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ABSTRACT 

Hybrid microgrids (HMGs) that incorporate the functionalities of both AC and DC load/gen-

eration systems are gradually evolving from the concept stage to real-world practice. HMGs can 

reduce power losses due to decreased requirement of conversions from AC to DC and vice versa. 

HMGs, particularly in islanded operations, are prone to instability and power fluctuations due to 

the intermittent nature of renewable energy sources (RES) and the stochastic behavior of the loads. 

It is imperative to damp system oscillations with faster dynamics and reliable controllers. Con-

verter-interfaced energy storage systems (ESS) are well demonstrated to be the most reliable, tech-

nically feasible, and economically viable solutions to manage voltage/frequency deviations and to 

enhance the dynamic performance of microgrids. 

The problem of control and power management of microgrids has been well studied in recent 

years, and various methodologies have been proposed. However, there are technological gaps in 

the HMGs area yet to be addressed. This dissertation aims to develop robust control solutions to 

enhance the resiliency and stability of hybrid AC/DC microgrids against grid disturbances. 

Among all ESS, the battery energy storage system (BESS) is the most cost-effective and 

widely accepted technology. This work explores the influence of the BESS operation and proposes 

novel methodologies to improve the fault ride-through (FRT) capability and disturbance resiliency 

of microgrids involving complex dynamics characteristics. In addition, this study proposes a novel 

bidirectional DC-DC converter for energy storage applications in DC and hybrid microgrids. The 

new converter has a symmetrical configuration that allows designing one controller for both direc-

tions. The design approach is based on the linearization and frequency response of the system. 

Furthermore, a new grid-connected photovoltaic-supercapacitor (PV-SC) energy storage sys-

tem is proposed where a minimum number of power components are used to implement both 



vii 

 

functionalities. The proposed PV-SC system improves the dynamic performance of the connected 

grid system during the daytime, nighttime, and cloudy situations. 

Appropriate design methodologies and mathematical models have been developed in simula-

tion environments with the maximum possible details to obtain the highest accuracy for linearized 

models. Simulation results demonstrate the validity and effectiveness of the proposed approaches 

and show better performance than conventional methods. 
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Chapter 1 Introduction 

1.1 Background 

Micro-grids are limited-size electrical power systems operating in medium and low voltage 

levels. Traditionally, the communities and customers located in the remote territories are fed by 

isolated power systems that rely on their energy resources with generating units, mostly with the 

conventional type of generators and fossil fuels. In the recent two decades, the concept of mi-

crogrids developed from those conventional power systems including diverse energy resources 

such as renewables and energy storage units. The microgrid concept assumes a group of loads and 

distributed resources as a single controllable unit [1].  

The aim of operating these grids is to generate and transmit the required energy from diverse 

distributed energy resources (DERs) to the loads inside the grid or the hosting grid independent of 

the main grid ensuring high-reliability levels. Microgrids are recognized as the best solution to 

handle natural disasters that might cripple conventional super grids. The late power outages in 

October 2019 in California [2] due to the wildfire and the recent power crisis in February 2021 in 

Texas [3] due to the winter storm, once again manifested that how the resiliency of the super grids 

can be compromised during natural disasters leaving millions of people without electricity.  

Microgrids are conventionally developed for AC power systems. However, the ever-increas-

ing demand for electric power by DC loads in the modern environment (e.g., data centers, com-

puters, electronic devices, electric vehicle charging stations, etc.) along with the recent advance-

ment in DC power generation, energy storage, and power conversion technologies, has made it 

attractive to develop DC microgrids, where the DC loads and DERs can be directly interconnected 

without the need to converting to AC. Nevertheless, in the current trend of the power industry, the 
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sole operation of DC or AC microgrids might not be economically or technically viable where 

there is a considerable number of loads and DERs in both forms, and hence two forms of the 

microgrids should get support from each other.  

The Hybrid AC/DC Microgrids (HMGs) emerged by interconnecting two types of the afore-

mentioned microgrids. HMGs are utilized to serve both AC and DC power systems inside a limited 

area with a higher level of reliability and flexibility, avoiding frequent conversion from AC to DC 

and vice versa, and hence increasing power efficiency. Two sub-grids are connected by interlink-

ing converters (ILC) to exchange power and support each other [4]. HMGs, facilitate the operation 

of renewable energy systems while providing service to conventional AC and DC loads and power 

systems [5]. Like the conventional AC and recently developed DC microgrids, in HMGs where a 

significant amount of power is supplied by intermittent renewable energy resources (RESs), spe-

cifically operated in islanded mode, rely on energy storage systems (ESS) for continuous opera-

tion. The energy storage is traditionally collocated with intermittent RES to provide a continuous 

supply of energy, i.e., storing energy when the renewable generation is higher than the demand, 

and supplying energy when the demand is higher than the renewable generation, yielding an opti-

mized RES generation capacity. The recent advancement in energy storage technologies such as 

utility-scale batteries and supercapacitors has made it technically feasible to exploit the energy 

storage in power distribution grids, e.g., microgrids not only for providing ancillary services but 

also for improving grid resiliency during contingencies and disturbances. 

 During the last two decades, the power electronic-based power converters revolutionized the 

way power systems generate, transmit, store, and deliver electric power. The current trend of AC, 

DC, and hybrid microgrids owes its development to technological advancements made in power 

electronic devices. High-speed high-power switching devices like insulated gate bipolar transistors 
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(IGBT) and metal oxide semiconductor field-effect transistors (MOSFET) and power diodes are 

widely employed in power converters. The converters are used to transfer the power and/or control 

the flow of power between two voltage levels or current forms (i.e., DC and AC). For instance, the 

DC-DC converters are used to connect two systems with two or mode voltage levels. While DC-

AC (or AC-DC) converters bridge a DC system with an AC system. In modern microgrids, power 

converters are essential parts of the power system and have a vital role in real-time control and 

continuous power management of the grid.  

The challenges that microgrid operators face relatively differ from those in super grids. Due 

to their limited capacity of generation reserve and ubiquitous power converters, HMGs and con-

ventional microgrids have smaller inertia and generation support compared to large power grids. 

In addition, due to the smaller scale of generation, the problem of fault ride-through (FRT) and 

low voltage ride-through (LVRT) in islanded microgrids might be challenging. Furthermore, the 

non-dispatchable and intermittent nature of distributed renewable energies constitutes the risk of 

a power outage. Also, due to the increased uptake of power converters in every aspect of microgrid 

power systems, the power quality issues and harmonic performance of HMGs demand more re-

search. Consequently, the stability of the grid is easily jeopardized during large disturbances (e.g., 

grid faults, load/generation disruptions, etc.).  

The study conducted in this dissertation aims to explore some of those challenges and develop 

robust and dynamic solutions for energy storage-enabled hybrid microgrids. The following sub-

sections briefly outline the motivation for this research and discuss the objectives pursued by the 

researcher.  

1.2 Motivation 

The paradigm of the microgrid along with the evolution of the smart grid is a relatively new 
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idea that has been developing in electric power research institutes over the last two decades [1]. 

On the other hand, the conventional power grid generation, transmission, and distribution infra-

structures are well developed with huge investments during the last century. Therefore, the evolu-

tion toward the new concept would not be an easy and quick step and it needs a lot of research to 

develop and fabricate a flawless and state-of-the-art system that is worth shifting from the conven-

tional environment to the new idea. Although the concept is relatively mature now, there are still 

gaps between research concepts and practical systems that require more research with detailed 

insights. 

The dynamic performance and power management of the microgrids (particularly HMGs in 

islanded operation or located in isolated areas) are the most vital aspects of the concept that need 

continuous research [6]. As the level of penetration of renewable energies is elevating, the dynamic 

performance of the microgrids is compromised due to the low inertia power generation [7]. The 

renewables should be collocated with the energy storage to minimize the power fluctuation [8]. 

Then the distributed energy storage requires power balancing to achieve a balanced charge/dis-

charge process to avoid premature aging of storage (e.g., batteries) during primary frequency con-

trol [9]. Some researchers proposed a hybrid energy storage system (HESS) comprised of a battery 

energy storage system (BESS) and high-power density super capacitor-based storage to improve 

the battery life cycle [10]. The general points that invoke motivations in this field are: 

• The FRT capability of the islanded HMG is not explored properly so far. 

• Disturbance resiliency of the HMG including dynamic loads and grid following energy 

storage still needs consideration to explore. 

• The impact of BESS location in AC or DC subgrid on the dynamic performance of a small-

sized HMG has not been analyzed yet. 



5 

 

• The conventional bidirectional DC-DC converter for energy storage application in mi-

crogrids needs improvement to enhance the system response to DC bus under/overvoltage. 

• A BESS capable of handling different disturbances (e.g., load variation, renewables inter-

mittency, grid faults, communication delay, etc.) is of interest.  

• The conventional PV system can be revised and integrated with a high-power density en-

ergy storage (like a supercapacitor) with a minimum number of power converters to improve 

the system's dynamic performance and, hence saving capital costs.  

The research of the dynamic performance of HMG intrinsically involves complexity and com-

putational challenge. Microgrids incorporate various systems with different dynamic properties 

that seek accurate simulation or real-time emulation to evaluate proposed control effectiveness. 

The computer simulation with averaged models cannot effectively portrait the power electronics-

dominated system with highly nonlinear dynamics, particularly integrated with high inertia sys-

tems. Recent research works implement some experimental setups to emulate part of the mi-

crogrids [11]. However, they are only power electronics devices that do not incorporate multi dy-

namics of low/high inertia systems (i.e., conventional synchronous generators, wind turbines, etc.). 

In this research, for simulation purposes, high-order models and detailed switching electronics 

devices with ultra-high sampling frequencies compared to current research have been used, to ex-

hibit the system nonlinearities as much as possible. This requires higher computational capabilities 

with longer simulation times. In addition, the nonlinear nature of these systems usually invalidates 

the control system parameters that are designed based on analytical methods. Therefore, a process 

of heuristic or trial and error would be needed to implement a well-tuned control system.  

1.3 Objectives  

The objectives of this research are to address issues and findings outlined in the motivation 
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section as far as possible. The following objectives are sought in this research: 

• This research aims at devising new methodologies based on inverter/converter interfaced 

AC/DC DERs and BESS to improve transient stability and overall dynamic performance of the 

HMG ensuring flexible load demand response and continuity of the service in the presence of multi 

dynamics DERs and frequency-dependent dynamic loads.  

• The resiliency and FRT capability of energy storage enabled, and islanded HMGs are to be 

explored and improved. Also, the performance of HMGs will be evaluated to examine the impact 

of the BESS location.  

• The structure of bidirectional DC-DC converter for energy storage applications will be 

improved to enhance the dynamic performance of DC microgrids and DC subgrid of HMGs.  

• The performance and cost-effectiveness of grid-connected PV generating systems will be 

improved.  

1.4 Novelty of the Proposed Work 

The novelties of this work are aligned with the solutions for issues outlined in the research 

motivation and objective sections. In summary: 

• A coordinated control scheme of ILC and series dynamic braking resistor with a fault de-

tection algorithm is proposed for FRT capability enhancement of the entire HMG including 

AC and DC BESS. 

• A revers-droop control method is proposed to be employed in the grid following BESS 

along with a coordinated LVRT scheme in a doubly-fed induction generator (DFIG) based 

wind turbine generator system to improve the resiliency of the HMG against various disturb-

ances.  
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• The influence of the BESS location (AC or DC grid) on the dynamic performance of the 

HMG is evaluated that is useful for BESS siting and system operator to know about the HMG 

operation with a single BESS at a time. 

• A novel bidirectional DC/DC converter for BESS application is proposed that improves 

converter’s gain and dynamic response to DC bus voltage variations. 

• An integrated grid-connected PV-Supercapacitor (PV-SC) system is proposed to merge 

two DC-DC converters, that are separately used for PV and energy storage, into one bidirec-

tional converter to save the capital cost of the system, and a control algorithm is designed for 

this system. 

1.5 Organization of this Dissertation 

This dissertation is composed of 6 chapters. Chapter 2 conducts a literature review and pro-

vides a detailed background of microgrid structures, main components, and control systems. The 

contents of chapter 3 to chapter 6 encompass the main research that was published in journals and 

conferences. Chapter 3 explores the methods of improving FRT capability and disturbance resili-

ency in HMG. Chapter 4 presents a novel bidirectional DC-DC converter for energy storage ap-

plications. Chapter 5 evaluates the influence of BESS location on the dynamic performance of the 

HMG. Chapter 6 discusses the integrated PV-SC and explores its impact on the performance of a 

grid-connected PV system. Finally, chapter 7 concludes the results of this research, presents key 

findings, and wraps up the dissertation with some recommendations for future research.  
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Chapter 2  Literature Review  

 

2.1 Introduction 

AC/DC power systems, especially HMGs are getting wider attention to the power community 

worldwide [4],[12],[13]. HMGs are electrical distribution networks that serve both AC and DC 

power systems, with higher reliability and efficiency levels by incorporating autonomous control 

systems [1]. The purpose of operating these grids is to supply energy from DERs, e.g., wind tur-

bines, photovoltaic (PV) arrays, diesel generators, etc., to the loads independent of the main utility 

grid in a relatively small area of coverage such as remote towns, university campuses, hospitals, 

military bases, ships, etc. However, they can operate grid-connected to exchange power with the 

main grid to either support the grid or get supported by the grid. In an HMG system, operational 

functionalities of both AC and DC currents are combined to avoid frequent conversions from AC 

to DC and DC to AC to minimize energy losses and directly feed dc loads from DC primary sources 

[14]. However, the uncertain or intermittent nature of renewable resources constitutes the risk of 

a power outage for sensitive loads inside the microgrid. The technical development has made it 

feasible to collocate energy storage (ES) systems to enhance power quality as well as grid reliabil-

ity. In HMGs, an ES is an essential component that is mainly used for peak shaving and minimi-

zation of power and frequency fluctuations resulting from solar irradiance variation or wind speed 

change. Improving the resiliency and transient stability during large/small-signal disturbances in 

an islanded HMG comprising different DERs exhibiting diverse dynamic characteristics is a chal-

lenging task [15].  

The purpose of this chapter is to provide a literature review and to discuss new and conven-

tional methods that provide overall stability and control improvements in hybrid AC/DC 
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microgrids. Typically, auxiliary control devices are used to improve the transient stability of the 

microgrid, incurring extra costs. However, it is interesting to explore whether an existing compo-

nent of the microgrid such as BESS or HESS can be utilized for resiliency enhancement [15] dur-

ing large-signal disturbances in an HMG system. If an existing component, like BESS, can be used 

to improve the resiliency of the HMG, then the cost of many auxiliary devices can be saved. The 

control philosophy has different roles in islanded and grid-connected modes of microgrids. To 

regulate the bus voltage and AC microgrid frequency during the grid disturbances (i.e., load change 

and intermittent DER), the required controller drives a voltage-sourced converter (VSC) to inject 

and/or absorb active and reactive power, respectively.  

2.2 Structure of the Hybrid Microgrid  

The conventional form of AC and DC microgrids have been separately developed over the 

past years. HMGs are only the new generations of combined AC and DC subgrids that are inte-

grated through ILCs [16]. In this way, DC loads (e.g., electronic devices, the computer servers, 

etc.) and DERs with DC (e.g., Photovoltaic Panels (PV), fuel cells, etc.) can be directly connected 

to DC subgrid while the AC subgrid serves the AC loads and DERs with AC currents (e.g. wind 

turbines, microturbines, diesel generators, etc.). Nevertheless, AC and DC systems can be con-

nected to DC and AC systems, respectively through power converters as required. Figure 2.1 

shows a typical structure of an HMG. DC-DC converters and VSCs are two integral parts of every 

HMG to control the flow of power between various voltage levels and forms (AC/DC) as well as 

tracking the maximum power point in renewable energy sources (RES). Later, we will discuss how 

these power electronic-based converters are exploited to control the dynamic behavior of the HMG 

during grid disturbances. HMGs are reasonable solutions to connect microgrids with different rat-

ings to integrate a variety of loads and DERs with dissimilar ratings. Figure 2.2 shows HMG 
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topologies in which a subgrid is interfaced between two subgrids with unequal ratings. In addition, 

depending on the application, location, and extent of the microgrid coverage, it might have several 

HMG subgrids (called clusters) which are interconnected throughout the AC or DC power distri-

bution system. Figure 2.3(a) displays a microgrid cluster formed by an AC distribution system [17] 

while Figure 2.3(b) shows a cluster based on the DC distribution system [18]. Each subgrid inside 

the cluster is capable of autonomous operation. Besides, a cluster can host any type of AC, DC, or 

hybrid subgrid.   
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Figure 2.1 Typical structure of hybrid microgrid  
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Figure 2.2 HMG including subgrids with different ratings  
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Figure 2.3 Microgrid clusters based on (a) AC or (b) DC distribution systems 

Although HMGs operate autonomously in a remote location, they can operate in a grid-con-

nected mode where there is access to the main grid to either support the grid or get supported by 

the grid. They should be able to island and continue the service as quickly as possible when there 

is a fault or abnormal situation in the main grid. In this context, HMGs are promising solutions for 

high-quality and reliable electric power when there are uncertainties with the main grid.  

2.2.1 Power Converters  

DC-DC converters usually interface the DC DERs and energy storage with the DC subgrid to 

control the flow of power and DC subgrid voltage. For instance, a boost converter (Figure 2.4 a) 

is used to interface a PV with a DC subgrid through a step-up conversion. In this case, the PV 

terminal voltage is lower than the DC subgrid voltage. If the PV voltage is higher than the DC 
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subgrid voltage, a buck converter (Figure 2.4 b) would be used to step down the voltage. Energy 

storage like BESS needs a bidirectional DC-DC converter (BDC) (Figure 2.4c) which is controlled 

to absorb the power and charge the battery during DC subgrid overvoltage (or oversupply of re-

newable DERs) and to inject the power and discharge the battery during undervoltages (or under-

supply of renewable DERs). In practice, the battery voltage is less than the DC subgrid voltage, 

which needs a boost (step-up) operation for the discharge process and a buck (step-down) opera-

tion for the charging process. Specific loads like Electric Vehicle (EV) charging stations need a 

DC-DC converter to control the charging process and match the DC subgrid voltage with the ve-

hicle battery voltage. In Figure 2.4, Sboost and Sbuck are power electronic switches (IGBT/MOSFET) 

driven by high-frequency Pulse Width Modulation (PWM) switching techniques [19]. The pulse 

width or the duty ratio (d) defines the converter gain in each operation mode. Depending on the 

application, the value of duty ratio is controlled based on the control scheme by voltage/current 

loops to control the grid voltage, flow of power, or the charge/discharge process of the energy 

storage. Part 2.3.1.2 discusses an overview of the DC-DC converter controller and derivation of 

their averaged transfer functions. In addition, a detailed survey on the bidirectional converter is 

discussed in section 2.6.  
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Figure 2.4 DC-DC converter topologies for microgrid applications 

The VSC connects the DC DERs, energy storage, and ILC to the AC subgrid [20][21][22]. 

When transferring power from the DC link to the AC side, it works as an inverter, and when 
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exchanging power from the AC side to the DC link, it works as a rectifier. Figure 2.5 shows the 

power stage of a two-level, three-phase VSC along with the AC filter and DC-link capacitive filter. 

It is called two-level because the output AC terminals can have either of the −𝑉𝑑𝑐 or 𝑉𝑑𝑐 values at 

a time. The power electronic switches are driven by a sinusoidal PWM (SPWM) to generate a 

sinusoidal waveform at the AC side. The pulse width is controlled by a modulation reference 

waveform (MRW), while the output pulse amplitude is equal to the DC-link voltage. During the 

time that power switches are OFF the current flows from AC side to DC side through anti-parallel 

diodes if the AC side amplitude is greater than the DC-link voltage at the same time. The MRW is 

generated by the modulation index, which varies in the range [0,1], and carrier frequency, which 

is the SPWM switching frequency. The DC-link may be connected to DERs with DC voltage, 

energy storage or the DC bus of the DC subgrid in case if used in ILC. Due to the switching 

operation, the input/output currents have switching harmonics. The AC filter restricts the harmon-

ics in AC side current while the capacitor (C) filters the ripples in the DC-link voltage. In order to 

increase the harmonic performance, the VSC is equipped with more than two levels, and the LC 

filter has another inductor in series with the output current Ig which makes it an LCL filter. In the 

next part we will discuss more details about the VSC.   
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Figure 2.5 A two-level three-phase VSC 
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2.3 Control Strategies in HMG 

Various control strategies have been proposed for microgrid control. Multi-level hierarchical 

control, which has been a standard approach, is suitable for the operability of the grids with dis-

tributed generations as it allows control of local and global variables such as frequency and voltage 

to guarantee power-sharing among DERs to generate a desired steady-state power [23]. The tradi-

tional hierarchical architecture has three control levels: Primary, Secondary, and tertiary. Each 

level has its control objectives and specific bandwidth to ensure decoupled performance. The pri-

mary layer performs load sharing and provides ancillary protection and stability control to the local 

devices. An example of the primary level is the most common decentralized droop control tech-

nique [24][25][26]. All the local measurements and controllers are at this control level. This level 

has the highest speed of response (bandwidth) since it is immediately attached to the devices with 

no communication interfaces.  

The secondary level is responsible for compensating voltage/frequency deviations made by the 

primary control. This level has a relatively slower dynamic in comparison with the primary level 

as it requires an intermediate timescale to respond to frequency/voltage deviations and is usually 

implemented in control centers linked with communication channels. 

Lastly, the tertiary control level, which is also called HMG Power Management System (PMS) 

performs supervisory management on solving the Optimal Power Flow (OPF) problem and calcu-

lating power references for DERs considering economic objectives. This level has much slower 

dynamics as it needs to receive data from local measurement devices, perform the control objec-

tives in a longer timescale (compared with lower levels) and send back the reference setpoints 

through the low-bandwidth communication links. 

In practice, the tertiary level is merged into the secondary level to form an equivalent two-level 



15 

 

control architecture [27]. The upper level is usually implemented in a centralized and distributed 

configuration. Each topology has its application and advantages.  

The traditional centralized model of a converter-based HMG control is shown in Figure 14.6 

that has two equivalent layers. All the DERs and devices are directly connected to the control 

center through communication links forming a star topology. Although relatively simple to imple-

ment, it has several drawbacks and limitations, as listed below:  

• requires a substantial communication system between the control center and all DERs and 

devices which incurs a considerable cost in geographically scattered HMGs with several 

critical buses.  

• its security and accuracy are compromised as the entire HMG relies on one control center.  

• This approach is suitable for HMGs with critical demand-supply balance and a fixed struc-

ture with no plug-and-play capability [28].  

• It is not ideal for distributed energy storage applications as it does not consider storage 

capacity and state of charge (SoC) [27].  
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Figure 2.6 Centralized hierarchical control of HMG; dashed lines represent communication links 
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The distributed control architecture has been recently proposed to provide a flexible, efficient, 

and reliable operation based on a sparse communication network eliminating mere reliance on the 

control center. Figure 2.7 illustrates an example of a distributed control scheme for a converter-

based HMG. This scheme is more suitable for spatially dispersed HMGs with several critical 

buses. In a distributed control architecture, the local controller can communicate with each other 

to define or decide the secondary control actions. The communication system is flexible from all-

to-all link to neighbor-to-neighbor connection. The secondary control action is determined based 

on the averaging or consensus techniques in a multi-agent systems (MAS) framework. A MAS is 

a composition of multiple intelligent agents that have access to the local information and exchange 

information with each other to pursue several global and local objectives. In this scheme, the phys-

ical secondary/tertiary layer can be removed as the agents can establish the virtual secondary layer 

in the primary control level. 
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Figure 2.7 An example of a distributed control scheme 

In the secondary averaging technique, each DER determines the secondary compensating 

terms based on the average value of some or all the other DERs. The real-time global average 
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asymptotically tracks the control reference within a certain timescale. For instance, the average 

value of the frequency in an AC subgrid is the arithmetic mean of all other DERs. This process is 

a little different in the case of the local variables like voltage. In this case, the output reactive power 

of other DERs also participates in the averaging [23].  

In the cooperative consensus algorithm, the autonomous agents (i.e., DERs) share the infor-

mation with other agents in a neighbor-to-neighbor configuration within a sparse communication 

structure. At the secondary level DERs achieve accurate load sharing through global voltage/fre-

quency restoration while at the tertiary level agents solve the problem of optimal power flow by 

iteratively solving limited size subproblems and share the results with neighbors [27]. The consen-

sus technique reduces the communication links and can get adapted to different microgrid topolo-

gies. However, even with the sparse communication links, this topology mainly depends on the 

communication system implying that the system gets more complicated as the number of DERs 

grows.  

2.3.1 Primary control techniques  

The primary control is based on local measurement and information. DERs use the voltage, 

frequency, power, etc. signals and primary setpoints to establish a decentralized control with no 

information received from other HMG devices. The most common type of primary control for load 

sharing is droop control which has been used in conventional synchronous generator-based power 

systems for a long time. It generates the reference signals applied to controllers, and the idea is 

that generating sources drop their frequency and voltage from the rated value to share a common 

load. The load sharing depends on the droop coefficients, which are determined based on the DRE 

rating. For DERs operating in AC subgrid, the reference values are determined by 𝑃 − 𝜔 and 𝑄 −

𝑉 relationships:  
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𝜔𝑖 = 𝜔∗ −𝑚𝑖𝑃𝑜𝑖 

𝑉𝑖 = 𝑉∗ − 𝑛𝑖𝑄𝑜𝑖 
(2. 1)  

where 𝜔𝑖 and 𝜔∗ are the ith DER’s reference angular frequency and its setpoint value, 𝑉𝑖 and 𝑉∗ 

are the ith DER’s reference voltage magnitude and its setpoint value, 𝑚𝑖 and 𝑛𝑖 are active and 

reactive power droop coefficients respectively. 𝑃𝑜𝑖  and 𝑄𝑜𝑖 are the output active and reactive power 

of each DER given in (2.2) based on the network parameters [29][30]: 

𝑃𝑜𝑖 =
𝑉𝑖

𝑅𝑖
2 + 𝑋𝑖

2 [𝑅𝑖(𝑉𝑖 − 𝑉𝑔 cos𝜑𝑖) + 𝑋𝑖𝑉𝑔 sin𝜑𝑖] 

𝑄𝑜𝑖 =
𝑉𝑖

𝑅𝑖
2 + 𝑋𝑖

2 [−𝑅𝑖𝑉𝑔 sin𝜑𝑖 + 𝑋𝑖(𝑉𝑖 − 𝑉𝑔 cos𝜑𝑖  )] 
(2. 2)  

where 𝑅 and 𝑋  are components of the line impedance connecting the DER to the bus with the 

voltage 𝑉𝑔 [see Figure 2.8(a) for a two DER system], 𝑉𝑖 is the DER output voltage, 𝜑𝑖 is the phase 

difference between 𝑉𝑔 and 𝑉𝑖. Figure 2.8(b) shows this simple concept for sharing a common load 

𝑃𝐿 = 𝑃1 + 𝑃2 between two parallel DERs displayed in Figure 2.8(a). In this case 𝑚1𝑃1 = 𝑚2𝑃2 

and 
𝑚1

𝑚2
=

𝑃1

𝑃2
 which implies that the load is proportionally shared to droop coefficients. The 𝑃 − 𝜔 

and 𝑄 − 𝑉 droop techniques work because a good decoupling exists between active and reactive 

powers such that active and reactive powers are proportional to DER’s phase angle (or angular 

frequency) and voltage magnitude. In the practical medium and high voltage distribution systems, 

the lines connecting the DERs are mostly inductive implying that the ratio of 
𝑋

𝑅
> 1 holds for lines 

reactance (𝑋) and resistances (𝑅). This ensures that a good decoupling exists between active and 

reactive powers. If the inductive part of the line is higher than the resistive part such that the resis-

tive part can be neglected, the active and reactive powers are simplified to:  
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𝑃𝑜𝑖 ≃
1

𝑋𝑖
𝑉𝑖𝑉𝑔 sin𝜑𝑖 

𝑄𝑜𝑖 ≃
𝑉𝑖
𝑋𝑖
(𝑉𝑖 − 𝑉𝑔 cos𝜑𝑖)  

(2. 3)  

However, if the inductive content of the distribution lines is less than the resistive part (i.e., 
𝑋

𝑅
<

1), as in low voltage distribution systems, the 𝑃 − 𝜔 and 𝑄 − 𝑉 droop would not make an accurate 

power-sharing. The active and reactive powers in a resistive distribution network will approxi-

mately be simplified to:  

𝑃𝑜𝑖 ≃
𝑉𝑖
𝑅𝑖
(𝑉𝑖 − 𝑉𝑔 cos𝜑𝑖)  

𝑄𝑜𝑖 ≃
−1

𝑅𝑖
𝑉𝑖𝑉𝑔 sin𝜑𝑖 

(2. 4)  

In this case, a 𝑃 − 𝑉 and 𝑄 − 𝜔 droop technique might be used (i.e. 𝜔𝑖 = 𝜔
∗ +𝑚𝑖𝑄𝑜𝑖  

and 𝑉𝑖 = 𝑉
∗ − 𝑛𝑖𝑃𝑜𝑖). In general, to eliminate the dependency of the power-sharing on line imped-

ance, a virtual output impedance method is employed, which is briefly discussed later in this sec-

tion.  

Zline
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Zline
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ω1 ω2

P2P1

Ri+jXi Ri+jXi

V1 Vg V2

 

ω

P2 P

DER1DER2 ω*
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(a) simplified circuit  (b) P-𝜔 droop representation 

Figure 2.8 Droop control for active power-sharing in a two DER AC microgrid 

A similar droop control technique is employed for the DC subgrid primary control, which is 

called 𝑉 − 𝐼 droop by applying a virtual resistance:  
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𝑉𝑑𝑐𝑗 = 𝑉𝑑𝑐
∗ − 𝑅𝑣𝑗𝐼𝑜𝑗 (2. 5)  

where 𝑉𝑑𝑐𝑖 and 𝑉𝑑𝑐
∗  are the jth DER’s output reference and DC subgrid’s nominal voltage, 𝑅𝑣𝑗  is 

the virtual impedance and 𝐼𝑜𝑗 is the DER output current.  

2.3.1.1 VSC control system in dq reference frame  

In a VSC-based HMG, the DER power converters in the AC subgrid and ILC can be controlled 

to achieve certain control objectives. In fact, this capability is a remarkable competency of the 

modern HMGs (and AC microgrids) compared to the conventional power systems as they flexibly 

integrate the distributed RES and energy storage. The control scheme can be implemented in the 

natural reference frame (NRF) or abc, stationary reference frame (SRF), or 𝛼𝛽 and rotating refer-

ence frames (RRF) or dq. The NRF is challenging to implement as it deals with complex sinusoidal 

signals and decoupling the active and reactive currents is impossible. SRF deals with decoupled 

sinusoidal signals (𝛼𝛽) and hence can be used for harmonic control using proportional resonance 

(PR) controllers and virtual impedance implementation. However, the RRF converts three-phase 

sinusoidal signals to two DC direct and quadrature (𝑑𝑞) axes which can be easily used in linear 

control type controllers like Proportional-Integral (PI) compensators. If decoupled effectively, the 

dq control provides accurate active and reactive power control along with droop control. The VSC 

can be operated in grid-forming, grid-following (or grid-feeding), and DC voltage control modes 

depending on the application and the control objectives in HMG. In the grid-forming mode, VSC 

controls the AC subgrid voltage and frequency and operates in the islanded mode of the microgrid. 

