteristic shown in the previous figure.  

Furthermore, since the energy exchange between the microgrid and the distribution system can be 

regulated to zero by matching the power generation and consumption, the network stability can be 

actively promoted. From economic perspective, the electrical energy can be locally provided as 

well as used. However, an interface between the microgrid and the supply network is required and 

thus, realized by a new concept as an H-bridge inverter whose structure is shown in Figure 3.2 

where the H bridge inverter voltage 𝑈𝑖𝑛𝑣 is injected by controlling the active power at PCC 𝑃𝑃𝐶𝐶 

to its reference 𝑃𝑃𝐶𝐶,𝑟𝑒𝑓. By controlling active power at PCC to zero through the control unit of 

the H-bridge inverter, the active power inside the microgrid will be balanced automatically where 

the DG selects the active power reference 𝑃𝐷𝐺,𝑟𝑒𝑓 based on droop characteristic to match the load 

demand. The H-bridge inverter modeling as a series voltage source 𝑈𝑖𝑛𝑣 connected in series with 

the line is shown in the equivalent circuit diagram of Figure 3.3. In this diagram, the voltage source 

𝑈𝑃𝐶𝐶 represents the microgrid load and the DG which is equipped with the abovementioned P-U 

static droop characteristic. It is selected such that it absorbs active power in the case of 𝑈𝐺 < 𝑈𝑃𝐶𝐶 

and injects active power in the case of 𝑈𝐺 > 𝑈𝑃𝐶𝐶. The two phasor diagrams illustrate the 

conditions neglecting the voltage drop across the line impedance 𝑍. The series voltage source 

injects inductive or capacitive voltage as long as 𝑈𝑖𝑛𝑣 is perpendicular to 𝐼 and depending on the 

desired value of active power exchange 𝑃𝑃𝐶𝐶,𝑟𝑒𝑓.  

The active power flow is regulated here by the change in the voltage of the microgrid side or PCC 

voltage 𝑈𝑃𝐶𝐶 which is varied according to the series injected inverter voltage 𝑈𝑖𝑛𝑣. Neglecting the 

voltage drop across the line impedance, the microgrid side voltage 𝑈𝑃𝐶𝐶 is equal to the sum of the 

supply network voltage 𝑈𝐺 and the series inverter voltage 𝑈𝑖𝑛𝑣. Thus, 𝑈𝑃𝐶𝐶 can be controlled by 

proper control of the proposed inverter. Because of the low permissible voltage tolerance of ± 10% 
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at the microgrid side, the inverter voltage 𝑈𝑖𝑛𝑣 is relatively small. This leads to the reduction of 

the DC link voltage 𝑈𝐷𝐶 and thus, further lower costs and switching losses of the proposed inverter. 

 

Figure 3.2: Structure of the H-bridge inverter in the distribution network 

 

 

Figure 3.3: Equivalent circuit diagram with series voltage source  

Since the P-U characteristic have a direct influence on possible violations of the voltage limits, 

methods for characteristic adjustment by network calculations have to be investigated. The P-U 

characteristic could be optimized to increase the margin of the network or feed-in power. One of 

the most important strategies to reduce the voltage profile is the targeted local feed-in of reactive 

power by the energy plants. The limits for the active power feed can be maximized in this way, 

without violating the permitted voltage band. However, care must be taken to ensure that the 

transport capacity of the network is not restricted by unnecessarily high reactive power 𝑄. The 

influence of line length increase as well as length limit will be determined in order to know the 

system scalability and the active power flow limit. Moreover, the influence of the reactive power 

injection on the voltage 𝑈𝑖𝑛𝑣 of the coupling inverter should also be taken into consideration. Since 
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the inverter can only supply reactive power, its voltage phase must always be perpendicular to the 

current 𝐼. The phase angle of the inverter voltage is therefore determined directly by the power 

balance of the power transmission between the microgrid and the supply network.  

3.3 Simplified Network Model  

Figure 3.4 shows the dynamic model of a low voltage microgrid represented by one house and one 

distributed generator (DG). The main grid represents the supply network 𝑈1 = 230 𝑉 and the 

series voltage source inverter (Series-VSI) is connected, via which the energy exchange with the 

main grid can be controlled. Two types of cable lines L_N and L_H are represented according to 

their impedances 𝑍1, 𝑍3 and 𝑍2, 𝑍4, respectively. The main line L_N connecting two nodes has a 

length of 40m long and the cable is here of the type NAYY-conductor with 4x150mm2. The line 

L_H has a length of 20m long and the cable type is NYY conductor with 4x25mm2. They are 

constructed with 𝑅 − 𝐿 circuit structure where, 

 𝑍1,3 = (𝑅 + 𝑗𝜔𝐿) ∙ L_N , and 𝑍2,4 = (𝑅 + 𝑗𝜔𝐿) ∙ L_H , in which: 

 𝑅 = 0.722 𝛺/𝑘𝑚, 𝐿 = 0.274 𝑚𝐻/𝑘𝑚, 𝜔 = 2𝜋𝑓. 

 

Figure 3.4: Dynamic model of the low voltage microgrid 

 

In comparison to Figure 3.2, 𝑈𝐺 , 𝑈𝑖𝑛𝑣, 𝑈𝐿 , 𝑈𝐷𝐺 represent 𝑈1, 𝑈2, 𝑈3, 𝑈4, respectively. 𝑈𝑃𝐶𝐶 equals 

to 𝑈𝐺 + 𝑈𝑖𝑛𝑣 and represents 𝑈1 + 𝑈2 in the dynamic model. 𝑃𝑃𝐶𝐶 represents 𝑃1 as they are equal. 

𝑃𝑃𝐶𝐶,𝑟𝑒𝑓 and 𝑃𝐷𝐺,𝑟𝑒𝑓 represent �̂�1 and 𝑃𝑟𝑒𝑓4,𝑛𝑒𝑤 which are described in the next sections. 
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Each network user represents a node in the solution of the power flow problem and their function 

is considered in the network calculations as the following: 

The main grid. At this point, the microgrid is connected to the distribution network via a 

transformer or a substation. Thus, this node is considered as a reference node 𝑈1 = 230 + 𝑗0.  

The series voltage source inverter (Series-VSI). The voltage amplitude and phase position of 

this inverter is optimized so that the voltage phasor is perpendicular to the current phasor. This 

means that the series inverter does not absorb or inject any active power and the microgrid voltage 

can be raised or lowered based on its injected voltage 𝑈2.  

The house and the distributed generator (DG). The house consumes active and reactive power 

which are assigned as fixed values and it represents 𝑃𝑄 node. Furthermore, the DG delivers active 

and reactive power into the microgrid and it represents 𝑃𝑄 node. The DG customize its power 

reference according to its P-U characteristic depicted in (3.1) which is varied in relation to the 

injected voltage of the series-VSI 𝑈2.  

Table 3-1 lists names, indices, known and unknown quantities of all network users. The known 

quantities bearing a star are optimization variables. That means their values are determined by an 

optimization function which will be described in the subsequent section. 

Table 3-1: Specefications of the network users  

Network User Index Known quantities Unknown quantities 

Main grid 1 𝑃1
∗, 𝑈1, 𝜑1              − 

Series-VSI 2 𝑃2
∗ 𝑈2 

House 3 𝑆𝑟𝑒𝑓,3 𝑈3 

DG 4 𝑆𝑟𝑒𝑓,4 𝑈4 

 

The relationship between the complex currents 𝐼 𝑖 and complex voltages 𝑈𝑖 of the nodes 𝑖 ∈ {1…4} 

in the dynamic model of Figure 3.4 can be derived from Kirchhoff’s current law as follows: 
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                              [𝐼] = [𝑌] ∙ [𝑈]                                             (3.2)  

where the complex, 𝑁𝑥𝑁 dimensional admittance matrix [𝑌] describes the equivalent admittance 

matrix of the network model. The admittance matrix elements are given by 𝑌𝑖,𝑗 = 1 𝑍𝑖,𝑗⁄ = 𝑍𝑖,𝑗
−1 

for 𝑖, 𝑗 ∈ {1…4} where 𝑍𝑖,𝑗 is the complex impedance. The diagonal elements represent the sum 

of admittances for all nodes connected to node 𝑖 in which, 𝑌𝑖,𝑖 = ∑𝑍𝑖,𝑗
−1 for 𝑗 ≠ 𝑖. The off-diagonal 

elements are the negative of admittances connecting node 𝑖 and 𝑗 in which, 𝑌𝑖,𝑗 = −𝑍𝑖,𝑗
−1 for 𝑗 ≠ 𝑖. 

The calculated complex admittance matrix [𝑌] can be extracted in Simulink by computing the 

equivalent state space model of the electric network of Figure 3.4. The complex transfer function 
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of impedances extracted from the equivalent state space model is equivalent to the calculated 

admittance matrix [𝑌] and is derived as illustrated in the next section.     

 

3.4 State Space Model  

The electric network of Figure 3.4 is implemented using SimPowerSystems toolbox in Simulink. 

Also, a special initialization mechanism is called every time the simulation starts. This 

initialization process computes the equivalent state-space model of the electrical circuit and builds 

the equivalent system that can be simulated by Simulink® software. This process performs the 

following steps [97]: 

1. Sort all power systems blocks, get the block parameters and evaluate the network topology. 

The blocks are separated into linear and nonlinear blocks. Each electrical node is 

automatically given a node number. 

 

2. Calculate the state space model ([A], [B], [C], [D] matrices) of the linear part. In this step, 

the steady state is also calculated. When complex analysis is performed, the state space 

model is represented by the complex transfer matrix [𝐻(𝑗𝜔) ] that relates inputs and 

outputs. This matrix defines the network algebraic equations.  

 

3. Build the Simulink model and store it inside the 𝑃𝑜𝑤𝑒𝑟𝑔𝑢𝑖 block. 

The interconnections between the different parts of the complete Simulink model can be depicted 

in Figure 3.5 where the state space matrices form the relationship between the input voltages and 

output current measurements.   

 

Figure 3.5: The interconnection between different parts of the complete Simulink model 

Matlab uses the following command [98] to perform this initialization mechanism and 

consequently the steps shown above in which the equivalent state space model of the specified 

electrical model 'sys' created by SimPowerSystems in Simulink is calculated.  

sps = power_analyze(sys,'structure') 

[A]=sps.A ; [B]= sps.B ; [C]=sps.C ; [D]= sps.D  
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Accordingly, the matrices [A], [B], [C], [D] of the state space system which are described by the 

equations 

[�̇�(𝑡)] = [𝐴] ∙ [𝑋(𝑡)] + [𝐵] ∙ [𝑈(𝑡)]                                                                                                     (3.3) 

[𝑌(𝑡)] = [𝐶] ∙ [𝑋(𝑡)] + [𝐷] ∙ [𝑈(𝑡)]                                                                                                     (3.4) 

are calculated. The addition 'structure' ensures that sps is an array structure whose fields and 

values describe the model.  

In relation to Figure 3.4, the input vector 𝑈(𝑡) represents all voltage sources in the network model 

and the output vector 𝑌(𝑡) represents all current measurements. They are represented in matrix 

form as: 

 [𝑈(𝑡)] =

[
 
 
 
𝑈1(𝑡)

𝑈2(𝑡)

𝑈3(𝑡)

𝑈4(𝑡)]
 
 
 

,         [𝑌(𝑡)] =

[
 
 
 
𝐼1(𝑡)

𝐼2(𝑡)

𝐼3(𝑡)

𝐼4(𝑡)]
 
 
 

                                                                                             (3.5)   

Also, the state vector 𝑋(𝑡) represents the currents flowing through line inductances. However, 

since these state variables are irrelevant for the further calculations, their detailed description is 

not discussed. The matrices [A], [B], [C], [D] represent the formulation of network model 

impedances where, [𝐴] is the state matrix, [𝐵] is the input matrix, [𝐶] is the output matrix, [𝐷] is 

the feedforward matrix.  

Furthermore, applying (3.3) and (3.4) to the Fourier transform with the derivative rule, 

𝑔(𝑛)(𝑡)
ℱ
→(𝑗𝜔)𝑛∙ 𝐺(𝜔) 

leads to,  

𝑠 ∙ [𝑋(𝑠)] = [𝐴] ∙ [𝑋(𝑠)] + [𝐵] ∙ [𝑈(𝑠)]                                                                                               (3.6)  

[𝑌(𝑠)] = [𝐶] ∙ [𝑋(𝑠)] + [𝐷] ∙ [𝑈(𝑠)]                                                                                                    (3.7)  

where 𝑠 = 𝑗𝜔 is the complex frequency, 𝑛 is a natural number and 𝑔(𝑡) is a function of time. 

𝑔(𝑛)(𝑡) denotes the nth derivative of 𝑔(𝑡). 𝐺(𝜔) is the Fourier transform of 𝑔(𝑡) and 𝜔 = 2𝜋𝑓 is 

the angular frequency.   

Rearranging (3.6) for [𝑋(𝑠)] leads to: 

[𝑋(𝑠)] = {𝑠[𝐸] − [𝐴]}−1 ∙ [𝐵] ∙ [𝑈(𝑠)]                                                                                                (3.8)  

Where, [𝐸] is an identity matrix.  

Substituting (3.8) into (3.7) gives the following equation which includes the complex transfer 

function [𝐻(𝑠)]: 
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[𝑌(𝑠)] = [𝑈(𝑠)] ∙ {[𝐶] ∙ {𝑠[𝐸] − [𝐴]}−1 ∙ [𝐵] + [𝐷]}                                                                       (3.9) 

 

 

As 𝑌(𝑠) represents 𝐼(𝑠), then (3.9) is given in compact form as:  

[𝐼(𝑠)] = [𝐻(𝑠)] ∙ [𝑈(𝑠)]                                                                                                                       (3.10) 

By replacing 𝑠 = 𝑗𝜔 with complex sign "_", (3.10) can be given as: 

[𝐼] = [𝐻] ∙ [𝑈]                                                                                                                                         (3.11) 

Since the complex transfer matrix [𝐻] is equivalent to the admittance matrix [𝑌] in (3.2), (3.11) 

can be given in matrix form as: 

[
 
 
 
𝐼1
𝐼2
𝐼3
𝐼4]

 
 
 

=

[
 
 
 
𝐻1,1

𝐻2,1

𝐻3,1

𝐻4,1

   

𝐻1,2

𝐻2,2

𝐻3,2

𝐻4,2

   

𝐻1,3

𝐻2,3

𝐻3,3

𝐻4,3

   

𝐻1,4

𝐻2,4

𝐻3,4

𝐻4,4]
 
 
 

∙

[
 
 
 
𝑈1

𝑈2

𝑈3

𝑈4]
 
 
 

                              [𝐼] = [𝐻] ∙ [𝑈]                                             (3.12)  

 

3.5 Solution of the Nonlinear System of Equations   

By recalling (3.12) from the previous section, the complex conjugate apparent power 𝑆∗ can be 

obtained in compact form as: 

[𝑆∗] = [𝑈∗] ∙ [𝐼] = [𝑈∗] ∙ [(𝐻) ∙ (𝑈)]                                                                                                (3.13) 

The complex conjugate apparent power in (3.13) considering the network model of Figure 3.4 can 

be expanded to its element-wise form as: 

[
 
 
 
 
𝑆1

∗

𝑆2
∗

𝑆3
∗

𝑆4
∗]
 
 
 
 

=

[
 
 
 
 
𝑈1

∗

𝑈2
∗

𝑈3
∗

𝑈4
∗]
 
 
 
 

∙

[
 
 
 

(

 

𝐻1,1

𝐻2,1

𝐻3,1

𝐻4,1

   

𝐻1,2

𝐻2,2

𝐻3,2

𝐻4,2

   

𝐻1,3

𝐻2,3

𝐻3,3

𝐻4,3

   

𝐻1,4

𝐻2,4

𝐻3,4

𝐻4,4)

 ∙

(

 

𝑈1

𝑈2

𝑈3

𝑈4)

 

]
 
 
 

  

         =

[
 
 
 
 
𝑈1

∗

𝑈2
∗

𝑈3
∗

𝑈4
∗]
 
 
 
 

∙

[
 
 
 
 
(𝐻1,1 ∙ 𝑈1 + 𝐻1,2 ∙ 𝑈2 + 𝐻1,3 ∙ 𝑈3 + 𝐻1,4 ∙ 𝑈4)

(𝐻2,1 ∙ 𝑈1 + 𝐻2,2 ∙ 𝑈2 + 𝐻2,3 ∙ 𝑈3 + 𝐻2,4 ∙ 𝑈4)

(𝐻3,1 ∙ 𝑈1 + 𝐻3,2 ∙ 𝑈2 + 𝐻3,3 ∙ 𝑈3 + 𝐻3,4 ∙ 𝑈4)

(𝐻4,1 ∙ 𝑈1 + 𝐻4,2 ∙ 𝑈2 + 𝐻4,3 ∙ 𝑈3 + 𝐻4,4 ∙ 𝑈4)]
 
 
 
 

                                                    (3.14)   

 

 

[𝐻(𝑠)] 
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This element-wise form is then seen as the following: 

𝑆1
∗ = 𝑈1

∗ ∙ (𝐻1,1 ∙ 𝑈1 + 𝐻1,2 ∙ 𝑈2 + 𝐻1,3 ∙ 𝑈3 + 𝐻1,4 ∙ 𝑈4)                                                                             

𝑆2
∗ = 𝑈2

∗ ∙ (𝐻2,1 ∙ 𝑈1 + 𝐻2,2 ∙ 𝑈2 + 𝐻2,3 ∙ 𝑈3 + 𝐻2,4 ∙ 𝑈4)                                                                             

𝑆3
∗ = 𝑈3

∗ ∙ (𝐻3,1 ∙ 𝑈1 + 𝐻3,2 ∙ 𝑈2 + 𝐻3,3 ∙ 𝑈3 + 𝐻3,4 ∙ 𝑈4)                                                                             

𝑆4
∗ = 𝑈4

∗ ∙ (𝐻4,1 ∙ 𝑈1 + 𝐻4,2 ∙ 𝑈2 + 𝐻4,3 ∙ 𝑈3 + 𝐻4,4 ∙ 𝑈4)                                                           (3.15)     

The equations in (3.15) correspond to the power flow formulation for the network model. As the 

formulated equations are nonlinear and cannot be explicitly inverted, a numerical iterative 

technique is needed to solve the equations. These equations need to be partially derived where the 

two partial derivative operators 𝜕 𝜕𝑧⁄  and 𝜕 𝜕𝑧∗⁄  taking into account the usual notation 𝑧 = (𝑥 +

𝑗𝑦) and 𝑧∗ = (𝑥 − 𝑗𝑦) with {(𝑥, 𝑦)|𝑥𝜖ℝ, 𝑦𝜖ℝ} are referred to the Wirtinger derivatives [99] and 

correspond to half of the Del-bar operator [100]. Considering a complex function 𝑓(𝑧, 𝑧∗), the two 

operators are defined by:  

𝜕𝑓

𝜕𝑧
=

1

2
(
𝜕𝑓

𝜕𝑥
− 𝑗

𝜕𝑓

𝜕𝑦
)    &  

𝜕𝑓

𝜕𝑧∗
=

1

2
(
𝜕𝑓

𝜕𝑥
+ 𝑗

𝜕𝑓

𝜕𝑦
)                                                                                                                            (3.16) 

In complex analysis, the Wirtinger differential operators are introduced to simplify differentiation 

of complex variables. Considering the basic rules of Wirtinger calculus for a complex function 

𝑓(𝑧, 𝑧∗), the derivative 𝜕𝑓 𝜕𝑧∗⁄  has the feature that if [101, 102]: 

𝜕𝑓

𝜕𝑧∗
= 0   & 

𝜕𝑓

𝜕𝑧
=

𝑑𝑓

𝑑𝑧
                                                                                                                                                   (3.17) 

Then, 𝑓 is complex differentiable and satisfies the Cauchy-Riemann equations which are given as 

𝜕𝑢

𝜕𝑥
=

𝜕𝑣

𝜕𝑦
 &

𝜕𝑢

𝜕𝑦
= −

𝜕𝑣

𝜕𝑥
. A more detailed analysis can be found in [103, 104]. 