The reference values of voltage magnitude and angular frequency (or phase angle) are generated 

by the droop technique if more than one grid-forming VSC operates in the grid. The dynamic 

modeling of the power stage of a VSC starts by writing the KVL equations for the inductor current 

in abc frame and then converting them into RRF to acquire a dq decoupled control stage. It is 
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assumed that VSC terminal voltage 𝑉𝑡 is an averaged value of the DC side and PWM switching 

operation. From Figure 2.5 we have:  

𝐯t = 𝐿𝑓
𝑑𝐢L
𝑑𝑡

+ 𝑅𝑓𝐢L + 𝐯g 
(2. 6)  

where  

𝐯t = [
𝑉𝑡𝑎
𝑉𝑡𝑏
𝑉𝑡𝑐

] 𝐢L = [
𝐼𝐿𝑎
𝐼𝐿𝑏
𝐼𝐿𝑐

] 𝐯g = [

𝑉𝑔𝑎
𝑉𝑔𝑏
𝑉𝑔𝑐

] 
(2. 7)  

Transforming (2.6) directly from abc frame to 𝑑𝑞 frame (RRF) it yields:  

𝐯t𝑑𝑞 = 𝐿𝑓
𝑑𝐢L𝑑𝑞

𝑑𝑡
+ 𝑗𝜔𝐿𝑓𝐢L𝑑𝑞 + 𝑅𝑓𝐢L𝑑𝑞 + 𝐯g𝑑𝑞 

(2. 8)  

𝐯t𝑑𝑞 = [
𝑣𝑡𝑑
𝑣𝑡𝑞
] 𝐢L𝑑𝑞 = [

𝑖𝐿𝑑
𝑖𝐿𝑞
]  𝐯g𝑑𝑞 = [

𝑣𝑔𝑑
𝑣𝑑𝑞

] 
(2. 9)  

assuming that the d-axis in dq frame is aligned with the a-phase in abc frame. The transformation 

matrix for any variable 𝑋 from abc frame to dq frame is given by the Park transformation as fol-

lows [31]: 

X𝑑𝑞 = 𝐓X𝑎𝑏𝑐   

𝐓 =
3

2
[
cos 𝜃𝑠 cos (𝜃𝑠 −

2𝜋

3
) cos (𝜃𝑠 +

2𝜋

3
)

− sin 𝜃𝑠 −sin (𝜃𝑠 −
2𝜋

3
) − sin (𝜃𝑠 +

2𝜋

3
)

] 
(2. 10)  

where 𝜃𝑠  is the angle difference between dq and abc frames. 𝐓−1 is used to transform dq frame 

variables to abc frame. It should be noted that by the operation of the phase-locked loop (PLL) in 

the steady state, 𝜃𝑠 = 0 and the d-axis is fully aligned with a-phase. Assuming that X𝑑𝑞 = 𝑋𝑑 +

𝑗𝑋𝑞 , equation (2.8) can be expressed in d and q axes for inductor current dynamics by decompos-

ing into real and imaginary terms we obtain:  
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𝐿𝑓
𝑑𝑖𝐿𝑑
𝑑𝑡

= 𝑣𝑡𝑑 + 𝜔𝐿𝑓𝑖𝐿𝑞 − 𝑅𝑓𝑖𝐿𝑑 − 𝑣𝑔𝑑 

𝐿𝑓
𝑑𝑖𝐿𝑞

𝑑𝑡
= 𝑣𝑡𝑞 − 𝜔𝐿𝑓𝑖𝐿𝑑 − 𝑅𝑓𝑖𝐿𝑞 − 𝑣𝑔𝑑 

(2. 11)  

The PLL functionality will be briefly discussed in the next parts. Equation (2.11) expresses the 

mathematical model of the inductor dynamics in terms of converter terminal and grid voltages as 

converter reference generating and disturbance signals. The dynamics of capacitor voltage can also 

be derived similarly by writing the KCL for capacitor node in Figure 2.5:  

𝐶𝑓
𝑑𝐯𝑔

𝑑𝑡
= 𝐢𝐿 − 𝐢𝑔 

(2. 12)  

where 𝐢𝑔 = [𝐼𝑔𝑎 𝐼𝑔𝑏 𝐼𝑔𝑐]
𝑇
. Transforming to dq space and decoupling the real and imaginary terms 

it holds:  

𝐶𝑓
𝑑𝑣𝑔𝑑

𝑑𝑡
= 𝜔𝐶𝑓𝑣𝑔𝑞 + 𝑖𝐿𝑑 − 𝑖𝑔𝑑 

𝐶𝑓
𝑑𝑣𝑔𝑞

𝑑𝑡
= −𝜔𝐶𝑓𝑣𝑔𝑑 + 𝑖𝐿𝑞 − 𝑖𝑔𝑞 

(2. 13)  

Combining (2.11) and (2.13) results in the averaged dynamic model of the power stage of the VSC 

shown in Figure 2.9. 𝑣𝑡𝑑 and 𝑣𝑡𝑞 are the averaged dq values of VSC terminal voltage at AC side 

that are generated by the modulation index 𝑢 : 
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Figure 2.9 The dynamic model of the VSC power stage 
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𝐯𝑡 = 𝐮
𝑉𝑑𝑐
2
,  𝐮𝑇 = [𝑢𝑎 𝑢𝑏 𝑢𝑐] (2. 14)  

𝑢𝑎 = 𝑢(𝑡) cos (𝜔𝑡 + 𝜃0)  

𝑢𝑏 = 𝑢(𝑡) cos (𝜔𝑡 + 𝜃0 −
2𝜋

3
)  

𝑢𝑐 = 𝑢(𝑡) cos (𝜔𝑡 + 𝜃0 +
2𝜋

3
)  

0 ≤ 𝑢(𝑡) ≤ 1 

(2. 15)  

where 𝜃0 is the initial and/or arbitrary phase angle of the VSC and 𝐮 is the vector of the variable 

modulation indexes generated by the control system.  

𝑢𝑑𝑞 = 𝑢𝑑 + 𝑗𝑢𝑞 

𝑢(𝑡) = √𝑢𝑑
2 + 𝑢𝑞2 

(2. 16)  

where 𝑢𝑑 and 𝑢𝑞 are respectively d- and q-axis reference generating signals from the control sys-

tem. They are generally DC signals in the steady-state operation that are perturbed during transi-

ents. 𝜔𝑡 is the phase angle generated by either droop control for a grid-forming or by the PLL for 

a grid-following VSC. In the general form we have:  

𝜔𝑡 = 𝜃𝑠 = ∫𝜔(𝑡)𝑑𝑡 
(2. 17)  

where 𝜔(𝑡) is treated as the time-varying angular frequency generated by droop equations or de-

tected by the PLL. Grid\load dynamics in Figure 2.9 is the equivalent model of the VSC external 

network connected to 𝑉𝑔 terminal. In the case of a stand-alone VSC and its load, the load current 

is simply equal to 𝐼𝑔. While in the networked microgrids with the operation of several DERs and 

other grid components, the load is shared between DERs. In general form, load dynamics are mod-

eled by the state-space representation in which the dynamics of different DERs and grid compo-

nents can be combined to form a multi-input multi-output (MIMO) system [32][33][6].  
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Figure 2.10 The control diagram of a grid forming VSC 

Figure 2.10 shows a VSC control diagram in grid-forming mode implemented in the RRF. The 

VSC is modeled as an independent averaged ac source discussed earlier. The control has two inner 

loops of current and voltage control [20]. The voltage control loop generates current references 

using the droop calculations. GI(s) and GV(s) are PI controllers tuned based on the converter time 

response and output filter dynamics. The current loop’s bandwidth is assumed to be faster than the 

voltage control loop by at least one decade in frequency response measure. In this way, it can be 

ensured that during the current loop transients the PI outputs in the voltage loop do not change 

significantly. The dq components of the measured voltage (𝑉𝑔) and currents (𝐼𝐿 , 𝐼𝑔) are calculated 

using the Park transformation (𝑎𝑏𝑐 → 𝑑𝑞) in (2.10). Usually, low pass filters are used to suppress 

the switching harmonics from the measured signals which are neglected for simplicity. The current 

control loop has the following mathematical form:  
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𝑢𝑑 = 𝑘𝑝𝐼(𝑖𝑑𝑟𝑒𝑓 − 𝑖𝐿𝑑) + 𝑘𝑖𝐼∫ (𝑖𝑑𝑟𝑒𝑓 − 𝑖𝐿𝑑)𝑑𝑡 + 𝑣𝑔𝑑 − 𝜔𝐿𝑖𝐿𝑞 

𝑢𝑞 = 𝑘𝑝𝐼(𝑖𝑞𝑟𝑒𝑓 − 𝑖𝐿𝑞) + 𝑘𝑖𝐼∫ (𝑖𝑞𝑟𝑒𝑓 − 𝑖𝐿𝑞)𝑑𝑡 + 𝑣𝑔𝑞 + 𝜔𝐿𝑖𝐿𝑑 
(2. 18)  

where 𝑖𝑑𝑟𝑒𝑓 and 𝑖𝑞𝑟𝑒𝑓 are the reference values of inductor dq current generated by the voltage 

control loop [see (2.21)] and 𝑘𝑝𝐼 and 𝑘𝑖𝐼 are the proportional and integral coefficients of the con-

troller respectively. Feed-forward terms (𝑣𝑔𝑑𝑞 , 𝜔𝐿𝑖𝐿𝑑, −𝜔𝐿𝑖𝐿𝑞) are added to 𝑢𝑑 and 𝑢𝑞 to cancel 

the effect of 𝑉𝑔 and 𝐼𝐿 to decouple the d and q axes to be able to control two axes independently. 

However, perfect decoupling might not be practically achieved with these feed-forward terms in 

(2.18) due to the harmonics and measurement errors. Reference [34] provides a method based on 

multivariable-PI current control with a superior disturbance rejection approach to gain a fully de-

coupled control, specifically in an asymmetrical loads situation. Assuming fully decoupled, the 

equivalent model of the current control closed-loop takes the form shown in Figure 2.11.  
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Figure 2.11 equivalent model of the current closed-loop  

𝑘𝑝𝐼 and 𝑘𝑖𝐼 can be selected based on the desired response time 𝒯 of the converter in current loop. 

We have [20]:  

𝑘𝑝𝐼 =
𝐿𝑓

𝒯
 , 𝑘𝑖𝐼 =

𝑅𝑓

𝒯
 

(2. 19)  

Then current control closed-loop acts as a first order low pass filter with the time constant 𝒯 i.e.: 

𝑖𝐿𝑑𝑞 =
1

𝒯 + 1
𝑖𝑑𝑞𝑟𝑒𝑓 

(2. 20)  

The voltage control loop has the following mathematical form: 
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𝑖𝑑𝑟𝑒𝑓 = Κ(𝑣𝑑𝑟𝑒𝑓 − 𝑣𝑔𝑑) + Κ𝜎∫ (𝑣𝑑𝑟𝑒𝑓 − 𝑣𝑔𝑑)𝑑𝑡 + 𝑖𝑔𝑑 − 𝜔𝐶𝑣𝑔𝑞 

𝑖𝑞𝑟𝑒𝑓 = Κ(𝑣𝑞𝑟𝑒𝑓 − 𝑣𝑔𝑞) + Κ𝜎∫ (𝑣𝑞𝑟𝑒𝑓 − 𝑣𝑔𝑞)𝑑𝑡 + 𝑖𝑔𝑞 + 𝜔𝐶𝑣𝑔𝑑 
(2. 21)  

where 𝑣𝑑𝑟𝑒𝑓 is generated by droop control and 𝑣𝑞𝑟𝑒𝑓 = 0 corresponds to the fact that in steady-

state the converter is driven to have 𝑣𝑔𝑞 = 0. Like the current control loop, the feed-forward terms 

are added to cancel the effect of grid/load dynamics and to achieve a decoupled d and q axes. Κ and 

Κ𝜎 are the proportional and integral coefficients of the PI controller respectively. If 𝒯 is small 

enough, the current control can be considered as an inner loop with a high bandwidth whose tran-

sients do not have a significant impact on the outer loop (voltage control) over a wide range of 

frequencies. On the other hand, 𝒯 should be large enough that the bandwidth of the closed-loop 

system (
1

𝒯
) is notably smaller (at least one decade) than the switching frequency (2𝜋𝑓𝑠). Therefore, 

the combination of the inductor current and capacitor voltage loop represents two linear and inde-

pendent systems with 𝑖𝑑𝑞𝑟𝑒𝑓 as input control and 𝑣𝑔𝑑𝑞 as output variables are shown in figure 2.12.  
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Figure 2.12 Simplified linearized system of VSC control equal to voltage and current loops 

For such a system, that has two poles at origin (i.e.  = 0 ) and one real pole ( = −1)  in its 

loop gain, control parameters of GV(s) are determined based on the phase margin criteria [20] [35]. 

The loop gain in figure 2.12 has a double pole at origin and one real pole at  = −
1

𝒯
. The control 

objectives are based on the desired phase margin 𝜌𝑚 that is kept in its maximum value at the fre-

quency 𝜔𝑚. If the gain crossover frequency of the loop is chosen as 𝜔𝑚, then we have:  
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𝜌𝑚 = arcsin (
1 − 𝒯𝜎

1 + 𝒯𝜎
) 

𝜔𝑚 = √
𝜎

𝒯
 

(2. 22)  

Then the gain coefficient Κ must satisfy the unity gain of the loop at 𝜔𝑚 it holds: 

Κ = 𝜔𝑚𝐶𝑓 
(2. 23)  

The phase margin is typically selected between 30° to 75°. In figure 2.10, the power calculation 

block computes the unfiltered active and reactive power components directly from dq voltage and 

current measurements:  

𝑝 =
3

2
[𝑣𝑔𝑑𝑖𝑔𝑑 + 𝑣𝑔𝑞𝑖𝑔𝑞] 

�̃� =
3

2
[−𝑣𝑔𝑑𝑖𝑔𝑞 + 𝑣𝑔𝑞𝑖𝑔𝑑] 

(2. 24)  

In the steady state that the output tracks the references, 𝑣𝑔𝑞 = 0 and the second terms of (2.24) 

converge to zero. Then the active and reactive powers will be proportional to 𝑖𝑔𝑑 and 𝑖𝑔𝑞 respec-

tively. The low pass filter (LPF) block suppresses switching harmonics. 𝜔𝑐 is the cut-off frequency 

of the filter that is selected one decade below the power frequency.  

𝑃𝑜 =
𝜔𝑐

 + 𝜔𝑐
𝑝 

𝑄𝑜 =
𝜔𝑐

 + 𝜔𝑐
�̃� 

(2. 25)  

The grid forming VSC is suitable for DERs with controllable (or dispatchable) power sources 

like energy storage, fuel cells, conventional generators (AC or DC), or a combination of RES and 

energy storage in the islanded operation of AC subgrid. If several parallel DERs use grid forming 

VSCs with primary droop control, the values of grid voltage and frequency would have steady-

state deviations from nominal ratings. Hence, the secondary control may restore the voltage and 
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frequency in the AC subgrid. There are several approaches to implement the secondary control 

based on the type of the architecture of the secondary layer hierarchy, i.e. the distributed or cen-

tralized considering various objectives [36][37][38][39]. As it was mentioned earlier, the central-

ized configuration collects the information from all DERs and communicates to the primary con-

trol of each DER to send corrective voltage and frequency signals. One approach is to measure the 

PCC voltage magnitude and frequency and propagate a common corrective signal to all DERs 

[21][40]. However, this configuration is only suitable for a grid of DERs with relatively equal 

ratings that share common loads located at the same bus as shown in figure 2.13. In addition, local 

loads will experience voltage magnitudes a little higher than the rated value. On the other hand, it 

is simple and does not rely on the configuration, and detailed model of the microgrid. The com-

munication is relatively sparse and simple. Other approaches are based on the weighted sum of the 

voltage and frequency of all DERs [41] or to compensate the voltage magnitudes through accurate 

reactive power-sharing. However, these topologies demand extensive communication links com-

pared to the previous one.  
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Figure 2.13 A droop-controlled AC microgrid equipped with centralized secondary control 

The PCC voltage and frequency are compared with the reference values, and error signals are 
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passed through PI compensators. The PI controller is the most popular among the other types [42]. 

The output signals are sent to primary control of all DERs via low bandwidth communication 

medium in time intervals that are usually in the order of few milliseconds. Figure 2.14 shows a 

simple secondary control based on this topology. Gsv(s) and Gsf(s) are PI controllers and 𝑉𝑔
∗ and 

 𝜔∗ = 2𝜋𝑓∗ are the reference voltage magnitude and frequency of the system. A sampling unit can 

be a sample and hold circuit implemented either in discretized or analog space depending on the 

communication system type. Modern communication systems use discretized values. corrective 

signals have the mathematical form: 
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Vg*
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Gsv(s)

|Vg|
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Figure 2.14 centralized secondary voltage and frequency control  

Δ𝜔 = 𝑘𝑠𝑓𝑝(𝜔
∗ − 𝜔) + 𝑘𝑠𝑓𝑖∫ (𝜔

∗ − 𝜔) 

Δ𝑣 = 𝑘𝑠𝑣𝑝(𝑉𝑔
∗ − |𝑉𝑔|) + 𝑘𝑠𝑣𝑖∫ (𝑉𝑔

∗ − |𝑉𝑔|) 
(2. 26)  

where 𝑘𝑠𝑓𝑝, 𝑘𝑠𝑣𝑝,  𝑘𝑠𝑓𝑖 and 𝑘𝑠𝑣𝑖  are the proportional and integral gains of the PI controller. Then 

the droop control equations in (2.1) take the following form:  

𝜔𝑖 = 𝜔∗ −𝑚𝑖𝑃𝑜𝑖 +  Δ𝜔 

𝑉𝑖 = 𝑉∗ − 𝑛𝑖𝑄𝑜𝑖 + Δ𝑣 
(2. 27)  

Figure 2.15 shows the grid feeding VSC which has a similar current control loop to that of the 

grid forming VSC. The grid feeding mode is usually employed in the grid-connected operation of 

microgrids. However, if it is operated in islanded mode, there must be another grid forming device 

in the AC subgrid (such as a grid forming VSC or conventional synchronous generator-based 
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DER) to form the reference frame and control the voltage and frequency. The primary goal is to 

inject/absorb active and reactive setpoint powers, although it can be equipped with the reverse 

droop technique in islanded operation to support the AC subgrid during the grid voltage and fre-

quency fluctuations as follows:  

𝑃𝑟𝑒𝑓 = 𝑃
∗ −𝑚𝑟(𝜔 − 𝜔

∗) 

𝑄𝑟𝑒𝑓 = 𝑄
∗ − 𝑛𝑟(𝑉 − 𝑉

∗) 
(2. 28)  

where the superscript ‘*’ represents the setpoint values and 𝑚𝑟 and 𝑛𝑟 are the reverse droop coef-

ficients and are defined by:  

𝑚𝑟 ≥
𝑃𝑚𝑎𝑥 − 𝑃𝑚𝑖𝑛

𝜔∗
 

𝑛𝑟 ≥
𝑉𝑚𝑎𝑥 − 𝑉𝑚𝑖𝑛

𝑉∗
 

(2. 29)  

and the subscript 𝑚𝑎𝑥 and 𝑚𝑖𝑛 refer to maximum and minimum values of power rating of VSC 

and voltage range at the VSC output terminal. In the grid-connected mode of microgrid 𝑚𝑟 =

𝑛𝑟 = 0.  

The grid feeding VSC is synchronized with the main grid (or AC subgrid) by the PLL [29]. The 

PLL has a park transformation block. It detects the phase angle 𝜃𝑠 between the abc and dq system 

and smoothly drives 𝑣𝑞 to zero to make 𝑣𝑑 aligned with the abc reference through a feedback 

control system. figure 2.16 illustrates the standard structure of the PLL. The quality of PLL control 

is crucial for stable operation and accurate power delivery. The grid feeding VSC is suitable for 

constant power exchange by the grid in applications such as energy storage, RES with maximum 

power tracking (e.g. PV systems). If the PLL operates in the steady state, 𝑣𝑞 = 0 then the dq cur-

rent references for grid feeding VSC are defined as below:  
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Figure 2.15 The control diagram of a grid feeding VSC 
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Figure 2.16 The standard structure of the PLL 

𝑖𝑑𝑟𝑒𝑓 =
2

3

𝑃𝑟𝑒𝑓

𝑣𝑔𝑑
 

𝑖𝑞𝑟𝑒𝑓 = −
2

3

𝑄𝑟𝑒𝑓

𝑣𝑔𝑑
 

(2. 30)  

If the current control loop is fast enough, it is guaranteed that output active and reactive powers 

track 𝑃𝑟𝑒𝑓 and 𝑄𝑟𝑒𝑓 independently. Alternatively, the dq current references can be generated using 

PI controllers. In this case, the error between the output powers and reference values is passed 
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through PI controllers. The current control loop must be fast enough to separate the transient op-

eration of the current and power loops. Figure 2.15 depicts both schemes. The current control loop 

modeling and controller design are already presented earlier. The mathematical modeling of the 

PQ control loop will lead to nonlinear dynamics as active/reactive powers are the product of volt-

ages and currents. Therefore, the best method to determine the PQ loop PI gains is to tune the 

parameters by the standard method of tuning PI parameters.   

The grid feeding mode can be modified to form a VSC for controlling the DC side terminal 

voltage. This control mode is suitable for ILC converter and combined operation of DC RES and 

energy storage. Since the active power exchange between DC and AC subgrid is proportional to 

DC subgrid voltage, the d axis in the VSC decoupled control can perform the DC voltage reference 

tracking. Figure 2.17 shows the d axis reference current generating block diagram for a VSC with 

a DC voltage control scheme in which 𝑉𝑑𝑐 and 𝑉𝑑𝑐𝑟𝑒𝑓  represent DC subgrid (or DC-link) voltage 

and its reference value, respectively. The q axis can still track the reference reactive power or be 

set to zero to maximize the active power capacity of the VSC and to operate at unity power factor, 

depending on the application.  
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PQ control 
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Figure 2.17 d axis reference current generating in DC-link voltage control scheme  
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Figure 2.18 an equivalent linearized model of the DC-link voltage control dynamics 
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Figure 2.18 shows the equivalent linearized model of the DC-link voltage control dynamics. 

Gdc(s) is the DC-link voltage controller and Gp(s) represents the DC-link voltage dynamics as fol-

lows [20]:  

𝐺𝑝( ) =  −
2

𝐶𝑓

2𝐿𝑓𝑃𝑟𝑒𝑓0
3 𝑔𝑑

2  + 1

 
 (2. 31)  

where 𝑃𝑟𝑒𝑓0 and  𝑔𝑑 are the steady-state values of active power flow reference and d-axis compo-

nent of the grid voltage in the AC side which is equal to the magnitude of the AC voltage since in 

steady-state 𝑉𝑔𝑞 = 0. Note that VSC does not control the AC side voltage. Gdc(s) is, in general, a 

lead-integral type controller for the stability of the full-scale operation. However, a PI controller 

can also be implemented that works fine for a wide range of operating conditions. Reference [20] 

conducts a detailed design of the controller based on the phase margin criteria.  

2.3.1.2 DC-DC converter control schemes  

As described earlier, the DC-DC converters are employed in DC subgrid to control the voltage 

and power in DC DERs and certain loads. Here, we briefly discuss a conventional dual loop cur-

rent/voltage control scheme based on PI compensators, that is widely used for different types. 

Also, the single loop current (power) control scheme is presented. The transfer functions of DC-

DC converters are obtained using averaging approximation techniques over one switching period. 

References [43] and [44] provide detail of the converter transfer functions and different types of 

controllers for various applications. Buck and boost converters are two basic unidirectional topol-

ogies that are widely used in microgrid applications. The half-bridge bidirectional type is also 

composed of two buck and boost converters [see figure 2.4]. The averaging approximation results 

in a two-input two-output small-signal model of the converter represented by the following system 

of transfer function equations in the s-domain applicable to both buck and boost topologies:  
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[
𝑒2( )

𝑖𝐿( )
] = [

𝐺11 𝐺12
𝐺21 𝐺22

] [
𝑑( )

𝑒1( )
] 

(2. 32)  

where 𝑒1( ) and 𝑒2( )  are input and output voltage variables respectively, 𝑖𝐿( ) and 𝑑(𝑡) are the 

inductor current and duty ratio. The duty ratio 𝑑( ) and converter input voltage 𝑒1( ) are the in-

dependent input controls in a general form. However, here the input voltage is assumed to be 

constant during converter operation, hence the duty ratio is the only control input. 𝐺11 – 𝐺22 are 

converter small-signal transfer functions that are briefly discussed here. 

𝐺11 and 𝐺21 are respectively duty-to-output voltage and duty-to-inductor current transfer func-

tions. 𝐺12 and 𝐺22 are transfer functions of input voltage to, respectively, output voltage and in-

ductor current that feed-forward 𝑒1(𝑡) , as a disturbance, to the output variable. However, they are 

neglected here, since 𝑒1(𝑡) is assumed to be constant. For the boost converter we have: 

𝐺11 =
𝑒2( )

𝑑( )
|𝑒1=0 = 𝛼0

𝛼1 
2 + 𝛼2 + 𝛼3

𝛼4𝛼5 2 + 𝛼4𝛼6 + 𝛼4
2 

(2. 33)  

𝐺21 =
𝑖𝐿( )

𝑑( )
|𝑒1=0 = 𝛼7

𝐶(𝑅𝑙 + 𝑟𝑐) + 1

𝛼4𝛼5 2 + 𝛼4𝛼6 + 𝛼4
2 

(2. 34)  

where:  

𝛼0 = −𝑅𝑙𝐸1(𝑅𝑙 + 𝑟𝑐) , 𝛼1 = 𝐿𝐶𝑟𝑐(𝑅𝑙 + 𝑟𝑐) ,  

𝛼2 = 𝐶𝑟𝐿𝑟𝑐
2(1 + 𝐷′) + [𝐶𝑅𝑙(𝑟𝐿𝐷

′ − 𝑅𝑙𝐷
′2 + 𝑟𝐿) − 𝐶𝑟𝐿𝐷

′ + 𝐿]𝑟𝑐 + 𝐿𝑅𝑙 

𝛼3 = (𝑅𝑙 −𝐷
′ + 𝑟𝑐 + 𝑅𝑙𝐷

′ + 𝑟𝑐𝐷
′)𝑟𝐿 − 𝑅𝑙

2𝐷′2,  𝛼4 = 𝑅𝑙𝐷
′(𝑅𝑙𝐷

′ + 𝑟𝑐) + 𝑟𝐿(𝑅𝑙 + 𝑟𝑐) 

𝛼5 = 𝐿𝐶(𝑅𝑙 + 𝑟𝑐)
2 , 𝛼6 = [𝐿 + 𝐶(𝑅𝑙𝑟𝐿 + 𝑟𝑐𝑟𝐿+𝑅𝑙𝐷

′𝑟𝑐)](𝑅𝑙 + 𝑟𝑐) 

𝛼7 = 𝐸1(𝑅𝑙 + 𝑟𝑐)[(1 − 𝑟𝑐 − 𝑅𝑙)𝑟𝐿 + 𝑟𝑐𝑅𝑙 + 𝐷
′𝑅𝑙
2] 

(2. 35)  

where 𝐷 = 1 − 𝐷′ ∈ [0. .1] and 𝐸1 are the DC value of duty ratio and the input voltage 𝑒1 in the 

steady-state operation. 𝐶, 𝐿, 𝑟𝑐 and 𝑟𝐿 are respectively the output capacitor, inductor, and their 

equivalent series resistance (ESR). 𝑅𝑙 is the equivalent converter load resistance connected to the 

output terminal. The ESR of the power switch and diode are neglected for simplicity. In boost 
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converter 𝑉𝐿 is the input and 𝑉𝐻 is the output voltage. The voltage gain ratio of the boost converter 

is given as:  

𝑀𝑏𝑜𝑜𝑠𝑡 =
𝑉𝐻
𝑉𝐿
=

1

1 − 𝐷
 

(2. 36)  

which indicates that 1 < 𝑀𝑏𝑜𝑜𝑠𝑡 < ∞ . In practice 𝐷𝑚𝑖𝑛 < 𝐷 < 𝐷𝑚𝑎𝑥  to protect the converter 

against overcurrent and overvoltage. For a buck converter we have:  

𝐺11 =
𝑒2( )

𝑑( )
|𝑒1=0 = 𝛽0

 +
1
𝐶𝑟𝑐

 2 + 𝛽1 + 𝛽2
 (2. 37)  

𝐺21 =
𝑖𝐿( )

𝑑( )
|𝑒1=0 =

𝐸1
𝐿

 + 𝛽3
 2 + 𝛽1 + 𝛽2

 
(2. 38)  

𝛽0 =
𝐸1𝑅𝑙𝑟𝑐

𝐿(𝑅𝑙+𝑟𝑐)
 , 𝛽1 =

𝐿+𝐶(𝑅𝑙𝑟𝐿+𝑟𝐿𝑟𝑐+𝑅𝑙𝑟𝑐)

𝐿𝐶(𝑅+𝑟𝑐)
 , 𝛽2 =

(𝑅+𝑟𝐿)

𝐿𝐶(𝑅+𝑟𝑐)
 , 𝛽3 =

1

𝐶(𝑅𝑙+𝑟𝑐)
 

(2. 39)  

In buck converter 𝑉𝐻 is the input and 𝑉𝐿 is the output voltage. The voltage gain ratio of the buck 

converter is given as:  

𝑀𝑏𝑢𝑐𝑘 =
𝑉𝐿
𝑉𝐻
= 𝐷𝑏𝑢𝑐𝑘 

(2. 40)  

which indicates that 0 < 𝑀𝑏𝑢𝑐𝑘 < 1. In practice 𝐷𝑚𝑖𝑛 < 𝐷𝑏𝑢𝑐𝑘 < 𝐷𝑚𝑎𝑥  to protect the converter 

against overcurrent and overvoltage. 
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Figure 2.19 plant model of the DC-DC converter control schemes; (a) voltage control, (b) current control 
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The transfer functions are used to design the controllers for the different applications. Figure 

2.19 shows the plant model of the single loop current and voltage control schemes applicable to 

the DC-DC converters depicted in Figure 2.4. 𝐼𝐿 is the inductor current, 𝑑 is the duty ratio, 𝑆 and 

𝑆′ are the switching pulses applied to power electronic switching devices in the case of the bidi-

rectional converter. If a unidirectional (buck or boost) converter is used 𝑆′ is terminated. Gcv(s) 

and Gci(s) are the compensators and 𝐻𝑣 and 𝐻𝑐 are feedback sensor transfer functions, respectively 

that are usually combined with an LPF to suppress the switching harmonics. 𝑉∗ and 𝐼∗  are voltage 

and current reference values. Power reference determines the current setpoint 𝐼∗:   

𝐼∗ =
𝑃𝑟𝑒𝑓

𝑉𝑖𝑛
 

(2. 41)  

where 𝑃𝑟𝑒𝑓 is the reference power and 𝑉𝑖𝑛 and 𝑉𝑑𝑐 are, respectively, the input and output voltages 

of the converter in boost, buck, or bidirectional operation. PI (or lag type) controllers are widely 

used for Gcv(s) and Gci(s) implementation due to the large disturbance rejection. Although the PI 

controller relatively reduces converter response (hence its bandwidth), it reduces the switching 

noise in the feedback signal. Reference [44] provides a theoretical and practical basis to design 

controllers for DC-DC converters. The current control scheme is suitable for constant power con-

trol in energy storage applications, while the voltage control is used to control the DC bus voltage 

where no other devices are used to do so (like ILC).  