Applying this knowledge to the system of equations in (3.15) on the set {𝑘, 𝑙 ∈ 𝑍|1 ≤ 𝑘, 𝑙 ≤ 4} 
leads to [101] [105, 106, 107], 

𝜕𝑆𝑘
∗

𝜕𝑈𝑙
= 𝐻𝑘,𝑙 ∙ 𝑈𝑘

∗                                                                                                                                      (3.18) 

𝜕𝑆𝑘
∗

𝜕𝑈𝑙
∗ = 0                                                                                                                                                   (3.19) 
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The tangent line equation from Newton-Raphson method [70] [108, 105] is formulated as: 

𝑦 − 𝑓(𝑥𝑖) = 𝑓´(𝑥𝑖)(𝑥𝑖+1 − 𝑥𝑖)                                                                                                            (3.20) 

where 𝑦 is a reference value and 𝑖 is the iteration number. 

Using the property of (3.20), then (3.18) can be expressed as:  

𝑆𝑟𝑒𝑓,𝑘
∗ − 𝑆𝑘,𝑖

∗ = ∑
𝜕𝑆𝑘

∗

𝜕𝑈𝑙
(𝑈𝑙,𝑖+1 − 𝑈𝑙,𝑖)

4

𝑙=1

= ∑𝐻𝑘,𝑙 ∙ 𝑈𝑘
∗(𝑈𝑙,𝑖+1 − 𝑈𝑙,𝑖)

4

𝑙=1

                                       (3.21) 

Rearranging (3.21) leads to, 

(
𝑆𝑟𝑒𝑓,𝑘

∗ − 𝑆𝑘,𝑖
∗

𝑈𝑘,𝑖
∗ ) = ∑𝐻𝑘,𝑙(𝑈𝑙,𝑖+1 − 𝑈𝑙,𝑖)

4

𝑙=1

                                                                                          (3.22) 

which is expressed as, 

[
 
 
 
 
 
 
 
 
 
𝑆𝑟𝑒𝑓,1

∗ − 𝑆1,𝑖
∗

𝑈1,𝑖
∗

𝑆𝑟𝑒𝑓,2
∗ − 𝑆2,𝑖

∗

𝑈2,𝑖
∗

𝑆𝑟𝑒𝑓,3
∗ − 𝑆3,𝑖

∗

𝑈3,𝑖
∗

𝑆𝑟𝑒𝑓,4
∗ − 𝑆4,𝑖

∗

𝑈4,𝑖
∗

]
 
 
 
 
 
 
 
 
 

=

[
 
 
 
𝐻1,1

𝐻2,1

𝐻3,1

𝐻4,1

   

𝐻1,2

𝐻2,2

𝐻3,2

𝐻4,2

   

𝐻1,3

𝐻2,3

𝐻3,3

𝐻4,3

   

𝐻1,4

𝐻2,4

𝐻3,4

𝐻4,4]
 
 
 

∙

[
 
 
 
𝑈1,𝑖+1 − 𝑈1,𝑖

𝑈2,𝑖+1 − 𝑈2,𝑖

𝑈3,𝑖+1 − 𝑈3,𝑖

𝑈4,𝑖+1 − 𝑈4,𝑖]
 
 
 

                                                            (3.23) 

Then, rearranging (3.22) for the new voltage value 𝑈𝑙𝑖+1
 in the next iteration step can be defined 

as:  

𝑈𝑙𝑖+1
= ∑𝐻𝑘,𝑙

−1 (
𝑆𝑟𝑒𝑓,𝑘

∗ − 𝑆𝑘,𝑖
∗

𝑈𝑘,𝑖
∗ )

4

𝑙=1

+ 𝑈𝑙𝑖
                                                                                           (3.24) 

which is expressed as, 

[
 
 
 
𝑈1,𝑖+1

𝑈2,𝑖+1

𝑈3,𝑖+1

𝑈4,𝑖+1]
 
 
 

=

[
 
 
 
𝐻1,1

𝐻2,1

𝐻3,1

𝐻4,1

   

𝐻1,2

𝐻2,2

𝐻3,2

𝐻4,2

   

𝐻1,3

𝐻2,3

𝐻3,3

𝐻4,3

   

𝐻1,4

𝐻2,4

𝐻3,4

𝐻4,4]
 
 
 
−1

∙  

[
 
 
 
 
 
 
 
 
 
𝑆𝑟𝑒𝑓,1

∗ − 𝑆1,𝑖
∗

𝑈1,𝑖
∗

𝑆𝑟𝑒𝑓,2
∗ − 𝑆2,𝑖

∗

𝑈2,𝑖
∗

𝑆𝑟𝑒𝑓,3
∗ − 𝑆3,𝑖

∗

𝑈3,𝑖
∗

𝑆𝑟𝑒𝑓,4
∗ − 𝑆4,𝑖

∗

𝑈4,𝑖
∗

]
 
 
 
 
 
 
 
 
 

+

[
 
 
 
𝑈1,𝑖

𝑈2,𝑖

𝑈3,𝑖

𝑈4,𝑖]
 
 
 

                                                    (3.25) 
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Finally, the power flow calculation of the network model of Figure 3.4 is illustrated in Figure 3.6 

and explained step by step as the following: 

1.  Start values.  

As a start, the complex admittance matrix [𝐻𝑘,𝑙]of the network model is computed. The main 

grid voltage 𝑈1 = 230 + 𝑗0 𝑉 is known and considered as a reference node. Also, the apparent 

power references of the microgrid 𝑆𝑟𝑒𝑓,3 , 𝑆𝑟𝑒𝑓,4 are known and given. 

2. Calculation of the complex current of each system node in which,  

𝐼𝑘,𝑖 = ∑𝐻𝑘,𝑙

4

𝑙=1

∙ 𝑈𝑙,𝑖 

3. Calculation of the complex conjugate apparent power of each system node in which, 

𝑆𝑘,𝑖
∗ = ∑ 𝐼𝑘,𝑖

4

𝑘=1

∙ 𝑈𝑘,𝑖
∗  

4. Termination criterion. 

If the difference between the calculated apparent power 𝑆𝑘,𝑖 and the reference apparent power 

𝑆𝑟𝑒𝑓,𝑘 in the 𝑖 − 𝑡ℎ iteration step is less than or equal to a tolerance ɛ, the calculation is 

terminated and thus, 𝑆1…𝑁 & 𝑈1…𝑁 can be extracted. Otherwise, continue to the next iteration. 

Remark: the termination condition considers the apparent power difference only for nodes 

3&4 since their references 𝑆𝑟𝑒𝑓,3, 𝑆𝑟𝑒𝑓,4 are already given. The nodes 1, 2 in the network model 

have no reference values of apparent power but only calculated values 𝑆1,𝑖, 𝑆2,𝑖.  

5. Calculation of the new voltage values in the next iteration step in which, 

𝑈𝑙𝑖+1
= ∑𝐻𝑘,𝑙

−1 (
𝑆𝑟𝑒𝑓,𝑘

∗ − 𝑆𝑘,𝑖
∗

𝑈𝑘,𝑖
∗ )

4

𝑙=1

+ 𝑈𝑙𝑖
 

This step is recalled from (3.24) where a new voltage value 𝑈𝑙𝑖+1
 is calculated in the next 

iteration. Steps 2 to 5 are repeated until the termination condition in step 4 is reached. 

Remark: the new voltage values 𝑈𝑙𝑖+1
 in the next iteration step are calculated only for the 

nodes 3&4 since 𝑈1 is a reference node which is already constant and 𝑈2 is determined from 

the optimization procedure in the next section. 

 

The power flow calculation structure in Figure 3.6 can also be applied to a network model with 𝑁 

nodes such that {𝑘, 𝑙 ∈ 𝑍|1 ≤ 𝑘, 𝑙 ≤ 𝑁}. 
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Figure 3.6: Structure of the power flow calculation (power flow state) 

3.6 The Optimization Procedure  

The optimization procedure is created as an optimization via simulation which is usually called 

simulation-based optimization. In this way, the optimization algorithm gives feedback to the 

simulation at every iteration and vice versa to make the necessary changes that can satisfy the 

desired conditions. Thus, the optimization function is not minimized autonomously, but through 

an interactive process between the simulation and the optimization algorithm [109]. The 

optimization procedure in this work is addressed by three nested levels, where the power flow state 

is solved in a first loop followed by the static droop control in a second loop. Both loops constitute 

the simulation part which interacts with an optimization algorithm that optimizes the series VSI 

voltage 𝑈2.  

In the network model of Figure 3.4, the voltage phase angle of 𝑈2 should be always perpendicular 

with the current phase angle of 𝐼2 such that the series VSI active power 𝑃2 = 0. However, the 

voltage magnitude of 𝑈2 should fulfill the required voltage change inside the microgrid such that 

the DG active power matches the house active power to satisfy 𝑃1 = 0. Therefore, the simulation 

part inside the optimization procedure is required. Hence, any change in 𝑈2 will directly affect the 
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network users, allowing the DG to adjust its reference power output according to the static droops. 

A concrete solution can be considered for an optimum setting of 𝑈2 to satisfy the predefined 

conditions 𝑃2 = 0 and 𝑃1 = �̂�1 = 0. The following two-dimensional optimization function is the 

medium of choice and mathematically formulated as: 

min
𝑥𝜖𝑅2

𝑓(𝑥) = 𝑃2(𝑥)2 + 𝐶. (𝑃1(𝑥) − �̂�1)
2
                                                                                           (3.26) 

where,  

• 𝑥 represents (𝑥1, 𝑥2) which denotes the phase angle and voltage magnitude of the series 

VSI voltage 𝑈2, respectively.  

• The coefficient 𝐶 is a regularization constant and is found by trial and error.   

• 𝑃1, 𝑃2 are the calculated active power at the main grid and at the series VSI which are sent 

from the power flow state block, �̂�1 is the active power reference. 

 

The overall power flow algorithm including the optimization procedure is presented in Figure 3.7 

where each block in the algorithm has an objective.  

 

Figure 3.7: Overall power flow algorithm including the optimization procedure 
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In start block, an initial guess for the input variables of 𝑈2 which are 𝑥1, 𝑥2 are given as [0,0]. 

Then, the power flow state and static droop control inside the simulation are performed to obtain 

a steady-state condition of 𝑆1…4, 𝑈1…4, 𝐼1…4, 𝑆𝑟𝑒𝑓4,𝑛𝑒𝑤. After running the simulation, the 

optimization procedure needs to evaluate the obtained steady state and gives feedback to the 

optimization algorithm. This feedback is provided by the output value 𝑓𝑣𝑎𝑙 of the optimization 

function in (3.26). Minimizing this optimization function is initiated by the built-in Matlab 

command fminsearch which is given as, 

[x,fval,exitflag,output]=fminsearch(@(y)objfun(y,S,U), x, opts); 

fminsearch employs Nelder-Mead simplex search method as an optimization algorithm [110]. At 

each iteration of the optimization algorithm, the simulation part is performed frequently to update 

the values of 𝑃1, 𝑃2 and to give feedback to the optimization algorithm on how close it was from 

approaching the optimal values of 𝑥1, 𝑥2 in the last iteration, and in which direction to vary 𝑥1, 𝑥2 

in the next iteration. This process is illustrated by monitoring the optimization function behaviour 

for a certain condition of the network model as depicted in Figure 3.8.  

 

Figure 3.8: The optimization function behaviour for a certain condition of the network model  
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In the previous figure, a certain number of iterations is performed in order to find the solution. For 

each iteration, the values of 𝑥1, 𝑥2 are varied depending on the frequent feedback from the 

simulation. It can be noticed how the output value of the function converges to zero once the 

algorithm finds 𝑥optimal. In contrast, the values of 𝑥1, 𝑥2 at each iteration affect the simulation 

parameters where the optimization function converges to zero by the interaction between the 

simulation and the optimization algorithm.  

Specifically, the new value of the phase angle 𝑥1 directly affects the active power of the series VSI 

in which the calculated value of 𝑃2 = |𝑈2||𝐼2|cos (∠𝑈2 − ∠𝐼2) approaches zero once the 

optimization algorithm finds the optimal value of 𝑥1 which is ∠𝑈2. If the phase angle difference 

(∠𝑈2 − ∠𝐼2) approaches ±90°, the calculated active power of 𝑃2 will be minimized to zero. Note 

that if the optimization algorithm sets 𝑥2 which is |𝑈2| to zero, 𝑃2 will be also minimized to zero. 

However, the value of the output function will not converge to zero since 𝑃1 is still not minimized. 

The value of 𝑃1 is updated at each iteration of the optimization algorithm based on the feedback 

from the simulation. It is minimized in an indirect process depending on the value of 𝑥2 which 

directly affects the DG voltage magnitude |𝑈4| in the static droop control block as described below.      

The new value of the voltage magnitude 𝑥2 directly affects the DG voltage magnitude |𝑈4| and 

consequently the active power reference of the DG inside the static droop control block. This block 

calculates the active and reactive power references of the DG (𝑆𝑟𝑒𝑓4,𝑛𝑒𝑤 = 𝑃𝑟𝑒𝑓4,𝑛𝑒𝑤 , 𝑄𝑟𝑒𝑓 4,𝑛𝑒𝑤) 

(see 3.27) based on the calculation of |𝑈4| which is varied in accordance to the magnitude of 

𝑈2 which is 𝑥2.  Then, both references are fed back to the power flow state block. Thus, 𝑆𝑟𝑒𝑓4 in 

the power flow state is now modified to 𝑆𝑟𝑒𝑓4,𝑛𝑒𝑤. Recalling step 4 from the power flow state 

block, the calculated value of 𝑆4 should be closer to the new reference value 𝑆𝑟𝑒𝑓4,𝑛𝑒𝑤 in order to 

terminate the power flow loop. This means that the calculated DG active power 𝑃4 will match the 

house active power 𝑃3 and therefore, satisfying 𝑃1 = �̂�1 = 0 if the optimization algorithm finds 

the optimal value of 𝑥2 that can make the required voltage magnitude change in |𝑈4| and if 𝑃4 

approaches 𝑃𝑟𝑒𝑓4,𝑛𝑒𝑤 which is selected from the P-U droop characteristic. 

These two references are given as the following: 

𝑃𝑟𝑒𝑓4,𝑛𝑒𝑤 =
1

𝑘𝑝
. (|𝑈4| − |𝑈1|); which is analogous to (3.1) & 

𝑄𝑟𝑒𝑓4,𝑛𝑒𝑤 = 𝑘𝑞 . 𝑃𝑟𝑒𝑓4,𝑛𝑒𝑤                                                                                                                     (3.27)  

where 𝑘𝑝 & 𝑘𝑞 are the droop gains which are specified in the next section. 𝑈1 = 230𝑉 which is 

the constant main grid voltage. It should be noted that 𝑄𝑟𝑒𝑓4,𝑛𝑒𝑤 has no relation to the active power 

control of 𝑃1 and 𝑃2. However, it is included in order to investigate how much the active power 

margin of the house and the DG P-U droop characteristics can be enlarged.  

Thus, by injecting series voltage 𝑈2 and performing the simulation repeatedly, the calculated DG 

active power 𝑃4 tends to match the calculated house active power 𝑃3 and therefore, 𝑃1 tends to 

approach �̂�1 = 0. This process can be seen in Figure 3.9 which illustrates the link between 𝑥2 and 

minimizing 𝑃1 to �̂�1 = 0. In Figure 3.9, a balance between the DG active power 𝑃4 and the house 
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active power 𝑃3 should be achieved in order to minimize 𝑃1 to �̂�1 = 0. This is done by varying the 

DG voltage magnitude |𝑈4| so that 𝑃4 can approach the new reference active power 𝑃𝑟𝑒𝑓4,𝑛𝑒𝑤 

which is calculated from (3.27) to match the house load demand 𝑃3. The change of |𝑈4| is achieved 

by finding the optimal magnitude of 𝑈2 which is 𝑥2 that can satisfy 𝑃1 = �̂�1 = 0. Thus, an 

exchange between the two cost terms of the optimization function is computed to satisfy the 

predefined conditions. 

 

Figure 3.9: The link between 𝑥2 and 𝑃1 during the minimization process  

Finally, if the optimization function converges to zero and if the optimal values 𝑥1, 𝑥2 of the series 

VSI voltage 𝑈2 are found, the power flow state in the overall power flow algorithm is performed 

once more to extract the final values of 𝑆1…4, 𝑈1…4. 

3.7 Limits of the Proposed Approach  

To verify the operation and the limits of the proposed approach, the simplified model which is 

already described in section 3.3 (Figure 3.4) is used. The house and DG blocks represent a 

grouping of certain number of houses and DGs, respectively. The following subsections 

investigate the limits of the proposed approach under different conditions by optimizing the P-U 

characteristic and by injecting 𝑄 into the network so that the house power margin is maximized 

while minimizing the voltage boundary which is limited to ±10% of the network voltage.  

Furthermore, three different P-U droop characteristics have been considered where 𝑃𝑚𝑖𝑛 and 𝑃𝑚𝑎𝑥 

are chosen as ±80 𝑘𝑊 for P-U (1), ±120 𝑘𝑊 for P-U (2), and ±160 𝑘𝑊 for P-U (3) which is the 

maximum droop characteristic that can be reached. Since the reactive power is correlated to the 

active power, then the injection of reactive power by recalling (3.27) is considered as: 

𝑄𝑑𝑟𝑜𝑜𝑝 = 𝑘𝑞 ∗ 𝑃                                                                                                                                      (3.28) 
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where 𝑘𝑞 is a droop gain and 𝑃 is the active power output. Both P-U droop characteristics and Q-

droop characteristics are shown in Figure 3.10. The reactive power characteristics 𝑄𝑑𝑟𝑜𝑜𝑝𝑠 are 

calculated from 𝑃 which is generated in relation to the maximum droop P-U (3). 𝑘𝑞 are selected 

as −0.4, − 0.6, − 0.8 for 𝑄𝑑𝑟𝑜𝑜𝑝(1), 𝑄𝑑𝑟𝑜𝑜𝑝(2), 𝑄𝑑𝑟𝑜𝑜𝑝(3), respectively.             

 

Figure 3.10: The proposed P-U droop and Qdroop characteristics  

3.7.1 Limits when P-U is optimized and Qdroop = 0 

In this case, there is no reactive power injection from the DG unit and the house load is supposed 

to be purely resistive. Therefore, the P-U droop characteristic is optimized in order to investigate 

the limits of P3 which is denoted by PHouse and to check the voltage at all nodes of the network as 

depicted in Figure 3.11 (a)-(f). The rms voltages at the PCC, the series VSI, the house, and DG are 

denoted by U1+2, U2, U3, U4, respectively. The blue line represents P-U (1), the orange P-U (2), 

and the pink P-U (3). It is clearly shown from subfigure (c) how the active power at the main grid 

and at series-VSI (P1, P2) are controlled to zero. Also, it can be seen that all the P-U droop 

characteristics are working properly where PHouse is better increased by P-U (3) than P-U (1) and 

P-U (2) in which the min and max active power reach approximately to ±100 kW despite the large 

power capacity of the DG unit.  