Unidirectional converters are usually used for power conversion from primary energy sources 

like solar PV, fuel cell in DC, or hybrid microgrids. While, as mentioned earlier, BDC connects 

the energy storage to the grid. Figure 2.20 shows a dual-loop current/voltage control which is a 

commonly used scheme for BDC applications. 𝐺𝑣 and 𝐺𝑐 are designed such that the overall dy-

namic of the current loop is faster than the voltage loop. Hence, the bandwidth of the voltage 
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control loop is placed at least one decade below the current control loop. Then it can be guaranteed 

that 𝐼𝐿 tracks the reference 𝐼𝐿𝑟𝑒𝑓  during the voltage transients. 𝐺𝑣 and 𝐺𝑐 are usually, PI controllers. 

𝑅𝑣 is the virtual resistance described earlier and 𝐻𝑣 is the voltage feedback sensor’s transfer func-

tion which is usually combined with an LPF to suppress the switching harmonics. 𝑉𝑑𝑐 and 𝑉𝑑𝑐 
∗ are 

the converter output voltage and its reference value.  
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Figure 2.20 DC-DC converter dual-loop control 

2.3.1.3 Interlinking Converter  

 ILC is the power bridge between AC and DC subgrids. It has a key role in maintaining the 

HMG's stability and power balance between AC and DC subgrid. The ILC is a VSC-based con-

verter with a specific control strategy. Its control strategy depends on the control objectives in 

subgrids. If there exist DERs running in voltage control (or voltage source) mode like energy stor-

age devices, synchronous machine-based generators (e.g., diesel, microturbines, etc.), and fuel 

cells with dispatchable primary sources in both subgrids, then the reference power of ILC aligned 

with d axis (in dq frame control) can be controlled by a normalized droop control technique to 

simultaneously control the frequency of the AC subgrid and DC voltage of the DC subgrid [45] 

[46][47]: 

𝑉𝑑𝑐𝑝𝑢 =
𝑉𝑑𝑐 − 0.5(𝑉𝑑𝑐

𝑚𝑎𝑥 + 𝑉𝑑𝑐
𝑚𝑖𝑛)

0.5(𝑉𝑑𝑐
𝑚𝑎𝑥 − 𝑉𝑑𝑐

𝑚𝑖𝑛)
 (2. 42)  
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𝑓𝑎𝑐𝑝𝑢 =
𝑉𝑑𝑐 − 0.5(𝑉𝑑𝑐

𝑚𝑎𝑥 + 𝑉𝑑𝑐
𝑚𝑖𝑛)

0.5(𝑉𝑑𝑐
𝑚𝑎𝑥 − 𝑉𝑑𝑐

𝑚𝑖𝑛)
 (2. 43)  

The error and its sign between normalized AC grid frequency and DC grid voltage define the 

amount of power that should be transferred between subgrids to make a power balance:  

where 𝐾𝐼𝐿𝐶 is the droop coefficient of ILC active power, 𝑉𝑑𝑐𝑝𝑢 and 𝑓𝑎𝑐𝑝𝑢  are normalized values of 

DC subgrid voltage and AC subgrid frequency, respectively. the max and min values refer to max-

imum and minimum allowable voltage and frequency. However, if there is no voltage source in 

any of the subgrids, the control strategy of ILC will be altered to a regular VSC. For instance, if 

there is no voltage source at the DC subgrid, the ILC will be a grid feeding VSC to control DC 

subgrid voltage (as the main function), shown in figure 2.17. It can also support the AC grid by 

reactive current control. Likewise, if the AC subgrid lacks the voltage source, the ILC performs as 

a grid forming VSC, working as a voltage source for the AC subgrid, shown in figure 2.10.  

2.4 Fault Ride Through Capability of HMGs  

Unlike the conventional electric power grids, which were mainly established for centralized 

utilization of fossil fuel energy resources, the microgrids are developed to decentralize the electric 

power generation through the DERs, especially from renewable energy sources [4][45]. The FRT 

capability is not trivial in isolated microgrids integrating various DERs. Grid codes emphasize that 

the DERs should remain connected during the temporary faults to deliver active and reactive pow-

ers [40]. According to these requirements, DERs must compensate reactive power to support grid 

voltage during a fault [48]. However, currently, there is not a unique code requirement issued for 

autonomous microgrids. Thus, the FRT requirements should be considered rigorously. Because of 

high penetration of renewable energies in microgrids, the voltage support and frequency stability 

𝑃𝐼𝐿𝐶
𝑟𝑒𝑓

= 𝐾𝐼𝐿𝐶 (𝑉𝑑𝑐𝑝𝑢 − 𝑓𝑎𝑐𝑝𝑢) (2. 44)  
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services should be provided by the fast response inverter-interfaced DERs such as ESS, ILCs, etc.  

Different FRT schemes have been proposed and analyzed in the literature. However, only a 

few research studied the FRT issues related to HMGs. Authors in [49] and [50] investigated the 

FRT capability of HGM during faults in AC and DC sub-grids by employing additional droop 

controls in the DER and ILC inverter control loops. Nevertheless, insignificant improvement in 

AC sub-grid voltage was observed. In [40], a negative sequence droop control is proposed to inject 

negative sequence power in DERs to improve the LVRT. In addition, current limiting devices like 

the Superconducting Fault Current Limiter (SFCL) [51] have been proposed to enhance FRT ca-

pability in microgrids.  

Many studies have dealt with the FRT improvement in the case of individually grid-connected 

Wind Turbines Generator (WTG) system only. A Modulated Series Dynamic Braking Resistor 

(MSDBR) along with a reference voltage calculation methodology is proposed in [52], however, 

it does not consider the current magnitude rise in fault detection algorithm. Several strategies based 

on the Bridge Type Fault Current Limiter (BFCL) have been proposed in [48], [53], [54] for the 

FRT capability improvement in WTGs. The work in [55] proposes efficient current limiting strat-

egies to be employed in inverter-control systems to limit the inverter output current during grid 

faults. Authors in [56] proposed an add-on voltage controller which works based on symmetrical 

sequence components of inverter terminal voltage and current to adjust inverter voltage reference 

signal during fault.  

So far, a few studies have investigated current limiting schemes to employ outgoing feeders 

to improve the entire HMG FRT performance. In fact, in such an HMG, a combination of current-

limiting devices and voltage control is required to effectively suppress the fault current along with 

a reactive current compensation to recover the entire microgrid voltage. A FRT capability scheme 
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is proposed in chapter 3 in which a modulated series breaking resistor in coordination with reactive 

current control in ILC is utilized that controls the fault currents and improves the FRT capability 

of HMG.  

2.5 Disturbance Resiliency of HMGs 

The low-voltage-ride-through (LVRT) capability and resiliency against grid disturbances are 

significant issues in islanded microgrids where high penetration of RES with various dynamic 

properties are introduced. The requirements of grid codes mandate that DERs must compensate 

reactive power to support grid voltage during a significant disruption [14]. The IEEE 1547-2018 

standard obligates DER to modulate active power in proportion to the rate of change of frequency 

(ROCOF) [57]. 

Several studies have been conducted on the LVRT and disturbance resilience issues related to 

microgrids, and different schemes have been proposed and analyzed. Baghaee et al proposed a 

robust decentralized voltage control in [58] to improve small/large-signal stability in the islanded 

microgrid. A negative sequence droop control methodology is proposed in [40], to inject negative 

sequence power in DERs to improve the LVRT performance. Furthermore, fault current limiting 

devices like the Superconducting Fault Current Limiter (SFCL) [51] have been proposed to en-

hance the LVRT capability in microgrids. The authors in [50] evaluated the LVRT capability of 

HGM during separate faults in AC sub-grid (ACg) and DC sub-grids (DCg) using additional droop 

controls in the DER and ILC loops. A coordinated control strategy between ILC and MSDBR was 

reported in [14] to efficiently improve the LVRT capability of HMG under high penetration of 

RES during ACg faults. Nevertheless, none of these studies considered energy storage tuning to 

tackle the grid disturbances. 

Power management and dynamic control of HMGs with a specific focus on stability issues 
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and voltage/frequency regulation have been studied in previous literature. The work in [59] pro-

vides a systematic small-signal stability analysis of islanded HMG and proposes a synthetic droop-

based control approach to coordinate ACg and DCg through ILC control. The authors in [60] pro-

posed a decentralized power management mechanism for an HMG with multiple subgrids having 

different rated voltages and frequencies. Research studies in [61] and [62] concentrated on single 

and multiple ILC control strategies to establish improved power-sharing and frequency controlla-

bility in HMGs. Nevertheless, these studies consider only general inverter-interfaced DERs with 

constant DC voltage sources as primary generation resources and no significant RES penetrations 

are considered. Furthermore, an effective and realistic energy storage device is not examined in 

these studies.  

Due to the high penetration level of renewable energy resources in microgrids, the voltage 

support and frequency regulation services may be provided by the fast-response inverter-interfaced 

DERs such as energy storage systems, ILCs, etc. They can be effectively employed to provide 

frequency regulation and power oscillation damping during and after grid disturbances. Chapter 3 

investigates a coordinated control of BESS and reactive current control of wind turbines to increase 

the resiliency of HMG against grid disruptions.   

2.6 A Survey on Conventional Bidirectional DC-DC Converter 

In an HMG, the DC side BESS is connected to the grid through a BDC to control grid voltage 

or power. The converter is driven to exchange energy between the battery bank and grid to control 

grid voltage or power mismatches due to power under/oversupply. The conventional BDC fre-

quently used in the literature for energy storage applications [63][64][65][66] is composed of a 

half-bridge converter and works as a separate Buck converter in step-down mode and Boost con-

verter in step-up mode, with two controllable semiconductor switches. Figure 2.4(c) shows the 
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conventional, non-isolated BDC with some drawbacks, as noted below: 

(i) Usually, one controller is used to control the converter in both modes, whereas two con-

verters (Buck and Boost) exhibit two distinctive characteristics that cannot be controlled with one 

controller, since the controller usually designed based on one converter structure to operate in one 

mode cannot properly handle grid voltage and load disturbances in both modes.  

(ii) The bidirectional operation does not have symmetrical voltage gain. This asymmetry orig-

inates from the different circuit structures in both modes. Therefore, the converter should work 

with different duty ratios in both modes, resulting in an asymmetric and relatively slow control 

response during power flow direction changeover. This issue is addressed to some extent by se-

lecting a small enough battery voltage compared to the grid voltage, resulting in a high voltage 

difference between the two sides; otherwise, the Buck operation would not be as effective. How-

ever, this potential difference results in high current peaks in both switching operations, leading to 

high current ripples, particularly in heavy load levels. This issue is usually tackled by selecting a 

large inductor, thereby incurring a higher capital cost.  

(iii) Both step-up and step-down switches are simultaneously modulated in both modes, re-

sulting in increased converter switching losses that restrict the converter to low power density 

levels.  

Other issues regarding conventional BDC are reported in the literature [67][68] from different 

viewpoints, although this chapter does not aim to address them. Previous studies proposed several 

isolated and non-isolated bidirectional topologies to improve the dynamic performance, gain, ef-

ficiency, and operability of BDCs for energy storage and renewable applications.  

Resonant converters were of interest in some previous research as they provide the possibility 
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of zero-current/voltage soft-switching operation. Non-isolated, resonant-type, bidirectional con-

verters were proposed to increase the overall voltage gain using coupled inductors and clamping 

capacitor circuits operating in zero-voltage-switching (ZVS) conditions [69][70]. An isolated, three-

port, inductor-capacitor-inductor (LCL)-resonant converter operating in zero-current-switching 

(ZCS) condition was also implemented in [71] with the capability of integrating photovoltaic (PV) 

source to energy storage. However, these resonant converters add complexity and cost to both 

power and control stages and incur more loss due to additional circuit components. In addition, no 

control strategies were presented that symmetrically worked for both modes in bidirectional appli-

cations.  

A relatively high voltage gain was achieved for step-down operation using a switched-capac-

itor cell augmented to a conventional half-bridge [72]. However, this configuration was an im-

proved version of the half-bridge converter, making only a slight improvement only in voltage 

gain at the cost of additional components with a control design working asymmetrically for both 

modes. The non-isolated converter in [67] and its improved high-efficiency topology in [73] provided 

soft-switching operation, employing a 1:1 ideal transformer and pulse-frequency modulation to 

accommodate load variation and reduced switching loss, and achieve high efficiency. The imple-

mented digital controller used a single loop Proportional-Integral (PI) controller that worked for 

both modes, with applications in residential energy storage systems.  

Research work in [74] proposed a non-isolated BDC employing two conventional Boost con-

verters to achieve the squared value of voltage gain of that of the conventional BDC. Although 

functional improvements in voltage gain, switching operation, and converter efficiency were ob-

tained in the mentioned literature, the problem of bidirectional asymmetry in voltage gain and 

control scheme persists. Furthermore, no validating evaluations were conducted for bidirectional 
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applications under the load/generation uncertainties and DC bus voltage variations. Chapter 4 pro-

poses a novel bidirectional DC-DC converter that has symmetric configuration and eliminates 

drawbacks of the conventional converter. 

2.7 Energy Storage Location in HMGs 

There are several objectives to select the energy storage location and size in microgrid appli-

cations, and state-of-the-art algorithms have been proposed [75]. Thus far, many studies have re-

searched in these contexts regarding BESS type. The objectives range from optimal power flow 

[76]-[77], capital cost [78], operation cost [79], power quality [80] and decarburization objectives 

[81] to energy loss reduction [82],[83] and grid control objectives [84]. However, none of the 

mentioned works studied the microgrid’s dynamic performance under the influence of the BESS 

location, specifically of HMGs operating with AC grid BESS (ACB) or DC grid BESS (DCB). In 

fact, the current research in the literature pays attention to the long-term operation of BESS cir-

cumventing transient operation optimality for the siting study [79].  

The ILC in HMGs plays a substantial role in the power flow balance between ACg and DCg. 

In most of the cases found in the literature, the ILC active power reference is generated pursuant 

to various objectives. When voltage sources exist in both subgrids, e.g., energy storage devices 

running in voltage control mode a normalized droop-control method fulfills the primary service to 

simultaneously control the ACg frequency and DCg voltage [60]. In this method, the ILC power 

reference is generated based on the sign and magnitude of the error between normalized ACg 

frequency and DCg voltage applying a droop gain that can be used in a single ILC [85] or utilized 

locally for global active power-sharing between parallel ILCs [86] and reactive power sharing 

between ACg and DCg [39]. Any mismatch between normalized variables drives the ILC to ex-

change active power from the higher magnitude variable to the lower magnitude one.  
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However, the control strategy of ILC alters if there is no voltage source in either of the sub-

grids. If the ILC runs in the grid feeding mode (like a grid-connected ILC) and no other sources 

control the DC bus voltage, it controls the DCg voltage at the connecting bus [87] which is the 

conventional active power control method in high-voltage DC (HVDC) systems [88]. Likewise, if 

the DCg voltage is controlled by an energy source and there is no voltage source in ACg at the 

connecting bus, the ILC performs as a grid forming converter [46] to controls the voltage and 

frequency. Recently, a multifunctional ILC was proposed that works in both grid-forming and 

grid-feeding control mode employing a large bandwidth triple-loop controller which is capable of 

transitioning between grid-connected and islanded operation [89]. However, none of the recently 

mentioned literature considered energy storage devices and their dynamic models in their studies.  

The real-world microgrids include the RESs that usually operate in maximum power point 

tracking (MPPT) mode through grid-feeding converters. They are typically collocated with grid-

forming DERs such as BESS, fuel cells, and diesel generators (DG) that have a dispatchable pri-

mary source. However, the existing control methodologies and example cases found in literature 

neglect the cooperation of these DERs. As a rare example, coordinated control of current-con-

trolled and voltage-controlled inverters was proposed to share the reactive power and to regulate 

voltage harmonics [90]. Nevertheless, it is only applied to AC microgrids with low inertia gener-

ating sources. 

Despite the considerable number of studies conducted on HMGs, to the best of the authors’ 

knowledge, no single research paid attention to or compared the influence of BESS location in 

ACg and DCg pursuing the dynamic performance characteristics during grid contingencies. In 

practical HMGs with centralized BESS, the optimal storage location and size should be determined 

by the economic objectives and its dynamic impact. In small/medium-sized HMGs with 
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aggregated load/generation nodes, a consolidated BESS may be linked to the point of common 

coupling (PCC) of AC or DC subgrid, or to the critical load bus to supply energy storage services 

to the whole HMG. For a typical HMG design including the BESS devices at ACg and DCg 

[91][14], the grid operators might be concerned to realize the impact of storage location on the 

performance of the grid operating with only one storage device online. In this context, when run-

ning with ACB or DCB, the HMG exhibits dissimilar dynamic performance during different op-

erating conditions and disturbances due to the storage location and the ILC control strategy that 

differs correspondingly. Consequently, a substantial analysis is required to examine the effect of 

storage location and corresponding ILC control strategy on the HMG dynamics. Chapter 5 con-

ducts a performance evaluation of the impact of BESS location for two separate HMG case studies 

through comprehensive time-domain simulations and index-based performance. 

2.8 Evaluation of PV Operating as PV-Supercapacitor Energy Storage  

Among RESs, the PV system has been considered to be the most promising due to its inherent 

features such as no presence of moving parts, low maintenance and operation cost, etc. [92][93]. 

Typically, a grid-connected photovoltaic (PV) system consists of a PV array/panel, a DC-DC boost 

converter with an MPPT controller, a DC-link capacitor, a battery energy storage (BES) system, 

and a DC/AC inverter, as shown in Figure 2.21 below. Since at night or on a cloudy day, the PV 

panel does not produce any real power, the BES provides power to the grid at that time. In recent 

years, due to its cost-effectiveness, supercapacitor energy storage (SES) has been extensively used 

for dynamic performance enhancement of power grids [94][95]. The SES can control both active 

and reactive powers quickly and simultaneously. Literature shows the applications of the SES sys-

tem with the PV system as well [96][97][98]. The SES unit encompasses a supercapacitor, a bidi-

rectional DC-DC converter (BDC), a DC-link capacitor, and a VSC, as shown in Figure 2.22. 
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However, a close similarity is found between the PV system and the SES unit in terms of their 

components. Except for the PV panel, MPPT controller, the BES, and the supercapacitor, both 

systems have the same type and number of components.  

Based on this fact, it is interesting to explore whether the existing PV system components can 

be utilized as an SES unit during both nighttime and daytime and cloudy situations. It will be great 

if the PV-SES unit can be used for dynamic performance improvement including power fluctua-

tions minimization, transient stability, power quality, power oscillation damping, increasing power 

transmission capacity of the grid-connected network that may have other DERs such as wind gen-

erator, diesel generator, etc., and various flexible loads.  
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Figure 2.21 Basic schematic of the PV system with BES 
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Figure 2.22 Supercapacitor energy storage unit.  

Currently, the LVRT capability of the PV system is maintained by the reactive power control of 

the inverter [99][100][101]. Also, various MPPT techniques are being developed considering the 

partial shading of the PV panel [102][103]. The BES is used to compensate for power fluctuations 
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of the PV system [104]. However, there are significant shortcomings, limitations, and challenges 

of the existing PV system technology and controls, such as i) the basic PV system operation is 

limited to daytime use only; ii) the inverter can control only reactive power, but not the active 

power, since the operation is unidirectional, and the system is limited to inject the PV power at 

any time. This means the inverter can have a limited control on the grid voltage, but not the real 

power or the frequency; and iii) the BES can control high energy density power fluctuations, but 

not the high power density fluctuations. To address the aforementioned limitations and issues, 

chapter 6 proposes to design and operate a cost-effective PV-SES that integrates supercapacitor as 

a high power energy storage system.  

2.9 Chapter Conclusion  

This chapter provided a thorough literature review on microgrid and HMG basic control tech-

niques, control hierarchies, and structures. In addition, solid background of structures and control-

lers of widely used converters in microgrids was discussed. In the next chapters the main parts of 

the research are presented, where a more specific and detailed explanation of each study will be 

elaborated.  
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Chapter 3 Disturbance Resiliency and Fault Ride Through Capabil-

ity of Hybrid Microgrids  

3.1 Introduction 

Due to the small generation reserve margin between load and generation, the stability and 

service continuity in islanded hybrid microgrids are easily compromised during grid disruptions 

and stochastic load/generation variations. The issue is more challenging when the HMG encom-

passes various DERs exhibiting diverse dynamic properties such as high/low inertia renewable 

energies, conventional generation sources, and frequency-dependent and non-linear loads. So, it is 

important to damp the system oscillations as fast as possible to maintain the stability and ride 

through the faults by supplying reactive power to keep the service continuity. This chapter evalu-

ates the fault ride-through capability and disturbance resiliency enhancement of hybrid microgrids 

by coordinated control of different devices such as SDBR, ILC, and BESS.  

3.2 Fault ride through evaluation of the Hybrid AC/DC Microgrids [14] 

Based on the background provided in section 2.4 of chapter 2, this section proposes coordina-

tion of Modulated SDBR (MSDBR) control and reactive current control in ILC for the FRT capa-

bility enhancement of an HMG. A fault detection logic is proposed based on the current rise rate 

and positive sequence voltage sag level. Independently switched three-phase MSDBR controls the 

current magnitude to keep the HMG stable. Also, a supplementary voltage control loop in ILC is 

activated to recover the voltage sag and swells during the fault. To demonstrate the effectiveness 

of the proposed strategy, both symmetrical and asymmetrical faults are considered on the line 

connecting the load in the AC sub-grid.  
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3.2.1 HMG Structure and Control systems for FRT Evaluation 

The configuration of the islanded HMG under the study is shown in Figure 3.1. The Medium 

Voltage (MV) AC sub-grid power system contains a Doubly Fed Induction Generator (DFIG) 

based variable speed wind generator. A Diesel Generator (DG) is connected in parallel with the 

DFIG to provide steady-state reactive power service and backup power on-grid demand. The wind-

diesel generation system is collocated with a BESS to provide peak shaving service during wind 

speed fluctuations. The constant AC loads are connected via short distribution lines. The DC sub-

grid comprises Photovoltaic (PV) solar panels, a peak shaving BESS for mitigating solar irradiance 

fluctuations, and constant DC loads. The complete system parameters are given in the chapter 

appendix. 
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Figure 3.1 Hybrid AC/DC Microgrid structure under the study.  

A. DFIG   

The DFIG model in this work is a widely used model introduced in publications [48][54][105] 

with complete detailed modeling of Rotor Side Converter (RSC) and Grid Side Converter (GSC). 

The DFIG reactive power generation has been set to zero, and no DC chopper and crowbar are 
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used.   

B. PV 

The PV model used is a generic model with an ideal single diode and equivalent circuit of 

parallel and series resistance [106]. A DC/DC boost converter and Perturb & Observe (P&O) based 

Maximum Power Point Tracking (MPPT) algorithm is integrated to extract the highest possible 

power in different ambient conditions and PV output voltages.  

C. BESS 

Battery storage devices are based on the dynamic models introduced in [107], [108]. The bat-

tery flow of power is controlled using a buck/boost converter in both AC and DC sub-grids. A 

VCS-based two-level inverter is used to connect the storage system to the AC sub-grid. The VSC 

control includes a dual loop decoupled control system in dq synchronous reference frame [20]. 

The reference power set points are calculated based on load powers and power generation from 

renewable resources, as shown below. 

𝑃𝐸𝑆𝑆𝑎𝑐 = 𝑃𝐿𝑎𝑐 − 𝑃𝐷𝐹𝐼𝐺 − 𝑃𝐷𝐺 (3. 1)  

𝑃𝐸𝑆𝑆𝑑𝑐 = 𝑃𝐿𝑑𝑐 − 𝑃𝑃𝑉  (3. 2)  

where 𝑃𝐸𝑆𝑆𝑎𝑐 and 𝑃𝐸𝑆𝑆𝑑𝑐 are power references of AC and DC BESS, respectively. 𝑃𝐿𝑎𝑐 and 𝑃𝐿𝑑𝑐  are 

AC and DC load powers, respectively.  𝑃𝐷𝐹𝐼𝐺 , 𝑃𝐷𝐺 and 𝑃𝑃𝑉  are DFIG, DG, and PV output powers, 

respectively. Power references are applied to DC/DC converters control system to extract 

buck/boost duty cycles. 

D. DG 

The DG is modeled considering the conventional salient pole synchronous generator, IEEE 

type 1 exciter, and governor control system [109]. The reference mechanical power is produced 

considering both generator active power and mechanical rotational speed feedbacks.  
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E. ILC 

The ILC is a VSC-based three-level inverter constructed of 12 IGBTs with an antiparallel 

diode and is controlled using a dual-loop decoupled dq reference frame [20] to regulate the DC 

sub-grid voltage. The ILC will contribute to AC voltage control during AC sub-grid faults. Fig. 

3.2 shows the control diagram of the ILC.  
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Figure 3.2 ILC control block diagram. 

3.2.2 Proposed MSDBR-ILC Coordinated Control Algorithm  

3.2.2.1 MSDBR control algorithm  

In this work, the MSDBR is in series with distribution load feeders shown in figure 3.1. The 

MSDBR is comprised of a high-power braking-resistor in parallel with two IGBTs in an anti-series 

arrangement for each phase. During the normal operating condition, a constant gate signal is ap-

plied to gates to keep the IGBT switched on to maintain the flow of load current. To suppress the 

fault current magnitude at the AC sub-grid, the MSDBR is controlled by appropriate PWM signal 

pulses to emulate a variable resistor.  

1) Fault detection logic- Figure 3.3 shows the logic diagram of the fault detection algorithm for 

each phase. The fault is assumed to happen in load connecting lines, i.e., at point F in Figure 3.1. 

Any fault on the system causes sudden voltage sags on the affected phases. Thus, the algorithm 
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considers a per-phase current rise rate ri and an under-voltage threshold level ui defined by the 

protection scheme. The value of ri must ensure that a significant current amount has been taken to 

set the fault signal, otherwise, normal microgrid disturbances such as step load change and island-

ing or DER plug-and-play operations will result in misdetection. On the other hand, the appropriate 

under-voltage index is needed to compensate for the effect of line impedance when a fault happens. 

In this work, ui = 0.95pu, ri =0.2pu/td and td=1ms are chosen.  
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Figure 3.3 Per-phase fault detection logic diagram.  

2) MSDBR operation as dynamic variable resistance- Once the RMS fault current is detected, 

and the corresponding signal is set, the signal level latches for a short time tla waiting for another 

condition to happen. The algorithm aims to recover the positive sequence voltage and reduce the 

negative sequence component during both symmetrical and asymmetrical faults. Thus, the detec-

tion algorithm works based on the magnitude of AC grid positive sequence voltage. If a voltage 

sag happens after a significant current rise, then the SW1 changes its state. Once the SW1 sets its 

output, the SW2 will change the state. The combination of switching IGBTs and shunt resistor RBR 

emulates a dynamic variable resistor that can be adjusted by the duty cycle value. During the acti-

vation time, the SW1 changes the detection direction to deactivation logic, which identifies 
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positive sequence voltage recovery at the threshold value. The logic will continuously monitor 

positive sequence voltage. The deactivation signal is triggered once the positive sequence voltage 

is recovered and a predefined threshold level is reached. Then the SW1 and SW2 return to the 

normal state. To perform a continuous transition from pulsed MSDBR to normal operation and to 

avoid sudden voltage and current change, a slew-rate limiting action is applied during deactivation. 

The actual value of braking resistance, when the MSDBR is activated, depends on the duty cycle, 

as shown below. 

𝑅𝑀𝑆𝐷𝐵𝑅 = (1 − 𝐷)𝑅𝐵𝑅 (3. 3)  

where D and RBR are the duty cycle and shunt resistance values in each phase, respectively. 

3) Duty cycle calculation- The duty cycle is calculated based on pre-fault load power. This value 

defines the percentage of the switching cycle that the IGBT is switched on. When the IGBT is 

switched off, the current flows through the shunt resistance to suppress the fault current. To main-

tain the AC sub-grid voltage around pre-fault value, the duty cycle is determined according to pre-

fault operating conditions. Greater load power means that the microgrid is operating in a greater 

balance of active and reactive powers. Therefore, the duty cycle should be adjusted in such a way 

as the braking resistor dissipates an amount of active power that is proportional to generating 

power in DERs to maintain the system stability during the fault. Here it is assumed that the pre-

fault reactive load is less than the active load, and therefore the duty cycle is calculated as: 

𝐷 = {
1 −

𝑃𝑝𝑟𝑒

𝑃𝑟𝑎𝑡𝑒𝑑
𝑑0

         

𝐼𝐿𝑎𝑐 > 0

𝐼𝐿𝑎𝑐 ≅ 0
 

(3. 4)  

where Ppre and ILac are the pre-fault active load and current, respectively, at fault initiation moment. 

Prated is the total rated active power capacity of DFIG and DG in the AC sub-grid. d0 is the 
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maximum value of duty cycle in case of no-load condition and is obtained from the relationship 

between the maximum allowable short-time line current setting Imax and pre-fault AC sub-grid 

voltage, as shown below. 

𝑑0 = 1 −
𝑉𝑝ℎ𝑝𝑟𝑒

𝑅𝐵𝑅𝐼𝑚𝑎𝑥
  

(3. 5)  

where 𝑉𝑝ℎ𝑝𝑟𝑒 is the RMS pre-fault AC sub-grid phase voltage in the corresponding phase. 

3.2.2.2 Coordination control with ILC 

A coordinated control strategy with the contribution of ILC is proposed to mitigate the AC 

voltage oscillations during fault. It is assumed that the ILC does not regularly contribute to AC 

sub-grid voltage and frequency regulation to keep a stable voltage in the DC side. In this work, 

however, the ILC will only participate in the AC voltage control following the MSDBR activation 

during fault. It aims to control the post-fault voltage sags and swells in the AC sub-grid. Figure 

3.3 represents the block diagram of the outer control loop in the ILC. It produces a reference reac-

tive current iqref to be applied in the q-axis in the ILC control diagram in Figure 3.2. The control 

block takes the pre-fault value of the AC grid in dq frame to generate the reference voltage Vref: 

𝑉𝑟𝑒𝑓 = √𝑉𝑑𝑝𝑟𝑒
2 + 𝑉𝑞𝑝𝑟𝑒

2  
(3. 6)  

0

PI  
+

TS
0

1
-

Vref

iqref

rate Limiter
Vac_dq

𝑉𝑎𝑐 𝑑
2 + 𝑉𝑎𝑐 𝑞

2 

 

Figure 3.4 Block diagram of q-axis outer loop in ILC control system. 

The activation/deactivation signal TS enables the controller operation. During the normal 
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condition, iqref is equal to zero, which means the reactive power set point is zero and the ILC does 

not inject or absorb any reactive power into the AC sub-grid. A rate limiter controls the rise and 

slew rate of reference current to avoid sudden changes in the AC voltage.  

3.2.3 Performance Evaluation and analysis 

In this study, the HMG system is simulated in the MATLAB/Simulink environment with de-

tailed models for all power electronic devices. The sample time for discrete-time simulations is 

chosen as 5μs. The wind speed and solar irradiance are kept constant during the fault scenarios.  

3.2.3.1 Effectiveness of Proposed FRT Scheme During 3LG Fault  

In this case, a %100 three-line-to-ground (3LG) fault is applied at point F in HMG shown in 

Figure 3.1 for 134ms (8 cycles) at tf=0.116s. The performance of the proposed FRT scheme has 

been compared with that of the without FRT scheme, as shown in Figure 3.5. Results show that 

the proposed MSDBR effectively suppresses the fault current level to below 1.05pu (1 MVA, 4.16 

kV base). The modulation started at 0.119s that proves the quickness of the detection algorithm. 

Since the current has limited, no large voltage sag happens, and the ILC properly performs voltage 

regulation during the fault through the controlled reactive power injection. Figure 3.6 illustrates 

the total three-phase power dissipated by the MSDBR during the fault. This figure shows how the 

resistor should withstand against the fault current at the initiation moment and during the fault.  

3.2.3.2 Effectiveness of Proposed FRT Scheme During 1LG Fault  

In this part, the proposed FRT scheme is analyzed against a one-line-to-ground (1LG) fault as 

an asymmetrical disturbance. The fault is applied at the same instance (at 0.116s) with the same 

duration (134ms) on phase b. Figure 3.7 shows the system dynamic responses. It has been shown 

that the proposed detection algorithm effectively identifies and suppresses the fault current mag-

nitude. Since the ILC contributes to voltage regulation, the voltage at the DC sub-grid encounters 
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low amplitude fluctuations. The DC link voltage oscillations in DFIG (Figure 3.7.e) during fault 

are due to the negative sequence AC voltage that rotates in the reverse direction with double grid 

frequency and results in torque ripples.  

 

Figure 3.5 system dynamic response to a 3LG fault at point F. Red (without FRT), Blue (with FRT). 

 

Figure 3.6 The total power dissipated by MSDBR during a 3LG fault. 
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Figure 3.7 System dynamic response to a 1LG fault at point F. Red (without FRT), Blue (with FRT).  

3.2.3.3 Index-based performance evaluation 

To precisely analyze and compare the performance of the proposed FRT algorithm with that 

without the FRT scheme, an index-based performance evaluation is presented. The index is defined 

as: 

𝑖𝑛𝑑𝑒𝑥 = ∫ |𝑥 − 𝑥𝑟𝑒𝑓|𝑑𝑡
𝑡1

𝑡𝑓

 
 

(3. 7)  

where x represents the parameter to be evaluated (e.g. voltage, current), xref is the reference value, 

tf and t1 are evaluation time range. Here xref is considered the pre-fault parameters. The lower index 
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value means better system performance. Table 1 shows the index values for various parameters. 

Here, WO and W refer to without FRT and with FRT schemes, respectively. It has been shown 

that the proposed FRT scheme has significantly improved the essential HMG parameters for both 

3LG and 1LG faults, with the exception that the DC sub-grid voltage VDC and DFIG mechanical 

rotation ωr have not been enhanced in case of 1LG fault. 

Table 3.1. Index-based performance evaluation 

 3LG  1LG  

 WO W improvement WO W improvement 

Vac (pu) 0.16 0.03 81% 0.018 0.011 51% 

ILac (pu) 0.134 0.068 49% 0.053 0.034 52% 

f (Hz) 0.164 0.11 33% 0.1 0.06 66% 

VDC (V) 1.14 1.08 5.4% 0.17 0.34 -49.7% 

VDCDFIG 0.78 0.32 59% 0.46 0.31 47.7% 

ωrDFIG(pu) 0.023 0.003 83.6% 0.0024 0.0028 -13% 

 

3.3 Disturbance Resilience Enhancement of Islanded Hybrid Microgrid Using Energy Stor-

age [15] 

Modern microgrids are gradually evolving from conventional power systems, where intercon-

nected sub-grids govern power distribution with high penetration of RES and energy storage sys-

tems [110]. Conventional electric power grids were mainly established for centralized utilization 

of fossil fuel energy resources, while microgrids are developing to decentralize electric power 

generation through the DERs [4].  

Following the background provided in chapter 2, this section investigates the resilience en-

hancement of the HMG against grid disturbances using a BESS connected to ACg, and this is the 

originality of this work. The BESS can be utilized for several ancillary purposes in microgrids, 

i.e., peak shaving, dynamic local voltage support, short-term frequency smoothing, and grid con-

tingency support [14]. In this study, the BESS control system is adopted to contribute to 
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oscillations damping during grid disturbances. Another salient feature of this work is that a coor-

dinated LVRT scheme is also provided in the wind turbine generator to support the reactive current 

requirements during faults. Case studies have been simulated in the MATLAB\Simulink environ-

ment. To evaluate the robustness of the proposed control mechanism, step load change conditions, 

wind speed/solar irradiance variations, and fault analysis on both ACg and DCg, have been con-

sidered. 

3.3.1 HMG Structure and Control systems 

Figure 3.7 shows the structure of the islanded HMG under the study, which is the base system 

shown in Figure 3.1 for FRT analysis. The AC and DC subgrids contain corresponding AC and 

DC loads and generation sources. An ILC links two subgrids to provide a bidirectional bridge for 

exchanging active power. The complete system parameters are given in chapter appendix [14]. 

3.3.1.1 AC subgrid   

The medium voltage ACg power system contains a DFIG-based variable speed wind genera-

tor. The DFIG model used in this work is a widely reported model introduced in [54] with complete 

detailed switching modeling of GSC control systems in dq-frame [20]. The RSC/GSC control, 

drive train, and details of blade pitch angle regulator can be found in [111]. 
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Figure 3.8 Hybrid AC/DC Microgrid structure under the study.  

The wound-rotor induction machine is modeled using 4th and 2nd order for electrical and me-

chanical parts, respectively. A DG is in parallel with the wind turbine to provide dispatchable 

power requirements and is modeled considering the conventional salient pole synchronous gener-

ator [112], IEEE type 1 exciter [113], and speed governor control system shown in Figure 3.8. The 

DG establishes the synchronous reference frame for the DFIG and grid-following BESS. 

 

Figure 3.9 DG speed governor model. 

 In Figure 3.8, 𝑇𝑟𝑖 and 𝑇𝑎𝑖 are regulator and actuator time constants respectively and 𝐾𝑎 is 

actuator gain, 𝜔 and 𝑃𝐷𝐺  are measured frequency and DG output power respectively. The notation 
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‘*’ refers to corresponding set-points. 𝑚𝑑𝑔 is power-sharing droop coefficient and 𝑡𝑑 is engine 

delay.  

The BESS includes a battery bank and a VSC-based inverter. The battery is a widely-used 

dynamic charge/discharge model of Li-ion experimentally verified in [114]. The detailed switch-

ing model of power electronic switches is used to reflect transient dynamics and non-linear prop-

erties of VSC [20]. Details of the BESS control system are discussed in section III. The power 

management unit calculates BESS power set-point 𝑃𝐵∗ based on load powers and power generation 

from DERs, as follows: 

𝑃𝐵
∗ =∑𝑃𝐿 −∑𝑃𝐺 

𝑃𝐿 = 𝑃𝐿𝑎𝑐 + 𝑃𝑙𝑜𝑠𝑠 + 𝑃𝐼𝐿𝐶 ,    𝑃𝐺 = 𝑃𝐷𝐹𝐼𝐺 + 𝑃𝐷𝐺 
(3. 8)  

where 𝑃𝐿and 𝑃𝐺 are total load and generation active powers, 𝑃𝐿𝑎𝑐 𝑃𝑙𝑜𝑠𝑠, 𝑃𝐼𝐿𝐶, 𝑃𝐷𝐹𝐼𝐺 and 𝑃𝐷𝐺 are respec-

tively total AC load power, distribution losses, ILC power, DFIG, and DG powers. In this study, 

power signals are calculated and updated in the power management unit within time intervals that 

are longer than the simulation sampling frequency. Power signals are assumed to be sent and re-

ceived once in every five simulation sample times. The detailed control system of BESS is given 

in section III. The reference direction of BESS power is from the battery to the grid, and ILC power 

is from ACg to DCg. Losses can be calculated by ∑ 𝑅𝑖|𝐼𝑖|
23

𝑖=1 , where 𝐼𝑖 are distribution line currents 

in ACg; losses in DCg are neglected. Load2 and load3 are modeled as constant power loads. A 

dynamic (frequency-dependent) AC load (load1) that is modeled as an induction motor [18] is also 

considered to emulate a more realistic HMG.  

3.3.1.2 DC subgrid   

The DC sub-grid (DCg) comprises Photovoltaic (PV) solar panels, constant and DC loads. 
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The PV model used is a generic model with an ideal single diode and equivalent circuit of parallel 

and series resistance [106]. A DC/DC boost converter along with an MPPT algorithm is integrated 

to extract the highest possible solar power in different ambient conditions and PV output voltages. 

3.3.1.3 ILC 

The ILC is modeled as a controlled DC-voltage power port using a VSC-based three-phase, 

three-level inverter [14][20]. The ILC performs as a DCg voltage controller and does not contribute 

to ACg voltage and frequency control. Any fluctuation in DCg voltage will be reflected in the ILC 

power flow to be regulated by the BESS. Similarly, any surplus/deficiency of power supply will 

render to increase/decrease DCg voltage that will be regulated by the ILC. The reference generat-

ing control signals of the VSC in dq-frame are given by: 

𝑢𝑑𝐼𝐿𝐶 = 𝑣𝑑 + 𝑖𝑞𝐼𝐿𝐶𝜔𝐿𝑓2 + (
𝐾𝑖1𝐼𝐿𝐶

 
+ 𝐾𝑝1𝐼𝐿𝐶) (𝑖𝑑𝑟𝑒𝑓 − 𝑖𝑑𝐼𝐿𝐶) 

𝑢𝑞𝐼𝐿𝐶 = 𝑣𝑞 − 𝑖𝑑𝐼𝐿𝐶𝜔𝐿𝑓2 + (
𝐾𝑖1𝐼𝐿𝐶

 
+ 𝐾𝑝1𝐼𝐿𝐶) (𝑖𝑞𝑟𝑒𝑓 − 𝑖𝑞𝐼𝐿𝐶) 

𝑖𝑑𝑟𝑒𝑓 = (
𝐾𝑖2𝐼𝐿𝐶

 
+ 𝐾𝑝2𝐼𝐿𝐶) (𝑉𝐷𝐶𝑟𝑒𝑓

2 − 𝑉𝐷𝐶
2 ) 

(3. 9)  

where 𝐾𝑖𝑗 and 𝐾𝑝𝑗 are inner and outer loop regulator parameters (𝑗 = 1,2), respectively. All 𝑣 and 𝑖 

parameters on the right-hand side of (3.9) are the measured output voltages and currents of the  

ILC and the subscript ‘𝑟𝑒𝑓’ refers to reference values. By setting 𝑖𝑞𝑟𝑒𝑓 = 0, the ILC will be disen-

gaged from reactive current generation and control on the ACg side. The reference 𝑢𝑑𝑞𝐼𝐿𝐶 is trans-

formed to three-phase quantities using 𝑑𝑞→𝑎𝑏𝑐 transformation. 

3.3.2 BESS and Coordinated LVRT Scheme 

3.3.2.1 BESS control  

The VSC used in BESS is implemented using a three-phase, three-level inverter [20]. The 
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VSC control includes a droop-based dual-loop control system in dq-frame which is implemented 

in grid-following mode and illustrated in Figure 3.10. Instantaneous BESS active and reactive 

powers are calculated based on the output dq current and terminal voltages: 

𝑝𝐵 =
3

2
[𝑣𝑑𝑖𝑑𝐵 + 𝑣𝑞𝑖𝑞𝐵] 

𝑞𝐵 =
3

2
[𝑣𝑞𝑖𝑑𝐵 − 𝑣𝑑𝑖𝑞𝐵] 

(3. 10)  

and average active and reactive powers are achieved using low pass filter (LPF) shown in Fig. 3.10 

where 𝜔𝑐 is the cut-off frequency of the filter. 
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Figure 3.10 BESS control block diagram 

The conventional droop control is obtained using 𝜔 − 𝑃 and 𝑉 − 𝑄 droops: 

𝜔𝑟𝑒𝑓 = 𝜔∗ −𝑚(𝑃 − 𝑃∗) 

𝑉𝑟𝑒𝑓 = 𝑉∗ − 𝑛(𝑄 − 𝑄∗) 
(3. 11)  

where ‘*’ superscript denotes rated set points and 𝑚 and 𝑛 are droop gains. Since the BESS is 

mainly used in grid-following mode, the droop equations in (3.11) are not directly used. To enable 

the BESS to contribute to active/reactive power-sharing during system voltage and frequency 
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deviations, (3.11) is revised to (3.12) to form the BESS reference active/reactive powers: 

𝑃𝐵𝑟𝑒𝑓 = 𝑃𝐵
∗ −𝑚𝐵(𝜔 − 𝜔

∗) −𝑚𝜎

𝑑𝜔

𝑑𝑡
 

𝑄𝐵𝑟𝑒𝑓 = 𝑄𝐵
∗ − 𝑛𝐵(𝑉 − 𝑉

∗) 
(3. 12)  

𝑚𝐵 ≥
𝑃𝐵𝑚𝑎𝑥 − 𝑃𝐵𝑚𝑖𝑛

𝜔∗
 , 𝑛𝐵 ≥

𝑄𝐵𝑚𝑎𝑥 − 𝑄𝐵𝑚𝑖𝑛
𝑉∗

 (3. 13)  

where 𝑉 is the ACg voltage magnitude, 𝑚𝐵, 𝑛𝐵 and 𝑚𝜎 are BESS droop and ROCOF coefficients, 

respectively, and 𝑄𝐵∗  can be either set to a constant value to support ACg reactive power requirement 

or to zero to increase the BESS capacity of absorbing/injecting active power to the maximum rated 

value. While the BESS provides PQ service, the droop characteristics in (3.12) ensure that it re-

sponds to the voltage and frequency fluctuations as well as ROCOF. 

3.3.2.2 Coordinated LVRT Scheme in DFIG 

During grid faults and severe voltage sags, the electromagnetic torque inside the DFIG declines 

to low levels. This means that the DFIG does not supply active power during the fault. Grid codes 

mandate that the DFIG should stay connected and provide reactive power during low voltages. 

Therefore, inspired by [115], a coordinated control strategy of DFIG is adopted here to compensate 

for the reactive current requirement during the severe voltage drops. It is assumed that 1/3rd of 

output current is supplied by the GSC and 2/3rd of it is supplied by the stator. In normal operating 

condition, the reactive set point in RSC , 𝑄𝑟
∗, is set to zero. While during the fault, the DFIG should 

supply reactive current, and set points are changed according to DFIG terminal voltage magnitude: 

𝑄𝑟
∗(𝑝𝑢) =

{
 
 

 
 

0,  𝑉𝑡 ≥ 0.9

−
2

3
× (0.2)(0.8 − 𝑉𝑡), 0.5 < 𝑉𝑡 < 0.9

−
2

3
× 0.8, 𝑉𝑡 ≤ 0.5

 

(3. 14)  

The GSC and RSC maximum current should not be more than 0.8 and 0.9 pu, respectively.  
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3.3.3 Performance Evaluation and analysis 

In this research, as already mentioned, the time-domain simulation of the HMG shown in 

Fig.1 is performed in the MATLAB/Simulink environment that runs on an HPC-based computing 

cluster facility. Due to the detailed switching models of power electronic devices, the sample time 

for discrete-time simulations is chosen 𝑇𝑠 = 5𝜇  and the sampling frequency for all parameters is 

equal to 5𝑇𝑠. The power stage data are taken from [14]. All other controller parameters are given 

in the chapter appendix. Three major case studies are considered which are discussed below. Sim-

ulations are performed for a system with (W) and without (WO) BESS and the LVRT scheme 

discussed in the previous sections.  

3.3.3.1 Step load change analysis 

In this case, two load change scenarios are evaluated. First, a step load change is assumed in 

load1 (induction motor) in ACg. Motor data is given in the Appendix. 𝑃𝐷𝐺
∗  is set to 0.33 pu based 

on DG’s rated power for all cases. Initially (case A1), the motor is run with 1.0 pu of rated torque. 

At 14.5s the following changes occur in torque value in 1.5s intervals: [0.1, 1.2, 0.8]. Next (case 

A2), the step load change happens at 14s in DC load from the initial value of 300KW to the fol-

lowing values: [180, 250, 140] KW in 1.5s intervals. Figures 3.11 and 3.12 show dynamic re-

sponses of the system corresponding to these simulation cases. The fast charge /discharge opera-

tion along with the reference adjustment in BESS strictly rejects the power generation disturbance 

in the case of W. Although the system WO recovers also to the reference values in a longer time, 

the frequency passes beyond the upper bound level due to the high inertia of DFIG. And in both 

cases, it gets stable in a higher frequency due to declined load level and power-sharing mechanism 

in DG.  
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3.3.3.2 Power generation variation analysis  

 In this part, the performance of the proposed scheme is analyzed against intermittent wind 

and irradiation levels. First (case B1), the wind speed changes from the initial value of 14m/s 

(which gives rated power output) to the following values in 2s intervals accordingly: [8.5, 11.2, 

17, 12.5] m/s. The DFIG output changes based on wind speed variation and pitch angle control 

action. In the next simulation (case B2), solar irradiance in PV changes at 14s from the initial value 

of 1pu based on 1100W/m2 to the following values in 2s intervals accordingly: [0.6, 1.4, 0.9] pu 

applying an appropriate ramp-rate. The PV power output changes based on irradiance values and 

the MPPT perturbations. Figures 3.13 and 3.14 depict the results of essential HMG parameters for 

these cases. As it is expected, the BESS compensates for load/generation mismatches through a 

quick response of charge/discharge operation and thus keeps the load curve flat.  

3.3.3.3 Fault analysis  

In this section, the LVRT capability of the proposed scheme is evaluated against HMG faults 

under heavy load conditions. First (case C1), a three-line-to-ground (3LG) short circuit, is applied 

for 150ms duration at 𝑡𝑓 = 14  at location F in ACg shown in Figure 3.8. Next (case C2), a pole-

to-pole fault is applied in DCg bus for 100ms duration at 𝑡𝑓 = 14 . The dynamic response of both 

cases is delineated in Figure 3.15. In the case of ACg fault, the system W effectively controls 

fluctuations inside the limits. Although the system W can recover from DCg fault, it cannot bind 

the voltage magnitude inside the 1.2 pu limit for the specified time limit of 0.16s outlined in IEEE 

1547- 2018 [57].  

3.3.3.4 Index-Based Performance Evaluation 

To have a clear understanding and closer look at the performance of the discussed method, an 
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index-based performance evaluation is presented to quantify the excursion level of parameters. 

The index is defined as: 

𝑖𝑛𝑑𝑒𝑥 = ∫ |𝑥 − 𝑥𝑟𝑒𝑓|𝑑𝑡
𝑡1

𝑡𝑓

 
(3. 15)  

where x represents the parameter to be evaluated (e.g., voltage, frequency), xref is the steady-state 

pre-disturbance value of parameters, [𝑡𝑓  𝑡1] is the evaluation time range and is chosen [14 25]  

for all cases. The lower index value means better system performance. Table 3.2 shows the index 

values for some critical HMG parameters for selected cases. PoI represents the percentage of im-

provement. 

Table 3.2. Index-based performance evaluation 

 Case A2 Case B2 Case C1 

WO W PoI WO W PoI WO W PoI 

𝑉𝑎𝑐  (𝑝𝑢) 0.039 0.017 %55 0.082 0.016 %79 0.30 0.21 %28 

𝐹 (𝐻𝑧) 6.1 0.23 %96 7.5 0.31 %95 6.02 0.65 %89 

𝑉𝐷𝐶  (𝑉) 6.6 6.2 %5 10.0 9.4 %6 9.8 8.1 %17 

 

Figure 3.11 Step load change in Load1 (case A1) ; (a) ACg frequency, (b) ACg voltage magnitude and (c) 

BESS power in case of W 
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Figure 3.12 Step load changes in DC Load (case A2); (a) ACg frequency, (b) ACg voltage magnitude, (c) 

ILC and BESS power in case of W 

 

Figure 3.13 Wind speed fluctuation (case B1): a) ACg frequency, b) ACg voltage magnitude and c) DFIG 

and BESS power in case of W 
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Figure 3.14 Solar irradiance variation (case B2): (a) ACg frequency, (b) ACg voltage magnitude, (c) PV and 

BESS output power in case of W 

 

Figure 3.15 Fault analysis (cases C1 and C2); (a) and (b) ACg frequency, (b) and (c) ACg voltage magnitude 

during ACg and DCg faults respectively.  

3.4 Chapter Conclusion 

In this chapter, a coordinated control strategy was proposed to enhance the FRT capability of 

an islanded hybrid AC/DC microgrid. In addition, a coordinated control strategy of the droop-

based BESS and LVRT scheme in DFIG was proposed to enhance the disturbance resilience of 

the islanded HMG with a high level of RES penetration. The following remarks are concluded 
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from the simulation results for both studies: 

a-1) The coordinated MSDBR control along with the reactive current control loop in the ILC, 

effectively suppresses the fault current during both symmetrical and asymmetrical faults.  

a-2) With the proposed FRT, not only do the DERs remain connected but also unaffected 

loads are able to continue the service. 

a-3) The proposed method can recover the positive sequence voltage and reduce negative and 

zero sequence voltage components. Furthermore,  

b-1) The proposed strategy for disturbance resiliency enhancement effectively minimizes 

power fluctuations generated from intermittent RES to maintain a relatively flat load profile.  

b-2) The proposed coordinated control of BESS along with the reactive current control com-

pensation in DFIG RSC effectively improves the LVRT capability during ACg fault.  

In the next chapters, the study will be extended to design a novel bi-directional DC-DC con-

verter for energy storage applications in DC and hybrid microgrids. 

3.5 Chapter Appendix 

3.5.1 System parameters for both studies  

Table 3.3 presents the system’s data for the power stage. 

 

 

 

 

 

 

 

 

 

 

 



72 

 

 

Table 3.3 System data for power stage  

DFIG 

Rated Power 1.67 MVA Turbine inertia constant 4.32 

Rated Voltage 575 V Shaft spring constant 1.11 

Stator Rs, Ls 0.023, 0.18 pu Shaft mutual damping 1.5 

Rotor R’r, L’r 0.016, 0.16 pu DC Link Capacitor  10 mF 

Inertia constant 0.685 s Rated DC-link Voltage 1150 V 

Friction factor 0.01 pu Pole pairs  3 

PV 

Module  SunPower Model: SPR-315E-WHT-D  

Parallel strings 128 Series modules per string 8 

DG 

Rated Power:  800 KVA Xd, Xq    2.59, 2.36 pu 

Rated Voltage 460 V Inertia constant, Friction  0.1716s,0.0133pu 

Stator Resistance Rs 0.014 pu Pole pairs  2 

AC BESS 

Rated Voltage  950 V AC Filter: Rf1, Lf1, Cf1      1.9mΩ, 0.5mH, 250μF 

Rated Capacity  500 Ah DC link Voltage, Capacitor 750V, 5mF 

  VSC carrier frequency 1980 Hz 

DC BESS 

Rated Voltage  690 V Rated Capacity  688 Ah 

IC 

DC Voltage, CDC 800V, 50 mF VSC carrier frequency 1980 Hz 

AC Filter: Rf2, Lf2, Cf2     1.9mΩ, 0.5mH, 2500μF  

MSDBR 

RBR 1.213 pu PWM switching frequency 5 KHz 

HMG Loads and Lines  

Base Voltage (VAC) 4.16 KV Load 1,2  0.85pu, PF=0.83 

Base Power  1MVA System frequency 60 Hz 

L1, L2, L3 1.9, 1.3, 1.9 mH R1, R2, R3 0.2, 0.1384,0.2 Ω 

3.5.2 Parameters of the system controllers: 

DG: 𝑇𝑟1 = 0.2, 𝑇𝑟2 = 0.02, 𝑇𝑟3 = 0.2, 𝑇𝑎1 = 0.25,  𝑇𝑎2 = 0.009, 𝑇𝑎3 = 0.0386, 𝑡𝑑 = 10𝑚 , 𝐾𝑎 = 25, 𝑚𝑑𝑔 = 0.05 

ILC: 𝐾𝑖1 = 7.5, 𝐾𝑝1 = 0.42, 𝐾𝑖2 = 50, 𝐾𝑝2 = 6 

BESS: PI3- 𝐾𝑖3 = 20, 𝐾𝑝3 = 0.3, PI4- 𝐾𝑖4 = 2, 𝐾𝑝4 = 0.05, PI5- 𝐾𝑖5 = 10, 𝐾𝑝5 = 0.025, 𝑚𝐵 = 75, 𝑛𝐵 = 5, 𝑚𝜎 =

0.05, 𝜔𝑐 = 20
𝑟𝑎𝑑

𝑠
, 𝑃𝐵𝑚𝑎𝑥 = 1𝑀𝑊,𝑃𝐵𝑚𝑖𝑛 = −1𝑀𝑊 , 𝑄𝐵𝑚𝑎𝑥 = 0.4𝑀𝑉𝑎𝑟,  𝑄𝐵𝑚𝑖𝑛 = −0.4𝑀𝑉𝑎𝑟, 𝑄𝐵

∗ = 0.2𝑀𝑉𝑎𝑟 

Induction motor: 460𝑉, 205𝐾𝑊, 1780 𝑅𝑃𝑀, 1100𝑁.𝑚 
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Chapter 4  A Novel Bidirectional DC-DC Converter for Energy 

Storage Applications [116] 

4.1 Introduction 

Hybrid microgrids (HMGs) are evolving from the concept stage to real-world practice, as they 

combine the functionalities of both AC and DC load/generation systems into a synthetic power 

distribution system. [13][117]. It is imperative to regulate system oscillations with faster dynamics 

and reliable controllers. Converter-interfaced battery energy storage systems (BESS) [15] are well 

demonstrated to be the most reliable, technically suitable, and economically available solutions to 

manage voltage/frequency deviations and to enhance the dynamic performance of microgrids 

[118]. 

L

VL VH

+

-

D1

+

-
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Sbuck

Sboost

D2
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Figure 4.1 Conventional bidirectional DC-DC converter. 

Based on the background provided in section 2.6 of chapter 2, to overcome the drawbacks of 

the conventional DC-DC converter (see Figure 4.1) this chapter proposes a novel bidirectional DC-

DC converter for BESS applications in hybrid and DC microgrids (see Figure 4.2). Several notewor-

thy features of the proposed converter are as follows: 

(i) It employs two Boost converters in back-to-back topology and has a minimum additional 

component compared with other proposed converter configurations.  



74 

 

(ii) Compared to the conventional type, the proposed converter has three more diodes and one 

more inductor and capacitor. Since there is no Buck operation and the battery voltage can be raised 

to higher levels, the converter inductors have less inductance and current capacity due to the re-

duced battery current.  

(iii) The proposed configuration has two voltage levels on the battery side in two modes of 

operation. The converter exhibits similar dynamic characteristics in both modes of operation, 

hence, one single controller can be designed and implemented.  
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Figure 4.2 Proposed bidirectional DC-DC converter. 

Table 4.1 presents a summarized comparison of the salient features of the proposed BDC in 

this paper and other BDCs submitted in previously discussed research works. The proposed con-

verter is suitable for voltage and power control in DC microgrids or DC subgrids of HMGs, spe-

cifically for high-voltage/high-power applications. The proposed BDC is employed in HMG, as 

shown in Figure 4.3, and its efficacy is evaluated by the time-domain simulations presented in 

section 4.4. The HMG in Figure 4.3 comprises AC and DC subgrids interconnected through an 

ILC and two DERs, as well as a BESS in a DC subgrid. More details are given in section 4.4. 
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Table 4.1. Comparison between proposed, conventional, and other bidirectional DC-DC converters (BDCs). 

 Proposed Conventional  [69] [72] [67]/ [73] [74] [70] 

Voltage gain in dis-

charge mode 

1

1 − 𝐷
 

1

1 − 𝐷
 

2𝐺1
 (1)

1 − 𝐷𝑏𝑜𝑜𝑠𝑡
 

1 + 𝐷

1 − 𝐷
 

1

1 − 𝐷
 (

1

1 − 𝐷
)
2

 
2 + 𝐷

1 − 𝐷
 

Voltage gain in 

charge mode 

1

1 − 𝐷
 𝐷 

1

2
𝐷𝑏𝑢𝑐𝑘𝐺2

 (1)
  

1 − 𝐷

1 + 𝐷
 𝐷 𝐷2 

(1 − 𝐷)𝐷

2𝐷2 + 1
 

Symmetrical scheme ✓       

Control complexity low low high low medium low high 

Component count: - - - - - - - 

Inductors 2 1 3 2 3/3 2 1 

Capacitors (2) 0 0 3 2 2/2 1 2 

Switching devices 4 2 4 3 2/4 4 3 

Diodes (3) 3 - - - - - 3 

Coupled inductors - - - - 1/1 - 1 

(1) 𝐺1, 𝐺2 are functions of switching frequency, load resistance, and reactance of the resonant circuit parameters. 
(2) Input/output capacitors are not counted. (3) Body diodes are not considered 

BDC
DC 

Loads

BESS DER2

Cf

Lf1

Cdc

Lf1

Cf

Lf2

ILC
DER1

~ Main grid

Rlin e , Llin eLf2

AC 

Load

Case I: Connected to Main grid

Case II: Connected to DER1
 

Figure 4.3 Hybrid microgrid under the study. 

4.2 Proposed DC-DC Converter for BESS System 

4.2.1 Principle of Operation 

The proposed converter is composed of two Boost converters in a back-to-back configuration. 

Therefore, there is the only step-up mode in both directions. The objective is to make a 
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bidirectional converter that: 

• Works symmetrically with the same dynamic properties in both directions. 

• Has equally high DC gain in both discharge and charge modes. 

• Does not have much power loss compared with the conventional type. 

• Has a robust yet straightforward controller that fits both modes.  

The proposed configuration has two battery voltage levels in two modes of operation, i.e., in 

discharge mode 𝑣1 < 𝑣2 and in charge mode 𝑣1 > 𝑣2, as shown in Figure 4.2. This is made by 

employing two battery sections with equal voltage levels, which work in parallel in discharge mode 

and series in charge mode. Although two battery levels are used, in practice, battery packs are 

made up of several cells connected in series and parallel to achieve the desired voltage and current. 

Hence, this would not be a limitation. 𝑆1 and 𝑆2 are modulating switches that are separately con-

trolled by the pulse width modulator (PWM) driver in discharge and charge mode, respectively. 

Equal parameters make the base case for two modes. However, the different input/output op-

erational voltages and the converter external network result in different converter dynamics during 

bidirectional operation. Thus, some adjustments in the power stage and control loops are needed 

to make a symmetrical bidirectional operation. In this study, it is assumed that 𝑟𝐿1 = 𝑟𝐿2 = 𝑟𝐿 and 

𝑟𝑐1 = 𝑟𝑐2 = 𝑟𝑐, where 𝑟𝐿 and 𝑟𝑐 are equivalent series resistance (ESR) of the inductor and the ca-

pacitor. ON-state resistance (𝑟𝑜𝑛) of power switches and diodes are neglected in the theoretical 

analysis for simplicity [43][119][120] but are included in the simulation analysis for accuracy. 

Discharge mode operation: Figure 4.4 shows the converter circuit in discharge mode. In this 

mode, 𝑆1 is modulated to boost 𝑣2, while 𝑆3 is kept ON and 𝑆4 is kept OFF. 𝐷1 and 𝐷2 are in forward-

bias and 𝐷3 is in reverse-bias during Boost operation to configure two battery sections in parallel 
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connection to allow current 𝐼1 to flow from 𝑣1 toward 𝑣2 (see Figure 4.4a). Consequently, battery 

sections with parallel capacitors are all in parallel connection and 𝑣1 = 𝑉𝑏 − 𝑉𝑑, where 𝑉𝑏 is the 

battery voltage in each section and 𝑉𝑑 is the voltage drop across the diode (𝐷1 and 𝐷2) in forward bias 

(see Figure 4.4b). Due to the low order of magnitude, 𝑉𝑑 can be neglected in high-voltage appli-

cations, i.e., 𝑣1 ≈ 𝑉𝑏. However, this should not be the case in low-voltage applications. 
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Figure 4.4 Discharge mode circuit. (a) Current flow diagram; (b) equivalent circuit. 