These values of house active power reflect the limits since the house rms voltage U3 reaches to the 

min and max permissible voltage. Also, the droop coefficient P-U (3) reflects the limits since it is 

the maximum droop the algorithm can reach without reactive power injection. P-U (3) is assumed 

optimal in this case since the RMS voltage at all nodes is reduced and the margin of active power 
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is maximized. Figure 3.12 shows the measured P-U droop and Q-droop characteristics of the DG 

unit. It is clearly shown that there is no reactive power injection from the DG unit.     

 

Figure 3.11: System operation without reactive power injection and with P-U optimization 

 

 

Figure 3.12: The measured P-U droop and Q-droop characteristics at the DG node  
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3.7.2 Limits when P-U is optimized and Qdroop ≠ 0 

In this case, the reactive power injection is considered and formulated as indicated in (3.28) to 

know how much we can expand the active power margin of the house by injecting reactive power. 

However, injecting extra reactive power will increase the losses on the grid side. Therefore, the 

reactive power should be optimized with the P-U droop statics to determine the optimal 

characteristics.  Figure 3.13 shows the system operation when three different Q-droops (see Figure 

3.10) are applied with the optimal droop P-U (3). The blue line represents Qdroop (1), the orange 

Qdroop (2), and the pink Qdroop (3).  

 

Figure 3.13: System operation with P-U (3) and all Qdroops  

 

It is clearly shown from subfigure (a) that with injection of reactive power, the margin of house 

active power P3 is increased a little bit to approximately −100 kW,+120kW. Besides, it can be 

seen that all Qdroops have expanded the house active power margin approximately to the same 

value without exceeding the voltage limits which are labeled with black colors. Qdroop (3) can be 

considered as the optimal characteristic since it has increased the active power margin exactly the 
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same as Qdroop (1) and (2) but with reduced voltage at the house node. The active power at the 

main grid and the series-VSI (P1, P2) are regulated to zero as depicted in subfigure (c). Also, it 

should be noted that the voltage at all nodes are reduced and remained within acceptable limits as 

shown in subfigures (b), (e), (f). The values of house active and reactive power in subfigure (a) 

reflect the limits since the house rms voltage U3 in subfigure (b) reaches to the min and max 

permissible voltage. The corresponding measurements of the P-U and Q-droop characteristics at 

the DG node are depicted in Figure 3.14. It is clearly shown how the Q-droops satisfy the 

predefined reactive power droop characteristics which was supposed in Figure 3.10 for the DG 

unit.    

 

Figure 3.14: Performance of the optimal P-U droop and Qdroop characteristics at the DG node 

 

3.7.3 Limits when 𝐋_𝐍 is increased  

The previous two cases have investigated the system limits when the line length L_N connecting 

two nodes is 40-meter long. However, if L_N is increased, what will be the limits of PHouse and 

what is the maximum P-U droop the algorithm can reach with and without reactive power injection. 

Therefore, this case discusses the system limits if the line connecting two nodes L_N is increased 

either with Q=0 or Q= Qdroop (3) denoted by Qopt which is used previously to inject reactive 

power. Figure 3.15 shows the maximum droop coefficient kP, max with and without reactive 

power injection when the line length is increased to 50, 100, 250, 500, 750, 1000 meters long, 

respectively. It is clearly shown that as the line length is increased, the droop coefficient will be 

reduced either with Q=0 or Q=Qopt. Thus, the power margin limit PHouse will be also reduced.  
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Figure 3.15: Max. droop coefficient when L_N increased  

 

The minimum and maximum limits of PHouse with Q=0 and Q=Qopt for every line length increase 

are depicted in Table 3-2.  

Table 3-2: System limits for different line lengths 

 

LN 

 

Method 

 

kP,max =
P DG,max − P DG,min

U rms,max − U rms,min
 

 

 

PHouse, min 

 

PHouse, max 

50 m 𝑄 = 0 

𝑄_𝑜𝑝𝑡 

−7 

−7.4 

 

−92 kW 

−96 kW 

110 kW 

124 kW 

100 m 𝑄 = 0 

𝑄_𝑜𝑝𝑡 

−3.5 

−3.9 

 

−50 kW 

−51 kW 

60 kW 

64 kW 

250 m 𝑄 = 0 

𝑄_𝑜𝑝𝑡 

−1.5 

−1.65 

 

−23 kW 

−25 kW 

27 kW 

31 kW 

500 m 𝑄 = 0 

𝑄_𝑜𝑝𝑡 

−0.78 

−0.87 

 

−12 kW 

−13 kW 

14 kW 

16.5 kW 

750 m 𝑄 = 0 

𝑄_𝑜𝑝𝑡 

−0.54 

−0.59 

 

−8 kW 

−8.5 kW 

10 kW 

11.5 kW 

1000 m 𝑄 = 0 

𝑄_𝑜𝑝𝑡 

−0.39 

−0.41 

 

−6 kW 

−6.5 kW 

7.5 kW 

8 kW 
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The max droop coefficient with and without reactive power injection (see Figure 3.15) for every 

line length has been calculated and included in the table. It can be noticed from the table that the 

max line length can be reached up to 1 km long. However, the min and max active power limit 

PHouse and the max droop coefficient kP,max are reduced with the line length increase either with 

Q=0 or with Q=Qopt as represented in their relationships in Figure 3.16 and Figure 3.17, 

respectively. The blue color refers to the limits with Q=0 and the green color to the limits with 

Q=Qopt. It can be noticed that the reactive power injection Q=Qopt can increase the power margin 

of PHouse and the max droop coefficient kP,max only for short line lengths. So that, it can be 

concluded that PHouse limit depends mainly on the line length and the max droop coefficient 

kP,max.   

 

Figure 3.16: The relationship between 𝑃𝐻𝑜𝑢𝑠𝑒 limit and the line length increase 
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Figure 3.17: The relationship between max droop coefficient 𝑘𝑃,𝑚𝑎𝑥 and the line length increase 

 

3.7.4 Limits when �̂�𝟏 ≠ 𝟎 

In this case, the active power reference �̂�1 in the optimization function is re-changed to investigate 

how much is the margin of the active power reference �̂�1 if it is not assigned as �̂�1 = 0 . In other 

words, how much is the active power exchange amount that can be controlled between the utility 

and the microgrid. Figure 3.18 (a)-(i) shows the first simulation which is executed considering that 

𝑄 = 0. The active power of the house and the DG maximum reference active power are selected 

as PHouse = −40 𝑘𝑊, PDG,Max = 160 𝑘𝑊. The line length L_N is supposed to be 40 meter-long 

and the P-U droops are the same droops represented before in Figure 3.10. The blue line in the 

subfigures represent the system measurements by applying P-U (1), the orange line for P-U (2) 

and the pink is for P-U (3). 

It is clearly shown from the subfigures that when Q=0, the active power exchange limit P1 can be 

controlled approximately up to ±30 kW by using P-U (1), (―70 kW and +40 kW) by using P-U 

(2), and (―90 kW and +40 kW) by applying P-U (3). Besides, it can be seen in subfigure (b) how 

the DG active power 𝑃4 is varying depending on the desired active power exchange value �̂�1. The 
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inverter active power 𝑃2 is controlled to zero as shown in subfigure (c) and only reactive power 

𝑄2 is injected from the inverter as shown in subfigure (f). Furthermore, it seems from the last three 

subfigures (g, h, i) that P-U (3) is more optimal than P-U (1) and P-U (2) since the voltage at all 

nodes is reduced and the margin of active power exchange is expanded.  

 

Figure 3.18: The margin of bidirectional power flow exchange without reactive power injection 

and with P-U optimization 

Figure 3.19 (a)-(i) shows the second simulation which is executed considering the reactive power 

injection. The active and reactive power of the house and the DG maximum reference powers are 

selected as: 

 (PHouse = −40 𝑘𝑊,QHouse = −16 𝑘𝑉𝐴𝑅), (PDG,Max = 160 𝑘𝑊,QDG,Max = 64 𝑘𝑉𝐴𝑅) 

Again, the blue line in the subfigures represent the system measurements by applying P-U (1), the 

orange line represents P-U (2), and the pink line for P-U (3). When Q≠0, it is shown that the active 

power exchange margin P1 is increased and controlled approximately up to (―40 kW and +50 

kW) by using P-U (1), (―75 kW and +50 kW) by applying P-U (2), and (―100 kW and +50 

kW) by applying P-U (3). It can be seen how much the margin of active power exchange is 

increased with the reactive power injection. Also, it can be noticed in subfigures (b) and (e) how 

the active and reactive power of the DG 𝑃4, 𝑄4 are varying in accordance to the desired active 
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power exchange value �̂�1.  As in the first simulation, it seems that P-U (3) is more optimal than P-

U (1) and P-U (2) since the margin of active power exchange is increased and the voltage at all 

nodes is reduced. 

 

Figure 3.19: The margin of bidirectional power flow exchange with reactive power injection and 

with P-U optimization 

3.8 Validation of the Overall Power Flow Algorithm  

In this section, the overall power flow algorithm is applied to an extended network model of 10 

households such that {𝑘, 𝑙 ∈ 𝑍|1 ≤ 𝑘, 𝑙 ≤ 22}. Each household contains one house and one DG 

connected in parallel. The indices of the houses and DGs are denoted by 3,5, … ,𝑁 + 2 and 

4,6, … ,𝑁 + 2, respectively. In order to validate the effectiveness of the overall power flow 

algorithm including the optimization procedure, the algorithm should be tested under different 

operating conditions. So that, Figure 3.20 depicts an extended dynamic network model which 

consists of the microgrid (10 Households), the series-VSI, and the main grid. The DGs have the 

same active power reference so that the measuraments will be taken only for one DG as the rest 

will be the same. Two types of cable lines L_N and L_H are used and represented according to 

their impedances 𝑍𝑁 , 𝑍𝐻, respectively. The length of the lines L_N and L_H are 100 and 20 meter, 
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respectively. The resistance and inductance of the lines are like the ones defined in the simplified 

network model in section 3.3.  

 

 

Figure 3.20: Extended dynamic network model for validation 

 

By recalling (3.1) and considering the initial active power value for each DG as 𝑃0 = 10 𝑘𝑊, the 

P-U droop characteristic applied for each DG can be seen as shown in Figure 3.21.  

Four case scenarios have been investigated to validate the proposed concept [111] where the 

desired active power flow reference �̂�1 = 0 is considered either if the active power transfer is from 

the microgrid to the main grid or vice versa. The active power reference and the total load demand 

are varied during simulation to investigate the capability of the overall power flow algorithm in 

tracking the active power reference during system fluctuations. The loads of houses are considered 

as equal fixed values and will not be changed by the voltage variation due to injecting series 

voltage 𝑈2 at PCC.  
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Figure 3.21: The proposed P-U droop characteristic 

 

3.8.1 Controlling the Active Power Transfer to the Utility 

By performing at first the simulation part which includes the power flow state and static droop 

control blocks, every DG in the microgrid generates approximately 9.8 kW and every house or 

load is adjusted to consume 7 kW resulting in an active power transfer from the microgrid to the 

utility of nearly 28 kW. By activating the optimization function within the overall power flow 

algorithm, the active power at the main grid 𝑃1 will be controlled to the reference value which is 

considered as zero. It is worth mentioning that the optimization function is disabled before iteration 

number 6. However, after iteration number 6 the optimization function is enabled. The iteration 

number in all figures is related to the power flow state block. Figure 3.22 depict the RMS voltage 

and active power at every DG node while Figure 3.23 depicts the RMS voltage at PCC and the 

active power at the main grid, respectively. According to the desired active power reference, the 

optimization algorithm generates the optimal values(𝑥1, 𝑥2) of the series voltage 𝑈2 to satisfy the 

desired conditions. This optimal series voltage has a magnitude of 15 𝑉 and a phase angle of 90° 
with respect to line current as demonstrated in Figure 3.24.  
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Figure 3.22: RMS voltage and active power at the DG node (case 1). [111], © 2018 IEEE 

 

Figure 3.23: RMS voltage at PCC and active power at main grid (case 1). [111], © 2018 IEEE 
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As a result of injecting an optimal series voltage at PCC, the voltage at PCC and every DG node 

are increased. In this case, every DG adjusts to the change in the operating voltage by reducing its 

generated power according to the P-U droop characteristic shown in Figure 3.21. The whole DGs 

in the microgrid have the same P-U droop characteristic, therefore they satisfy an equal 

minimization of the active power transfer to the utility. Thus, the active power reference is tracked 

successfully by satisfying an active power balance between the total load demand and the total 

active power of DGs inside the microgrid. 

 

Figure 3.24: Voltage magnitude and phase angle of the series VSI (case 1). [111], © 2018 IEEE 

 

3.8.2 Controlling the Active Power Transfer from the Utility 

In this case scenario, the opposite situation has been investigated in which every DG in the 

microgrid is generating approximately 10.2 kW and every house is adjusted to consume 13 kW 

resulting in an active power flow import from the utility grid to the microgrid of nearly −28 𝑘𝑊. 

Again, the simulation is performed at first where the optimization function is disabled before 

iteration number 6. However, after iteration number 6 the optimization function is enabled. Figure 

3.25 presents the values of the RMS voltage and active power at the DG node. However, the RMS 

voltage at PCC and active power at the main grid are presented at Figure 3.26. It can be noticed 

that the optimization algorithm generates an optimal series voltage which has a magnitude of 15 

V and a phase angle which is 270° = −90° with respect to line current as depicted in Figure 3.27.  
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Figure 3.25: RMS voltage and active power at the DG node (case 2). [111], © 2018 IEEE 

 

 

Figure 3.26: RMS voltage at PCC and active power at main grid (case 2). [111], © 2018 IEEE 
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This voltage injection has decreased the PCC voltage and consequently every DG node voltage to 

the required value that fulfills the active power reference. Hence, satisfying an active power 

balance between the total load demand and the total active power inside the microgrid results in 

tracking successfully the active power reference as in the previous case. 

 

Figure 3.27: Voltage magnitude and phase angle of the series VSI (case 2). [111], © 2018 IEEE 

3.8.3 Variation of the Active Power Reference  

In this case scenario, the active power reference is varied during the operation of the overall power 

flow algorithm in order to investigate its performance when the active power flow is from the 

microgrid to the utility or vice versa. The values of the RMS voltage at PCC and the active power 

at the main grid when the active power reference is increased is shown in Figure 3.28. The same 

values are shown in Figure 3.29 when the active power reference is decreased.  

In Figure 3.28, it can be noticed that the active power reference is changed from zero to 10 and 

finally to 20 kW, respectively. Note that how the overall power flow algorithm forces the active 

power at main grid to track the step change of the active power reference. Also, note that how the 

RMS voltage at PCC is changed with every step change in the reference power. In Figure 3.29, it 

is worth noting that the active power reference is changed from zero to -10 and finally to -20 kW, 

respectively. It can be noticed how the overall power flow algorithm forces the active power to 

track the power reference step change by achieving the required balance between the total load 

demand and the total generated active power. Besides, it can be seen how the RMS voltage at PCC 

is changed with every active power reference step change. 
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Figure 3.28: RMS voltage at PCC and active power at main grid when increasing the active 

power reference. [111], © 2018 IEEE 

 

Figure 3.29: RMS voltage at PCC and active power at main grid when decreasing the active 

power reference. [111], © 2018 IEEE 
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3.8.4 Variation of the Total Load Demand  

The microgrid would supply or consume active power in relation to the active power reference 

given to the optimization function inside the overall power flow algorithm. However, if there is a 

sudden change in the load demand of the households, the optimization algorithm would sense the 

load change and would inject the needed voltage to control the voltage at PCC. Thus, the total 

active power generated from the DGs would increase or decrease, to compensate for the load 

change. In this case scenario, the load demand of every household in the microgrid is varied in 

order to testify the capability of the overall power flow algorithm in tracking the active power 

reference. Figure 3.30 depicts the values of the RMS voltage and active power of the DG & Load, 

respectively. Besides, the RMS voltage at PCC and the active power at the main grid are presented 

in Figure 3.31, respectively. It is worth noting that before iteration number 6 there was no 

optimization and between 6 < iteration number < 12, the optimization function is again enabled. 

However, the load of every household is varied after iteration number 12. Once the load demand 

of each house is changed to −6 𝑘𝑊, the optimization algorithm detects this event and injects the 

required series voltage that achieves the balance between the varied load demand and the DG 

active power in every household. Thus, the overall power flow algorithm maintains the active 

power reference even during the load demand variations.  

 

 

Figure 3.30: RMS voltage and active power at each household during load variation. [111], © 

2018 IEEE 
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Figure 3.31: RMS voltage and active power at PCC during load variation. [111], © 2018 IEEE 
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Chapter 4 : Modeling and Control of the 

System Components in Time-Domain  

4.1 Introduction  

This chapter discusses the performance and effectiveness of the series transformerless H-bridge 

inverter by performing time-domain simulations on a realistic power network model which 

includes all the proposed control methodologies. Moreover, the studied network considers 

determining the parameters of the control units depending on system requirements. The 

transformerless H-bridge inverter employs two power control strategies to perform the power flow 

control at PCC. Thus, the inverter can work either in its inductive or capacitive mode depending 

on the desired power reference. Therefore, the time domain simulations verify the performance of 

the two power control strategies in both operation modes when the real power flow is from the 

microgrid to the utility grid or vice versa. Besides, these simulations investigate the THD generated 

from the proposed H-bridge inverter at PCC, the advantage of incorporating the 𝑃/𝑉 droop 

controllers into the microgrid DG control units, and the maximum amount of the real power 

transfer at PCC. Consequently, the quality of the series injected voltage and the scalability of the 

real power flow amount are defined.    

The rest of this chapter is organized as follows: section 4.2 explains the microgrid DG control 

methodology when it is connected to the main grid. Section 4.3 describes the arrangement of the 

series power flow controller based transformerless H-bridge inverter. Also, it investigates the 

mathematical modeling of a grid-connected microgrid with the existence of the series 

transformerless H-bridge inverter at PCC. Section 4.4 explains the proposed power control 

strategies of the series transformerless H-bridge inverter. Section 4.5 depicts the power network 

simulation model in LV-distribution network. Section 4.6 describes the activation process of the 

proposed series inverter and the stability of its control strategy. Sections 4.7 and 4.8 investigate 

the real and reactive power control strategies in satisfying a desired real power reference at PCC 

for both operation modes, respectively. Finally, section 4.9 gives an evaluation of the system 

quality, flexibility, and maximum amount of the real power flow at PCC.  

4.2 Control Structure of the Microgrid DG Units 

The microgrid term is considered as a combination of distributed generators (DGs) connected to 

the utility grid, which must satisfy the total load demand during both modes of operation either 

grid-connected or islanded [112]. Furthermore, DG systems are usually connected to the point of 

common coupling through controlled voltage source converter-based interfaces. In comparison to 

large-scale power plants, these DG systems are normally connected nearer to the end users at the 
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distribution network, thus minimizing the total power losses through the line. Therefore, enhancing 

the future of the electrical grids is anticipated to be improved by the integration of microgrids into 

the low-voltage distribution network, which is considered as the main connection point of most 

DG systems [96].     