Charge mode operation: In charge mode, (see Figure 4.5), 𝑆2 is modulated to boost 𝑣1, while 

𝑆4 is kept ON and 𝑆3 is kept OFF. 𝐷1 and 𝐷2 are in reverse-bias and 𝐷3 is in forward-bias during 

Boost operation to configure two battery sections in series connection and to allow current 𝐼2 to 

flow from 𝑣2 toward 𝑣1 (see Figure 4.5a). As a result, battery sections with parallel capacitors are 

in series connection with 𝐷3 in between. If 𝐷3 is moved to the lower part of the series connection 

such that the same current (𝐼1) flows through it, the circuit configuration remains the same, hence, 

𝑣1 = 2𝑉𝑏 + 𝑉𝑑, as shown in Figure 5b. It can be shown that 𝐼𝑥 = 0 and the symmetrical 
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combination of the two battery sections and parallel capacitors are equivalent to one section in 

parallel with the equivalent capacitor and its ESR, as shown on the left side of Figure 5b. Also, 𝐶2 

can be removed since the battery charge level is high enough to keep 𝑣1 constant.  

In mode changeover state, inductors are fully discharged before the current flow direction 

changes. Hence, 𝑆3 and 𝑆4 are switched under zero current conditions. Figure 4.6 shows a simula-

tion instance of inductor currents and 𝑆3 and 𝑆4 switching conditions during a power flow direction 

change.  
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Figure 4.5 Charge mode circuit. (a) Current flow diagram; (b) equivalent circuit. 
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Figure 4.6 Inductor currents and 𝑆3−𝑆4 switching conditions during a flow direction change. 

Comparing two modes, the only discrepancy in the converter structure is the value of capacitor 

ESR equal to 2𝑟𝑐 in charge mode, which is negligible due to its order of the value. Also, since the 

values of the capacitor ESR are not proportional to its capacity, the series combination resistance is 

less than 2𝑟𝑐. In addition, 𝑟𝑐 does not affect the steady-state operation of the converter. It should be 

noted that since 𝑆3 and 𝑆4 are not continuously modulated, their conduction loss is significantly 

lower than the switching loss [121]. Also, they should be implemented by devices without body 

diodes such as IGBTs. However, 𝑆1 and 𝑆2 can be implemented by either IGBTs or MOSFETs. 

Although IGBTs might be suitable for high power/high voltage applications, MOSFETs have lower 

switching and conduction losses and can work with higher switching frequencies. The maximum 

stress voltage on all switches is equal to 2𝑉𝑏 and 𝑉𝑏 for all diodes. 

Battery voltage selection: To realize the discharge and charge mode voltage equalization, for 

a given DC grid rated voltage 𝑉𝑑𝑐, such that 𝑣2 = 𝑉𝑑𝑐 in steady-state, the rated value of battery 

voltage 𝑉𝑏 in each section is determined such that the equal steady-state duty ratio is maintained. 
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{
𝑉𝑑𝑐 =

𝑉𝑏
1 − 𝐷

               discharge mode

2𝑉𝑏 =
𝑉𝑑𝑐
1 − 𝐷

                  charge mode

 
(4. 1)  

Then, 
𝑉𝑏

𝑉 𝑐
=

𝑉 𝑐

2𝑉𝑏
, which yields: 

𝑉𝑏 =
𝑉𝑑𝑐

√2
 

(4. 2)  

4.2.1 Converter Transfer Functions 

In order to design the converter controllers, a linearized model of the converter is derived 

based on the state-space averaging for continuous conduction mode (CCM) [119][43]. Since the 

converter has the same structure (but inequivalent parameter values) in both modes, one equivalent 

model is derived that is valid for both modes, as depicted in Figure 4.7.  
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Figure 4.7 Equivalent Boost converter circuit; 𝑒1 and 𝑒2 represent input and output voltages, respectively and 

𝑅𝑙 represents the converter equivalent load in each mode. 

Averaging takes place over one switching interval 𝑇𝑠 =
1

𝑓𝑠
, with 𝑓𝑠  being the PWM switching 

frequency with ON- and OFF-state subintervals for 𝑆1, 𝑆2 switches. Averaged affine continuous-time 

state-space representation of the converter is given by  

{
�̇�(𝑡) = 𝓐𝑥(𝑡) + 𝓑𝑢(𝑡)

𝑦(𝑡) = 𝓒𝑥(𝑡)                  
 

(4. 3)  

where 𝑥(𝑡) = [𝑖𝐿(𝑡) 𝑣𝑐(𝑡)]
𝑇 is the state vector, 𝑢(𝑡) is the converter input voltage 𝑒1, 𝑖𝐿 is the 



81 

 

inductor current, 𝑣𝑐 is the capacitor voltage, and 𝑦(𝑡) is the output. 𝓐,𝓑, and 𝓒 are the averaged 

state transition, input, and output matrices. The converter input voltage (𝑣1 in discharge mode and 

𝑣2 in charge mode) is assumed to stay constant during Boost operation. With this assumption, 𝑖𝐿 

represents the input current in both modes. Writing the network equations during ON/OFF-state sub-

intervals and establishing state-space equations, we obtain [43] 

𝓐 =

[
 
 
 
 −
1

𝐿
(𝑟𝐿 +

𝑑′𝑟𝑐𝑅𝑙
𝑟𝑐 + 𝑅𝑙

) −
𝑑′

𝐿
(1 +

𝑟𝑐
𝑟𝑐 + 𝑅𝑙

)

𝑑′𝑅𝑙
𝐶(𝑟𝑐 + 𝑅𝑙)

−
1

𝐶(𝑟𝑐 + 𝑅𝑙) ]
 
 
 
 

 

𝓑= [
1

𝐿

0
]         𝓒 = [𝑑′𝑅𝑙(1 −

𝑅𝑙

𝑟𝑐+𝑅𝑙
)

𝑅𝑙

𝑟𝑐+𝑅𝑙
] 

(4. 4)  

where 𝑑 ∈ [0,1] is the duty ratio variable and 𝑑′ = 1 − 𝑑. 𝑅𝑙 represents the load resistance esti-

mated based on the converter network discussed hereafter. Averaged value matrices are obtained 

by combining the corresponding subintervals matrices over one switching period. For the affine 

system (4.3) with the initial state 𝑥(0) = 𝑥0, 𝓐 is stable and nonsingular, such that 𝑥(𝑡) converges 

to equilibrium point 𝑋 = −𝓐−1𝓑𝑢 [122]. Let 𝑢 = 𝑒1 and 𝑦 = 𝑒2, then linearizing (4.3) results in a 

two-input, two-output, small-signal model of the converter, represented by the following system 

of transfer function equations in the s-domain: 

[
𝑒2( )

𝑖𝐿( )
] = [

𝐺11 𝐺12
𝐺21 𝐺22

] [
𝑑( )

𝑒1( )
] 

(4. 5)  

where 

𝐺11 =
𝑒2( )

𝑑( )
| 𝑒1=0 = 𝛼0

𝛼1 
2 + 𝛼2 + 𝛼3

𝛼4𝛼5 2 + 𝛼4𝛼6 + 𝛼4
2 

(4. 6)  
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𝐺12 =
𝑒2( )

𝑒1( )
|𝑑=0 =

𝑅𝑙𝐶𝐷
′𝑟𝑐(𝑅𝑙 + 𝑟𝑐) + 𝑅𝑙𝐷

′(𝑅𝑙 + 𝑟𝑐)

𝛼5 2 + 𝛼6 + 𝛼4
 

(4. 7)  

𝐺21 =
𝑖𝐿( )

𝑑( )
|𝑒1=0 = 𝛼7

𝐶(𝑅𝑙 + 𝑟𝑐) + 1

𝛼4𝛼5 2 + 𝛼4𝛼6 + 𝛼4
2 

(4. 8)  

𝐺22 =
𝑖𝐿( )

𝑒1( )
|𝑑=0 =

𝐶(𝑅𝑙 + 𝑟𝑐)
2 + (𝑅𝑙 + 𝑟𝑐)

𝛼5 2 + 𝛼6 + 𝛼4
 

(4. 9)  

𝛼0 = −𝑅𝑙𝐸1(𝑅𝑙 + 𝑟𝑐) 

𝛼1 = 𝐿𝐶𝑟𝑐(𝑅𝑙 + 𝑟𝑐) 

𝛼2 = 𝐶𝑟𝐿𝑟𝑐
2(1 + 𝐷′) + [𝐶𝑅𝑙(𝑟𝐿𝐷

′ − 𝑅𝑙𝐷
′2 + 𝑟𝐿) − 𝐶𝑟𝐿𝐷

′ + 𝐿]𝑟𝑐 + 𝐿𝑅𝑙  

𝛼3 = (𝑅𝑙 − 𝐷
′ + 𝑟𝑐 + 𝑅𝑙𝐷

′ + 𝑟𝑐𝐷
′)𝑟𝐿 − 𝑅𝑙

2𝐷′2 

𝛼4 = 𝑅𝑙𝐷
′(𝑅𝑙𝐷

′ + 𝑟𝑐) + 𝑟𝐿(𝑅𝑙 + 𝑟𝑐) 

𝛼5 = 𝐿𝐶(𝑅𝑙 + 𝑟𝑐)
2 

𝛼6 = [𝐿 + 𝐶(𝑅𝑙𝑟𝐿 + 𝑟𝑐𝑟𝐿+𝑅𝑙𝐷
′𝑟𝑐)](𝑅𝑙 + 𝑟𝑐) 

𝛼7 = 𝐸1(𝑅𝑙 + 𝑟𝑐)[(1 − 𝑟𝑐 − 𝑅𝑙)𝑟𝐿 + 𝑟𝑐𝑅𝐿 + 𝐷
′𝑅𝑙
2] 

(4. 10)  

where 𝐷 = 1 − 𝐷′ is the steady-state value of duty ratio. Expression (4.5) states that duty ratio 

𝑑( ) and converter input voltage 𝑒1( ) are the independent input controls in the general form. 

However, the input voltage is assumed here to be approximately constant during Boost operation. 

Hence, the duty ratio is the only control input. In (4.6)–(4.10), 𝐸1 is the DC value of the input 

voltage 𝑒1 in the steady-state operation. It should be noted that the value of the input voltage is not 

the same during the two modes.  

4.2.3 Estimation of the Equivalent Load Resistance  

Unlike the conventional notion of the unidirectional DC-DC converters, the bidirectional DC-DC 

converter used in microgrids does not have an explicit load resistance (𝑅𝑙) connected to the output 

terminal. However, the dynamic value of 𝑅𝑙  depends on the parameters of the network external to 
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the converter (see Figure 4.8), which vary during charge and discharge mode operation and are 

essential parameters for transfer function realization. Conventional methods of calculating transfer 

functions [19][43][44][119] are based on known values of load resistance. In contrast, in a BDC, 

the actual value of the load resistance mainly depends on the input/output terminal voltages. This 

subsection provides a novel yet simple approach to calculating this parameter.  

DC-DC

Converter
Vb

I2

Vdc

I1 RgRb

v1 v2

Charge mode

Discharge mode

(2Rb)

(2Vb)

+

-

+

-

 

Figure 4.8 Converter connection network. (∙) stands for charge mode operating parameters. 

The following network equations hold for the discharge mode (see Figure 4.8): 

{
 𝑣1 = 𝑉𝑏 − 𝑅𝑏𝐼1   
𝑣2 = 𝑉𝑑𝑐 + 𝑅𝑔𝐼2 

 
(4. 11)  

where 𝐼2 = 𝐷′𝐼1 and 𝑣1 = 𝐷
′𝑣2. In discharge mode, the equivalent load (𝑅𝑙

𝑑𝑐ℎ) is seen from the 

𝑣2 terminal and 𝐼2 flows toward the grid. From (4.11), we obtain 

𝑅𝑙
𝑑𝑐ℎ =

𝑣2
𝐼2
=

𝑅𝑔𝑣2

𝑣2 − 𝑉𝑑𝑐
  

=
𝑉𝑏𝑅𝑔𝐷

′ + 𝑅𝑏𝑉𝑑𝑐

𝐷′(𝑉𝑏−𝐷
′𝑉 𝑐)

 

(4. 12)  

It is useful to express the load as a function of the voltage ratio 
𝑉 𝑐

𝑉𝑏
 to reflect its variation with 

respect to both battery and DC grid voltage variations. Dividing the nominator and denominator 

of (4.12) by 𝑉𝑏, we obtain 
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𝑅𝑙
𝑑𝑐ℎ =

𝑅𝑔𝐷
′ + 𝑅𝑏𝑀

𝐷′(1−𝐷
′𝑀)

 
(4. 13)  

where 𝑀 =
𝑉 𝑐

𝑉𝑏
. It should be noted, according to (2), 𝑀 = √2 for the nominal values of 𝑉𝑑𝑐 and 𝑉𝑏 

In recent equations, 𝑅𝑏 and 𝑅𝑔 are the total battery side and grid side resistances, respectively. 

Similarly, the following network equations satisfy the charge mode:  

{
𝑣1 = 2𝑉𝑏 + 2𝑅𝑏𝐼1   
𝑣2 = 𝑉𝑑𝑐 − 𝑅𝑔𝐼2     

  
(4. 14)  

where 𝐼1 = 𝐷
′𝐼2 and 𝑣2 = 𝐷′𝑣1. In charge mode, the equivalent load resistance (𝑅𝑙

𝑐ℎ) is seen from 

the 𝑣1 terminal and 𝐼1 flows toward the battery. From (4.13), we obtain  

𝑅𝑙
𝑐ℎ =

𝑣1
𝐼1
=

2𝑅𝑏𝑣1
𝑣1 − 2𝑉𝑏

 

=
2𝑅𝑏𝐷

′𝑉𝑑𝑐 + 4𝑅𝑔𝑉𝑏

𝐷′(𝑉𝑑𝑐 − 2𝐷′𝑉𝑏)
 

(4. 15)  

Expressed as a function of voltage ratio, (4.15) becomes 

𝑅𝑙
𝑐ℎ =

2𝑅𝑏𝐷
′𝑀+ 4𝑅𝑔

𝐷′(𝑀 − 2𝐷′)
 

(4. 16)  

The superscripts ch and dch refer to charge mode and discharge mode parameters, respec-

tively. The maximum loading (corresponding to the minimum load resistance) occurs for the max-

imum grid voltage 𝑉𝑑𝑐
𝑚𝑎𝑥 and minimum battery voltage 𝑉𝑏

𝑚𝑖𝑛  in charge mode and the minimum 

grid voltage 𝑉𝑑𝑐
𝑚𝑖𝑛 and maximum battery voltage 𝑉𝑏

𝑚𝑎𝑥  in discharge mode. Figure 4.9 shows a 

profile of equivalent load resistance vs. variation of voltage ratio for the test case presented in 

Table 4.2. The power stage parameters of the converter can be designed based on conventional 

ripple-based [19] or optimization-based [123] methods.  
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Figure 4.9 Load resistance variation for the test case presented in Table 4.2. 

Table 4.2 Parameters of the proposed BDC. 

𝐶1 500 μF 𝐶2 300 μF 𝑟𝑐 10 mΩ 

𝐿1 0.45 mH 𝐿2 0.72 mH 𝑟𝐿 0.5 mΩ 

𝑉𝑏 565   𝑉𝑑𝑐 800   𝜔𝑓𝑖 500
rad

s
 

𝑅𝑏 11 mΩ 𝑅𝑔 25 mΩ 𝑓𝑠 50 kHz 

𝑘𝑝𝑖, 𝜔𝑐𝑖 0.0003, 8340
rad

s
 𝑘𝑝𝑣, 𝜔𝑐𝑣 0.00199, 196

rad

s
 

𝐾𝑃𝑊𝑀 1 𝐻𝑣 1 𝐻𝑐 1 

Battery: Capacity 300 Ah Type Li-ion 𝑟𝑜𝑛 = 5 mΩ 

 

4.2.4 Power Stage Adjustment  

Although the equal values of the inductor and capacitor for charge and discharge mode Boost 

converters theoretically result in similar dynamics, the external network causes unequal loading 

for each mode, resulting in small discrepancies that deteriorate the dynamic performance when 

working as a bidirectional converter. Therefore, an adjustment in the internal configuration is 

needed to tackle this discrepancy. Figure 4.10 shows the bode plot of the open-loop transfer func-

tion of the unadjusted Boost converters in both modes of operation for 𝐺11( ) for the converter 

parameters shown in Table 4.2. There are two significant differences between the two modes, 
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i.e., the quality factor and high/low-frequency gains. This section deals with the former to provide 

equal dynamic performance. The latter is discussed in the next section. 

 

Figure 4.10 Bode plot of unadjusted converter for open-loop 𝐺11( ) with zoomed-in magnitude. 

From the characteristic equation of the system given in (6) and (8) and comparing with the 

standard form of a second-order system’s equation [19][44], the quality factor 𝑄 and correspond-

ing resonant frequency 𝜔𝑟 are defined as  

𝑄 =:
1

𝛼6
√𝛼4𝛼5    𝜔𝑟 =:√

𝛼4
𝛼5

 
(4. 17)  

The quality factor in frequency response corresponds to time-domain overshoot and is corre-

lated to the damping ratio 𝛿, as in 𝑄 =
1

2𝛿
. In general, with the symmetrical form of the proposed 

bidirectional converter, the discharge mode has a smaller quality factor due to the higher loading 

and can be chosen as the reference. Hence, equating the quality factor in discharge mode with that 

of the value in the charge mode yields the adjusted 𝐿2 and 𝐶2. 
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(
1

𝛼6
√𝛼4𝛼5)

𝑐ℎ

= 𝑄𝑑𝑐ℎ 
(4. 18)  

In addition, to maintain the same resonant frequency, we use 

(√
𝛼4
𝛼5
 )

𝑐ℎ

= 𝜔𝑟
𝑑𝑐ℎ 

(4. 19)  

Substituting coefficients (4.10) into (4.17) for the charge mode using the rated values of load 

resistance 𝑅𝑙
𝑐ℎ and input voltage 𝐸1

𝑐ℎ in (4.18) and (4.19) yields 

𝑄𝑑𝑐ℎ
2
𝐿2
2 + 𝑄𝑑𝑐ℎ

2
 𝛾2𝐶2

2 + (𝑄𝑑𝑐ℎ
2
𝛾 − 𝛼4)𝛼4𝐿2𝐶2 = 0 

𝜔𝑟
𝑑𝑐ℎ2(𝑅𝑙

𝑐ℎ + 𝑟𝑐)
2
𝐿2𝐶2 − 𝛼4 = 0 

𝛾 = 𝑅𝑙
𝑐ℎ𝑟𝐿 + 𝑟𝑐𝑟𝐿+𝑅𝑙

𝑐ℎ𝐷′𝑟𝑐 

(4. 20)  

subject to 

𝐿2𝑚𝑖𝑛 < 𝐿2 < 𝐿2𝑚𝑎𝑥 and 𝐶2𝑚𝑖𝑛 < 𝐶2 < 𝐶2𝑚𝑎𝑥  

where (4.20) is a bivariate quadratic system of equations that can be solved for 𝐿2 and 𝐶2. The 

minimum values of the inductor and the capacitor are obtained based on ripple criteria. An esti-

mation of the maximum values can be roughly calculated based on the ratio of load re-

sistances, such that 
𝐿2𝑚𝑎𝑥

𝐿1
≅

𝑅𝑙
𝑐ℎ

𝑅𝑙
 𝑐ℎ and 

𝐶1

𝐶2𝑚𝑎𝑥
≅

𝑅𝑙
𝑐ℎ

𝑅𝑙
 𝑐ℎ. Figure 4.11 shows the bode plot of the adjusted 

converter with equal quality factors for the converter’s case, as presented in Table 4.2.  
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Figure 4.11 Bode plot of the adjusted converter for open-loop 𝐺11( ). 

4.3 Control System  

The transfer functions derived in the earlier sections can be utilized to design different 

schemes of closed-loop controllers based on the linearized models. The BESS in the DC grid is 

usually used in the grid-forming operation to control DC grid voltage. In contrast, in grid-following 

operation, power is injected/absorbed to track the reference power signals defined by the power 

management system (PMS). The power mode control is designed based on the current controller 

using a reference power to generate the reference current. Here, a design approach is presented 

based on the frequency response of the open/closed-loop gain transfer function for the proposed 

BDC controller design presented in subsection 4.3.1. Subsection 4.3.2 briefly discusses the con-

ventional BDC controller scheme as a background framework for the comparison made in Section 

4.4.  

4.3.1 Proposed Converter Controller  

4.3.1.1 Current Control Mode 

Figure 4.12a illustrates a block diagram of the small-signal model of the converter with the 
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current controller. 𝐺𝑐𝑖, 𝐾𝑃𝑊𝑀, and 𝐻𝑐 are the compensator, the PWM gain, and the feedback sen-

sor’s transfer function, respectively.  

Iref IL
  

-

KPW M 
d

G21Gci

Hc

G22

  

e1

 

(a) 

0

1
PWM

  

-

Gci

DC-DC 

Converter

S1

S2PWM
-1

0
-1

d
IL1

Iref

IL2

IL1+IL2

KI

>0
S3

>0
S4

 

(b) 

Figure 4.12 Current controller block diagram of the proposed converter. (a) Closed-loop small-signal model 

based on the discharge mode parameters for reference; (b) plant model. 

Figure 4.13a shows the bode plot of the open-loop 𝐺21 for both modes with adjustment made 

in the power stage for the case study presented in Table 4.2, which has a similar phase but dissim-

ilar gain. Before the controller is designed, another adjustment is needed to obtain equal bidirec-

tional gain dynamics. The overall behavior of 𝐺21 is like a single real pole, which is 
𝐺210
𝑠

𝜔𝑏21
+1

, where 

𝜔𝑏21 is the cut-off frequency and 𝐺210 =
𝛼7

𝛼4
2 is the DC gain. By neglecting ESRs, 𝐺210 ≅

2𝐸1

𝑅𝑙𝐷
′3

 is 

obtained in terms of converter rated values for the Boost converter, as depicted in Figure 4.6. In 

the low frequency, |𝐺21( )| = 𝐺210, whereas in the high frequency, the gain decreases with a slope 

of −20
𝑑𝐵

𝑑𝑒𝑐
. 
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(a) (b) 

Figure 4.13 Bode plots of duty ratio-to-inductor current 𝐺21( ). (a) uncompensated charge mode gain; (b) 

compensated charge mode gain. 

The adjustment made in the earlier section guarantees equal bidirectional bandwidth for 𝐺21. 

Therefore, to have the same bidirectional gain crossover frequency, the following equity should 

be supported: 

𝐺210
𝑐ℎ = 𝐺210

𝑑𝑐ℎ 

⇒
2𝑉𝑑𝑐

𝑅𝑙
𝑐ℎ𝐷′3

=
2𝑉𝑏

𝑅𝑙
𝑑𝑐ℎ𝐷′3

 
(4. 21)  

Selecting the discharge mode as a reference, gain coefficient 𝐾𝐼 is obtained from (4.21) for 

the charge mode current control loop. 

𝐾𝐼 =
𝑉𝑏𝑅𝑙

𝑐ℎ

𝑉𝑑𝑐𝑅𝑙
𝑑𝑐ℎ 

(4. 22)  

Figure 4.13b shows the bode plot of both modes for the open-loop 𝐺21 after applying gain 

adjustment, yielding analogous bidirectional dynamics. The closed-loop current controller can be 

designed based on the discharge mode parameters, which is the reference mode. For sufficient 
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disturbance rejection during load variation, we choose the lag type controller for 𝐺𝑐𝑖. Although the 

lag controller relatively reduces converter response (hence its bandwidth), it reduces the switching 

noise in the feedback signal. Inspired by the method discussed in [19], the compensator transfer 

function is given by 

𝐺𝑐𝑖( ) = 𝑘𝑝𝑖 (1 +
𝜔𝑐𝑖
 
) 

(4. 23)  

where 𝑘𝑝 is the proportional gain and 𝜔𝑐𝑖 is the controller’s zero, which is selected at least one 

decade below the closed-loop gain crossover frequency 𝜔𝑐21 to maintain an adequate phase margin 

and therefore system stability. On the other hand, to suppress switching harmonics, 𝜔𝑐21 is placed 

well below the switching frequency 𝑓𝑠. The approximate practical proportions 𝜔𝑐21 =
2𝜋𝑓𝑠

4
 and 

𝜔𝑐𝑖 =
𝜔𝑐21

10
 are chosen for this work. The unity value of the loop gain of the compensated current 

control loop occurs at 𝜔𝑐21, i.e., |𝐿(𝑗𝜔𝑐21)| = 𝐾𝑃𝑊𝑀|𝐺𝑐𝑖(𝑗𝜔𝑐21)𝐺21(𝜔𝑐21)𝐻𝑐(𝑗𝜔𝑐21)| = 1. The 

value of the controller gain is |𝐺𝑐𝑖| = 1.1𝑘𝑝𝑖 at this frequency. Then, the compensator’s coefficient 

is obtained as follows:  

𝑘𝑝𝑖 =
1

1.1𝐾𝑃𝑊𝑀|𝐺21(𝑗𝜔21)𝐻(𝑗𝜔21)|
 

(4. 24)  

Since the approach is practical, further tuning might be needed to ensure closed-loop stability, 

limited overshoot, and reasonable phase margin. The reference current 𝐼𝑟𝑒𝑓 is calculated based on 

the reference power 𝑃𝑟𝑒𝑓 acquired from PMS. In the current (power) control mode, it is assumed 

that other devices in the grid control the grid voltage. The sign of 𝑃𝑟𝑒𝑓 determines the converter 

operation mode as follows:  
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{
 
 

 
 𝑃𝑟𝑒𝑓 > 0, 𝐼𝑟𝑒𝑓 =

𝑃𝑟𝑒𝑓

𝑣2
         Charge mode

𝑃𝑟𝑒𝑓 < 0, 𝐼𝑟𝑒𝑓 =
−𝑃𝑟𝑒𝑓𝐷

′

𝜂𝑣2
       Discharge mode

 
(4. 25)  

where 𝜂 is the converter efficiency in discharge mode and can be calculated for a Boost converter; 

if ESRs are neglected, 𝜂 = 1. 𝑃𝑟𝑒𝑓 is a reference signal obtained from PMS to compensate for real-

time load/generation power mismatch or constant charging. 

4.3.1.2 Voltage Control Mode  

As Figure 4.11 shows, due to the asymmetric property of the converter in two modes, the high- 

and low-frequency gain values are not the same for the open-loop duty ratio-to-output voltage 

𝐺11( ). Gain equalization further results in bidirectional dynamic symmetry. For the voltage control 

loop with discharge mode being the target frequency response, the following equations hold:  

lim
𝜔→0

|𝐺11
𝑑𝑐ℎ(𝑗𝜔)| ≈ lim

𝜔→0
|𝐺𝑣(𝑗𝜔). 𝐺11

𝑐ℎ(𝑗𝜔)| 

lim
𝜔→∞

|𝐺11
𝑑𝑐ℎ(𝑗𝜔)| ≈ lim

𝜔→∞
|𝐺𝑣(𝑗𝜔). 𝐺11

𝑐ℎ(𝑗𝜔)| 
(4. 26)  

where 𝐺𝑣( ) should be a filter with negligible change in phase to match the asymptotic low- and 

high-frequency gains of charge mode to that of discharge mode. We consider a pair of real 

pole/zero, given by  

𝐺𝑣( ) = 𝐾𝑣
 + 𝜔𝑧
 + 𝜔𝑝

   
(4. 27)  

where 𝐾𝑣, 𝜔𝑧 and 𝜔𝑝 are the filter’s high-frequency gain, zero, and pole, respectively, and should 

be designed to match bidirectional dynamics for 𝐺11. The filter should reduce low-frequency gain 

and raise high-frequency gain while causing an insignificant change in phase to obtain the target 
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frequency response. For a Boost converter, neglecting ESRs results in |𝐺11| =
𝐸1

𝑅𝑙𝐷
′𝐶

 as 𝜔 → ∞ and 

|𝐺11| =
𝐸1

𝐷′2
 as 𝜔 → 0. Therefore, the criteria outlined in (4.26) determine the following asymp-

totes:  

𝐾𝑣 = lim
𝜔→∞

|𝐺11
𝑑𝑐ℎ(𝑗𝜔)|

|𝐺11
𝑐ℎ(𝑗𝜔)|

=
𝑉𝑏𝑅𝑙

𝑐ℎ𝐶2

𝑉𝑑𝑐𝑅𝑙
𝑑𝑐ℎ𝐶1

 

𝐾𝑣
𝜔𝑧
𝜔𝑝

= lim
𝜔→0

|𝐺11
𝑑𝑐ℎ(𝑗𝜔)|

|𝐺11
𝑐ℎ(𝑗𝜔)|

=
𝑉𝑑𝑐
𝑉𝑏

 

𝜔𝑧
𝜔𝑝

=
𝑉𝑑𝑐
2 𝑅𝑙

𝑑𝑐ℎ𝐶1

𝑉𝑏
2𝑅𝑙

𝑐ℎ𝐶2
 

(4. 28)  

this implies the filter gain rolls off from a nonzero DC gain in 𝜔𝑧 and rolls on to a nonzero asymp-

totic gain in 𝜔𝑝, with a  slope of 𝐾𝑣
𝜔𝑝−𝜔𝑧

√2 𝜔𝑝
> 0, 𝜔𝑧 < 𝜔𝑝. The maximum phase angle of 

𝜙m = tan−1 (
𝜔𝑝−𝜔𝑧

2√𝜔𝑝𝜔𝑧
) occurs at the frequency of 𝜔𝑚 = √𝜔𝑝𝜔𝑧. Proper choice of 𝜔𝑧 (and 𝜔𝑝) 

results in a suitable gain fit and insignificant phase angle discrepancy between two modes. Since 

the adjustment made in the power stage in the previous section guarantees the same bidirectional 

cut-off frequency, a good approximation is to equate the zero with the cut-off frequency of 𝐺11( ), 

i.e., 𝜔𝑧 = 𝜔𝑐11. Figure 4.14 compares the bode plots of the power stage-adjusted transfer function 

𝐺11( ) for gain compensated and uncompensated charge mode for the case study presented in Ta-

ble 4.2. In this example, a maximum of 𝜙𝑚 = 14.8° occurs in the phase angle at 𝜔𝑚 = 46.64
krad

s
, 

which negligibly changes the charge mode gain and phase in this vicinity but makes an overall 

frequency response fit regarding the discharge mode. 



94 

 

 

(a) (b) 

Figure 4.14 Bode plots of duty ratio-to-output voltage (𝑣2), 𝐺11( ). (a) Uncompensated charge mode; (b) 

compensated charge mode. 

Figure 4.15a shows the small-signal model of the converter based on the linearized model for 

the voltage controller based on the discharge mode parameters. In the voltage control mode, the 

objective is to control the grid voltage by tracking the reference value 𝑉𝑟𝑒𝑓 which is given by 

𝑉𝑟𝑒𝑓 = 𝑉∗ + 𝑅𝑔𝐼2̅   

𝐼2̅ =
𝜔𝑓𝑖

 + 𝜔𝑓𝑖
𝐼2 

(4. 29)  

where 𝑉∗ is the voltage set point of the converter at the connection terminal 𝑣2 that, in general, is 

equal to 𝑉𝑑𝑐, and 𝜔𝑓𝑖 is the cut-off frequency of a low-pass filter to suppress converter current-switch-

ing harmonics. The following transfer function is given for the voltage compensator, a lag type 

controller analogous to that of the current controller counterpart: 

𝐺𝑐𝑣( ) = 𝐾𝑝𝑣 (1 +
𝜔𝑐𝑣
 
) 

(4. 30)  
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(b) 

Figure 4.15 Voltage controller block diagram of the proposed converter. (a) Closed-loop small-signal model 

based on the discharge mode parameters as the reference; (b) plant model. 

where 𝐾𝑝𝑣 and 𝜔𝑐𝑣 are the controller’s proportional gain and zero obtained in an analogous way 

to that of the current controller in the previous section. It should be noted that the voltage controller 

must be much slower than the current controller, resulting in a lower bandwidth since, as observed 

in Figure 4.14, 𝐺11 has one pole which is not rejected at high frequency. On the other hand, this 

single loop voltage control is relatively faster than the conventional design dual-loop scheme in 

response to grid voltage variations. As the DC grid voltage gets stiffer, the dynamics of the BDC 

in voltage control mode tend to be more oscillatory, particularly under heavy loads. This property 

of BDC makes it disparate from the unidirectional converter, where the steady-state duty ratio 𝐷 

varies based on the load value. In a bidirectional converter, 𝐷 is a constant defined by the grid and 

battery voltages given in (1) and (2). Note that the battery voltage does not change significantly 

across the operational range of state of charge (SoC). Figure 16 shows the battery voltage variation 
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for the typical minimum and maximum ranges of SoC under four loading conditions. Therefore, 

there should be a maximum limit for the inductor value to restrict the magnitude of the voltage 

oscillations in 𝑣2 during heavy loading. This situation results in a tradeoff between inductor current 

ripples and voltage oscillations in the full load.  

 

Figure 4.16 Battery voltage vs. state of charge (SoC) for different loading conditions. 

4.3.2 Conventional BDC Controller 

The power stage diagram in Figure 4.1 is used for the conventional BDC, with the parameters 

equal to the discharge mode of the proposed BDC. The control system of the conventional BDC 

is a single loop PI controller [72][124] for the current control mode displayed in Figure 4.17a, and 

a dual-loop PI-based control [125] for the voltage control mode illustrated in Figure 4.17b. Table 

4.3 presents all the parameters of conventional BDC. The variables 𝑘𝑝 and 𝑘𝑖 in Table 4.3 refer to 

the proportional and integral gains, respectively, of the PI controllers illustrated in Figure 4.17. 
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Figure 4.17 Conventional BDC control systems used for comparison analysis. (a) Current control; (b) voltage 

control. 

Table 4.3. Conventional BDC parameters. 

𝐶 500 μF 𝐿 0.45 mH 𝑉𝑏 200   

𝑟𝑐 10 mΩ 𝑟𝐿 0.5 mΩ 𝑅𝑏 11 mΩ 

PI1: 𝑘𝑝𝑖 0.0003 𝑘𝑖1 0.1 𝑟𝑜𝑛 = 5 mΩ 

PI2: 𝑘𝑝2 0.008 𝑘𝑖2 0.8  

PI3: 𝑘𝑝3 0.09 𝑘𝑖3 5  

Battery: Capacity 1700 Ah Type Li-ion  

 

4.4 Simulation Results 

In this section, the effectiveness of the proposed converter is evaluated and compared with 

that of the conventional type for the converter case presented in Table 4.2. The case study HMG 

includes a three-phase 460 V/60 Hz AC grid and an 800 V DC grid power system, as shown in 

Figure 3, with the parameters presented in Table 4. It is simulated using detailed switching models 

for power electronic devices by applying a sampling frequency of 2 MHz for discrete time-domain 

simulations performed in the MATLAB\Simulink environment. In total, three instances are simu-

lated using the test systems for two separate cases, as detailed below. 

Case I—Grid-connected HMG: In this state, the DC grid is connected to the main grid through a 

grid-following ILC. In the voltage control mode, the BDC controls the DC grid voltage, while ILC 

tracks the reference powers. In the current control mode, this scheme switches between BDC and 
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ILC.  

Table 4.4 Grid parameters. 

𝐶𝑓 2500 μF 𝐶𝑑𝑐 2.5 mF 𝑅𝑙𝑖𝑛𝑒 70 mΩ 

𝐿𝑓1 0.4 mH 𝐿𝑓2 8 μH 𝐿𝑙𝑖𝑛𝑒 63 μH 

𝑉𝐴𝐶 460 V DER1 250 kW DER2 307 kW 

DC Load 1.6~4 Ω AC Load 1.053 Ω ILC 250 kW 

 

Case II—Islanded HMG: In this state, Case I is modified to form an islanded HMG. In the voltage 

control mode of BDC, the ILC is a grid-forming VSC, and DER1 is a grid-following generation 

source to supply reference active/reactive powers. All control systems of VSCs in ILC and DER1 

are well-established structures adopted from [29]. 

A narrow-band dead zone is implemented in both converters’ control systems to prevent dis-

continuous conduction mode (DCM) operation. An equal value of ON-state resistance (𝑟𝑜𝑛 =

5 mΩ) is applied for all power switches and diodes in both converter types. DER2 is modeled as a 

solar PV connected via a DC-DC converter to the DC bus to track the maximum power point. 

Figures 4.18–4.20 show the dynamic response of the system to the separate pulsed changes in DC 

load in Case I for current and voltage control modes, respectively. At first, the DC load demands 

370 kW power. For the voltage control mode, starting from 0.5 seconds, four subsequent step 

changes occur, i.e., [170 216 244 334] kW, in 0.3 s intervals. For the current control mode, three 

subsequent pulsed variations take place, i.e., [257 130 590] kW, in 0.5 s intervals. In the current 

control mode, the controller effort is lighter than that of the voltage control mode, despite the 

heavier load change. The significant performance of the proposed BDC can be observed in mode 

changeovers from discharge to charge mode and vice versa. Although the conventional BDC 

works well in Boost operation, it has deficient performance during Buck mode. 
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Figure 4.18 Converter response to pulsed DC load change for Case I with voltage control mode. 

 

Figure 4.19 Inductor currents in voltage control mode for Case I. 
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Figure 4.20 Converter response to pulsed DC load changes for Case I with the current controller. 

Figure 4.21 illustrates the system’s dynamic response to the active power generation varia-

tions in DER1 for Case II with BDC in the voltage control mode. Initially, DER1 generates 150 

kW of active power, causing ILC to exchange 50 kW power from the DC side to the AC side. 

Starting from second 1, four subsequent power generation disturbances, i.e., [100 200 250 300] 

kW, occur in 150 ms intervals in DER1. This power fluctuation in the AC side propagates to the 

DC side by exchanging power in ILC, as shown in Figure 4.21. Like Case I, the mode changeover 

performance in the proposed BDC is superior to that of the conventional type, resulting in a faster 

response to grid voltage variations.  

4.5 Chapter Conclusion 

This chapter proposed a novel bidirectional DC-DC converter for energy storage applications 

in DC microgrid and HMG systems composed of two back-to-back Boost converters in the power 

stage adjusted to symmetrical operation, as well as an equal gain ratio in both charge and discharge 

modes. Systematical methodologies were implemented based on the frequency response of 
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Figure 4.21 System response to power generation variation in DER1 in Case II with BDC in voltage control. 

converter plant models in charge and discharge modes. A novel approach was proposed to estimate 

the equivalent load resistance for each operation mode, which is a key parameter in open-loop 

transfer functions rendering the converter loading to not be equal during two modes. The efficacy 

of the proposed converter was evaluated and compared with that of the conventional type via two 

case studies for voltage and current mode controllers, respectively. The simulation results demon-

strated that the proposed converter exhibited superior performance in handling power and voltage 

fluctuation in the DC grid. The battery voltage (low-voltage side) must be selected in proportion 

to DC bus voltage (high-voltage side), representing the only limitation of this converter. 
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Chapter 5 Performance Analysis of Hybrid Microgrids Under Influ-

ence of Energy Storage Location [126] 

5.1 Introduction 

The recent advancement in storage technology has made it possible to use several types of 

energy storage systems in various scales in power and energy applications[127],[128]. However, 

the BESS is the most viable solution thanks to its efficacy [129] (in terms of operation and mainte-

nance, energy efficiency and density, and reliability), low environmental pollution [78], and fast 

ramp rate [130]. Therefore, it is a suitable option for primary frequency control in microgrids and 

utility-scale applications [131].  

Following an introductory literature review in section 2.7 in chapter 2, this chapter performs 

a comparative study to examine the influence of the location of aggregated BESS system on the 

dynamic performance of the islanded HMGs based on a heuristic approach. The present study is 

an extension of a recently published research in [118]. Two general case studies (i.e., an industrial 

and a fully converter-based islanded HMGs) are considered for simulation purposes. The major 

contributions of this chapter are as follows:  

• The HMG performance is examined when separately operating with ACB and DCB for the 

same operating conditions. 

• A new bidirectional DC-DC converter is employed for DCB, which enhances grid perfor-

mance.  

• A highly non-linear and dynamically complex power system with a combination of high pen-

etrated RES, high inertia generation, and frequency-dependent AC load is included for an in-

dustrial case study to emulate an actual HMG. 
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5.2 HMG case studies and their configurations 

As mentioned in the previous section, this paper considers two case studies to conduct a com-

parative analysis to substantiate the results. The control strategies implemented in each BESS type 

in each case study are such that the BESS has the maximum response to voltage/frequency devia-

tions in the grid. It should be noted that, in addition to BESS dynamics, the ILC control strategy 

contributes to the HMG dynamic performance. The ILC roles will be discussed for each case study. 
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Figure 5.1 Hybrid AC/DC microgrid in Case Study I.  

5.2.1 Case Study I: An Industrial HMG 

The first case is a relatively aggregated HMG thread where DERs and BESS are directly con-

nected to AC and DC PCCs (see Figure 5.1). This case study is an improved version of the test 

system used in the previous chapter. This case contains a high penetration of RES, a combination 

of high and low inertia DERs as well as a frequency-dependent load to realize a real-world indus-

trial HMG. 
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The AC subgrid includes a variable speed Wind Turbine Generator (WTG) as the main RES, 

a DG to provide baseload and reactive power regulation, three constant loads, and an induction 

motor to represent the frequency-dependent load. The DC subgrid incorporates a Photovoltaic 

(PV) solar power generation and a DC load with constant resistance. All grid components are 

medaled based on well-known full-scale models of rotating devices and power electronics con-

verters found in the literature [15]. Except for ACB and ILC that communicate with power man-

agement system (PMS) through ultra-low-bandwidth communication links to transmit the active 

power signals, all other DERs are controlled by primary level control exploiting local measure-

ments. There are three candidate locations for this case study illustrated in Figure 5.1. When switch 

B1 is closed, and B2 and B3 are open, the HMG operates with ACB1. When B2 is closed, and B1 

and B3 are open, it works with ACB2. Also, when B3 is closed, and B1 and B2 are open, it runs 

with the DCB.  

In this case study, the DG works as a voltage source, and its governor and automatic voltage 

regulator have the minimum response to frequency and voltage deviations. A conventional droop 

control with power reference tracking is implemented in DG to generate setpoint active/reactive 

powers as follows:  

{
𝜔𝐷𝐺
𝑟𝑒𝑓

= 𝜔𝐷𝐺
∗ −𝑚𝐷𝐺(𝑃𝐷𝐺 − 𝑃𝐷𝐺

∗ )

𝑉𝐷𝐺
𝑟𝑒𝑓

= 𝑉𝐷𝐺
∗ − 𝑛𝐷𝐺(𝑄𝐷𝐺 − 𝑄𝐷𝐺

∗ )
 

(5. 1)  

where 𝜔𝐷𝐺 and 𝑉𝐷𝐺 are frequency and voltage at DG terminal, respectively, and superscripts ‘𝑟𝑒𝑓’ 

and ‘*’ represent their reference and setpoint values. 𝑚𝐷𝐺 and 𝑛𝐷𝐺 are droop coefficients that are 

tuned to obtain a minimum ramp-rate for power-sharing during the transients. 𝑃𝐷𝐺 and 𝑄𝐷𝐺 are 

DG active and reactive power outputs, respectively, and superscript ‘*’ represents their setpoint 

values.  
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The control strategy of ILC depends on BESS location, i.e., ACB or DCB (see Figure 5.2). 

When operating with ACB (i.e., sw1 switched on ACB in Figure 5.2), the BESS works as a grid-

feeding VSC to maintain active and reactive power balance between load and generation through 

reverse droop-based control [90] and indirectly regulates the DCg voltage via ILC. In this state, 

the ILC works as a grid-following VSC to control the DCg voltage. Since PV runs in the current 

source mode to track maximum power point (MPP), the ILC is the only voltage source in DCg. 

Power fluctuations in DCg result in DCg voltage variation that is controlled by ILC, accordingly.  
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Figure 5.2 ILC control system for Case I with both BESSs and Case II with ACB only.  

On the other hand, during the operation with DCB (i.e., sw1 switched on DCB in Fig. 2), the 

DCB works as a voltage source in DCg, and ILC controls the active and reactive power balance in 

ACg as follows:  

𝑃𝐼𝐿𝐶
∗ = Σ𝑖∈𝑆𝐿𝑃𝐿𝑖 + Σ𝑗∈𝑆𝐼𝑃𝑙𝑜𝑠𝑠𝑗 − Σ𝑘∈𝑆𝐺𝑃𝐺𝑘  

(5. 2)  

where 𝑃𝐼𝐿𝐶
∗  is the ILC reference power, 𝑃𝐿𝑖  , 𝑃𝑙𝑜𝑠𝑠𝑗  and 𝑃𝐺𝑘  are the active power of AC loads, trans-

mission losses, and active power generations in ACg, respectively, and 𝑆𝐿 = {1. .4} , 𝑆𝐼 = {1. . 3} 

and 𝑆𝐺 = {𝑊𝑇𝐺, 𝐷𝐺}. All other elements of ILC control in Figure 5.2 can be found in the literature 
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and are not discussed here for brevity. The BESS control strategy and its power references will be 

discussed in section 3 with more details.  

5.2.2 Case Study II: A Fully Converter-based HMG 

The modern microgrids evolve into fully converter-based systems in which all DERs are con-

nected to the grid through low-inertia power electronic converters. Case study II, unlike Case study 

I, deals with an islanded 6-bus HMG with four distributed DERs and local loads shown in Figure 

5.3, all controlled by local measurements (primary control), and no communication link is imple-

mented. DER1 and DER4 are candidate locations for the BESS.  
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Figure 5.3 Case II Hybrid microgrid; DER1 and DER4 are the candidate locations for BESS 

For the case with AC BESS, DER1 serves as ACB, and its VSC works in grid-forming mode 

to control the voltage and frequency at its terminal. In this state, ILC operates in grid-following 

mode, like Case I with ACB, shown in Figure 5.2, to control the DC link’s voltage and is consid-

ered the voltage source for DCg. When operating with DC BESS, DER4 serves as DCB, and its 

converter works as a voltage source to control the DC voltage at its terminal. In this state, ILC runs 
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in grid-forming mode and serves as a voltage source for ACg, i.e., its role swaps with DER1 in the 

ACB case.  

All non-BESS DERs in both operating cases (DER2 and DER3 in both BESS cases, and DER1 

and DER4 with DCB and ACB, respectively) are constant power RESs running in grid-feeding 

mode to track MPP (MPPT source). Therefore, the voltage (and frequency in ACg) in all non-

BESS buses will have small deviations from setpoint values. The primary sources for non-BESS 

DERs are modeled as constant DC voltage sources connected through VSCs and DC-DC boost 

converters for DERs in ACg and DCg, respectively. Figures 5.4 and 5.5 show the power stage and 

control diagram of non-BESS DERs utilized in this paper. The MPPT system provides these DERs 

with the reference current/power depending on available renewable energy and ambient condi-

tions. Table 5.1 summarizes the role of DERs in each BESS operating case.  
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Figure 5.4 Power stage and control diagram of non-BESS DERs in ACg in Case II [29]. 𝑉𝑎𝑐𝑖is the terminal 

voltage and 𝑖 ∈ {1,2}.  

5.3 BESS Modelling 

5.3.1 Battery Model  

The ACB and DCB have the same capacity in terms of energy density. This study considers 

the battery state of charge (SoC) for modeling. In this paper, we use a dynamic model of the  
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Table 5.1 DERs’ role in Case study II 

Operating case ACB  DCB 

DER1  AC BESS MPPT source 

DER2  MPPT source MPPT source 

DER3  MPPT source MPPT source 

DER4  MPPT source DC BESS 

ILC  DC link control AC link control 

LD

Vdc j

+

-

CD

0

dmax

PWM  PI

-
+MPPT 

Sytem

ILref

IL

Primary 

Source

 

Figure 5.5 Power stage and control diagram of non-BESS DERs in DCg in Case II. 𝑉𝑑𝑐𝑗is the terminal volt-

age and 𝑗 ∈ {3,4}.  

lithium-ion battery that has been experimented with and analyzed in [132] and is widely utilized 

in the literature. The model involves an internal constant source in series with battery resistance. 

Equations (5.3) to (5.5) represent the non-linear dynamic of the battery voltage in charge and dis-

charge mode, respectively: 

𝑉𝑏
𝑐ℎ = 𝐸0 − 𝐾𝑝 (

𝑖𝑏𝑡

𝑆𝑜𝐶
+

𝑖�̅�
0.9 − 𝑆𝑜𝐶

) − 𝑅𝑏𝑖𝑏 + 𝐴𝑒
−𝐵𝑖𝑏𝑡 (5. 3)  

𝑉𝑏
𝑑𝑐ℎ = 𝐸0 − 𝐾𝑝

𝑖𝑏𝑡 + 𝑖�̅�
𝑆𝑜𝐶

− 𝑅𝑏𝑖𝑏 + 𝐴𝑒
−𝐵𝑖𝑏𝑡 (5. 4)  

𝑆𝑜𝐶(𝑡) = 𝑆𝑜𝐶(0) −
1

𝑄
∫ 𝑖𝑏(𝑡)𝑑𝑡 = 𝑆𝑜𝐶(0) −

𝑖𝑏𝑡

𝑄

𝑡

0

 (5. 5)  

with the variables delineated as below:  

𝐸0, 𝑅𝑏: Battery internal voltage source (𝑉) and resistance (Ω), 

𝐾𝑝 : polarization constant (
𝑉

𝐴ℎ
), 
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𝑖𝑏 ,𝑖�̅�: actual and filtered battery output current (𝐴),   

𝑖𝑏𝑡, 𝑄, and 𝑆𝑜𝐶 : actual battery charge, battery capacity (𝐴ℎ) and state of charge in the range 

of [0 1], 

𝐴 and 𝐵 : exponential zone voltage and time constant (𝐴ℎ−1).  

The subscripts ch and dch refer to charge mode and discharge modes. The operation of the 

battery is normally constrained between the minimum and maximum 𝑆𝑜𝐶 (𝑆𝑜𝐶𝑚𝑖𝑛,𝑆𝑜𝐶𝑚𝑎𝑥) to 

prolong the battery lifecycle. 𝑆𝑜𝐶(0) is the initial value of 𝑆𝑜𝐶 at the beginning of the charge/dis-

charge process. It should be noted that, since the battery 𝑆𝑜𝐶 range restricts its operation, the load 

shedding or generation curtailment might be needed in cases that the battery runs out of charge or 

overcharges. Ref. [133] proposed an autonomous power management strategy based on local 

measurements to keep 𝑆𝑜𝐶 in a safe range while efficiently utilizing RES. 

5.3.2 AC BESS 

In both case studies, the ACB comprises a battery connected to ACg via a VSC-based con-

verter and an LCL harmonic filter.  In Case study I, as mentioned earlier, the ACB works as a grid-

feeding converter with a reverse droop control technique to inject/absorb reference active and re-

active powers (see Figure 5.6). The reverse droop is given by [12]:  

{
𝑃𝐴𝐶𝐵
𝑟𝑒𝑓

= 𝑃𝐴𝐶𝐵
∗ −𝑚𝐴𝐶𝐵(𝜔 − 𝜔

∗)

𝑄𝐴𝐶𝐵
𝑟𝑒𝑓

= 𝑄𝐴𝐶𝐵
∗ − 𝑛𝐴𝐶𝐵(𝑉 − 𝑉

∗)
 (5. 6)  

where 𝑃𝐴𝐶𝐵
𝑟𝑒𝑓
 and 𝑄𝐴𝐶𝐵

𝑟𝑒𝑓
 are the ACB reference active and reactive powers, respectively, 𝑚𝐴𝐶𝐵 and 

𝑛𝐴𝐶𝐵 are reverse droop coefficients, 𝜔, and 𝑉 are the measured ACg angular frequency and voltage 

amplitude, and superscript ‘*’ denotes their setpoint values. 𝜔 is measured by the phase-locked 

loop (PLL), and 𝑉 is the magnitude of dq voltage components at the ACB terminal. The setpoint 
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value of active power is obtained from the PMS system through ultra-low-bandwidth communica-

tion links and is the power mismatch between loads and generation: 
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Figure 5.6 The VSC control diagram used in ACB control in Case I 

𝑃𝐴𝐶𝐵
∗ = Σ𝑖∈𝑆𝐿𝑃𝐿𝑖 + Σ𝑗∈𝑆𝐼𝑃𝑙𝑜𝑠𝑠𝑗 − Σ𝑘∈𝑆𝐺𝑃𝐺𝑘 − 𝑃𝐼𝐿𝐶 

(5. 7)  

where 𝑃𝐼𝐿𝐶  is the ILC output power, and its reference direction is from DCg to ACg. The setpoint 

value of reactive power can also be calculated similarly or set to a constant value. In this paper, 

the constant value is used. For the islanded operation, the battery reference power is calculated by 

power mismatch between load and generation. If HMG runs in the grid-connected mode in Case I 

(i.e., CB closed in Figure 5.1), depending on PMS strategy, ABC’s setpoint power can be set to a 

constant value to constantly charge the battery from the grid.  

In Case study II, the ACB is a grid-forming converter and controls the ACg voltage and fre-

quency using local measurements at its terminal. Its control system is composed of the well-known 

standard voltage and current control loops implemented in dq frame [134],[20], shown in Figure 

5.7. In this figure, 𝑉∗and 𝜔∗ are the setpoint ACg voltage and frequency, respectively. As men-

tioned earlier, when operating with ACB in case study II, ILC controls the DC link voltage.  
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Figure 5.7 The VSC control diagram used in ACB, and ILC when operating with DCB in Case study II. 

5.3.3 DC BESS  

The DCB comprises two battery sections connected to DCg through a diode network and a 

bidirectional DC-DC converter. This study uses a recently proposed converter (introduced in the 

previous chapter) that outperforms the conventional DC-DC converter [116]. Figure 5.8 shows the 

power stage block diagram of this converter. Two boost converters in back-to-back topology and 

two battery sections configure this converter to realize symmetric operation for charge and dis-

charge modes. In discharge mode, S1 is modulated, S3 is kept ON, and D1 and D2 are in forward 

bias and D3 is in reverse bias, configuring two battery sections in series connection. As a result, 

𝑣2 , which is connected to DCg PCC (in case I) or 𝑉𝑑𝑐4 (in case II), is boosted. Conversely, in 

charge mode S2 is modulated, S4 is kept ON, and D1 and D2 are in reverse-bias and D3 is in 

forward-bias arranging two battery sections in parallel connection, resulting in boosting 𝑣1. There-

fore, the converter has only the step-up operation working with the controller that is symmetrically 

designed for both directions, thanks to adjustments made in the power and control systems.  
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Figure 5.8 Power stage block diagram of DC-DC converter utilized in DCB [116] in both cases. 𝑣2 is the 

DCB output terminal that is connected to DCg PCC and 𝑉𝑑𝑐4 in the Case I and Case II, respectively.  

Figure 5.9 displays the converter controller in the voltage-controlled mode suitable for the 

DCB working as a voltage source in DCg. The controller is a proportional-integral (PI) regulator 

designed based on the converter frequency response and the equivalent load resistance. 𝐺𝑣 is a pair 

of pole/zero to match the gain frequency response in both modes. 𝑉𝑑𝑐
∗  is the setpoint value of DCg 

voltage. The voltage level of each battery section is proportional to DCg voltage as given by:  

𝑉𝑏 =
𝑉𝑑𝑐
∗

√2
 

(5. 8)  

where 𝑉𝑏 is the battery voltage level. More details about the converter can be found in [116]. 
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Figure 5.9 Control system diagram of the bidirectional DC-DC converter. 𝑣2 is the DCB output terminal volt-

age that is connected to DCg PCC and 𝑉𝑑𝑐4 in Case I and II, respectively 

5.4 Simulation Results and Discussion 

This section performs and discusses the comparative analysis of case studies undergoing 
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various operating conditions. The HMGs shown in Figures 5.1 and 5.3 and their control architec-

tures are simulated in MATLAB\Simulink environment by discrete time-domain simulations ex-

erting sampling frequency of 𝐹𝑠 = 200𝑘𝐻𝑧. Besides, the sampling frequency of power signals in 

Case study I is equal to 
𝐹𝑠

20
. Several grid events are applied to case studies to evaluate the HMG’s 

transient performance corresponding to the BESS location. Tables 5.5 to 5.10 in the appendix 

present system data as well as initial parameters of both case studies. 

5.4.1 Case Study I analysis 

Case study I has two candidate locations for ACB and one place for DCB, shown in Figure 

5.1. All BESSs have the same power rating. All initial operating conditions of Case I are given in 

Table 5.4 in the chapter appendix. 

5.4.1.1 Islanding  

Although this study emphasizes the islanded operation of HMG, the first simulation case in 

this part presents the influence of BESS location on the microgrid’s performance during islanding 

events. Before islanding, the utility grid charges the batteries as much as 200kW (i.e., 𝑃𝐴𝐶𝐵
∗ =

𝑃𝐼𝐿𝐶
∗ = −200𝑘𝑊). Also, the generates 0.15 pu active power based on its rated power. Power set-

points switch to (2) and (7) after islanding incidence. Fig. 5.10 exhibits the system’s critical pa-

rameters in reaction to the islanding event at 14s for three locations of ACB and DCB separately. 

The frequency reduction following islanding indicates that the HMG runs with insufficient power 

generated by DERs, corroborated by the new operating points of all BESSs. Results demonstrate 

that the HMG with all three locations has almost the same dynamic performance. The unbalance 

of load/generation power in ACg causes an instantaneous drop in 𝑉𝑑𝑐 (Figure 5.10 c) in initial 

moments during DCB operation. The power shortage is transferred from DCg to ACg by ILC 
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operation that makes a brief reduction in 𝑉𝐷𝐶 that is efficiently restored by DCB.  

 

Figure 5.10 System response to Islanding incidence simulation in Case I; (a) ACg frequency (𝐻𝑧), (b) ACg 

voltage (pu), (c) DCg Voltage (𝑉), (d) BESS power (𝑘𝑊) and (e) ILC power (𝑘𝑊). 

5.4.1.2 Random fluctuation in wind speed  

This part simulates a string of random changes in wind speed affecting the power generation 

in WTG. The HMG works in oversupply mode since the DC load power has changed from 307kW 

to 128 kW, causing the BESS to charge. At 𝑡 = 14 , a stepwise wind velocity variation is simu-

lated from its initial value of 14m/s (yielding the rated power in WTG) to the following quantities 

occurring in 1s intervals consecutively: [9.8, 15, 18.2 and 14] m/s. Figure 5.11 demonstrates the 

system’s dynamic response to this disruption. WTG’s output power depends not only on wind 
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speed but also on MPPT and blade pitch-angle control effort. All BESSs preserve the ACg voltage 

and frequency by compensating for the oversupply and undersupply energy during wind speed 

fluctuation with equal performance. The DCg voltage does not undergo a significant variation.  

5.4.1.3 Disruption in dynamic load 

In this part, the performance of the HMG is evaluated against pulse-wise variation of a high 

inertia frequency-dependent load. The power generation in HMG is more than load and BESSs are 

charging. The frequency-dependent load (Load1), which is modeled by a 205kW induction motor, 

initially runs with 0.91 pu of rated mechanical torque (i.e., 1100 N.m). The following stepwise 

variations occur in motor load torque in 1s intervals starting from 𝑡 = 14  consecutively: [0.2, 1.2, 

and 0.91] pu.  

 

Figure 5.11 Disturbance in wind speed in Case I; (a) ACg frequency (𝐻𝑧), (b) ACg voltage (pu), (c) BESS 

output power (𝑘𝑊), and (d) WTG output power (𝑘𝑊).  
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Figure 5.12 illustrates the crucial parameters of the HMG during this event. All BESSs and 

ILC can maintain the frequency and voltages at normal ranges by quick responses to dynamic load 

variation Note here that, since the DC load is initially changed from 307kW to 128kW, a large 

amount of active power is transferred from DCg to ACg by ILC when operating with ACBs. In 

the HMG operating with DCB, the BESS instantly absorbs a part of the power and the remaining 

power is transferred from DCg to ACg to keep a power balance in ACg. 

 

Figure 5.12 The step change in frequency-dependent load in Case study I; (a) ACg frequency (𝐻𝑧), (b) DCg 

voltage (𝑉), (c) BESS output power (𝑘𝑊), and (d) Mechanical torque of induction motor (𝑁.𝑚).  

5.4.1.4 Random variation of solar irradiance  

This part evaluates and compares the system’s performance against randomly altered solar 

irradiance perturbing power generation in PV. Initial conditions are similar to disturbance cases 

discussed in parts B and C. The solar irradiance level is 1000 
𝑊

𝑚2 in the beginning, that yields to 

305kW output power while the MPPT system is ON. The following solar irradiance variation 
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applying an appropriate ramp-rate occurs starting from 𝑡 = 14  within 2s intervals consecutively: 

[1400 600 1000] 
𝑊

𝑚2. Figure 5.13 depicts the dynamic reaction of critical parameters of the HMG 

to this incidence. Even though all BESSs in both subgrids can handle the power generation dis-

turbance, the DCB performs robustly to maintain the DCg voltage and ACg frequency at stable 

conditions. Since the ILC regulates the DCg voltage when running with ACB, excessive or insuf-

ficient power should be exchanged with ACg through DCg voltage regulation. The power inter-

change in ILC prompts DCg voltage excursions by charging/discharging energy in the DCg ca-

pacitor (𝐶𝑑𝑐) on one side and the battery of ACB on the other side. However, the DCB carries out 

this process dissimilarly. The bidirectional converter of DCB directly exchanges the energy with 

the battery that results in a relatively flat voltage profile. 

5.4.1.5 Fault analysis and LVRT evaluation 

The BESS is not generally employed to cope with the grid faults. However, in this part, a 

performance analysis is implemented to study the LVRT capability of HMG and BESS in handling 

the extreme conditions of fault situations with high penetration of RESs. In this simulation, sepa-

rate fault events are applied in ACg and DCg when operating with each BESS. For ACB1 and 

ACB2, a 3-line-to-ground (3LG) high-impedance short circuit occurs at 𝑡𝑓 = 14  at the ending 

terminal of line 3 (location F in Figure 5.1) and is cleared after 150ms with no circuit breaker 

operation. All the DERs remain connected to HMG during and after the fault to accomplish the 

LVRT requirements. Likewise, for DCB operation, a pole-to-pole short circuit with a fault re-

sistance of 50𝑚Ω happens at 𝑡𝑓 = 14  on the DC PCC for 100𝑚 .The dynamic response of the 

system to these extreme conditions is illustrated in Figures 5.14 and 5.15. The system with all 

BESSs is able to recover to a normal operating condition after the ACg fault event. However, the 

DCB has superior performance compared to ACB1 and ACB2 in damping system oscillations and  
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Figure 5.13 Random variation of Solar Irradiance; (a) ACg frequency (𝐻𝑧), (b) DCg voltage (𝑉), (c) BESS 

output power (𝑘𝑊) and (d) PV output power (𝑘𝑊) 

limiting DCg voltage during both fault incidences. ACB2, in the case of ACg fault, is conditionally 

successful in maintaining stability since the ACg frequency reaches the values (61.5 𝐻𝑧) that, 

depending on the grid codes, will likely lead to the system shut down due to trip operation in 

protective devices.  