The control structure of each DG unit in the microgrid is presented in Figure 4.1. All the DG units 

are connected via the PCC to the main utility grid and they have the same control structure. The 

control structure consists of three main parts marked with red-color which are: droop control, 

power control, and current control loop. Since there is only one phase voltage or current signal 

available in single phase systems, a second-order generalized integrator (SOGI) [113, 114] is used 

to generate the alpha-beta components of the DG voltage and current, and by applying dq-

transformation, the dq components of both voltage and current are created [115]. In the droop 

control loop, the RMS voltage of every DG unit is inserted into 𝑃/𝑉 droop characteristic to 

generate the reference real power. The reactive power reference of every DG is considered as a 

fixed value as the load real power limit in this chapter will not be investigated.    

 

Figure 4.1: Microgrid real and reactive power control method 

The active and reactive power in the synchronous reference frame are described as [116, 117]: 

𝑃 = (𝑣𝑑  𝑖𝑑 + 𝑣𝑞 𝑖𝑞)                                                                                                                                  (4.1)                                                                                                                                    

𝑄 = (𝑣𝑑  𝑖𝑞 − 𝑣𝑞𝑖𝑑)                                                                                                                                   (4.2) 
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As shown in the last two equations, a mutual coupled voltage between d and q axis quantities exists 

which makes 𝑃 and 𝑄 not to be controlled independently. That means as the active power delivered 

is varying, the reactive power will also be varying. However, since the DG is synchronized with 

the main grid using the phase locked loop (PLL), the 𝑞-component of the main grid voltage as well 

as the DG voltage 𝑣𝑞 is equal to zero [116, 118]. Thus, the active and reactive power are modified 

to the following: 

𝑃 = 𝑣𝑑  𝑖𝑑                                                                                                                                                    (4.3)                                                                                                                                              

𝑄 = 𝑣𝑑  𝑖𝑞                                                                                                                                                    (4.4) 

Thus, the active power is controlled directly by the reference d-axis current and the reactive power 

is also controlled by the reference q-axis current. 

Considering the given active and reactive power references in the power control loop, then: 

𝑃𝑟𝑒𝑓 = 𝑣𝑑  𝑖𝑑,𝑟𝑒𝑓  such that 𝑖𝑑,𝑟𝑒𝑓 =
𝑃𝑟𝑒𝑓

𝑣𝑑
                                                                                               (4.5)                                                                                         

𝑄𝑟𝑒𝑓 = 𝑣𝑑  𝑖𝑞,𝑟𝑒𝑓 such that 𝑖𝑞,𝑟𝑒𝑓 =
𝑄𝑟𝑒𝑓

𝑣𝑑
                                                                                                (4.6)  

The output of the power control loop is 𝑖𝑑,𝑟𝑒𝑓 and 𝑖𝑞,𝑟𝑒𝑓 which are the d- and q-axis reference 

currents needed for the current control loop. After that, the current references are subtracted from 

the measured d- and q-axis output currents and applied to PI-controllers. 𝑢𝑑  and 𝑢𝑞 are the d- and 

q-axis outputs of the current controller, respectively. Then a cross-coupling which is used to 

decouple control equations is achieved by adding 𝑣𝑑 − 𝑖𝑞𝜔𝐿 to 𝑢𝑑 and 𝑣𝑞 + 𝑖𝑑𝜔𝐿 to 𝑢𝑞. Thus, the 

reference d- and q-axis output voltages can be represented as [112] [119]: 

𝑣𝑑
˴ = 𝑣𝑑 − 𝜔𝐿𝑖𝑞 + (𝑘𝑝 +

𝑘𝑖

𝑠
) (𝑖𝑑,𝑟𝑒𝑓 − 𝑖𝑑)                                                                                         (4.7) 

𝑣𝑞
˴ = 𝑣𝑞 − 𝜔𝐿𝑖𝑑 + (𝑘𝑝 +

𝑘𝑖

𝑠
) (𝑖𝑞,𝑟𝑒𝑓 − 𝑖𝑞)                                                                                         (4.8) 

Finally, the dq-components are transformed into sinewave signal to generate the reference voltage 

of the DG unit 𝑣𝑟𝑒𝑓. 

 

4.3 Development of Series Power Flow Controller 

In this thesis, a series power flow controller based transformerless H-bridge inverter is installed at 

PCC to control the bidirectional real power flow between the utility and the microgrid. The basic 

modeling and design of the proposed inverter are described in the first subsection. However, the 

mathematical modeling of this inverter with the main utility grid and the microgrid is investigated 

in the second subsection.      
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4.3.1 Single Phase Full Bridge Inverter Configuration   

Figure 4.2 depicts the basic topology of the single phase-full bridge inverter which is often called 

an H-bridge inverter, considering the power switches arrangement. The inverter consists of two 

legs, and each leg includes two series connected power control devices. 

A MOSFET connected in antiparallel with a diode constitutes each power control device. The turn-

on time of the upper and lower MOSFET of each inverter leg is varied to control the switching 

operation of the circuit. Switching the H-bridge in a proper sequence will create an AC output 

voltage, and this output voltage can be either +𝑉𝑑𝑐, −𝑉𝑑𝑐, or 0 depending on the control of the H-

bridge MOSFETS. To avoid the short circuit occurrence on the DC link which would break down 

the inverter or its power devices, both MOSFETS on one leg can’t be turned ON simultaneously. 

The prospective switching combinations of the H-bridge inverter are formulated in Table 4-1. 

Furthermore, the pulse width modulation (PWM) strategy is utilized to create an appropriate gating 

signal for the MOSFET devices. Controlling the output voltage magnitude and the fundamental 

frequency are the primary two objectives of the PWM. The MOSFET devices must be controlled 

in a particular sequence in order to generate a sinusoidal output voltage in the proposed inverter.    

 

Figure 4.2: Circuit topology of the single phase-full bridge inverter 

Therefore, a reference sinusoidal waveform which is usually called a modulation or control signal 

is compared to a carrier signal. A triangular signal commonly represents the carrier signal and its 

objective is to control the switching frequency. However, the output voltage magnitude and the 

fundamental frequency is controlled by the reference sinusoidal signal or waveform. The bipolar 
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PWM is applied as a modulation method to control the output voltage 𝑉𝑜𝑢𝑡 of the H-bridge inverter. 

The switching commands 𝑀1 and 𝑀4 will be ON when the reference signal is larger than the carrier 

signal while 𝑀2 and 𝑀3 will be ON when the reference signal is smaller than the carrier signal 

[120].  

The output voltage of the H-bridge inverter can be changed by varying the reference or control 

signal. Thus, two major definitions of the modulation ratios are developed as follows: 

𝑚𝑎 = 𝑉𝑟𝑒𝑓/𝑉𝑐𝑎𝑟𝑟𝑖𝑒𝑟                                                                                                                                 (4.9) 

𝑚𝑓 = 𝑓𝑐𝑎𝑟𝑟𝑖𝑒𝑟/𝑓𝑟𝑒𝑓                                                                                                                                 (4.10)         

where 𝑚𝑎 is the amplitude modulation ratio (modulation index) and 𝑚𝑓 is the frequency 

modulation ratio, 𝑉𝑟𝑒𝑓 is the amplitude of the reference signal and 𝑉𝑐𝑎𝑟𝑟𝑖𝑒𝑟 is the amplitude of the 

carrier signal,  𝑓𝑐𝑎𝑟𝑟𝑖𝑒𝑟 is the switching frequency and 𝑓𝑟𝑒𝑓 is the fundamental frequency. 

Table 4-1: H-bridge inverter switching combinations 

Mode 𝑴𝟏 𝑴𝟐 𝑴𝟑 𝑴𝟒 𝑽𝒐𝒖𝒕 

1 ON OFF ON OFF 0 

2 OFF ON ON OFF −𝑉𝑑𝑐 

3 ON OFF OFF ON +𝑉𝑑𝑐 

4 OFF ON OFF ON 0 

 

If 𝑚𝑎 < 1.0, the sinusoidal PWM operates in the linear range so that the amplitude of the 

fundamental frequency component varies linearly with 𝑚𝑎, i.e. 

𝑉𝑜𝑢𝑡 = 𝑚𝑎. 𝑉𝑑𝑐                                                                                                                                         (4.11)         

However, if 𝑚𝑎 > 1.0, the relationship becomes nonlinear and the square-wave operation 

determines the allowable maximum value.   

4.3.2 Mathematical Modelling of the Power Network  

In this section, a straightforward mathematical modeling of the main grid and the microgrid with 

the H-bridge inverter installation at PCC is discussed. A series power flow controller-based 

transformerless H-bridge inverter which can be seen as a series-controlled voltage source with 

variable magnitude and phase angle is proposed to be connected between the main grid and the 

microgrid. This inverter can control the power flow by injecting a voltage with variable magnitude 

and phase angle with respect to the line current. If the series injected voltage lags or leads the line 

current, then the inverter behaves as a series capacitive or inductive impedance, respectively. 

Therefore, the active and reactive power flow through the line can be controlled by varying the 

output voltage of the proposed inverter. Hence, the real power exchange between both networks 

can be controlled. Figure 4.3 (a) shows a single line diagram which employs the series-controlled 

voltage source as power flow controller between the main grid and the microgrid which are also 

represented as voltage sources. The series-controlled voltage source can be represented as a 

transformerless H-bridge inverter with a DC-link capacitor as depicted in Figure 4.3 (b). Figure 
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4.4 shows the voltage vector representation of the power network which gives an indication about 

the relation between the microgrid or PCC voltage with the H-bridge inverter output voltage. 

The equivalent line impedance is considered as 𝑅𝑙𝑖𝑛𝑒 since 𝑅𝑙𝑖𝑛𝑒 >> 𝑋𝑙𝑖𝑛𝑒. δ is the phase angle 

difference between the grid and microgrid voltages and α is the phase angle difference between 

the grid and the series inverter voltages. The expressions of the main grid and the microgrid 

apparent power are derived as presented in the following equations. 

𝐼𝑒𝑗(90±α) =
𝑉𝐺𝑒𝑗0 + 𝑉𝑖𝑛𝑣𝑒

𝑗α − 𝑉𝑀𝑒𝑗δ 

𝑅𝑙𝑖𝑛𝑒
=

𝑉𝐺 + 𝑉𝑖𝑛𝑣(𝑐𝑜𝑠α + j 𝑠𝑖𝑛α) − 𝑉𝑀(𝑐𝑜𝑠δ + j 𝑠𝑖𝑛δ)

𝑅𝑙𝑖𝑛𝑒
 (4.12) 

Then, the conjugate value of the current phasor is given as: 

𝐼∗̇ = ±
2 𝑉𝑖𝑛𝑣

𝑅𝑙𝑖𝑛𝑒
 (

𝑉𝐺 − 𝑉𝑀 𝑐𝑜𝑠δ

𝑉𝑀 𝑠𝑖𝑛δ + j(𝑉𝐺 − 𝑉𝑀 𝑐𝑜𝑠δ)
)                                                                                  (4.13) 

where " · " stands for a phasor quantity. 

 

Figure 4.3: Network representation (a) Single line diagram (b) Transformerless H-bridge 

inverter topology. Modified from reference [121], © 2018, with permission from Elsevier.  
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Figure 4.4: Voltage vector representation of the power network 

 

𝑆𝐺 = 𝑉�̇�𝐼∗̇ = ±
2 𝑉𝑖𝑛𝑣

𝑅𝑙𝑖𝑛𝑒
 (

𝑉𝐺
2 − 𝑉𝐺𝑉𝑀 𝑐𝑜𝑠δ

𝑉𝑀 𝑠𝑖𝑛δ + j(𝑉𝐺 − 𝑉𝑀 𝑐𝑜𝑠δ)
)                                                                  (4.14) 

𝑆𝑀 = 𝑉�̇�𝐼∗̇ = ±
2 𝑉𝑖𝑛𝑣

𝑅𝑙𝑖𝑛𝑒
 (

𝑉𝐺𝑉𝑀 − 𝑉𝑀
2  𝑐𝑜𝑠δ

𝑉𝑀 𝑠𝑖𝑛δ + j(𝑉𝐺 − 𝑉𝑀 𝑐𝑜𝑠δ)
)                                                                 (4.15) 

So, the exchange of active power between the microgrid and the main grid in addition to the 

reactive power of both voltage sources can be seen, respectively as: 

𝑃𝐺𝑀 = ±
2 𝑉𝑖𝑛𝑣𝑐𝑜𝑠δ

𝑅𝑙𝑖𝑛𝑒
 (

𝑉𝐺
2 − 𝑉𝐺𝑉𝑀 𝑐𝑜𝑠δ

𝑉𝑀 𝑠𝑖𝑛δ + j(𝑉𝐺 − 𝑉𝑀 𝑐𝑜𝑠δ)
)                                                                    (4.16) 

𝑃𝑀𝐺 = ±
2 𝑉𝑖𝑛𝑣𝑐𝑜𝑠δ

𝑅𝑙𝑖𝑛𝑒
 (

𝑉𝐺𝑉𝑀 − 𝑉𝑀
2  𝑐𝑜𝑠δ

𝑉𝑀 𝑠𝑖𝑛δ + j(𝑉𝐺 − 𝑉𝑀 𝑐𝑜𝑠δ)
)                                                                    (4.17) 

𝑄𝐺 = ±
2 𝑉𝑖𝑛𝑣𝑠𝑖𝑛δ

𝑅𝑙𝑖𝑛𝑒
 (

𝑉𝐺
2 − 𝑉𝐺𝑉𝑀 𝑐𝑜𝑠δ

𝑉𝑀 𝑠𝑖𝑛δ + j(𝑉𝐺 − 𝑉𝑀 𝑐𝑜𝑠δ)
)                                                                       (4.18) 

𝑄𝑀 = ±
2 𝑉𝑖𝑛𝑣𝑠𝑖𝑛δ

𝑅𝑙𝑖𝑛𝑒
 (

𝑉𝐺𝑉𝑀 − 𝑉𝑀
2  𝑐𝑜𝑠δ

𝑉𝑀 𝑠𝑖𝑛δ + j(𝑉𝐺 − 𝑉𝑀 𝑐𝑜𝑠δ)
)                                                                      (4.19) 

According to the above equations, it is notable that the active and reactive power flow through the 

line can be controlled by changing the output voltage of the series-controlled voltage source, 𝑉𝑖𝑛𝑣. 

Given that the voltage magnitude can be controlled, the consequence of the power balance on the 

microgrid will determine the phase angle. 

The time-domain formula of the single line diagram shown in Figure 4.3 (a) is provided in the 

following equation: 
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𝑉𝐺 = 𝑅𝑙𝑖𝑛𝑒 . 𝑖 + 𝐿𝑙𝑖𝑛𝑒 .
𝑑𝑖

𝑑𝑡
+ 𝑉𝑀 − 𝑉𝑖𝑛𝑣                                                                                                (4.20) 

 

Where, 𝑅𝑙𝑖𝑛𝑒 , 𝐿𝑙𝑖𝑛𝑒 are the resistance and inductance of the line, respectively, 𝑖 is the line current, 

𝑉𝐺 , 𝑉𝑀 , 𝑉𝑖𝑛𝑣 are the voltages of the main grid, the microgrid, and the series controlled voltage 

source. 

By transforming (4.20) into 𝑑𝑞 rotating frame, then the following equations are demonstrated as: 

𝑉𝐺,𝑑𝑞 = [
𝑅𝑙𝑖𝑛𝑒 −𝜔𝐿𝑙𝑖𝑛𝑒

𝜔𝐿𝑙𝑖𝑛𝑒 𝑅𝑙𝑖𝑛𝑒
] [𝑖𝑑𝑞] + 𝐿𝑙𝑖𝑛𝑒 .

𝑑

𝑑𝑡
[𝑖𝑑𝑞] + 𝑉𝑀,𝑑𝑞 − 𝑉𝑖𝑛𝑣,𝑑𝑞                                       (4.21) 

 

𝑉𝐺,𝑑 = 𝑅𝑙𝑖𝑛𝑒 . 𝑖𝑑 − 𝜔𝐿𝑙𝑖𝑛𝑒 . 𝑖𝑞 + 𝐿𝑙𝑖𝑛𝑒 .
𝑑

𝑑𝑡
. 𝑖𝑑 + 𝑉𝑀,𝑑 − 𝑉𝑖𝑛𝑣,𝑑                                                         (4.22) 

 

𝑉𝐺,𝑞 = 𝜔𝐿𝑙𝑖𝑛𝑒 . 𝑖𝑑 + 𝑅𝑙𝑖𝑛𝑒 . 𝑖𝑞 + 𝐿𝑙𝑖𝑛𝑒 .
𝑑

𝑑𝑡
. 𝑖𝑞 + 𝑉𝑀,𝑞 − 𝑉𝑖𝑛𝑣,𝑞                                                        (4.23) 

 

Transforming (4.23) into S-domain leads to: 

 

𝑉𝐺,𝑞(𝑠) = 𝜔𝐿𝑙𝑖𝑛𝑒 . 𝑖𝑑(𝑠) + (𝑅𝑙𝑖𝑛𝑒 + 𝑠. 𝐿𝑙𝑖𝑛𝑒)𝑖𝑞(𝑠) + 𝑉𝑀,𝑞(𝑠) − 𝑉𝑖𝑛𝑣,𝑞(𝑠)                                  (4.24) 

 

In accordance to (4.24), the line current can be derived to:  

 

𝑖𝑙𝑖𝑛𝑒(𝑠) = 𝑖𝑑(𝑠) =
𝑉𝐺,𝑞(𝑠) − 𝑉𝑀,𝑞(𝑠) + 𝑉𝑖𝑛𝑣,𝑞(𝑠)

𝜔𝐿𝑙𝑖𝑛𝑒
−

(𝑅𝑙𝑖𝑛𝑒 + 𝑠. 𝐿𝑙𝑖𝑛𝑒)

𝜔𝐿𝑙𝑖𝑛𝑒
𝑖𝑞(𝑠)                            (4.25) 

 

Assuming that (𝑖𝑞(𝑠) = 0) then,  

 

𝑖𝑙𝑖𝑛𝑒(𝑠) = 𝑖𝑑(𝑠) =
1

𝜔𝐿𝑙𝑖𝑛𝑒
(𝑉𝐺,𝑞(𝑠) − 𝑉𝑀,𝑞(𝑠) + 𝑉𝑖𝑛𝑣,𝑞(𝑠))                                                         (4.26) 

 

It is obvious from (4.26) that the line current depends mainly on the injected quadrature voltage of 

the series-controlled voltage source divided by a gain equal to the line reactance. However, the 

microgrid and main grid voltages can be seen as disturbances since they cancel each other.   