In the case of DCg fault, the system with DCB performs remarkably better than that of ACB1 

and ACB2 in controlling grid voltage swells. The system with ACB1 can recover to normal oper-

ation; however, it cannot bound DCg voltage excursions to an acceptable range. The magnitudes 

of 𝑉𝐴𝐶 and 𝑉𝐷𝐶  for the system with ACB1 reach the quantities greater than 1.2 and 1.6 pu, respec-

tively, that are immeasurably higher than the acceptable ranges resulting in operation of protective 

devices. The HMG with ACB2, as the simulation results show, due to the severity of the 
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disturbance and the high inertia of the microgrid, a power oscillation takes place between high 

inertia energy sources and loads such that the system is unable to damp the oscillations and recover 

to a stable point and consequently the system collapses. 

 

Figure 5.14 Dynamic response to a 3LG fault event in ACg of Case I; (a) ACg frequency (𝐻𝑧), (b) ACg volt-

age (pu), (c) DCg voltage (V). 

5.4.2 Case Study II Analysis 

For Case study II, one candidate site is considered for each subgrid. As presented in Table 1, 

the candidate locations for BESS are DER1 and DER4 shown in Figure 5.3. DERs are controlled 

using their local measurements, and no secondary control is implemented. For this case, three 

separate events are simulated. All system parameters and initial operating conditions of Case II are 

given in Tables 5.5 to 5.7 in the chapter appendix. 
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Figure 5.15 Dynamic response to fault event in DCg in Case I; (a) ACg frequency, (b) ACg voltage, (c) DCg 

voltage. 

5.4.2.1 Load/generation variation in DCg. 

In this part, some stepwise changes in load and generation happening in DCg are simulated as 

follows: (i) DER3 reference power changes from the initial value of 100kW to the following mag-

nitudes [50, 100, 150] kW within the next time range [1, 1.3, 1.6] s, respectively, and (ii) the load 

resistance in Load5 changes from its initial value 10Ω to the following values [5, 20, 10] Ω within 

the subsequent time range [1.9, 2.2, 2.5] s, respectively. Figure 5.16 shows the dynamic response 

of the critical parameters of the system to these disturbances. The overall performance for both 

BESSs is the same, though the ACB’s performance is superior to its counterpart in DCg in con-

trolling the DC link voltage peaks. It is to note that, in the case of operation with DCB, the ILC 

works as a voltage source for ACg and controls the AC link voltage and frequency at their nominal 
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values. Whereas, in the case of ACB, the ILC works as a current source for ACg with no regulation 

on voltage and frequency. Consequently, the AC link voltage has a little excursion from its nominal 

value. Similarly, in the case of DCB, the DC link voltage has deviations from its nominal value as 

there is no voltage source at the DC link bus.  

5.4.2.2 Load/generation variation in ACg. 

This part simulates some random load/generation variations in Load1 and DER2 in ACg as 

follows. (i) the reference power in DER2 changes from the initial value of 150kW to the following 

[200, 175, 125] kW within the following time range [1, 1.3, 1.6] s, respectively. (ii) the load im-

pedance in Load1 changes from its initial value 7.76 + 𝑗2.26Ω to the following values [3.88 +

𝑗1.13, 7.76 + 𝑗2.26, 2.58 + 𝑗0.75] Ω within the next time ranges [1.9, 2.2, 2.5] s, respectively. 

Figure 5.17 presents the dynamic response of the HMG to these disruptions for critical variables 

of the system. The response is similar to the last part, but the magnitude of peaks in DC link voltage 

for generation steps are more critical. These spikes happen due to the power flow direction change 

in the bidirectional DC-DC converter used in DCB.  

5.4.2.3 Fault event and LVRT analysis 

Like the analysis carried out in Case study I, this part evaluates the system’s LVRT capability 

in response to ACg and DCg faults in Case study II. First, a high impedance (𝑅𝑓𝑎𝑐 = 200𝑚Ω) 

3LG fault occurs in ACg near Load2 and DER2 at 𝑡𝑓1 = 1  for 83𝑚 . Then, a high resistance 

(𝑅𝑓𝑑𝑐 = 2.5Ω) pole-to-pole fault takes place in DC link bus in DCg at 𝑡𝑓2 = 1.9  for 70𝑚 . The 

operation of protective devices is not simulated in this event. Also, only the non-BESS DERs are 

limited by their rated powers to allow BESSs to contribute to LVRT swings freely.  Fig. 18 shows 

the results of this simulation. Since the system is made up of low inertia DERs, these faults can be 

considered as high-power pulsed loads occurring for a short duration. As can be seen, the system’s 
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Figure 5.16 Load/generation variation in DCg in Case II, (a) AC link frequency (𝐻𝑧), (b) AC link voltage 

magnitude (pu), (c) DC link voltage (𝑉), and (d) BESS output power (𝑘𝑊).  

performance operated with ACB is superior to that of the DCB, although in both BESS cases, the 

system recovers to the normal operating point. In the real case, the protective devices will operate 

in the system operated with DCB. However, the ACB power critically reaches high values above 

the rated capacity of the ACB converter. This operation in the real case depends on the maximum 

withstand levels of the battery, the converter’s switching devices, and short circuit current magni-

tudes. The batteries typically have charge/discharge withstand levels of 2.5 to 3 times the nominal 

current for a short duration. Therefore, within these ranges, the critical factor in determining 

BESS’s LVRT capability would be the converter rating and its transient short circuit capability. 

For the evaluation, the system is simulated under different fault resistances in ACg and DCg,  
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Figure 5.17 Load/generation variation in ACg in Case II, (a) AC link frequency (𝐻𝑧), (b) AC link voltage 

magnitude (pu), (c) DC link voltage (𝑉) and (d) BESS output power (𝑘𝑊).  

Figure 5.19 shows the result of this analysis for more critical cases. For the lowest resistance 

value, both BESSs have a poor performance that is expected. The DCB controller halts during 

ACg fault. In the case of ACB, the fault excites the system’s oscillatory mode, and ACB is unable 

to damp the oscillations. It is noteworthy that the control strategy and the controller’s bandwidth 

have a significant effect on the BESS capability in handling the oscillations occurring during and 

after instantaneous voltage sags like faults. Although the BESS is not mainly placed for coping 

with severe low voltages and faults, it indeed undergoes intense fault currents. Particularly in mi-

crogrids where it operates as a voltage source, and there is no high inertia DER running as a voltage 

source to share the fault current. In this study, we have tuned the parameters of the PI controllers 

of BESSs that optimally work for a wide range of BESS loading. 
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Figure 5.18 Evaluation of fault event in Case II. (a) AC link frequency (𝐻𝑧), (b) AC link voltage magnitude 

(pu), (c) DC link voltage (𝑉), and (d) BESS output power (𝑘𝑊). 

5.4.3 Index-based performance analysis 

The previous parts in this section provided comparisons through illustrative tools. This part, 

however, presents a performance analysis based on numerical indices obtained from simulations 

which give more insights on the excursion level of a specific parameter such that the lower index 

value implies the better performance. The index is defined as [15]:  

𝑖𝑛𝑑𝑒𝑥 = ∫ |𝑋 − 𝑋𝑟𝑒𝑓| 𝑑𝑡
𝑡2

𝑡1

 (5. 9)  

where 𝑋 and 𝑋𝑟𝑒𝑓 represent the parameter under the evaluation and its reference or steady-state 

value and the range between 𝑡1 and 𝑡2 is the evaluation period. The essential parameters of the 
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Figure 5.19 BESS output power for high impedance faults occurring in both subgrids of Case II with different 

values of resistances to emulate different levels of voltage sags; (a) 𝑅𝑓𝑎𝑐 = 120𝑚Ω , 𝑅𝑓𝑑𝑐 = 1.25Ω (b) 𝑅𝑓𝑎𝑐 =

150𝑚Ω , 𝑅𝑓𝑑𝑐 = 1.5Ω and (c) 𝑅𝑓𝑎𝑐 = 180𝑚Ω , 𝑅𝑓𝑑𝑐 = 2Ω, where 𝑅𝑓𝑎𝑐 and 𝑅𝑓𝑑𝑐 represent fault resistance of 

ACg and DCg faults, respectively. 

HMG which have equal reference values when operating with different BESSs for both study cases 

are evaluated for selected disturbances and presented in tables 5.2 to 5.4. These parameters are 

ACg and DCg voltage and frequency at PCC or ILC links nodes. As was mentioned earlier, the 

lower index values indicate better performance. The numerical results in table 2 demonstrate that 

in Case study I, the HMG equipped with DCB has dominantly lower index values in critical dis-

ruption cases.  

For Case study II, although the indices of AC link voltage for ACB are higher than that of 

DCB in generation/load disturbance cases, the overall performance quality is dominated by ACB. 

Due to the grid-following type of control in ILC in the case of ACB operation, the steady-state 

value of the AC link voltage has a little error (see figs. 5.17 and 5.18) from its nominal value which 

is inside the normal operating range and its transient performance is good.  
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Table 5.2 index values of disturbances for key parameters of the HMG in Case study I 

 

Dynamic load disturb-

ance in ACg 

(14-18s) 

Solar irradiance  

variation in DCg 

(14-20s) 

Fault in ACg 

(14-18s) 

Fault in DCg 

(14-18s) 

BESS ACB1 ACB2 DCB ACB1 ACB2 DCB ACB1 ACB2 DCB ACB1 ACB2 DCB 

𝑈𝐴𝐶  0.0449 0.0442 0.0452 0.0421 0.0409 0.0424 0.2206 0.235 0.2401 0.1363 1.003 0.0706 

𝑈𝐷𝐶 1.1069 1.098 1.0318 8.3792 8.5275 1.1214 14.89 16.013 1.955 155.65 231.7 71.92 

𝑓𝐴𝐶  0.2297 0.2771 0.2595 0.2588 0.2937 0.0381 0.6926 0.7514 0.626 0.4585 4.615 0.5123 

 

Table 5.3 Index values of disturbances happening in ACg for key parameters of the HMG in Case study II 

 
Generation change 

(0.8-1.8s) 

Load variation 

(1.8-2.8s) 

Fault 

(0.8-1.8s) 

BESS ACB DCB ACB DCB ACB DCB 

𝑈𝑎𝑐 𝑙𝑖𝑛𝑘 0.8634 0.0845 0.6773 0.0809 2.0158 18.2 

𝑈𝑑𝑐 𝑙𝑖𝑛𝑘  1.5555 8.2 1.4643 3.0156 2.5945 61.92 

𝑓𝑎𝑐 𝑙𝑖𝑛𝑘  0.0045 0.0042 0.0028 0.0032 0.0127 0.025 

 

Table 5.4 Index values of disturbances happening in DCg for key parameters of the HMG in Case study II 

 
Generation change 

(0.8-1.8s) 

Load variation 

(1.8-2.8s) 

Fault 

(1.8-2.8s) 

BESS ACB DCB ACB DCB ACB DCB 

𝑈𝑎𝑐 𝑙𝑖𝑛𝑘 0.7544 0.0415 1.6788 0.0414 0.9968 3.7742 

𝑈𝑑𝑐 𝑙𝑖𝑛𝑘  2.3553 5.3979 3.0175 9.5727 7.3171 44.33 

𝑓𝑎𝑐 𝑙𝑖𝑛𝑘  0.0046 0.0031 0.0064 0.0026 0.0089 0.0031 

 

5.4 Chapter Conclusion 

This chapter analyzed and compared the dynamic performance of HMGs when operated with 

an aggregated battery energy storage device connected to either ACg or DCg through a heuristic 

approach. Two different microgrid case studies were considered for evaluations, i.e., an industrial 

HMG with high penetration of RES dynamics and high inertia elements and a converter-based 

microgrid. A recently reported novel bidirectional DC-DC converter was employed in DCB to 

improve the dynamic response of HMG. Besides, several operating conditions and grid disturb-

ances were applied for comparative analysis. The following conclusions can be drawn based on 

the comparative analysis performed in this study: 

a) The comparison showed that in an industrial microgrid (Case study I) with high inertia 
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DERs, the DCB has relatively better performance during large signal disruptions, e.g., grid voltage 

dips. Particularly, the index-based analysis shows that DCg voltage index for HMG with DCB, as 

a key performance indicator, has 40.7%, 41%, and 26.5% lower values compared to the average 

value of those of ACB1 and ACB2 in case of solar irradiance, ACg fault, and DCg fault disruptions 

respectively, where a lower index value indicates superior performance. Similarly, ACg frequency 

and voltage for HMG with DCB have 40.3% and 41.25% lower index values in comparison to the 

average value of that of the ACB1 and ACB2 in case of solar irradiance, and DCg fault disruptions 

respectively.  

Conversely, a converter-based microgrid with low inertia sources (Case study II) equipped 

with ACB outperforms the microgrid equipped with DCB. Specifically, the DCg voltage index for 

HMG with ACB has roughly 68%, 34.6%, and 92% lower values compared to those of DCB for 

generation, load, and fault disruptions respectively, happening in ACg. Likewise, it has 39%, 52%, 

and 71.6% lower index values compared to those of DCB occurring in DCg accordingly. 

b) The BESS controller and its bandwidth, as well as the ILC control strategy, have great 

importance when the energy storage runs as a voltage source in either sub-grid of HMG.  

c) This research could be beneficial to the industry, designers, and microgrid operators to 

know about the influence of the energy storage location on HMG performance that is usually over-

looked during the siting analysis since the optimal location is always selected pursuant to economic 

and power flow objectives. 

d) Although this study covered only two HMG cases, whether the results can be generalized 

to all cases or not, similar research is needed along with other objectives.  

This study can be extended to HMGs with distributed energy storage devices where there are 
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several candidate locations for BESS. In that case, analytical approaches like small-signal and 

stability analysis may preferably be used instead of heuristic methods. 

5.5 Chapter Appendix  

Table 5.5 System parameters in the case study I 

𝑉∗, 𝑉𝐷𝐺
∗  460 𝑉(L-L)  𝑉𝑟𝑒𝑓(DC) 800 𝑉 

𝜔∗, 𝜔𝐷𝐺
∗  

314𝑟𝑒𝑑

𝑠
  𝐶𝐷𝐶 10𝑚𝐹 

𝐿1, 𝐿3 1.9𝑚𝐻   𝑅1, 𝑅3 207𝑚Ω 

𝐿2 1.3𝑚𝐻   𝑅2 138𝑚Ω 

𝐿𝑓1 375𝜇𝐻    𝐿𝑓1
′  75𝜇𝐻 

𝐿𝑓2 250𝜇𝐻   𝐿𝑓2
′  50𝜇𝐻 

𝐶𝑓1 1200𝜇𝐹   𝐶𝑓2 1500𝜇𝐹 

𝑚𝐴𝐶𝐵 75  𝑛𝐴𝐶𝐵 10 

𝑚𝐷𝐺 0.05   𝑛𝐷𝐺 0.15 

Load 1 205𝑘𝑊   Load 2 355𝑘𝑊 + 𝑗112𝑘𝑉𝑎𝑟 

Load 3,4 560𝑘𝑊 + 𝑗112𝑘𝑉𝑎𝑟 Load DC 307 𝑘𝑊 

 

Table 5.6 BESS parameters in the case study I 

ACB1 and ACB2  

𝐸0 950 𝑉  𝑓𝑝𝑤𝑚 5 𝑘𝐻𝑧 

𝑄  500 𝐴ℎ  𝑃𝑐𝑜𝑛𝑣  500𝑘𝑊 

𝑅𝑏 15𝑚Ω  𝐾𝑝 0.013 

𝐴  73.3  𝐵 0.122 

DCB  

𝐸0 565 𝑉  𝑓𝑝𝑤𝑚 10 𝑘𝐻𝑧 

𝑄  420 𝐴ℎ  𝑃𝑐𝑜𝑛𝑣  500 𝑘𝑊 

𝐿𝐵1, 𝐿𝐵2 0.45,0.72𝑚𝐻 𝐶𝐵1, 𝐶𝐵2 500, 300𝜇𝐹 

𝑅𝑏 10𝑚Ω  𝐾𝑝 0.0092 

𝐴  43.6  𝐵  0.145 

 

Table 5.7 Initial values in the case study I  

DG: 𝑃𝐷𝐺 = 0.15𝑝𝑢, 𝑄𝐷𝐺 = 0.47𝑝𝑢 (rating:800kVA) 

PV: 𝑃𝑃𝑉 = 1𝑝𝑢 (rating:305kW)  Irradiance: 1000𝑊/𝑚2 

WTG: 𝑃𝑊𝑇𝐺 = 1𝑝𝑢 (rating:1500kW)  Wind speed: 14𝑚/  

Load 1 𝑃𝑀 = 0.91 𝑝𝑢 (at 205kW base) 

𝑃𝐴𝐶𝐵
∗ , 𝑃𝐼𝐿𝐶

∗  −200𝑘𝑊 before islanding 
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Table 5.8 System parameters in the case study II 

Grid Parameters 

𝑉∗(ACg) 460 𝑉(L-L) 𝑉𝑑𝑐
∗ (DCg) 900 𝑉 

𝜔∗ 
314𝑟𝑒𝑑

𝑠
 𝐶𝐷𝐶 1000𝜇𝐹 

𝑅1, 𝐿1 25𝑚Ω, 45𝜇𝐻  𝑅2, 𝐿2 20𝑚Ω, 36𝜇𝐻 

𝑅3, 𝐿3 47𝑚Ω, 65𝜇𝐻 𝑅4, 𝐿4 25𝑚Ω, 45𝜇𝐻 

𝑅5, 𝐿5 7.76Ω, 6𝑚𝐻  𝑅6, 𝐿6  3.38Ω, 3𝑚𝐻 

𝑅7, 𝐿7  3.38Ω, 3𝑚𝐻  𝑅8, 𝑅9, 𝑅10 30, 20, 10 Ω 

BESS circuit parameters 

ACB  𝐿𝑓 , 𝐿𝑓
′ , 𝐶𝑓   450𝜇𝐻, 90𝜇𝐻, 1200𝜇𝐹 

DCB  𝐿𝐵1, 𝐿𝐵2, 𝐶𝐵1, 𝐶𝐵2  450𝜇𝐻, 720𝜇𝐻, 1200𝜇𝐹, 750𝜇𝐹  

Non-BESS circuit parameters 

DER1,2 & ILC  𝐿𝑓 , 𝐿𝑓
′ , 𝐶𝑓  400𝜇𝐻, 80𝜇𝐻, 1200𝜇𝐹 

DER3,4   𝐿𝐷 , 𝐶𝐷  1𝑚𝐻, 250𝜇𝐹 

 

Table 5.9 BESS parameters in the case study II 

ACB 

𝐸0  900 𝑉  𝑓𝑝𝑤𝑚  5 𝑘𝐻𝑧 

𝑄  300 𝐴ℎ  𝑃𝑐𝑜𝑛𝑣   270 𝑘𝑊 

𝑅𝑏 25𝑚Ω 𝐾𝑝 0.02 

𝐴  70 𝐵  0.2 

DCB  

𝐸0 636 𝑉 𝑓𝑝𝑤𝑚 20 𝑘𝐻𝑧 

𝑄  212 𝐴ℎ 𝑃𝑐𝑜𝑛𝑣  270 𝑘𝑊 

𝑅𝑏 20𝑚Ω 𝐾𝑝 0.016 

𝐴  49.3 𝐵  0.226 

 

Table 5.10 Initial values in the case study II  

Operating with ACB 

DER2  150𝑘𝑊/60𝑘𝑉𝑎𝑟 

DER3, DER4 100𝑘𝑊, 75𝑘𝑊 

Operating with DCB 

DER1  50𝑘𝑊/0𝑘𝑉𝑎𝑟 

DER2  150𝑘𝑊/60𝑘𝑉𝑎𝑟 

DER3  100𝑘𝑊 
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Chapter 6 Solar Photovoltaic (PV) System as Supercapacitor En-

ergy Storage 

6.1 Introduction 

An introductory evaluation regarding merging PV system with a high power energy storage 

like supercapacitor was given in chapter 2. To overcome the limitations and challenges discussed 

in section 2.7, this chapter proposes to design and operate the grid-connected PV system as an SES 

during nighttime or intermittent cloud insolation conditions as well as during daytime. According 

to the proposed approach, a partially charged supercapacitor (by the grid power) will be connected 

between points A and B at the PV panel terminal (see Figure 2.21). At nighttime, the PV panel 

will be disconnected naturally. Consequently, the charged supercapacitor connected as the input 

to the DC-DC converter and the rest of the components (except the MPPT controller and BES) 

will constitute the SES unit that can be used for dynamic performance improvement. During the 

daytime, following any disturbances like any faults in the network, the PV panel will be discon-

nected for a very short time, and the SES unit will control both reactive and active powers, thereby 

providing both voltage and frequency support to the grid. Once the power grid stability is main-

tained, the PV panel will be connected back and operate normally. Thus, the proposed system can 

provide a seamless and robust operation of the grid-connected PV system.  

In summary, the main benefits of the proposed approach are as follows.  

• The proposed PV system not only works in its typical mode of operation but also can improve 

the system stability whenever needed (i.e., whenever there are any disturbances in the grid). 

And this is the additional advantage that can be achieved from the same PV system just by 

momentarily connecting a supercapacitor/battery at the PV panel terminal. 
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• To handle any disturbances (fault, load change, etc.) at the grid side, typically an auxiliary 

control device such as STATCOM, SVC, fault current limiter, any extra energy storage device 

(like a full supercapacitor energy storage unit as shown in Figure 2.22 or a full battery energy 

storage system) is connected at the grid point, and the system stability is maintained. How-

ever, as per the proposed approach, since the same PV system is being used, it saves the cost 

of adding any auxiliary control devices at the grid point. In other words, this technology will 

achieve significant cost savings due to the use of existing PV system components as the SES 

unit. 

In this study, a new controller has been designed to open and close the switches of the PV and 

SES systems. Small-signal stability analysis for the proposed PV-SES system has been conducted. 

In order to show the effectiveness of the proposed PV-SES unit, extensive simulations have been 

performed. Both voltage and frequency disturbances have been considered at the grid side.  

6.2 Proposed PV-Supercapacitor Energy Storage (SES) System Modeling 

6.2.1 Principle of Operation 

The operation of the proposed PV-Supercapacitor (PVSC) concept can be better explained in 

Figure 6.1. As shown on the rightmost side of this figure, there is a PCC grid point where there 

can be other power sources such as synchronous generators, wind generators, other PV systems, 

etc., connected to power the loads or the customers. To handle any disturbances (fault, load change, 

etc.) at the grid side, typically an auxiliary control device is connected at the grid point or the DC 

link point, and the system stability is maintained. Now, according to the proposed concept, during 

any random disturbances at the grid side, usage of any full supercapacitor storage system or full 

battery energy storage system at the grid side or the DC link point will not be needed. According 

to this concept, if suddenly any disturbance happens at the grid side (it can be any time like 
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nighttime/daytime/cloudy weather), then the PV panel will be momentarily disconnected by the 

switch SW1 and the supercapacitor switch SW2 will be closed (assuming the SC has already some 

charge). Then the supercapacitor together with the bidirectional DC-DC converter, DC link capac-

itor, and voltage-sourced converter (VSC) will constitute the full supercapacitor energy storage 

unit/system (like Figure 2.22) that can tackle the sudden fault, load change, at the grid side. Since 

the PV panel is getting disconnected for a short moment, certainly other power sources connected 

at the grid point will continue providing power to the customers at that time. Once the grid becomes 

stable, immediately the PV panel will be connected back by closing the switch SW1 and will op-

erate normally (during sunny time) and the SC switch SW2 will be disconnected. Therefore, the 

utility integrated PV system can operate as a supercapacitor or battery energy storage system. It 

should be noted that in the proposed PVSC system the BDC works in voltage control mode and 

the VSC works in grid-forming control mode with a conventional synchronous generator-based 

droop control that can track the reference power. This reference power is defined by either MPPT 

system in PV mode operation or another value in energy storage mode of operation. The next part 

explains how the algorithm controls the switches SW1 and SW2 and VSC reference power.  

It is to note here that the proposed PVSC system will have the capabilities to operate in the 

following two modes: 

i) PV system mode: In this mode, the proposed PV system will provide power to the grid, as 

usual, assuming there is sufficient solar irradiance (sunlight).  

ii) Energy storage mode: Once there are any grid disturbances such as faults, load change, 

etc. (irrespective of daytime, nighttime, cloudy situations), the same PV system changes to the 

energy storage (supercapacitor/battery) mode through the switches, and by controlling active and 

reactive powers it improves the transient stability, fault-ride through capability, voltage sag, etc., 
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of the grid. Once the grid stability is maintained, it changes back to the usual PV system mode 

above. 
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 Proposed PV-Supercapacitor energy storage system (power stage). 

6.2.2 Operation Algorithm 

Figure 6.2 shows the flowchart of the control algorithm of the proposed PVSC system. It is 

assumed that a disturbance detection algorithm (DDA) generates a control signal (u) with two 

values of 0, indicating normal operation, and 1 indicating detected disturbance along with other 

measurements controls the switching states of SW1 and SW2 as well. This study does not intend 

to design and analyze the DDA as it is out of the scope of this paper. It can be based on the moni-

toring of the combination of the real-time values or rate of change of grid parameters at PCC.  

During the daytime, while no disturbance is detected, the system is working like a regular PV 

system to inject the maximum power generated by solar irradiance. Therefore, SW1 is closed (on), 

and SW2 is open (off), and the VSC reference power (𝑃𝑉𝑆𝐶
𝑟𝑒𝑓

) is set to PV maximum power (𝑃𝑚𝑝𝑝). 

Once a disturbance is detected by DDA such that 𝑢 = 1, first SW1 is opened and then SW2 is 

immediately closed. In the moment of changeover from PV to SC, the last value of the PV voltage 
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(𝑣𝑝𝑣
𝑡−) is saved to be applied in the next changeover from SC back to PV. In addition, a flag is 

toggled to 1 to indicate that changeover from PV to SC is occurred. The system will continue to 

handle the transient stability until the operating condition comes back to a normal situation and 

DDA issues the signal 𝑢 = 0.  

It should be noted that, during the transient period that SC is switched on, the reference power 

is kept on the previous value of 𝑃𝑉𝑆𝐶
𝑟𝑒𝑓

 to have a smooth changeover by supplying the same power. 

At the end of the transient operation, the stored energy in SC is examined by checking its voltage. 

The transient period is usually short enough (in the order of few seconds) to assume that the solar 

irradiance remains unchanged and the same 𝑃𝑚𝑝𝑝 is generated. The SC voltage (𝑣𝑠𝑐) must be close 

to 𝑣𝑝𝑣
𝑡− to ensure that changeover from SC to PV is smooth and the PV gets back to its operating 

point once it had prior to the changeover. It should be noted that due to employing the MPPT 

system, 𝑣𝑝𝑣 does not vary significantly for a wide range of solar irradiance levels. For example, 

for the PV under the study in this paper, it is in the range of 257 < 𝑣𝑝𝑣 < 273 for a vast range of 

irradiance level between 100 to 1000
𝑤

𝑚2.  Consequently, the SC is charged/discharged from the 

grid at the end of the transient period to ensure that 𝑣𝑠𝑐 is in this range by applying appropriate 

charge/discharge power reference (𝑃𝑐ℎ, 𝑃𝑑𝑐ℎ) to VSC. Before changeover to PV, if the SC is over-

charged (i.e., 𝑣𝑠𝑐 > 𝑣𝑝𝑣
𝑡−), the VSC will continue to discharge power to the grid, and if it is under-

charged (i.e., 𝑣𝑠𝑐 < 𝑣𝑝𝑣
𝑡−), the algorithm will change 𝑃𝑉𝑆𝐶

𝑟𝑒𝑓
 to 𝑃𝑐ℎ. A small value of 휀 is added to 

𝑣𝑝𝑣
𝑡− as a dead band to avoid chattering. The process of smooth power reference variation will be 

discussed in the next parts. during the nighttime or full cloudy weather while the irradiance level 

is below the operation threshold the system works as a regular SC energy storage and VSC refer-

ence power is set to zero (𝑃𝑉𝑆𝐶
𝑟𝑒𝑓

= 0).  
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6.3 Components models and control systems 

The details of the control systems and power stage of the VSC, BDC, supercapacitor, and PV 

are well studied in the literature. Here, a theoretical background is briefly provided that is vital for 

the small-signal analyses discussed in the next section. This study considers a detailed switching 

model (DSM) of the components for time-domain analyses and a nonlinear mathematical model 

(NMM) for stability analyses.  

6.3.1 PV 

Figure 6.3 (a) and (b) show the current source model [106] and its equivalent Thevenin model 

[135] of the PV module, respectively. The voltage-current (V-I) characteristic of a PV array con-

sisting of 𝑁𝑠 series modules and 𝑁𝑝 parallel strings is defined by the following nonlinear expres-

sions: 

𝑖𝑝𝑣 = 𝐼𝑠𝑝𝑣 − 𝐼𝑑 −
𝑣𝑝𝑣 + 𝑅𝑠𝑝𝑣𝑖𝑝𝑣

𝑅𝑝
 (6. 1)  

𝐼𝑑 = 𝐼0 [exp (
𝑣𝑝𝑣 + 𝑅𝑠𝑝𝑣𝑖𝑝𝑣

𝑛𝑉𝑇𝐻
) − 1] (6. 2)  

𝐼𝑠 =
𝑆

𝑆𝑟
[𝐼𝑠,𝑟 + 𝛼𝐼(𝑇 − 𝑇𝑟)]  (6. 3)  

where 𝐼𝑠𝑝𝑣 = 𝑁𝑝𝐼𝑠 and 𝐼0 = 𝑁𝑝𝐼0,𝑑 are PV and diode saturation current of the array, 𝑉𝑇𝐻 =
𝑁𝑐𝑘𝑇

𝑞
is 

the diode thermal voltage, 𝑘 is Boltsmann constant, 𝑁𝑐 is the number of cells per module, and 𝑛 is 

the diode ideality factor, respectively. 𝐼𝑠 and 𝐼0,𝑑 are individual module’s photogenerated current 

and diode saturation current, and 𝑅𝑝 and 𝑅𝑠𝑝𝑣 are the equivalent series and parallel  
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 The control algorithm of the proposed PVSC system during daytime 

resistances of the array, respectively. 𝐼𝑠,𝑟 is photogenerated current at nominal conditions 

(25°𝐶 and 1000𝑊/𝑚2), 𝛼𝐼 is a current-temperature coefficient, 𝑆, and 𝑇 are irradiation level 

(𝑊/𝑚2) and ambient temperature (in Kelvin) with 𝑆𝑟 and 𝑇𝑟 being their nominal values.  The 

nonlinear model in Figure 6.3a can be approximated by its tangent to achieve a Thevenin equiva-

lent model (Figure 6.5.b), around the equilibrium point (𝑉𝑝𝑣, 𝐼𝑝𝑣) of the PV: 

𝑉𝑠𝑝𝑣 = 𝑣𝑝𝑣 + 𝑅𝑝𝑣𝑖𝑝𝑣  (6. 4)  

where 𝑅𝑝𝑣 is the PV source static resistance and is defined by 𝑅𝑝𝑣 ≜
𝑉𝑝𝑣

𝐼𝑝𝑣
 at equilibrium point and 
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𝑉𝑠𝑝𝑣 is the equivalent internal voltage source.  
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+

-
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-
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(a) (b) 

 Figure 5. PV module equivalent circuit, a) current source model, Thevenin equivalent  

With the known values of 𝑅𝑠𝑝𝑣 and 𝑅𝑝, and using (6.1), the PV power is calculated by: 

𝑃𝑝𝑣 = 𝑣𝑝𝑣𝑖𝑝𝑣  (6. 5)  

and the maximum PV power (𝑃𝑚𝑝) and the corresponding value of the voltage at this point can be 

obtained by equating the power expression to zero at maximum point (𝑚𝑝) [136]:  

𝑑𝑃𝑝𝑣

𝑑𝑣𝑝𝑣
|𝑚𝑝 = 0 (6. 6)  

These PV power and voltage values can be used for the control system which will be discussed 

in the next section. The PV manufacturers usually supply the I-V and P-V characteristics of the 

module for different operating points [106]. However, one can estimate the maximum power point 

parameters using (6.6) if the module parameters are known. Figure 6.4 shows the P-V characteris-

tics of the PV array used in this study for different values of solar irradiation. As can be seen, the 

range of the PV voltage when tracking maximum point is narrow enough to safely connect it to a 

pre-charged SC with the voltage at the same range.  