By applying the power balance assumption in the series H-bridge inverter then, 

𝑉𝑖𝑛𝑣,𝑞 . 𝑖𝑞 + 𝑉𝑖𝑛𝑣,𝑑. 𝑖𝑑 = 𝑉𝑑𝑐 . 𝐼𝑑𝑐                                                                                                           (4.27)  

𝑉𝑖𝑛𝑣,𝑞 = 𝑢𝑞 . 𝑉𝑑𝑐, 𝑉𝑖𝑛𝑣,𝑑 = 𝑢𝑑 . 𝑉𝑑𝑐                                                                                                (4.28) 

Taking into consideration (4.27) and (4.28), (4.29) is demonstrated as, 

𝑢𝑑 . 𝑖𝑑 = 𝐼𝑑𝑐 ,                                                                                                                                            (4.29) 

where 𝑢𝑑 and 𝑢𝑞 are the phase and quadratic parts of the modulation signal. 
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4.4 Power Control Strategies of the Series H-Bridge Inverter 

The major task of the transformerless H-bridge inverter as a series inverter is to control the power 

flow at PCC between the main grid and the microgrid. The direct control of the line current in 

terms of power control has been accomplished, in which the exchanged power is maintained under 

a closed loop control defined by a power reference. Also, it is worth noting that as there is only 

one free controllable signal, the active and reactive power can’t be controlled at the same time. 

Thus, in this section, two novel power control strategies have been proposed to control the 

operation of the series H-bridge inverter [121]. These two power control strategies are clarified in 

the next two subsections. The third subsection explains the overall control algorithm of the power 

network depending on the series inverter control operation.   

4.4.1 Real Power Control Strategy 

The proposed series inverter can control only one of the active or reactive parts of the power flow 

in the line as there is no DC source to maintain the DC link voltage and consequently injects active 

power at PCC. Figure 4.5 shows the real power control strategy which is applied to the H-bridge 

inverter control unit and it consists of three main parts. 

In the first part, the DC link voltage reference is compared with the measured value of the DC-link 

capacitor voltage, and then the error is passed through a PI controller to generate the in-phase part 

of the injected voltage 𝑢𝑑. Besides, a limiter with boundaries ±𝑢𝑑,𝑚𝑎𝑥 is applied to maintain the 

voltage amplitude of the in-phase injected voltage within its appropriate range. 

In the second part, the real power reference is also compared with the measured value of the real 

power at PCC, then the modulation index of the quadrature injected voltage 𝑢𝑞 is established by 

inserting the error into another PI controller. Furthermore, the output of the PI controller is used 

to determine the operation mode of the series inverter. A limiter is utilized to keep the modulation 

index of the quadrature injected voltage between 0 and 1 so that the inverter will work only in its 

PWM linear range. If the PI controller output is negative, then the series inverter operates in its 

inductive mode, and the injected voltage will have +90° phase shift with respect to the line current. 

However, if the PI controller output is positive, then the series inverter operates in its capacitive 

mode, and the injected voltage will have −90° phase shift with respect to the line current. The 

third part is the phase locked loop (PLL) which is used to determine the PCC or line current phase. 

The current at PCC is equal to 𝐼 = 𝐼𝑃 + 𝐼𝑞 where 𝐼𝑃 is related to the real power at PCC and 𝐼𝑞 to 

the reactive power at PCC. If the current 𝐼𝑃 = 0, then there must be some amount of reactive power 

at PCC and thus a reactive current 𝐼𝑞 so that the PLL can still track the line current phase.  
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Figure 4.5: Real power control strategy. Modified from reference [121], © 2018, with permission 

from Elsevier. 

4.4.2 Reactive Power Control Strategy  

The reactive power control strategy of the series inverter is depicted in Figure 4.6. The proposed 

control strategy has the same working principle of the real power control strategy except that the 

power flow reference is related to the measured reactive power of the series inverter.  

Moreover, to achieve a desired real power flow at PCC, a reactive power reference specified by 

the system operator will be assigned to the control unit of the H-bridge inverter instead of 

controlling the PCC real power directly. The reactive power reference will be positive if the 

microgrid is exporting real power to the main grid, which means that the series inverter will operate 

in its inductive mode. However, the reactive power reference will be negative if the microgrid is 

importing real power from the main grid, which means that the series inverter will operate in its 

capacitive mode. The control of the series inverter is synchronized directly with the line current 

by using a phase-locked loop. In addition, according to the operation mode of the series inverter 

either inductive or capacitive, the injected voltage through the line will be ±90° phase shifted. The 

reactive power reference assigned by the system operator is compared with the measured reactive 

power of the series inverter to satisfy a desired real power reference at PCC. By using a PI 

controller, the reference quadrature voltage is generated and the modulation index of the injected 

quadrature voltage 𝑢𝑞 is determined. The DC-link voltage controller and the limiter ±𝑢𝑑,𝑚𝑎𝑥 that 
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are responsible for generating the in-phase part of the injected voltage 𝑢𝑑 are the same as in the 

real power control strategy. 

 

Figure 4.6: Reactive power control strategy. Modified from reference [121], © 2018, with 

permission from Elsevier. 

 

4.4.3 Overall Control Algorithm of the Power Network  

The microgrid side voltage, 𝑉𝑃𝐶𝐶 is varied due to injecting series inductive or capacitive voltage 

from the series transformerless H-bridge inverter. Also, the real power of the microgrid DG units 

changes automatically according to the variation in the PCC voltage because they are provided by 

the 𝑃/𝑉 droop control. Besides, the 𝑉𝑃𝐶𝐶 variation changes the real power of the loads as they are 

voltage-based in relation to 𝑃𝐿 = 𝑉2 𝑅⁄ . The microgrid DG units automatically respond to the 

changes in the PCC voltage without any communication since the 𝑃/𝑉 droop controllers in the 

microgrid DG units are voltage-triggered. Thus, the control unit of the series transformerless H-

bridge inverter communicates only with the value of real power at PCC. 

The overall control algorithm of the power network is shown in Figure 4.7. The control algorithm 

describes how the injected series voltage of the proposed inverter affects the microgrid DG units 

and loads to satisfy a desired real power reference at PCC. It is worth noting that the voltage-based 

control of the proposed series inverter is consistent with the voltage-based control of the microgrid 

DG units and loads. Therefore, the microgrid DG units and loads can spontaneously react to the 
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series inverter variations. Moreover, the series inverter regulates the flow of real power between 

the microgrid and the main grid according to the state of both networks. The microgrid side 

voltage, 𝑉𝑃𝐶𝐶 is considered as the command to change 𝑃𝑃𝐶𝐶. In other words, the voltage-based 

control that is carried out by the series inverter is like a 𝑃𝑃𝐶𝐶 𝑉𝑃𝐶𝐶⁄  droop controller which is like 

the microgrid DG units 𝑃/𝑉 droop control.  

 

 

Figure 4.7: Overall control algorithm of the power network. Modified from reference [121], © 

2018, with permission from Elsevier. 

 

The advantages of the control algorithm can be summarized as: 

1) As the control of the microgrid DG units and loads are all voltage-based, it harmonizes 

with the series inverter control. Therefore, no communication is required between the series 

inverter and the microgrid DG units for power flow control purposes.  

2) By applying the control of the series inverter at PCC in the grid-connected mode, the 

microgrid can be seen as operating in a virtually islanded mode.  
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3) The bidirectional real power transfer between the microgrid and the main grid is controlled 

by determining only the set points of the power exchange. 

4.5 Structure of the Proposed Network 

The single line diagram of the proposed power network is depicted in Figure 4.8. The proposed 

power network consists of the transformerless H-bridge inverter which is located at PCC to control 

the bidirectional power flow between the utility grid and the microgrid which contains 10 DG units 

and each DG unit has its own local load. Every DG unit is modeled as a controlled voltage source 

which is provided by the 𝑃/𝑉 droop control and the local loads are assumed to be resistive. The 

simulation model parameters are all given in Table 4-2 and the control units’ parameters are stated 

in Table 4-3. Since the power network is in LV-distribution network, the line impedances are 

assumed to be more resistive and each line has 100 𝑚 length. The performance of the proposed 

series inverter is validated in both capacitive and inductive operation modes for every power 

control strategy. The time-domain simulations of the power network are performed using PLECS 

and Sim-Power-Systems tool boxes in Simulink. 

To satisfy the bidirectional power flow at the point of common coupling between the microgrid 

and the main utility grid, only a few volts smaller than the LV-network voltage are needed for the 

reference DC-link voltage [81, 122]. It is worth noting that the reference DC-link voltage is chosen 

depending on the desired real power flow amount of the system under study. A value of 20 V is 

selected for the reference DC-link voltage in accordance to the desired real power flow at PCC. 

The DC-link capacitance determination is dependent on the desired maximum DC-link ripple 

voltage. Certainly, 1% ripple voltage amount on the proposed inverter DC-link bus would be 

acceptable. The following two equations are formulated to specify the DC-link bus capacitor ripple 

voltage [123]: 

∆𝑉 = 𝑉𝑏𝑢𝑠/(32 ∗ 𝐿 ∗ 𝐶 ∗ 𝑓2)                                                                                                               (4.30)  

𝐶 = 𝑉𝑏𝑢𝑠/(32 ∗ 𝐿 ∗ ∆𝑉 ∗ 𝑓2)                                                                                                               (4.31)   

Where, ∆𝑉 is the maximum peak to peak ripple voltage across the DC-link bus capacitor, 𝐶 is the 

bus link capacitance in Farads, 𝐿 is the inverter inductance in Henries, 𝑉𝑏𝑢𝑠 is the DC-link voltage, 

and 𝑓 is the PWM switching frequency in Hertz. 

Figure 4.9 presents the relationship between the bus ripple voltage vs DC bus capacitance by 

applying (4.31). The parameters are selected depending on the transformerless H-bridge column 

stated in Table 4-2 where the bus voltage is 20 V, the phase inductance is 100 𝜇𝐻, and the PWM 

switching frequency is 10 𝑘𝐻𝑧. According to the plotted figure, the DC-link bus capacitance is 

assigned as 0.01 F to satisfy minimum voltage ripple on the DC-link bus capacitor.  
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Figure 4.8: Single line diagram of the proposed power network. Modified from reference [121], 

© 2018, with permission from Elsevier. 

Table 4-2: Simulation model parameters 

Grid Microgrid DGs Transformerless 

H-bridge 

Loads Lines 

𝑉𝑔𝑟𝑖𝑑 = 230 𝑉 

𝑓𝑔𝑟𝑖𝑑 = 50 𝐻𝑧 

𝑅𝑔𝑟𝑖𝑑 = 2.5 mΩ 

𝐿𝑔𝑟𝑖𝑑 = 0.1 mH  

𝑅𝐷𝐺𝑖 = 1 mΩ 

𝐿𝐷𝐺𝑖 = 0.1 mH 

𝑃0 = 9 kW   
𝑄0 = 2 kVAR   
 

𝑉𝑑𝑐,𝑟𝑒𝑓 = 20 𝑉 

𝐶 = 0.01 F 

𝑓S = 10 kHz 
𝐿inv = 100 𝜇𝐻 

 

𝑃𝐿𝑖 = 7.5 kW  
(ind. mode) 
𝑃𝐿𝑖 = 11.7 kW 
(cap. mode) 

𝑅𝐿𝑖𝑛𝑒 = 

0.8×0.1 Ω 

𝐿𝐿𝑖𝑛𝑒 = 

0.26×0.1 𝑚𝐻 

 

 

Table 4-3:Control unit’s parameters 

Control units Value 

Power flow loop (real power control strategy) 

DC-link voltage loop (real power control strategy) 
𝐾𝑃, 𝐾𝐼: 0.4, 1𝑒−6 

𝐾𝑃, 𝐾𝐼: 0.04, 0.5 

Power flow loop (reactive power control strategy) 

DC-link voltage loop (reactive power control strategy) 
𝐾𝑃, 𝐾𝐼: 1, 1𝑒−3 

𝐾𝑃, 𝐾𝐼: 0.04, 0.5 

Microgrid DGs real power loop controller 

Microgrid DGs reactive power loop controller 
𝐾𝑃, 𝐾𝐼: 15, 1𝑒−6 

𝐾𝑃, 𝐾𝐼: 20, 1𝑒−6 
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Figure 4.9: The relationship between the bus ripple voltage vs DC bus capacitance. Reprinted 

from reference [121], © 2018, with permission from Elsevier. 

The 𝑃/𝑉 droop characteristic from previous chapter (see Figure 3.21) is considered to determine 

the real power of every DG unit and the corresponding equation is the same one described in (3.1). 

Besides, the reactive power is assigned as a fixed value. 

4.6 Insertion Process of the Series H-Bridge Inverter 

In order to activate the proposed series H-bridge inverter at PCC between the microgrid and the 

main utility grid, the real power amount at PCC should be reduced to zero to avoid any expected 

transients or malfunctions of the power control strategies during the initialization process. Another 

solution for activating the proposed inverter can be done by using a pre-charged capacitor for the 

DC-link voltage regardless of the real power flow amount at PCC. In this section, the insertion 

process has been done by reducing the real power flow amount at PCC to zero which means that 

the DG units provide only the required real power for the local loads [124]. However, in the further 

sections, the insertion process has been done by considering a pre-charged DC-link capacitor 

voltage since there exists a real power transfer at PCC which will be controlled to zero.   

In addition, the stability of the power control strategies including the DC-link voltage control loop 

and the power flow control loop has been verified by monitoring the measured real power flow at 

PCC and the DC-link voltage in case of changing the real power reference during simulation of 
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the power network model. Figure 4.10 shows the activation process of the series H-bridge inverter 

at PCC, where the power network model shown in Figure 4.8 is used and the real power control 

strategy is considered as the control method of the proposed inverter.  

 

Figure 4.10: Activation process of the series H-bridge inverter at PCC. [124], © 2019 IEEE 

For 0 𝑠 < 𝑡 < 0.5 𝑠, the proposed inverter is out of service so that the DC-link voltage is zero and 

the real power amount at PCC is also zero. For 0.5 𝑠 < 𝑡 < 1 𝑠, the proposed inverter is activated 

with keeping the real power flow reference at zero and a ramp function is utilized to charge the 

DC-link capacitor voltage gradually to the reference voltage value (20 𝑉). Note that the DC-link 

voltage charging is smooth and depicts no high transients. At 𝑡 = 1 𝑠, the real power flow 

reference is increased to 10 𝑘𝑊 and the reference DC-link voltage is activated. The power flow 

controller follows smoothly the reference and the DC-link voltage is stabilized at the reference 

value. At 𝑡 = 2 𝑠 and 𝑡 = 3 𝑠, the real power reference is decreased to 5 𝑘𝑊 and 0 𝑘𝑊, 

respectively. It can also be seen that the controllers smoothly track the reference real power and 

the DC-link voltage reference without any high transients. Both control loops (power flow control 

loop and DC-link voltage control loop) are working properly in tracking their references.  
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4.7 Simulation Results: Real Power Control Strategy 

Controlling the real power transfer at PCC when the real power flow is either from the microgrid 

to the main grid or vice versa has been verified using the real power control strategy which is 

described in section 4.4.1. The same power network in Figure 4.8 and system parameters in Table 

4-2 and Table 4-3 have been utilized. By injecting the needed series voltage at PCC depending on 

the desired real power reference, the real power flow is controlled to zero. The series inverter 

operates in its inductive mode if the total real power of the microgrid is greater than the total load 

demand. However, it operates in its capacitive mode if the total load demand is greater than the 

total real power of the microgrid [121].   

4.7.1 Inductive Operation Mode 

In this operation mode, the microgrid DG units provide the needed real power of the local loads 

and the rest of real power 20 𝑘𝑊 transfers to the main utility grid. In order to reduce this real 

power flow amount to the desired real power reference, the proposed series inverter behaves as an 

inductive impedance. Before 𝑡 <  1 𝑠, the series inverter control unit is out of service and the DC-

link capacitor is assumed to be pre-charged. Thus, no series voltage injection is taking part in 

controlling the real power flow. After 𝑡 >  1 𝑠, the control unit of the series inverter is triggered 

to inject the required series voltage at PCC depending on the desired real power reference. The 

DC-link capacitor voltage is controlled to the reference value as shown in Figure 4.11 (a). Figure 

4.11 (b) presents the peak to peak series injected voltage which appears at the terminals of the 

series inverter. Before 𝑡 <  1 𝑠, it is clearly shown that the series injected voltage is zero since the 

control unit was out of service. However, the series injected voltage is depicted as 20 𝑉 peak to 

peak after 𝑡 >  1 𝑠. Figure 4.11 (c) and (d) exhibit the voltage magnitude and phase angle of the 

series inverter with respect to the line current. As presented, the series injected voltage magnitude 

is oscillating near the reference value of the DC-link voltage. Besides, the phase angle is controlled 

to +90° with respect to the line current. The modulation index of the series injected voltage is 

shown in Figure 4.11 (e) where it approaches approximately 0.98 in relation to 𝑀𝑖𝑛𝑑𝑒𝑥 = 𝑉𝑜𝑢𝑡/𝑉𝑑𝑐. 

As a result of injecting the series inductive voltage at PCC, the PCC voltage is increased to satisfy 

the desired real power reference as shown in Figure 4.11 (f).  

According to the real power reference assigned by the series inverter control unit, the PCC voltage 

is increased and thus, the voltage of the microgrid DG units and local loads will be increased. The 

RMS voltage of the microgrid DG units and local loads is shown in Figure 4.12 (a). After 𝑡 >

 1 𝑠, it is clearly shown that the RMS voltage of the DG units and local loads is increased to a value 

which satisfies the real power reference and PCC voltage increase. Figure 4.12 (b) depicts the real 

power of the microgrid DG units which is decreased at 𝑡 >  1 𝑠 from 9.5 𝑘𝑊 to 8.4 𝑘𝑊 since 

their RMS voltages are increased. This real power variation of the DG units is due to the 𝑃/𝑉 droop 

characteristic between the generated real power and the RMS voltage. Furthermore, the real power 

of the local loads is increased from 7.5 𝑘𝑊 to 8.4 𝑘𝑊 because of the resistive nature of the lines 

and because the real power of the local loads is coupled with or proportional to the voltage. In 

Figure 4.12 (c), the amount of real power flow at PCC before 𝑡 =  1 𝑠 was approximately 20 kW. 
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Once the series inverter control unit is triggered, the real power reference 𝑃𝑟𝑒𝑓 = 0 is tracked 

successfully without any serious transients. By injecting the required inductive voltage which can 

satisfy the desired real power reference, a balance between the microgrid total real power and the 

total load demand is obtained. The PCC or line current before and after the series inverter operation 

is shown in Figure 4.12 (d). It is clearly shown how the line current is reduced when the series 

inverter starts to operate in its inductive mode.  

 

Figure 4.11: Series inverter operation during inductive mode using the real power control 

strategy. Reprinted from reference [121], © 2018, with permission from Elsevier. 

(a) DC link capacitor voltage (b) Injected series inverter peak to peak voltage (c) Series inverter voltage magnitude (d) Series 

inverter phase angle (e) Modulation index of the injected voltage (f) PCC voltage. 
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Figure 4.12: System performance during inductive mode using the real power control strategy. 

Reprinted from reference [121], © 2018, with permission from Elsevier. 

(a) RMS voltage of the microgrid DG units and local loads (b) Real power of the microgrid DG units and local loads (c) Reference 

and measured real power at PCC (d) PCC or line current 

 

4.7.2 Capacitive Operation Mode  

The opposite scenario: when the microgrid total load demand is greater than the microgrid total 

real power generation, is described in this operation mode. In other words, when the real power 

flow is reversed or when the rest of the microgrid total load demand is provided by the main grid.  

In this mode, the series inverter behaves as a capacitive impedance in order to regulate the real 

power exchange at PCC to the desired real power reference value. Before 𝑡 <  1 𝑠, the series 

inverter control unit is also proposed to be out of service. After 𝑡 >  1 𝑠, the series inverter starts 

to inject capacitive voltage through the line as its control unit is triggered. Figure 4.13 (a) depicts 

the DC-link voltage which is controlled to the assigned reference value and Figure 4.13 (b) presents 

the proposed inverter series injected peak to peak voltage. Figure 4.13 (c) and (d) depict the series 

inverter voltage magnitude and phase angle with respect to the line current. As demonstrated, the 

series inverter injected voltage magnitude approaches approximately 17.5 𝑉 which is the voltage 
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required for minimizing the real power export to the microgrid. Also, it is notable that the phase 

angle of the series inverter is −90° with respect to the line current. Figure 4.13 (e) presents the 

value of the modulation index in the capacitive operation mode. In Figure 4.13 (f), the PCC voltage 

is decreased after 𝑡 >  1 𝑠 due to the injected capacitive voltage of the series inverter. 

 

Figure 4.13: Series inverter operation during capacitive mode using the real power control 

strategy. Reprinted from reference [121], © 2018, with permission from Elsevier. 

(a) DC link capacitor voltage (b) Injected series inverter peak to peak voltage (c) Series inverter voltage magnitude (d) Series 

inverter phase angle (e) Modulation index of the injected voltage (f) PCC voltage. 

As the PCC voltage is decreased due to injecting series capacitive voltage to satisfy the real power 

reference determined by the series inverter control unit, the voltage of the microgrid DG units and 

local loads will also be decreased. Figure 4.14 (a) shows the RMS voltage of the microgrid DG 

units and local loads. It is clearly shown that the RMS voltage of the DG units and local loads is 

decreased after 𝑡 >  1 𝑠. Since the RMS voltage is decreased, the real power of the microgrid DG 

units is increased after 𝑡 >  1 𝑠 from 9.7 𝑘𝑊 to 10.6 𝑘𝑊 as depicted in Figure 4.14 (b). The 

increase of real power of the DG units is again due to the 𝑃/𝑉 droop characteristic which is applied 

for every DG control unit. Also, the real power of the local loads is decreased from 11.7 𝑘𝑊 to 

10.6 𝑘𝑊 because of the proportionality of the local loads real power with the node voltage. Before 

𝑡 >  1 𝑠, the real power transfer at PCC was −20 kW as depicted in Figure 4.14 (c). However, 
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after 𝑡 >  1 𝑠, the controller tracks successfully the real power reference 𝑃𝑟𝑒𝑓 = 0 by injecting the 

required series capacitive voltage which makes the needed balance between the total load demand 

and the total real power of the DG units. Figure 4.14 (d) presents the PCC or line current before 

and after the series inverter operation. When the series inverter control unit is triggered, the line 

current is decreased because of the reduction of the real power import from the main grid to the 

microgrid. 

 

Figure 4.14: System performance during capacitive mode using the real power control strategy. 

Reprinted from reference [121], © 2018, with permission from Elsevier. 

(a) RMS voltage of the microgrid DG units and local loads (b) Real power of the microgrid DG units and local loads (c) Reference 

and measured real power at PCC (d) PCC or line current 

4.8 Simulation Results: Reactive Power Control Strategy 

This control strategy has the same concept of the real power control strategy in controlling the 

bidirectional power flow at PCC. However, instead of controlling the PCC real power directly to 

the desired value, the reactive power of the series inverter is controlled to realize a desired real 

power amount at PCC. The series inverter will operate in its inductive mode and will inject positive 

reactive power if the total real power of the microgrid is greater than the total load demand. 

However, it will operate in its capacitive mode and will inject negative reactive power if the total 
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load demand is greater than the microgrid total real power. In both operation modes, the reactive 

power of the series inverter is injected to satisfy a zero real power flow between the main grid and 

the microgrid. The same power network and system parameters used in section 4.5 are also applied 

in this section [121].     

4.8.1 Inductive Operation Mode 

The proposed series inverter injects positive reactive power with a reference value of 1330 𝑉𝐴𝑅 

so as to satisfy a zero-real power at PCC. This value of reactive power reference generates the 

required series inverter voltage which increases the PCC voltage and thus, the voltage of DG units 

and local loads. Figure 4.15 (a)-(e) show the series inverter operation in its inductive mode using 

the reactive power control strategy. The figure includes the DC-link capacitor voltage, the peak to 

peak voltage of the series inverter, voltage magnitude, phase angle, and the modulation index. It 

is clearly shown that the results obtained in this figure are the same results depicted in the inductive 

operation mode of the real power control strategy.  

 

Figure 4.15: Series inverter operation during inductive mode using the reactive power control 

strategy. Reprinted from reference [121], © 2018, with permission from Elsevier. 

(a) DC link capacitor voltage. (b) Injected series converter peak to peak voltage. (c) Series inverter voltage magnitude. (d) Series 

inverter phase angle. (e) Modulation index of the injected voltage. (f) PCC voltage and line current. 
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Figure 4.15 (f) shows the PCC voltage and line current before and after the series inverter 

operation. Because of injecting series inductive voltage at PCC, the PCC voltage is increased after 

𝑡 >  1 𝑠 and as a result of minimizing the real power flow export to the main grid, the line current 

is decreased also after 𝑡 >  1 𝑠. 

Figure 4.16 (a)-(b) present the RMS voltage and real power of the microgrid DG units and local 

loads. As demonstrated, the RMS voltage and the real power of the DG units and local loads have 

the same values as in the inductive operation mode of the real power control strategy. The assigned 

reactive power reference in the control unit has been tracked successfully with small transient at 

the time of switching as depicted in Figure 4.16 (c). Due to injecting the required inductive reactive 

power into the network, the real power at PCC drops to zero as shown in Figure 4.16 (d). This 

gives a confirmation that injecting a positive reactive power through the line can achieve the 

desired real power flow at PCC. 

 

Figure 4.16: System performance during inductive operation mode using the reactive power 

control strategy. Reprinted from reference [121], © 2018, with permission from Elsevier. 

(a) RMS voltage of the microgrid DG units and local loads. (b) Real power of the microgrid DG units and local loads. (c) Reference 

and measured reactive power of the series inverter. (d) Real power at PCC. 
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4.8.2 Capacitive Operation Mode 

A reactive power reference value of −1250 𝑉𝐴𝑅, which is the value needed for satisfying the 

desired real power flow at PCC, is injected from the series inverter in this operation mode. The 

required series capacitive voltage will be generated and thus the necessary PCC voltage will be 

obtained by injecting the required negative reactive power into the network. The DC-link capacitor 

voltage, peak to peak series injected voltage, magnitude and phase angle of the inverter voltage, 

and the modulation index are all demonstrated in Figure 4.17 (a)-(e). These results are similar to 

the results obtained in the capacitive operation mode of the real power control strategy. However, 

it can be noted that they are less smooth since the parameters of the power flow loop controller are 

different. In Figure 4.17 (f), it can be seen that the voltage at PCC and the line current are decreased 

after 𝑡 >  1 𝑠 as a result of injecting series capacitive voltage into the line and as a result of 

minimizing the real power flow exchange from the main grid to the microgrid, respectively.  

 

Figure 4.17: Series inverter operation during capacitive mode using reactive power control 

strategy. Reprinted from reference [121], © 2018, with permission from Elsevier. 

(a) DC link capacitor voltage. (b) Injected series inverter peak to peak voltage. (c) Series inverter voltage magnitude. (d) Series 

inverter phase angle. (e) Modulation index of the injected voltage. (f) PCC voltage and line current. 
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Figure 4.18 (a)-(b) show the RMS voltage and real power of the microgrid DG units and local 

loads. It can be seen that these results are also similar to the results obtained in the capacitive 

operation mode of the real power control strategy. In Figure 4.18 (c), the power flow loop 

controller of the series inverter tracks properly the reactive power reference determined in the 

control unit. Figure 4.18 (d) depicts the real power at PCC which goes to zero as a consequence of 

injecting the required capacitive reactive power into the line.  

 

Figure 4.18: System performance during capacitive mode using the reactive power control 

strategy. Reprinted from reference [121], © 2018, with permission from Elsevier. 

(a) RMS voltage of the microgrid DG units and local loads. (b) Real power of the microgrid DG units and local loads. (c) Reference 

and measured reactive power of the series inverter. (d) Real power at PCC. 

4.9 Evaluation of the System Quality, Scalability, and Limits  

In the next three subsections, the quality of the series injected voltage and the advantage of the 

𝑃/𝑉 droop control beside the maximum real power flow amount limit are investigated for both 

inductive and capacitive operation modes [121].   
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4.9.1 THD during both Modes of Operation 

One of the important factors that can affect the system performance and stability of the power 

supply is the quality of the injected series voltage at PCC. Reducing harmonics generated from 

power electronic converters play an essential rule in providing the local loads with a less distorted 

voltage. In 400 𝑉 low-voltage distribution networks, the total harmonic distortion (THD) limit at 

PCC should not exceed 5% as mentioned in [125]. Subsequently, the harmonic spectrum of the 

PCC voltage has been examined during both modes of operation either inductive or capacitive. 

Figure 4.19 depicts the FFT analysis of the PCC voltage during both operation modes where the 

THD is measured at 𝑡 >  1 𝑠 for the first three cycles of the PCC voltage. As demonstrated, it can 

be seen that the THD value is very small and below the 5% limit during both inductive and 

capacitive operation mode. 

 

Figure 4.19: FFT analysis of the PCC voltage during (a) inductive mode (b) capacitive mode. 

Reprinted from reference [121], © 2018, with permission from Elsevier. 

 

4.9.2 System Performance with and without P/V Droop Control  

In order to realize the advantage of the 𝑃/𝑉 droop characteristic applied to the real power control 

of the DG units, the real power reference in the series inverter control unit is assigned to zero and 

the measured real power at PCC is monitored. The performance of the series inverter control unit 

in tracking the real power reference has been investigated during both inductive and capacitive 

operation modes with and without 𝑃/𝑉 droop control. For 0 <  𝑡 <  1 𝑠, the series inverter 

control unit is considered out of service and the real power of the DG units is considered as 
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9 𝑘𝑊 without applying the 𝑃/𝑉 droop control. For 1 <  𝑡 <  2 𝑠, the series inverter control unit 

is triggered and the 𝑃/𝑉 droop control is kept out of service. Finally, for 2 <  𝑡 <  3 𝑠, the 𝑃/𝑉 

droop control is applied to the power control of the DG units to work at the same time with the 

series inverter control unit.     

The inductive operation mode of the real power control strategy with and without applying the 

𝑃/𝑉 droop control on the DG units is depicted in Figure 4.20 (a)-(c). For 0 <  𝑡 <  1 𝑠, the real 

power of the DG units and the local loads is considered as 9 𝑘𝑊 and 7.5 𝑘𝑊, respectively. For 

1 <  𝑡 <  2 𝑠, the series inverter control unit starts to inject inductive voltage and it can be seen 

that the RMS voltage of the DG units and local loads is gradually increasing. The real power of 

the DG units is still approximately as before since the 𝑃/𝑉 droop control is not inserted to control 

the real power generation of the DG units. The real power of the local loads is increased due to the 

increase in the node voltage at the load point. Consequently, the control unit of the series inverter 

didn’t control the real power at PCC to zero. In order to track the desired real power reference, one 

scenario can be made by increasing the DC link voltage reference to inject a higher inductive 

voltage into the line.  

 

Figure 4.20: System performance with and without P/V droop control. Reprinted from reference 

[121], © 2018, with permission from Elsevier. 

(a) RMS voltage of the microgrid DG units and local loads in inductive mode (b) Real power of the microgrid DG units and local 

loads in inductive mode (c) Real power at PCC in inductive mode (d) RMS voltage of the microgrid DG units and local loads in 

capacitive mode (e) Real power of the microgrid DG units and local loads in capacitive mode (f) Real power at PCC in capacitive 

mode. 
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By doing this step, the PCC voltage will increase and as a result, the voltage of the local loads will 

increase too. Thus, the real power of the local loads will increase to balance the real power of the 

DG units. Nevertheless, the voltage limit of the DG units and local loads must be taken into 

consideration in which they are oscillating within an acceptable range. For 2 <  𝑡 <  3 𝑠, the 𝑃/𝑉 

droop control of the DG units starts to operate so that the real power of the DG units is regulated 

based on the 𝑃/𝑉 droop characteristic then a balance between the microgrid total real power and 

the total load demand is obtained to satisfy the desired real power at PCC to zero.   

The capacitive operation mode of the real power control strategy with and without applying the 

𝑃/𝑉 droop control on the DG units is depicted in Figure 4.20 (d)-(f). Firstly, for 0 <  𝑡 <  1 𝑠, 

the real power of the DG units and the local loads is considered as 9 𝑘𝑊 and 11.7 𝑘𝑊, 

respectively. For 1 <  𝑡 <  2 𝑠, the RMS voltage of the DG units and local loads is decreased as 

a result of injecting capacitive voltage into the line. However, it is worth noting that the real power 

of the DG units is approximately the same since, as in the inductive mode case, the 𝑃/𝑉 droop 

control is out of consideration in the DG units real power control. For 2 <  𝑡 <  3 𝑠, the real 

power of the DG units is increased as the 𝑃/𝑉 droop control is enabled. Thus, a balance between 

the total load demand and the total real power is accomplished and the PCC real power is controlled 

to zero. 

 

4.9.3 Maximum Real Power Transfer of the Power Network 

By applying the proposed series inverter to control the bidirectional power flow in the low-voltage 

distribution network, some limitations should be taken into consideration. The voltage magnitude 

of the PCC will be changed by injecting a series voltage into the line. As a result of the PCC 

voltage variation, the voltage magnitude of the DG units and local loads will also vary. The 

microgrid DG units can work in the grid-connected mode if their RMS voltage remains within the 

specified limits which are stated in EN 50160 standard [126]. Otherwise, the microgrid DG units 

will start to work in island mode and the local loads will shed themselves from the power network. 

Therefore, if the RMS voltage of the DG units and local load shouldn’t exceed the acceptable 

limits and if the real power transfer at PCC is desired to be zero, a maximum real power exchange 

from/to the main grid should be determined. Moreover, the control strategies of the series inverter 

may fail if the series injected voltage is more than a specified limit. Also, it is worth noting that 

the PLL will not be able to precisely track the current phase if the line current is very small. It is 

worth noting that for determining the maximum real power transfer using the proposed approach, 

the DC-link voltage reference has been adjusted to approximately 40 𝑉. This value is considered 

to inject the needed series inverter voltage at PCC which is appropriate for controlling the real 

power exchange to the desired real power reference.  

Figure 4.21 (a)-(b) show the real power and the RMS voltage of the PCC, the DG units and local 

loads in the inductive operation mode. It can be noticed from Figure 4.21 (a) that the real power 

transfer between the microgrid and the utility grid before 𝑡 < 1𝑠 was approximately 38 𝑘𝑊. This 

value is considered as the maximum real power transfer value that can be controlled to zero 

according to the voltage limit of the DG units and local loads. As demonstrated from Figure 4.21 
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(b), an increase in the RMS voltage of the DG units and local loads after 𝑡 > 1𝑠 is noticed. The 

RMS voltage values have been increased to the maximum allowable RMS voltage limit which is 

253 𝑉 in order to achieve the desired zero real power transfer. The same measurements have been 

done in the capacitive operation mode as demonstrated in Figure 4.21 (c)-(d). The difference 

between the total real power and the total load demand before 𝑡 < 1𝑠 was approximately −36 𝑘𝑊 

as shown in Figure 4.21 (c). This value is considered also as the maximum real power import from 

the main grid that can be controlled to zero considering the voltage limit of the DG units and local 

loads. To balance the total load demand with the total real power and to satisfy the desired real 

power reference at PCC, the RMS voltage of the DG units and local loads is decreased to the 

minimum allowable RMS voltage limit which is 203 𝑉 as shown in Figure 4.21 (d). 

 

Figure 4.21: Maximum real power flow of the power network during both operation modes. 

Reprinted from reference [121], © 2018, with permission from Elsevier. 

(a) Real power at PCC, microgrid DGs and loads in inductive mode (b) RMS voltage of the microgrid DGs and loads in inductive 

mode (c) Real power at PCC, microgrid DGs and loads in capacitive mode (d) RMS voltage of the microgrid DGs and loads in 

capacitive mode. 
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Chapter 5 : Islanding and Resynchronization 

- Test Validation     

5.1 Introduction 

During short circuit conditions, the disconnection and reconnection process of the power network 

must be considered to ensure safe and reliable operation of the system. Hence, this chapter 

describes the modeling and control of the microgrid in island control mode as well as the 

transformerless H-bridge inverter behavior under faulty conditions. Therefore, the island control 

method of the microgrid VSI considers incorporating a synchronization controller within its unit 

in order to synchronize the microgrid with the main grid before reclosing the breaker and switching 

to grid-connected mode. Also, the fault location decides the appropriate approach that should be 

used to clear the fault current and to protect the operation of the series transformerless H-bridge 

inverter. Besides, the disconnection and reconnection process considers implementing a protection 

scheme and a proper coordination with flip-flops to detect the fault event and thus, changing the 

operation of system components. So, the simulations in this chapter execute the disconnection and 

reconnection process for two fault locations to examine the performance of the synchronization 

controller and the approaches of fault current clearance.  

Following the introduction, this chapter is organized as follows: section 5.2 presents the system 

islanding and reconnection scenario and section 5.3 investigates the island-control method of the 

microgrid DG VSI in addition to the synchronization controller operation. Section 5.4 describes 

the H-bridge inverter operation and performance under short circuit events. It also describes the 

H-bridge inverter behavior during the fault event and the reinsertion process into the network after 

fault clearance. Moreover, section 5.5 illustrates the coordination of the protection schemes of the 

system components. Finally, section 5.6 depicts the simulation results which investigates the 

islanding and resynchronization process of the microgrid VSI and the H-bridge inverter in case of 

short circuits.   

 

5.2 Islanding Scenario of the System 

Islanding is an event that occurs when the DG system is no longer operating in parallel with the 

main grid and may happen due to the following reasons: 

• Nature act or human errors 

• Intentional opening of a switching device by the utility grid as a result of fault detection 

• Equipment failure  
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• Service and maintenance  

Unlike synchronous or induction machines, inverters have no rotating mass component which 

means that they don’t develop inertia to withstand fault current depending on the electromagnetic 

characteristic. Since inverters lack superior inductive characteristics like in rotating machines, their 

decaying situation in case of fault currents is very fast. Also, unlike synchronous or induction 

machines, the time length it takes them to respond to fault events can be distinctly programmed. 

Furthermore, the DG inverter is controlled either by using voltage control mode or current control 

mode. The former exhibits higher initial current overshoot during a fault condition, while the latter 

exhibits slower dynamic response for the current increase and decrease back to the normal value. 

The power electronic interface is considered as an exclusive property of inverter-based DG 

systems. Controlling the fault current contribution from DG units is an outstanding capability of 

power electronics. Thus, by controlling the fault current level, the system protection coordination 

can be properly optimized. Inverter-based DG systems have little impact on fuses and circuit 

breakers coordination strategies. However, with their increased penetration into the power 

network, system operation can be affected [127].   

To manage the operation and protection of the DG system after detection of the islanding 

condition, the DG control strategy is changed from grid-connected mode to island mode. Then to 

reconnect the island to the main grid, the auto-reclose process must take place. After successful 

reconnection of the island to the main grid, the control strategy must be changed from island mode 

to grid-connected mode. In both operation modes, the DG protection system should consider the 

appropriate protective equipment that can react efficiently when the DG is operating either as 

stand-alone or in parallel with the utility. Furthermore, the DG normal operation in the condition 

of losing the connection with the main utility grid but without opening the isolation device is 

considered as a serious issue. This issue is called unintentional islanding and the major concerns 

of this issue are [128] [129]: 

• The voltage and frequency of the end users within the island are not controlled by the 

utility.  

• The grounding of the island by the DG interconnection may be unsuitable.   

• Public and line worker safety can be threatened as de-energizing downed lines is not 

possible by the utility and as the DG sources still feed the island, respectively. 

• The island protection systems can be probably uncoordinated due to an excessive change 

in the availability of the short-circuit current. 

The network presented in Figure 5.1 consists of a basic distributed feeder with a circuit breaker 

connected to the microgrid which is located downstream of the feeder. The main grid, H-bridge 

inverter, and microgrid voltages are denoted by 𝑈𝐺 , 𝑈𝑖𝑛𝑣, 𝑈𝑀𝐺 , respectively. br is the circuit 

breaker and 𝑍𝑇 is the total line impedance. When a fault occurs on the grid side, the circuit breaker 

is opened, then an island is formulated in which the DG in the microgrid can provide power to the 

load. However, the voltage and frequency can’t be actively regulated and any small power 

mismatch between the generation and load will lead to deviation of the voltage magnitude and 

phase angle from the grid voltage. 
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Figure 5.1: A Basic distributed feeder connected with the microgrid 

The phasor diagram of the system voltages during the fault is depicted in Figure 5.2. If, for 

instance, 𝑈𝐺 = 𝑈𝑀𝐺 = 325 𝑉 and δ = 90°, the inverter should inject a voltage 𝑈𝑖𝑛𝑣 ≥ 325 𝑉 to 

clear the fault current. In the worst-case scenario where δ = 180°, the fault current can be cleared 

if the inverter injected voltage is equal to or greater than 𝑈𝑖𝑛𝑣 ≥ 650 𝑉.     

 

Figure 5.2: Voltage phasor representation during grid fault 

For resynchronization of the microgrid with the main grid after fault clearance, the phase angle of 

the microgrid shown in Figure 5.3 (a) is forced to track the main grid voltage phase using a 

synchronization controller. Figure 5.3 (b) shows how both voltages are oscillating with the same 

phase after the resynchronization where the inverter voltage 𝑈𝑖𝑛𝑣 should be discharged to zero 

before the reconnection. After reconnecting both networks, the series inverter is again enabled to 

control the power flow by injecting 𝑈𝑖𝑛𝑣 as seen in Figure 5.3 (c).    
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Figure 5.3: Phasor representation of system resynchronization 

 

5.3 Microgrid Resynchronization during Island Mode 

Under grid fault conditions, each DG unit in the microgrid should detect the islanding event and 

switch its operation to voltage control mode in order to provide a constant voltage to the local 

loads [130, 131]. Therefore, the VSI of the microgrid DG will perform as a grid-forming power 

converter fed by an external dc source. Furthermore, to keep the microgrid frequency and voltage 

within their nominal limits and in order to maintain the microgrid energy balance, the VSI of the 

microgrid DG units will supply and/or store only the needed amount of energy. Power sharing 

among the microgrid DG units can be accomplished by means of power control loops [132] or 

droop control strategies [22]. During the disconnection process of the microgrid, the amplitude 

and frequency of the reference voltage will be settled down to their nominal values. However, the 

phase angle will be the one detected previously to the separation of the circuit breaker [54].        

To generate the reference voltage magnitude and frequency of the microgrid VSI in its island 

operation mode, inverse droop characteristics which are well explained in [112] are implemented. 

Furthermore, when the fault is cleared, switching the microgrid operation from autonomous mode 

to the grid-connected mode can be initiated. However, to avoid the hard transients in the process 

of reconnection, the microgrid VSI must be synchronized with the main grid before reclosing the 

circuit breaker [133]. The circuit breaker will remain open and the microgrid VSI will continue to 

operate in the island mode until the synchronization condition is satisfied. After that, the microgrid 

VSI is again reconnected to the main grid, and the control strategy changed to current control mode 

instead of voltage control mode once the utility voltage and the microgrid voltage are 

synchronized. Figure 5.4 depicts the control structure of the microgrid VSI in the island mode and 
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the synchronization controller which is incorporated to synchronize the microgrid VSI with the 

main grid. The reference voltage and frequency are derived from inverse droop characteristics, 

whereas the phase angle generated from the droop control named as 𝜃𝑑𝑟𝑜𝑜𝑝 is determined at the 

beginning by the system operator. However, once the system operator activates the 

synchronization controller, the switch will transfer to the new phase angle 𝜃𝑛𝑒𝑤.  

After the disconnection and islanding of the microgrid, the synchronization controller is triggered 

by the system operator to derive the new phase angle 𝜃𝑛𝑒𝑤. This is to ensure that the microgrid is 

synchronized with the main grid before the circuit breaker recloses and it is switched back to the 

grid connected mode. The synchronization controller is designed by extracting the phase angle 

difference between the grid voltage and the PCC or microgrid side voltage. Then, the sine of this 

angle difference is generated and passed through a PI controller. The output of the PI controller is 

compared with the old measured phase angle, so that the new phase angle which tracks the grid 

voltage phase is generated. Finally, the generated voltage is transformed to 𝑑𝑞 voltage references 

to be inserted into the voltage and current control loops [134]. 

 

 

Figure 5.4: Control structure of the microgrid DG VSI in island mode. [124], © 2019 IEEE 
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The voltage and current control loops are presented in Figure 5.5 in which the controller uses 

voltage compensators to generate current references for current regulation. 𝑣𝑑 and 𝑣𝑞 are forced 

to track their references by using PI-controllers. The output of these regulators 𝑖𝑑,𝑟𝑒𝑓  and 𝑖𝑞,𝑟𝑒𝑓 are 

compared with 𝑖𝑑 and 𝑖𝑞, and the error is inserted to a PI current regulator. Finally, the reference 

sinusoidal voltage is generated as presented before in Figure 4.1 except that the phase angle 𝛳 is 

extracted from either the inverse droop characteristics or the synchronization controller instead of 

using a phase-locked loop. 

 

Figure 5.5:Voltage and current control loops 

  

5.4 Behavior of the H-Bridge Inverter under Fault Events 

Figure 5.6 presents the single line diagram of a radial power network, where the microgrid and the 

utility are connected together via a series voltage source inverter which represents the H-bridge 

inverter. Two fault locations are considered at the grid side. If the fault occurs at point B, then the 

circuit breaker can isolate the series H-bridge inverter from the fault transient once the protection 

scheme detects the short circuit event. However, if the fault occurs at point A, then the circuit 

breaker can’t isolate the proposed inverter from the fault transient which can destroy the proposed 

inverter power MOSFET devices and the DC-link capacitor. Therefore, the series inverter should 

inject a voltage near or equal to the microgrid peak voltage in order to limit or completely remove 

the short circuit current which is calculated as: 

𝑖𝑆𝐶 = (𝑉𝑚 − 𝑉𝑖𝑛𝑣)/ 𝑍𝑙𝑖𝑛𝑒                                                                                                                          (5.1)     

where 𝑍𝑙𝑖𝑛𝑒 = 𝑅𝑙𝑖𝑛𝑒 + 𝑗𝜔𝐿𝑙𝑖𝑛𝑒. It can be noticed from (5.1) how the short circuit current limitation 

is dependent on the voltage difference between the microgrid voltage and the series inverter 

voltage. To inject the required voltage automatically, the series inverter operation mode is changed 

from inverter mode to the rectifier mode once the protection scheme detects the fault event. By 

turning off all the MOSFET devices and turning on the antiparallel diodes, the series inverter 

performs as a rectifier and charges the DC-link capacitor to the peak voltage difference between 
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the microgrid and the faulted node. The short circuit current passes only through the antiparallel 

diodes which can handle the fault current since the diode surge current is much more than the 

MOSFET.    

 

Figure 5.6: Single line diagram of a radial power network under fault events 

 

The operation of the H-bridge in the rectifier mode during the fault is depicted in Figure 5.7 (a) 

and (b), where the DC- link capacitor is charged regardless of the line current direction. Figure 5.7 

(c) represents the H-bridge circuit model during the fault where the initial DC bus voltage and the 

forward voltage drop of the diodes are neglected. The total inductance and resistance between the 

faulted node and the source are denoted by 𝐿𝑇 and 𝑅𝑇, respectively. The DC bus capacitance is 

denoted by 𝐶𝑑𝑐 and 𝑉𝑆 is the grid voltage which is given by 𝑉𝑆 = 𝑉𝑚𝑎𝑥sin (𝜔𝑡). 

Regarding the circuit model of Figure 5.7 (c), the capacitor voltage time domain differential 

equation is given by [81]: 

𝑉𝑆 = 𝐿𝑇𝐶𝑑𝑐

𝑑2𝑉𝑑𝑐

𝑑𝑡2
+ 𝑅𝑇𝐶𝑑𝑐

𝑑𝑉𝑑𝑐

𝑑𝑡
+ 𝑉𝑑𝑐                                                                                               (5.2) 

Rearranging (5.2) considering the damping factor ζ and resonant frequency 𝜔𝑛 leads to: 

𝜔𝑛
2𝑉𝑆 =

𝑑2𝑉𝑑𝑐

𝑑𝑡2
+ 2ζ𝜔𝑛

𝑑𝑉𝑑𝑐

𝑑𝑡
+ 𝜔𝑛

2𝑉𝑑𝑐                                                                                                  (5.3) 

Moreover, the transfer function of the system is indicated as: 

𝐻(𝑠) =
𝑉𝑑𝑐(𝑠)

𝑉𝑆(𝑠)
=

𝜔𝑛
2

𝑠2 + 2ζ𝜔𝑛𝑠 + 𝜔𝑛
2
                                                                                                    (5.4) 

The capacitor voltage and line current are determined after solving (5.3) for ζ ≥ 1 as indicated in 

(5.5) and (5.6): 

 

𝑉𝑑𝑐(𝑡) = 𝐴𝑒𝑟1𝑡 + 𝐵𝑒𝑟2𝑡 + 𝑉𝐶𝑚 sin(𝜔𝑡 − 𝜑)                                                                                     (5.5)  
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𝑖𝑑𝑐(𝑡) = 𝐶𝑑𝑐[𝐴𝑒𝑟1𝑡 + 𝐵𝑒𝑟2𝑡 + 𝑉𝐶𝑚𝜔 cos(𝜔𝑡 − 𝜑)]                                                                        (5.6) 

 

Figure 5.7: The H-bridge inverter operation during fault. [124], © 2019 IEEE 

(a) forward current direction through diodes (b) reverse current direction through diodes (c) H-

bridge circuit model during fault. 

  

where, 

𝜔𝑛
2 =

1

𝐿𝑇𝐶𝑑𝑐
 

ζ =
𝑅𝑇

2
√

𝐶𝑑𝑐

𝐿𝑇
 

𝑉𝐶𝑚 =
𝑉𝑚𝑎𝑥

√(1 − 𝜔2 𝜔𝑛
2⁄ )2 + ((2ζ𝜔 𝜔𝑛⁄ ))2

 

𝜑 = tan−1 (
2ζ𝜔𝜔𝑛

𝜔𝑛
2 − 𝜔2

) 
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𝑟1,2 = −ζ𝜔𝑛 ± √ζ2 − 1 

𝐴 =
𝑉𝐶𝑚(𝜔 cos(𝜑) + 𝑟2sin (𝜑))

𝑟2 − 𝑟1
 

𝐵 =
𝑉𝐶𝑚(𝜔 cos(𝜑) + 𝑟1sin (𝜑))

𝑟1 − 𝑟2
 

The capacitor voltage and line current are determined for 0 < ζ < 1 as indicated in (5.7) and (5.8): 

𝑉𝑑𝑐(𝑡) = 𝑒−ζ𝜔𝑛𝑡[𝐴𝑐𝑜𝑠(𝜔𝑑𝑡) + 𝐵𝑠𝑖𝑛(𝜔𝑑𝑡)] + 𝑉𝐶𝑚 sin(𝜔𝑡 − 𝜑)                                                 (5.7)  

 

𝑖𝑑𝑐(𝑡) = 𝐶𝑑𝑐[𝑒
−ζ𝜔𝑛𝑡[(𝐵𝜔𝑑 − 𝐴ζ𝜔𝑛)𝑐𝑜𝑠(𝜔𝑑𝑡) − (𝐵ζ𝜔𝑛 + 𝐴𝜔𝑑)𝑠𝑖𝑛(𝜔𝑑𝑡)] 

                                      +𝑉𝐶𝑚𝜔 cos(𝜔𝑡 − 𝜑)                                                                                         (5.8)  

Where,  

𝜔𝑑 = 𝜔𝑛√1 − ζ2, 𝐴 = 𝑉𝐶𝑚sin (𝜑), 𝐵 = 𝑉𝐶𝑚(ζ𝜔𝑛 sin(𝜑) −  𝜔 cos(𝜑))/𝜔𝑑. 

 

The above equations (5.2) - (5.8) clarify the impact of the capacitor value on the DC link voltage 

and the line current. If the capacitor value is decreased, this will reduce the peak short circuit 

current, but the capacitor will charge more quickly which can lead to DC link voltage overshoot 

at the fault starting time. The relationship between the DC-link capacitor voltage charging and the 

peak short circuit current has been investigated by selecting three different capacitor values as 

shown in Figure 5.8, where the charging time of the DC-link capacitor in correspondence to the 

short circuit current can be noticed. It is clearly shown that the lowest capacitance value (blue-

colored) has reduced the peak short circuit current and charges the DC-link voltage more quickly 

[124].     

In the case where the fault occurs at point B, the circuit breakers may need some indefinite time to 

be opened and completely isolate the short circuit current. Therefore, a bypass switch is connected 

across the H-bridge terminals to isolate the inverter MOSFET devices in case they are subjected 

to high current transient due to a fault as depicted in Figure 5.9. Moreover, connecting every 

MOSFET device inside the H-bridge with multi MOSFET devices in parallel will also mitigate 

the short circuit current since the current will be distributed. After fault clearance and once the 

microgrid is synchronized with the main grid, the H-bridge inverter should be reinserted smoothly 

into the network to avoid the hard transients at the moment of reconnection which can harm the 

inverter components. To do that, the upper or lower two MOSFET devices should be blocked at 

the moment of reconnection for some milliseconds so that the current will not flow through the 

DC-link capacitor. During this period, the DC-link voltage can be discharged through a parallel 

connected resistor in order to allow the inverter to be reinserted again into the network.  
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Figure 5.8: The relationship between the short circuit current and DC-link voltage. [124], © 

2019 IEEE  

 

Figure 5.9: The H-bridge inverter operation during fault with the bypass switch. [136], © 2018 

IEEE 

 

Therefore, the PWM switching commands either 𝑀1&𝑀3 or 𝑀2&𝑀4 (see Figure 4.2) should be 

blocked (zero signal) to allow the current flow only through the upper or lower two MOSFET 

devices and to allow discharging of the DC link capacitor voltage to zero before inserting the 

inverter again into the network. Once the two networks are reconnected and the DC-link voltage 
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is discharged to zero, then the inverter can be reinserted, and its switching operation can be 

enabled. By closing a switch which manages parallel connection of a resistor with the DC-link 

capacitor, the DC-link voltage can be discharged during the delay period. The current flow and the 

resistor parallel connection during this period is described in Figure 5.10. This step can ensure safe 

and smooth inverter reinsertion after fault clearance and breaker reclose. 

 

Figure 5.10: The H-bridge inverter operation after fault during the delay period. [124], © 2019 

IEEE 

The industrial application and specification of the H-bridge inverter (or DC/AC inverter) power 

MOSFET proposed in this thesis can be found in [135] as one of the available options. The benefits 

of this power MOSFET are the following: 

➢ Improved gate, avalanche and dynamic 𝑑𝑣 𝑑𝑡⁄  ruggedness. 

➢ Enhanced body diode 𝑑𝑣 𝑑𝑡⁄  and 𝑑𝑖 𝑑𝑡⁄  capability. 

➢ Optimized for logic level drive. 

➢ High short-circuit current rating up to 645 𝐴. 

➢ The maximum drain-to-source voltage (𝑉𝐷𝑆𝑆) can be up to 40 𝑉. 

    

5.5 Coordination with Flip Flops 

During islanding and resynchronization of the microgrid due to short circuit events, a proper 

coordination with flip flops is required for the whole power system components. The circuit 

breaker which isolates the main utility grid from the microgrid should receive a signal from a 

specified protection scheme once it detects a fault event and once the fault is cleared as well. The 

VSI of every microgrid DG unit should detect any islanding event or resynchronization process in 

order to decide whether to work in grid-connected mode or island mode. The H-bridge inverter 

control unit should also be informed about the fault initiation and clearance in order to plan for the 

reinsertion process into the network. Figure 5.11 depicts the appropriate coordination of the circuit 

breaker, H-bridge inverter control unit, and the microgrid VSI control mode.  
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The protection scheme monitors the instantaneous current value since it is faster to be detected 

than the RMS value. Once the protection scheme discovers that the current exceeds a specified or 

threshold value due to a short circuit event in the main utility grid, the protection scheme output 

becomes high. Subsequently, the flip-flops of the circuit breaker, the H-bridge inverter control 

unit, and the VSI control mode denoted by FF 1, FF 2 and FF 3, respectively are adjusted to the 

set command. 

 

Figure 5.11: Coordination of the breaker, H-bridge, and control mode during islanding and 

resynchronization. [124], © 2019 IEEE 

Furthermore, when the fault is cleared, the fault clear signal is set high manually to reset the flip-

flops and thus changing the VSI control mode, H-bridge inverter operation, as well as the circuit 

breaker state. It is worth noting that the fault clear signal which is controlled manually will not be 

triggered unless the synchronization criterion which is explained in section 5.3 is achieved. The 

trip signal initiates the circuit breaker tripping and reclosing, the block signal activates the H-

bridge inverter blocking or bypassing state which are explained in the previous section. The delay 

process of the H-bridge inverter reinsertion is also described in the previous section. Finally, the 

microgrid VSI control mode is altered between its grid-connected and island operation modes 

depending on the switch signal state. 

5.6 Simulation Test Model   

A test validation has been implemented to investigate the disconnection and reconnection process 

of the system components. A single line diagram which includes the main utility grid, series H-
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bridge inverter, and the microgrid is demonstrated in Figure 5.12. The microgrid is modeled as a 

controlled voltage source inverter (VSI). The main utility grid is denoted by 𝑉𝑔 and the resistance 

and inductance of the main utility grid are denoted, respectively, by 𝑅𝑔 and 𝐿𝑔. The circuit breaker 

is placed to control the disconnection and reconnection of the main utility grid to the microgrid. 

The inductance and resistance of the line are denoted by 𝐿𝑙𝑖𝑛𝑒 , 𝑅𝑙𝑖𝑛𝑒, respectively. The inductance 

of the H-bridge inverter is denoted by 𝐿𝑖𝑛𝑣. The inductance and resistance of the microgrid VSI 

are denoted by 𝐿𝑚, 𝑅𝑚. Finally, the real and reactive power of the microgrid VSI are denoted by 

𝑃𝑚, 𝑄𝑚. The parameters of the test validation model are all presented in Table 5-1. 

 

Figure 5.12: Single line diagram of the test validation model. [136], © 2018 IEEE 

 

Two simulations have been done, in which the first considers the fault location at point A and the 

second considers the fault location at point B. In the first simulation, the circuit breaker is opened 

and the H-bridge inverter MOSFETs are turned off with turning on the antiparallel diodes 

(Approach 1). However, in the second simulation, the bypass switch (Approach 2) is closed to 

protect the MOSFET devices from any sudden overcurrent that can’t be handled by them. For both 

simulations, the short circuit is started at 𝑡 =  1 𝑠 and cleared at 𝑡 = 1.5 𝑠. Again, in both 

approaches, the PWM switching commands 𝑀1&𝑀3 are blocked after fault clearance (zero signal) 

so that the current flows only through the upper MOSFET devices and the DC link capacitor 

voltage is discharged to zero before reinserting the H-bridge into the network. The discharging 

process is fulfilled by closing a switch which manages parallel connection of a resistor with the 

DC-link capacitor [124, 136]. 
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Table 5-1:Test validation model parameters. [136], © 2018 IEEE 

System parameters Values 

Grid 

Grid  voltage (𝑉𝑔) 

Grid Frequency (f) 

Grid Resistance (𝑅𝑔) 

Grid Inductance (𝐿𝑔) 

 

230 V RMS 

50 Hz 

0.0025 Ω 

0.1 mH 

Transformerless H-bridge 

           DC link voltage (𝑉𝑑𝑐𝑟𝑒𝑓) 

DC link Capacitor (C) 

Angle controller (𝐾𝑃, 𝐾𝐼) 

Switching frequency  (𝑓𝑆) 

Inductance  (𝐿𝑖𝑛𝑣) 

 

20 V 

0.001 F 

1.5, 225 

       10 kHz 

0.1 mH 

Microgrid VSI 

VSI Inductance, Resistance (𝐿𝑚, 𝑅𝑚) 

Line Inductance, Resistance (𝐿𝑙𝑖𝑛𝑒 , 𝑅𝑙𝑖𝑛𝑒) 

Rated power (S) 

Load  

 

0.1 mH, 1 mΩ 

0.25 mH, 0.35 Ω 

8.5 kVA 

5 kW 

 

5.6.1 Simulation results with fault location at point A 

The short circuit is applied at the nearst location to the H-bridge as a worst case scenario taking 

into account two fault inception angles (FIA) at 0°and 90°. The threshold for applying the current-

limiting mode is 1.5 times the H-bridge maximum power flow current so as to keep safe operation 

of the power switches. Moreover, the MOSFET is not able to bear high transient currents for a 

period more than 100𝜇𝑠. However, the antiparallel diodes are able to withstand higher current 

density which is nominated as surge or transient current. A fast fault detection method based on 

monitoring the instantaneous current passing through the H-bridge inverter is used to detect the 

fault event in a period of time less than 100𝜇𝑠. Once the fault is detected, the anti-parallel diodes 

turn on and the surge current passes through the diode only for half a sinusoidal cycle 10𝑚𝑠. As 

soon as the DC-link capacitor starts charging, the short circuit current will be limited.  

The test validation model of Figure 5.12 is implemented using PLECS and simpowersystems tool 

boxes in Matlab/Simulink where the detailed simulation sequence is illustrated below. The short 

circuit current capability has been investigated to see the behavior of the H-bridge inverter where 

the point on wave or the FIA is considered at 0°and 90°. Figure 5.13 (a)-(c) depict the system 

behavior considering two different FIAs. Figure 5.13 (a) shows the PCC voltage where the FIA is 

considered on near zero crossing 0° ,and at maximum value of voltage 90°. It can be seen that for 

both cases, the short circuit current is detected within approximately 100𝜇𝑠 and the DC-link 
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voltage starts charging to limit the fault current as shown in Figure 5.13 (b) and (c). Note that the 

short circuit current is limited for both cases where the initial surge current passes through the anti-

parallel diodes for a period much less than 10𝑚𝑠 [124].  

 

 

 

Figure 5.13: System behavior during the short circuit event considering two FIAs. [124], © 2019 

IEEE 
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The impact of the voltage and/or current distortion in the proposed methodology is testified by 

measuring the harmonic spectrum of the PCC voltage once the fault is initiated as depicted in 

Figure 5.14. The total harmonic distortion limit at PCC in 400 V low voltage distribution networks 

should not exceed 5%. The THD is measured once the fault is initiated t =1 s for the first three 

cycles of the PCC voltage. This period is chosen arbitrarily before the system gets back to its 

normal operation. It can be seen that the THD factor of the PCC voltage is small and below 5% at 

the time of fault initiation. 

 

 

Figure 5.14: FFT analysis of the PCC voltage during the fault. [124], © 2019 IEEE 
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The simulation time sequence of the test validation model is as the following [124]: 

- For 0.5𝑠 <  𝑡 < 1𝑠: the microgrid VSI operates in grid-connected mode and the H-bridge 

inverter control unit is enabled to inject series voltage into the line. 

 

- At 𝑡 =  1𝑠: the short circuit is initiated and the circuit breaker is opened, the proposed flip-

flops are set high, the microgrid VSI switch its operation to island control mode, the 

MOSFET devices are turned off and the antiparallel-diodes are turned on, 𝑉𝐷𝐶 charges to 

the difference between the peak network voltage and the faulted node voltage. 

 

- At 𝑡 = 1.2𝑠: the system operator triggers the synchronization controller. 

 

- At 𝑡 = 1.5𝑠: the short circuit is cleared, and the circuit breaker is reclosed, the microgrid 

VSI get back to work again in grid-connected mode, the PWM switching commands M1 

and M3 are set to zero (Delay), 𝑉𝐷𝐶 discharges to zero during the delay period. 

 

- At 𝑡 = 1.7𝑠: The H-bridge inverter is reinserted, the switching commands M1 and M3 are 

enabled, reconnection process of the H-bridge is completed. 

 

 

The voltage magnitude, phase angle and, frequency of both the microgrid and main grid in the 

island control mode before and after triggering the synchronization controller are demonstrated in 

Figure 5.15 and Figure 5.16, respectively. Based on the droop characteristics applied to the 

microgrid VSI power control, it can be seen that both voltage sources have different frequency and 

phase angle. Nevertheless, as soon as the system operator activates the synchronization process, 

the synchronization controller forces the microgrid to track the main grid voltage, phase angle and, 

frequency. 

Figure 5.17 presents the microgrid real and reactive power, the line current and PCC voltage during 

the disconnection and reconnection process. At t = 1s, the inverter MOSFET devices are turned 

off and the antiparallel diodes are turned on so that the inverter switches its operation from an 

inverter to a rectifier. Therefore, the fault current is limited very fast and no transients appeared at 

the moment of disconnection. As the microgrid is synchronized with the main grid before closing 

the circuit breaker, it can be noticed that the power values in addition to the line current and PCC 

voltage have no transients at the moment of reconnection. 

The performance of the H-bridge inverter in terms of the DC-link capacitor voltage and its 

terminals voltage during the disconnection and reconnection process is depicted in Figure 5.18. 

Once the fault is initiated, note that the DC-link voltage charges to the voltage difference between 

the peak network voltage and the faulted node. It’s worth noting that between 1.5𝑠 < 𝑡 < 1.7𝑠, 

the switching commands M1 and M3 are set to zero (Delay) in order to allow the DC-link voltage 

discharging. In order to reinsert the H-bridge inverter smoothly, the DC-link voltage is discharged 

to zero using a parallel-connected resistor during this delay period. 
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Figure 5.15: Voltage magnitude and phase angle of both networks before and after triggering the 

synchronization controller in island control mode. [124], © 2019 IEEE 

 

Figure 5.16: Frequency of both networks during synchronization process. [124], © 2019 IEEE 
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Figure 5.17: System performance during the disconnection and reconnection process (Approach 

1). [124], © 2019 IEEE 
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Figure 5.18: DC-link capacitor voltage and inverter voltage during the disconnection and 

reconnection process (Approach 1). [124], © 2019 IEEE 

5.6.2 Simulation results with fault location at point B 

At this fault location, the circuit breaker can completely isolate the short circuit current without 

the need to turn off the MOSFET devices and turn on the antiparallel diodes. However, to make 

sure that the inverter components are protected against any sudden overcurrent which can’t be 

treated by the MOSFET devices, a bypass switch is connected across the terminals of the H-bridge 

inverter (see Figure 5.9). In this simulation, the same procedure of the previous simulation has 

been repeated except that during the fault period the DC-link voltage 𝑉𝐷𝐶 is kept oscillating with 

the same reference value since there is no current path to discharge the capacitor voltage [136].  

The short circuit current capability using the bypass switch has been also investigated to see the 

behavior of the H-bridge inverter where the FIA is considered at 0°and 90°as illustrated in Figure 

5.19 (a)-(c). Figure 5.19 (a) shows the PCC voltage where the FIA is considered on near zero 

crossing 0° ,and at maximum value of voltage 90°. Figure 5.19 (b) shows the current passing 

through the inverter before and after the bypass switch is operated. It can be seen that for both 

cases, the short circuit is detected and cleared within approximately 100𝜇𝑠. The initial surge 

current at FIA 0° is larger than the surge current at FIA at 90°. The corresponding phase angle 

jump at PCC voltage for both FIAs can be seen in Figure 5.19 (c).  
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Figure 5.19: System behavior using the bypass switch during the short circuit event 

 

The results of this simulation regarding the synchronization of both networks in terms of the 

voltage, phase angle and frequency are the same as in the previous simulation. The system 

performance during the disconnection and reconnection process is depicted in Figure 5.20. At the 

moment of disconnection, the real and reactive power values exhibit high transients which 

appeared since the microgrid is still operating in grid-connected mode until the circuit breaker is 
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totally opened. Since the H-bridge operation in the previous simulation was faster than the breaker 

operation in clearing the fault current, the real and reactive power values exhibit fewer transient at 

the moment of disconnection. At the moment of reconnection, the measured values show free 

transients as a result of the successful resynchronization of the microgrid to the main grid [136].   

 

 

Figure 5.20: System performance during the disconnection and reconnection process (Approach 

2). [136], © 2018 IEEE 
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Figure 5.21 shows the DC-link voltage and the inverter voltage during the disconnection and 

reconnection process. When the flip-flops are set high, the circuit breaker is opened, and the H-

bridge inverter is bypassed. As a result, no current flows through the DC-link capacitor which 

makes the DC-link voltage to remain at its reference value. At the moment of reconnection, the 

bypass switch is opened. However, M1 and M3 are set to zero between 1.5𝑠 < 𝑡 < 1.7𝑠 to allow 

the DC-link capacitor to discharge. The DC-link voltage is discharged using a parallel connected 

resistor as in the previous simulation. At 𝑡 =  1.7 𝑠, the H-bridge inverter is reinserted smoothly 

into the network without any sudden transients.   

 

Figure 5.21: DC-link capacitor voltage and inverter voltage during the disconnection and 

reconnection process (Approach 2). [136], © 2018 IEEE 
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Chapter 6 : Conclusion and Future Work 

6.1 Summary 

The summary of this Ph.D. thesis is divided into three main chapters. The basic principle of the 

proposed approach in terms of power flow formulation and calculation is discussed in chapter 3. 

However, the main contribution of this chapter is developing an overall power flow algorithm of 

the network model which consists of series VSI placed at PCC between the utility grid and the 

microgrid. The proposed power flow algorithm takes into consideration three major blocks: (1) the 

power flow state block which performs the normal power flow calculation of the network model. 

This block receives the updated voltage value 𝑈2 of the series VSI from the optimization algorithm 

and the new reference apparent power 𝑆𝑟𝑒𝑓4,𝑛𝑒𝑤 of the DG from static droop control block, (2) the 

static droop control block which updates the real power of the DG units depending on the required 

real power balance between the generation and load demand that can satisfy the desired real power 

reference at PCC. Both blocks constitute the simulation part which is performed inside the 

optimization procedure and (3) the optimization algorithm which optimizes the series VSI voltage 

depending on the feedback from the simulation. The simplified model used for investigating the 

limits and the extended model used for validation of the overall power flow algorithm are all 

implemented and verified in Matlab/Simulink.  

In chapter 4, the microgrid operating condition in a grid-connected mode with the support of 𝑃/𝑉 

droop characteristics and the development of series power flow controller based transformerless 

H-bridge inverter are considered. The innovation part of this chapter is fulfilled by developing two 

novel power control strategies of the series transformerless H-bridge inverter in order to satisfy a 

real power reference at PCC. According to a desired power reference, the proposed series converter 

injects a specified voltage magnitude and phase angle at PCC which will change the droop 

characteristic of every DG unit. The proposed series converter has two operation modes either 

inductive or capacitive. The control unit of the series converter determines the operation mode 

depending on the direction of real power flow and the desired power reference. The effectiveness 

of the proposed approaches has been verified by time-domain simulations of a realistic power 

network using PLECS and Sim-Power-Systems tool boxes in Simulink. The network components 

and controller’s parameters have been assigned according to microgrid DG specifications in LV-

distribution network, the needed amount of power flow exchange at PCC between the utility grid 

and the microgrid, and the short circuit rating of the series transformerless H-bridge inverter. The 

time-domain simulations confirm the applicability of the proposed concept and approaches in 

terms of the power control strategies stability in tracking the desired power reference, the quality 

of the injected voltage, the interaction of the microgrid generating units with the injected voltage, 

and the maximum power flow limit of the proposed network. 



117 

 

In Chapter 5, two major issues are considered regarding the protection of the system under study 

in case of short circuit conditions. The first issue is islanding and resynchronization of the 

microgrid and the second issue is the appropriate approach needed for the H-bridge inverter to 

withstand the fault current without damaging its components. The first issue is solved by 

implementing a proper island control strategy which includes a synchronization controller so that 

the disconnection and reconnection process can be successfully accomplished. The second issue 

is handled by applying two different approaches depending on the fault location. If the circuit 

breaker can clear the fault current, the bypass switch approach will be applied on the H-bridge 

inverter. However, if the circuit breaker can’t clear the fault current, the rectifier mode approach 

will be applied in which the power MOSFET devices are turned off and the antiparallel diodes are 

turned on. The H-bridge inverter smooth reinsertion is achieved by disabling the switching 

operation of the H-bridge inverter until the two networks are synchronized and discharging the dc-

link capacitor voltage. The coordination and system protection is realized by implementing flip 

flops in order to control the set and reset operation of the system components during the 

disconnection and reconnection process. The test validation model is implemented in Simulink 

and the results of both fault locations confirm a successful performance of the proposed 

approaches.      

 

6.2 Concluding Remarks 

The main target of this thesis work is conducted to investigate the possibility, feasibility, 

performance, and validity of installing a series transformerless H-bridge inverter to satisfy a 

bidirectional power flow control between the microgrid and the main utility grid in LV-distribution 

network. Three major research goals have been investigated: 

First, validation of the concept has been testified by power flow calculation in which an overall 

power flow algorithm is performed to satisfy an active power reference at PCC. A series VSI is 

connected between the main grid and the microgrid and the VSI injected voltage (magnitude and 

phase angle) has been generated by using an optimization algorithm. It can be concluded from the 

power flow calculation results that: 

 

• The margin of house active power is expanded by optimizing the P-U characteristics. 

However, with Qdroop injection, the margin of house active power didn’t increase that 

much. 

 

• P-U (3) is the optimal characteristic for enlarging the power limit of the house. Also, Q-

droop (3) is considered as the optimal characteristic since it increased the power margin 

for few kilowatts while the house voltage is reduced.    
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• The margin of the house power and the droop coefficient are decreased when increasing 

the length of the line either with or without Q-injection.  

 

• The overall power flow algorithm has successfully satisfied the active power reference 

in all case scenarios.  

 

• When the power flow is from the microgrid to the utility or vice versa, the optimization 

algorithm has injected the required voltage magnitude and phase angle to make the 

balance between the total load demand and total generation. Consequently, the overall 

power flow algorithm satisfies the desired active power reference. 

 

• The overall power flow algorithm successfully tracks the step change in active power 

reference for both directions of the power flow.    

 

• Even with variable load demand conditions, it can be noted that the overall power flow 

algorithm can successfully maintain tracking the active power reference. 

 

Second, two novel power control strategies have been developed in time-domain to control the 

bidirectional real power flow at PCC. This power flow control has been realized by the interaction 

between the 𝑃/𝑉 droop controllers of the DG units and the series injected voltage of the series 

inverter at PCC. The simulation results in time-domain have concluded that: 

• The real power control strategy successfully tracks the real power reference during both 

inductive and capacitive operation modes.  

  

• The reactive power control strategy satisfies the desired real power value by successfully 

tracking the reactive power reference during both modes of operation.  

 

• The THD value of the PCC voltage is lower than the specified limit due to the series 

voltage injection for both modes of operation. 

 

• The performance of the microgrid DGs is more flexible with the support of the 𝑃/𝑉 droop 

characteristics during both inductive and capacitive operation modes. 

 

• The maximum amount of real power flow is dependent on the amount of the series 

injected voltage at PCC and the desired power reference. A maximum real power flow 

amount has been determined for both modes of operation so that the RMS voltage of the 

DGs and loads stays within the specified limits.  

 

Third, two different approaches for the series H-bridge inverter protection have been considered 

depending on the fault location. Therefore, two simulations have been done where the first one 
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considers turning off the H-bridge inverter MOSFET devices with turning on the anti-parallel 

diodes and the second one employs a bypass switch connected across the H-bridge terminals to 

protect the MOSFET devices from unexpected overcurrent. The results of both simulations 

present: 

• Resynchronization of the microgrid to the main grid in terms of voltage, frequency, and 

phase angle.    

• Stable system operation during disconnection and reconnection process in terms of real 

and reactive power, PCC voltage and current. 

• Smooth and soft reinsertion of the H-bridge inverter into the network after fault clearance.  

 

6.3 Future Work 

Controlling the bidirectional power flow at PCC using a series transformerless H-bridge inverter 

either in time-domain or by power flow calculation is considered as the primary issue that is 

achieved in this thesis. On the other hand, some directions for future research are listed below: 

• The proposed power networks in this thesis are of a radial structure in which only one 

feeder is employed to form the microgrid and its components. Investigation of the system 

behavior and requirements in case of meshed networks is considered as an important issue 

that needs to be resolved. Implementing a meshed network means installing multi-

microgrids with multi-series power flow controllers which means the performance and 

control stability of the system can be affected.  

 

• Design of a small-scale prototype that represents the proposed series transformerless H-

bridge inverter and its drive circuit in order to validate the simulation work concept. 

Experimental results can be attained in which microcontrollers are employed in order to 

implement the proposed control strategies of the proposed series inverter. The microgrid 

control units can be either represented by virtual machines or can be operated in a real-

time simulator.   

 

• The classical PI-controller has been used in the inner control loops of the microgrid DG 

control unit and the H-bridge inverter control unit. However, a comprehensive study is 

required to improve the controller’s behavior and performance by implementing different 

control methods which can achieve fast-tracking, dynamic and transient response. The 

most common methods are: sliding mode control (SMC), H∞controller, LQR and LQI 

controllers, fuzzy control, and neural network control.     

 

•  A single-phase microgrid and linear loads are considered in this research work. However, 

the system operation considering a three-phase microgrid and nonlinear loads has not been 

involved and needs to be investigated and studied.   
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