6.3.2 Supercapacitor 

Figure 6.5 shows the equivalent model of the SC [137]. In this study, the capacitor element of 

the SC is modeled as an internal voltage source, with a parallel self-discharge resistance (𝑅𝑝𝑠𝑐) 
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 P-V characteristics of the PV array under the study, for different levels of irradiance and rated 

temperature (25℃).  

and series resistance (𝑅𝑠𝑠𝑐). The incremental/decremental energy in the internal capacitor depends 

on the power absorbed/injected and the duration of the SC in operation:  

𝐸𝑠𝑐(𝑡) = ∫𝑉𝑐𝑠𝑐(𝑡)𝑖𝑐𝑠𝑐(𝑡)𝑑𝑡 (6. 7)  

where 

𝑖𝑐𝑠𝑐 = 𝑖𝑠𝑐 +
𝑉𝑐𝑠𝑐
𝑅𝑝𝑠𝑐

 (6. 8)  

is the internal capacitor current. Then the current value of 𝑉𝑐𝑠𝑐 can be calculated by:  

𝑉𝑐𝑠𝑐(𝑡) =
√
2(𝐸𝑠𝑐,0 − 𝐸𝑠𝑐(𝑡))

𝐶𝑠𝑐
 (6. 9)  

where 𝐸𝑠𝑐,0 =
1

2
𝐶𝑠𝑐𝑉𝑐𝑠𝑐,0

2  is the initial energy stored in the internal capacitor with the initial voltage 

𝑉𝑐𝑠𝑐,0. Figure 6.5(b) represents the nonlinear model of the SC to be used in NMM.  

6.3.3 Bidirectional DC-DC Converter 

The BDC is a half-bridge converter [137][138] and controls the DC link voltage where VSC is 

connected to its DC side. Unlike the regular PV systems where a boost converter along with the 
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 Supercapacitor model, (a) circuit model, and (b) nonlinear model diagram  

VSC works in current source mode (or grid-supporting mode) and it does not control the voltage 

and frequency, the proposed system aims to implement the voltage source mode (or grid forming 

mode) where the BDC controls the DC link voltage and the VSC controls voltage and frequency 

at its terminal in AC side. The regular PV system injects the PV active power and can have limited 

control on reactive power. The dynamics of the BDC is expressed in terms of inductor current (𝑖𝐿) 

and DC-link capacitor voltage (𝑣𝑑𝑐): 

{
 

 
𝑑𝑖𝐿
𝑑𝑡

= −
𝑅𝑑𝑐𝑖𝐿
𝐿𝑑𝑐

+
1

𝐿𝑑𝑐
[𝑣𝑖𝑛 − 𝑓(𝑑)𝑣𝑑𝑐]

𝑣𝑑𝑐 =
1

𝐶𝑑𝑐
∫ 𝑓(𝑑)𝑖𝐿𝑑𝑡                                 

  (6. 10)  

where 𝐿𝑑𝑐 , 𝑅𝑑𝑐 and 𝐶𝑑𝑐 are, respectively, the inductor and DC link capacitor parameters, 𝑣𝑖𝑛 is 

the converter input voltage that can be either connected to 𝑣𝑝𝑣  (when operating with PV) and 𝑣𝑠𝑐 

when operating with SC, and 𝑓(𝑑) is defined by:  

{
𝑓(𝑑) = 𝑑                                 buck mode

𝑓(𝑑) = 1 − 𝑑                        boost mode
  (6. 11)  

where 𝑑 is the duty cycle generated by the control system. It should be noted that when operating 

with SC, 𝑓(𝑑) can take both values in (11) depending on charge or discharge operation. However, 

during the operation with PV, where the converter works in boost mode, 𝑓(𝑑) = 𝑑 . Figure 6.6, 
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on the left-hand side, shows the equivalent circuit model of the BDC power stage. The dynamics 

of the inductor current (𝑖𝐿) has a little difference when operating with PV and SC. For the BDC 

connected to PV we have:  

𝑑𝑖𝐿
𝑑𝑡

= −
(𝑅𝑑𝑐 + 𝑅𝑠𝑝𝑣)𝑖𝐿

𝐿𝑑𝑐
+

1

𝐿𝑑𝑐
[𝑉𝑠𝑝𝑣 − 𝑓(𝑑)𝑣𝑑𝑐]

                                
 (6. 12)  

where 𝑓(𝑑) = 1 − 𝑑. And for the BDC connected to SC it holds: 

𝑑𝑖𝐿
𝑑𝑡

= −
(𝑅𝑑𝑐 + 𝑅𝑠𝑠𝑐)𝑖𝐿

𝐿𝑑𝑐
+

1

𝐿𝑑𝑐
[𝑉𝑐𝑠𝑐 − 𝑓(𝑑)𝑣𝑑𝑐]

                                
 (6. 13)  

The diagram of the nonlinear dynamic model of the BDC combined with PV and SC is sepa-

rately expressed in the Laplace domain and represented in Figure 6.7 which will be used for line-

arization purposes. The control system of BDC is discussed in the next part.  
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 Diagram of the nonlinear model of the BDC combined with: (a) PV and (b) SC models.  

6.3.4 VSC, Load and Transmission Line  

The VSC is a two-level three-phase inverter [20] with an LCL circuit [139] working as a 

second-order filter. It should be noted, although the control system of the VSC is implemented in 

the rotating reference frame (RRF) or dq to interact with DC parts of the system, its power stage 

is modeled in the stationary reference frame (SRF) or 𝛼𝛽 to reflect the frequency interactions with 

power grid [21]. The following expressions represents the VSC dynamics in 𝛼𝛽 frame:  

𝑑𝑖𝑡𝛼𝛽

𝑑𝑡
=
1

𝐿𝑓
(−𝑅𝑓𝑖𝑡𝛼𝛽 + 𝑣𝑡𝛼𝛽 − 𝑣𝑐𝛼𝛽) 

𝑣𝑐𝛼𝛽 =
1

𝐶𝑓
∫ (𝑖𝑡𝛼𝛽 − 𝑖𝑜𝛼𝛽)𝑑𝑡 

𝑑𝑖𝑜𝛼𝛽

𝑑𝑡
=
1

𝐿𝑐
(−𝑅𝑐𝑖𝑜𝛼𝛽 + 𝑣𝑐𝛼𝛽 − 𝑣𝑔𝛼𝛽)  

𝑣𝑡𝛼𝛽 = 𝑚𝛼𝛽

𝑣𝑑𝑐
2
  

(6. 14)  

where 𝑚𝛼𝛽 is the control signal input to VSC and 𝑣𝑡𝛼𝛽 is the converter AC terminal voltage and 

all other parameters are introduced in Figure 6.1. Variables with subscription 𝛼𝛽 are orthogonal 

space vectors where the component 𝛼 is aligned with the phase 𝑎 of the corresponding variable in 

𝑎𝑏𝑐 reference frame.  

The load is a combination of resistive and inductive elements. Although the series combina-

tion of the load is considered in the time domain modeling, its parallel combination is presented in 

the Laplace domain in Figure 6.8 where 𝑅𝑙
′ and 𝐿𝑙

′  represent the parallel equivalent of the load 
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elements. The following expressions define the dynamics of the load and transmission line in 𝛼𝛽 

frame:  

𝑑

𝑑𝑡
 (𝑖𝑜𝛼𝛽 − 𝑖𝑔𝛼𝛽) =

1

𝐿𝑙
[−𝑅𝑙(𝑖𝑜𝛼𝛽 − 𝑖𝑔𝛼𝛽) + 𝑣𝑔𝛼𝛽] 

 
𝑑𝑖𝑔𝛼𝛽

𝑑𝑡
=
1

𝐿𝑔
(−𝑅𝑔𝑖𝑔𝛼𝛽 + 𝑣𝑔𝛼𝛽 − 𝑣𝐺𝛼𝛽) 

(6. 15)  

where 𝑣𝐺𝛼𝛽  is the constant vector of grid voltage. The 𝛼𝛽 vectors of the grid voltage can be con-

verted from abc reference frame using Clark transformation [20][31]. The complete dynamic 

model of the VSC, load, and transmission line is derived from (6.14) and (6.15) and represented 

in Figure 6.8. This model along with the dynamic models of the other components will be used in 

NMM for linearization and stability analyses.  
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 The complete dynamic model of the VSC, load and transmission line represented in 𝛼𝛽 frame  

6.4 Control systems 

The control systems are designed and implemented such that the combination of the BDC and 

VSC operates in voltage source or grid-forming mode.  

6.4.1 BDC control  

When operating with PV, the BDC turns into a unidirectional converter whose function is to 
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transfer the PV power to VSC while ensuring the DC link voltage remains on its reference value. 

However, during the operation with SC, it performs as a bidirectional converter to exchange power 

with VSC. This changeover is facilitated in the control algorithm by switching between signals 

and measurements. The BDC is controlled by a cascaded voltage-current control framework 

[135][116] where the current loop bandwidth is much greater than that of the voltage loop. Hence 

the controllers can be separately designed.  

Figure 6.9 shows the BDC control diagram when operating with SC, where 𝑘𝑝𝑣, 𝑘𝑖𝑣, 𝑘𝑝𝑐 and 

𝑘𝑖𝑐 are, respectively, the proportional and integral gains of the PI regulators in voltage and current 

loops. Also, 𝜔𝑐1 is the bandwidth of the low pass filter (LPF) to suppress the switching noise of 

current measurement (𝑖�̃�). 𝑣𝑑𝑐 and 𝑣𝑑𝑐
∗  are the DC link voltage measurement and its reference 

value.  
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 BDC control diagram when operating with SC 

The operation of BDC, when connected to PV, requires the controller to track the maximum 

power point voltage at PV terminals (𝑣𝑚𝑝) as the reference. 𝑣𝑚𝑝 along with the corresponding 

power (𝑃𝑚𝑝) (see Figure 6.4) are generated by the MPPT system. Inspired by [135], the control 

system in Figure 6.9 is reconfigured to control the converter input voltage as feedback provided 

that the output voltage (𝑣𝑑𝑐) remains on its reference value (𝑣𝑑𝑐
∗ ). We have:  

𝑓(𝑑) = 1 −
1

𝑣𝑑𝑐
∗ (𝑣𝑝𝑣 − [𝑘𝑝𝑐(𝑖𝐿

∗ − 𝑖𝐿) + 𝑘𝑖𝑐∫ (𝑖𝐿
∗ − 𝑖𝐿)𝑑𝑡]) (6. 16)  
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which is represented in Figure 6.10. It should be noted that all controller parameters will remain 

the same during the changeover from PV to SC and vice versa.  
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 BDC control system when connected to PV. 

Note that 𝑃𝑚𝑝 is applied to VSC reference power ensuring that the power transferred from DC 

link to AC side is equal to PV output power hence the DC link voltage remains constant during 

the operation of PV with different irradiance levels.  

6.4.2 VSC Control  

The VSC has a droop controlled dual loop voltage/current control system implemented in dq 

frame which is well studied in the literature [20][140] and is shown in figure 6.11. Voltage and 

current loop controllers are realized using PI regulators, where the bandwidth of the voltage loop 

is selected at least one decade below the current loop bandwidth.  
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 The VSC control system diagram 
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In Figure 6.11, 𝜔𝑛 and 𝑉𝑛 are nominal values of the system frequency and voltage magnitude, 

𝑚𝑝 and 𝑛𝑞 are droop control coefficients, 𝑃𝑜 , 𝑄𝑜, 𝑃𝑉𝑆𝐶
∗  and 𝑄𝑉𝑆𝐶

∗  are the output active and reactive 

power and their references, respectively. It should be noted since the VSC is connected to the grid 

and the frequency is a global variable, the steady-state error of the frequency is zero and VSC 

tracks the reference active power, which is defined by the control algorithm. However, as the volt-

age is a local variable there would be a trad off between tracking the reference reactive power or 

voltage magnitude. The voltage and current control loops are expressed in (6.17) and (6.18), re-

spectively:  

𝑖𝑡𝑑
∗ = 𝑘𝑝𝑣2(𝑣𝑐𝑑

∗ − 𝑣𝑐𝑑) + 𝑘𝑖𝑣2∫ (𝑣𝑐𝑑
∗ − 𝑣𝑐𝑑)𝑑𝑡 + 𝑖𝑜𝑑 −𝜔𝑛𝐶𝑓𝑣𝑐𝑞 

𝑖𝑡𝑞
∗ = 𝑘𝑝𝑣2(𝑣𝑐𝑞

∗ − 𝑣𝑐𝑞) + 𝑘𝑖𝑣2∫ (𝑣𝑐𝑞
∗ − 𝑣𝑐𝑞)𝑑𝑡 + 𝑖𝑜𝑞 + 𝜔𝑛𝐶𝑓𝑣𝑐𝑑 

(6. 17)  

𝑚𝑑 = 𝑘𝑝𝑐2(𝑖𝑡𝑑
∗ − 𝑖𝑡𝑑) + 𝑘𝑖𝑐2∫ (𝑖𝑡𝑑

∗ − 𝑖𝑡𝑑)𝑑𝑡 + 𝑣𝑐𝑑 − 𝜔𝑛𝐿𝑓𝑖𝑡𝑞 

𝑚𝑞 = 𝑘𝑝𝑐2(𝑖𝑡𝑞
∗ − 𝑖𝑡𝑞) + 𝑘𝑖𝑐2∫ (𝑖𝑡𝑞

∗ − 𝑖𝑡𝑞)𝑑𝑡 + 𝑣𝑐𝑞 + 𝜔𝑛𝐿𝑓𝑖𝑡𝑑 
(6. 18)  

where 𝑘𝑝𝑣2, 𝑘𝑖𝑣2, 𝑘𝑝𝑐2 and 𝑘𝑖𝑐2 are proportional and integral gains of the PI regulators. 

6.5 Nonlinear Mathematical Model and Small-Signal Analyses 

In this section, the proposed system’s stability is analyzed through a complete nonlinear math-

ematical model (NMM) of all components and their interactions.  

6.5.1 NMM 

The NMM is suitable for fast linearization analysis with high accuracy where the system’s 

dynamic complexity grows with the number of components. It can be considered as a reduced 

order average model that retains the system’s dynamic with high accuracy. The NMM can be 

formed by interconnecting all component’s dynamic models. The dynamic interaction between 

AC and DC parts is established by power balance in DC link between BDC and VSC as follows. 

Neglecting the power transfer loss in VSC we have:  
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𝑃𝐷𝐶 = 𝑣𝑑𝑐𝑖𝑑𝑐 (6. 19)  

𝑃𝐴𝐶 =
3

2
(𝑣𝑡𝑑𝑖𝑡𝑑 + 𝑣𝑡𝑞𝑖𝑡𝑞) (6. 20)  

where 𝑃𝐷𝐶  and 𝑃𝐴𝐶  are input and output power of the VSC respectively. Substituting 𝑣𝑡𝑑 =

𝑚 𝑞

2
𝑣𝑑𝑐  in (6.20) and equating right-hand sides of the (6.19) and (6.20) it holds: 

𝑣𝑑𝑐𝑖𝑑𝑐 =
3

2
(
𝑚𝑑

2
𝑣𝑑𝑐𝑖𝑡𝑑 +

𝑚𝑑

2
𝑣𝑑𝑐𝑖𝑡𝑞) (6. 21)  

𝑖𝑑𝑐 =
3

4
(𝑚𝑑𝑖𝑡𝑑 +𝑚𝑞𝑖𝑡𝑞) (6. 22)  

in which 𝑖𝑑𝑐 is expressed in terms of dq quantities of the modulation indices and VSC output 

terminal current (𝑖𝑡𝑑𝑞). Figure 6.12 shows the NMM of the proposed PVSC system which can be 

easily utilized for deriving linearized state-space models and transfer functions for any sets of 

input/output signals. these models and transfer functions can be used for examining the stability 

of the system under different operating points and parameter variations as well as control system 

design. As can be seen, the NMM is purely based on mathematical models with no implementation 

of circuits.  

6.5.2 Small-Signal Analyses 

Reference [140] provides a systematic approach to derive the small-signal state-space model 

of a grid-forming VSC with a constant voltage DC source as an energy source. The same method-

ology can be used for deriving a combined small-signal model of the PVSC system. However, this 

study, instead of implementing a tedious linearization approach, utilizes the NMM model and Sim-

ulink Control Design (SCD) tool [141] to obtain the small-signal model. Once the NMM model 

shown in Figure 6.12 is formed, the SCD tool is used to carry out classical linear control analyses. 

The resulting linearized system is represented by the state-space form:  
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{
�̇�(𝑡) = 𝓐𝑥(𝑡) + 𝓑𝑢(𝑡)

𝑦(𝑡) = 𝓒𝑥(𝑡)                   
 (6. 23)  

where 𝑥, 𝑢 and 𝑦  are the small-signal vectors of state variables, input, and output signals, and 

𝓐,𝓑, and 𝓒 are state transition, input, and output matrices of the system. The eigenvalues of ma-

trix 𝓐 represent poles of the system. For a given operating point, if all poles of the system (6.23) 

are in the left half-plane of the Real/Imag plane, the system is stable [142] or asymptotically stable. 
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 Nonlinear Mathematical Model of the proposed PVSC system 

This part aims to examine the stability boundaries of the PVSC system for variation of some 

parameters in each operating point. Figure 6.13 shows the map of the dominant poles of the line-

arized PVSC system for the case under the study around the nominal operating point represented 

in Tables 6.1 to 6.3. The initial operating point values are obtained from the steady-state operation 

of the system under nominal conditions. The figure represents the influence of variation of active 

power droop coefficient 0.01 < 𝑚𝑑 < 0.1 when operating with SC. The linearized model has 23 

state variables. The displacement of the pole pair shown in figure 6.13 indicates that while the 
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system stability elevates with increasing 𝑚𝑑, the system step response would be more aggressive 

with higher overshoots during the load or power reference changes. Therefore, there should be a 

trade-off in selecting this parameter.  

 

 Replacement of dominant poles of the linearized PVSC system for variation of active power droop  

0.01 < 𝑚𝑑 < 0.1  

The same analysis can be conducted for determining the stability boundaries for variation of 

control parameters. Figure 6.14 (a) and (b) illustrates the dominant poles’ displacement trajectory 

for the variation of integral gain of the voltage control loop (𝑘𝑖𝑣1) and integral gain of the current 

control loop (𝑘𝑖𝑐1) of BDC control system. These figures demonstrate how increasing or decreas-

ing integral gains in BDC affects the stability and step response of the system.  

Similarly, the dominant pole displacement in response to integral gain variation in VSC volt-

age control (𝑘𝑖𝑣2) loops are depicted in Figure 6.15.  
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(a) 50 < 𝑘𝑖𝑐1 < 250 (b) 20 < 𝑘𝑖𝑣1 < 70 

 pole map of the PVSC small-signal model for the variation of DC-DC control system parameters; 

(a) variation of 𝑘𝑖𝑐1 and (b) variation of 𝑘𝑖𝑣1.  

 

 Pole displacement map in response to integral gain variation in VSC voltage control (𝑘𝑖𝑣2) loops, 

188 < 𝑘𝑖𝑣2 < 560.  

6.6 Simulation Results and Discussions 

This section implements the time-domain simulation of the proposed PVSC system shown in 

Figure 6.1 and analysis the effectiveness of the system in response to grid disruptions. The test 

system data are represented in Tables 6.1 to 6.3.  
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Table 6.1 Parameters of the PVSC system under the study 

𝑣𝐺  460 𝑉(L-L)  𝑣𝑑𝑐
∗   1000 𝑉 

𝜔𝑛 314 𝑟𝑎𝑑/   𝑉𝑛 460/√3 𝑉 

𝐿𝑓 1.6𝑚𝐻   𝑅𝑓 4.76𝑚Ω 

𝐿𝑐 64𝜇𝐻   𝑅𝑐 0.5𝑚Ω 

𝐿𝑔 18𝑚𝐻    𝑅𝑔 102𝑚𝐻 

𝑙′ 56.1𝑚𝐻   𝑟′ 2.16𝑚𝐻 

𝐿𝑑𝑐 1𝑚𝐻   𝑅𝑑𝑐 45𝑚𝐻 

𝐶𝑓 2.5𝑚𝐹   𝐶𝑑𝑐 2𝑚𝐹 

𝑚𝑝 0.025   𝑛𝑞 0 

𝑘𝑝𝑣1 1   𝑘𝑝𝑣2 1.673 

𝑘𝑝𝑐1 1.15   𝑘𝑝𝑐2 3.2 

𝑘𝑖𝑣1 39   𝑘𝑖𝑣2 374.6 

𝑘𝑖𝑐1 150   𝑘𝑖𝑐2 11.28 

𝜔𝑐1  30 𝑟𝑎𝑑/   𝜔𝑐2 2000 𝑟𝑎𝑑/  

 

Table 6.2 PV parameters  

PV Module1: SunPower SPR-315E-WHT-D 

𝑁𝑠 5   𝑁𝑝  64 

𝑉𝑚𝑝
2 54.7 𝑉   𝐼𝑚𝑝

2 5.76 𝐴 

𝑅𝑝𝑣 0.1484𝑚Ω   

𝑇𝑟 298𝐾   𝑆𝑟  1000 𝑊/𝑚2 

1 Individual module’s parameters are extracted from this PV model 
2 𝑉𝑚𝑝  and 𝐼𝑚𝑝 are voltage and current at maximum power point per 

module, respectively. 

 

Table 6.3 SC parameters  

𝐶𝑠𝑐   25𝐹   𝑉𝑟𝑎𝑡𝑒𝑑   530𝑉 

𝑅𝑠𝑠𝑐 0.9𝑚Ω     𝑅𝑝𝑠𝑐  950Ω 

𝑉𝑐𝑠𝑐,0 257~274 𝑉  𝐼𝑚𝑝
∗  5.76 𝐴 

 

6.6.1 Validation of dynamic accuracy of NMM  

A.1 Examining NMM conformity: To examine the validation of NMM, this part simulates 

and compares NMM and DSM in the normal operating conditions where there are some step 

changes in reference values with no external disturbances. It should be noted that the ambient 

conditions in PV are kept constant during simulations. Figure 6.16 (a) and (b) compare the system 
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response to a step change in nominal voltage of AC terminal (𝑉𝑛) for 𝑣𝑐  and VSC control signals 

𝑚𝑑𝑞. The nominal voltage decreases and increases by %5 in 1-second interval. As it is shown, 

with negligible error in 𝑚𝑑𝑞 signals, both systems have similar dynamics. Also, Figure 6.17 illus-

trates 𝑣𝑑𝑐 response to ±%5 consecutive step changes in DC link reference voltage 𝑣𝑑𝑐
∗ . Finally, 

figure 6.18 compares the response of VSC output power (𝑃𝑜) to +%25 step change in its reference 

power (𝑃𝑉𝑆𝐶
∗ ). It can be concluded from figures 18 to 20, that the NMM model conforms with that 

of the DSM dynamics and can be used for small signal analysis.  

  
(a) (b) 

 Comparison of NMM to that of the DSM for a step change in AC nominal voltage; (a) 𝑣𝑐  and (b) 

𝑚𝑑𝑞 

 
 Comparison of NMM dynamics to that of the DSM for a step change in DC link reference voltage 

𝑣𝑑𝑐  
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 Comparison of NMM dynamics to that of the DSM for step change in 𝑃𝑉𝑆𝐶
∗  

A.2 Changeover between PV and SC: Figures 6.19 and 6.20 show the magnitude of 𝑣𝑠𝑐  and 

𝑣𝑑𝑐  in response to changeover between PV and SC in DSM, where the changeover takes place 

with maximum and minimum values of 𝑣𝑝𝑣 to emulate the worse cases with maximum voltage 

difference. In this case, a fictitious disturbance signal is triggered by DDA for 2 ≤ 𝑡 ≤ 3 . The 

control algorithm performs the procedure. In both cases, the SC gets discharged to keep the refer-

ence output power. For the case started with 𝑣𝑝𝑣
𝑚𝑖𝑛, the system turns back to PV with 𝑣𝑝𝑣

𝑡− where 

𝑣𝑝𝑣
𝑡− refers to the PV voltage at the initial changeover moment. However, for the case started with 

𝑣𝑝𝑣
𝑚𝑎𝑥, the algorithm chares the SC to prepare it for the next changeover with 𝑣𝑝𝑣

𝑡−. It is confirmed 

that the changeover with maximum difference between 𝑣𝑝𝑣 and 𝑣𝑠𝑐 during the system operation 

has no negative impact on the system’s performance hence the proposed PVSC system can be 

safely used for handling grid disturbances, discussed in the next part.  

6.6.2 Effectiveness of Proposed PVSC System to Maintain Voltage Stability  

This part evaluates the effectiveness of the proposed system to maintain voltage stability dur-

ing the main grid’s voltage sags and swells. The proposed PVSC is compared with a regular PV 

system (RPS) with the same nominal values in which the VSC has a grid-feeding control mode   
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 DC link voltage during the changeover between PV and SC 

 

 SC terminal voltage during the changeover between PV and SC; 𝑣𝑝𝑣
𝑡− refers to the PV voltage at 

the changeover moment.  

[29] (or current source) where maximum PV power is injected into the grid with no response to 

grid voltage/frequency deviations. In the RPS, the VSC controls DC link voltage and the DC-DC 

converter tracks the PV maximum power [101]. In this case, a voltage disruption with ±0.05 pu 

in 1s intervals takes place in the main grid voltage magnitude. Figure 6.21 compares the perfor-

mance of the proposed PVSC and RPS for voltage and frequency at the VSC terminal in response 

to this disruption. It is assumed that the DDA enables/disables the unnormal condition signal with 

a 50ms delay. As can be seen, the SC remains connected after the system returns to normal 
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condition to charge the SC and gets prepared for the next event. Although in the case of PVSC the 

frequency at the VSC terminal has transients during the voltage disturbances and SC operations, 

the voltage is kept perfectly at its nominal value guaranteeing the power quality for the local load.  

 

 Performance evaluation of proposed PVSC compared to regular PV system during voltage disrup-

tion in main grid; (a) VSC output voltage, (b) VSC output frequency 

6.6.3 Stepwise Load Variation and Weak Integration to Grid 

This part assumes that the PV system is weakly integrated to main grid with higher transmis-

sion line impedance (4𝐿𝑔, 4𝑅𝑔). A ±%25 step load disruption (both active and reactive power) 

occurs at the local load during 1 < 𝑡 < 3 that causes some transients. The DDA enables/disables 

the unnormal condition signal with 50ms delay. It is assumed that RPS generates a constant reac-

tive power. As shown in figure 6.22, since the RPS does not control the voltage and frequency, 

load variation causes voltage excursions from its nominal value and a low magnitude frequency 

swing is observed in RPS’s terminal. In contrast, PVSC damps the load variation transients by 

controlling voltage and frequency.  



155 

 

 

 Stepwise load variation and weak integration to grid 

6.6.4 Performance Comparison Between the Proposed PVSC and Conventional SC 

This part investigates the performance of the proposed PVSC in an islanded microgrid and 

compares it with the case that the basic PV system is collocated with a conventional supercapacitor 

(shown in Figure 6.23). In figure 6.23, when the dashed lines are open, the conventional SC is not 

in use and the remaining system represents the BPS; and when the dashed lines are closed the 

conventional SC is in use and the system represents the BPS collocated with a conventional SC 

(BPS-SC). To make the islanded microgrid, the grid models in Figures 2.21 and 6.1 are replaced 

with a droop-controlled grid-forming energy source (DER1) whose primary energy supply can be 

any source with DC voltage. All components of the microgrid in the three models have the same 

ratings.  
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 Islanded microgrid representation with the BPS and BPS-SC. The open dashed lines represent 

BPS, and the closed dashed lines represent BPS-SC. 

The step change in local load: In this section, some stepwise load changes consecutively 

occur in the local load, similar to the disruptions considered in part C, where the nominal load is 

100kW and the PV works with the max irradiance level. Figure 6.24 shows the performance of the 

three system models i.e., the BPS which is the basic system, the BPS collocated with a conven-

tional SC (BPS-SC), and the proposed PVSC for essential system parameters. It is assumed that 

the DDA system activates and inactivates the SC operation with a 50ms delay. It is demonstrated 

that the BPS system is unable to maintain the load power at the demand level, due to the voltage 

magnitude excursion from its nominal value. Also, figure 6.25 shows the output power of the PV 

energy storage system. The power balance is made by both systems. However, the PVSC gets 

charged from the DER1 to maintain the minimum level of the SC charge available for the next 

disturbance. The charging process ends at t=4.62s. For a short duration, the load and SC charge 

power are supplied by the DER1. It is well demonstrated that the performance of the proposed 

cost-effective system is almost similar to the conventional system in maintaining the load demand.  
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 Step load change in local load. (a) and (b) grid voltage and frequency at load point and (c) load 

power.  

 

 Output active power in PV energy storage systems for load change disturbance. 

Fault Analysis: In this section, a 3-line-to-ground (3LG) short circuit with 0.35Ω impedance 

takes place in the middle of the distribution line connecting the PV system to DER1 at t=1s for the 

duration of 83ms. Figure 6.26 demonstrates the effectiveness of the proposed system in handling 
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the fault disturbance in an isolated microgrid and compares it to the conventional system. 

 

 Fault analysis evaluation, (a) and (b) grid voltage and frequency at load point, and (c) load power. 

6.6.5 Cost-Effectiveness of the Proposed Approach 

The proposed PV-SC system saves costs as it combines the functionality of energy storage 

and a regular PV system. To enable a PV system with energy storage capability through the tradi-

tional methods (i.e., integrating an energy storage device with its converters and control systems) 

extra devices and systems are needed. It can be either integrating the PV and energy storage device 

in DC link and using a common VSC to connect to the AC grid or using two separate VSCs, one 

for PV and another for the energy storage device. Either way, the cost of this integration would be 

higher than the PV-SC system. Compared to a regular PV system, the proposed PV-SC system has 

one extra switching device in DC-DC converter that reconfigures it to a BDC, and two non-mod-

ulating switches for changeover operations between PV and SC with a little increase in converter’s 
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capacity.  

6.7 Chapter Conclusion 

This chapter proposed a cost-effective and integrated PV-Supercapacitor (PV-SC) system for 

dynamic performance enhancement of grid-connected PV systems. It was assumed that a disturb-

ance detection algorithm detects the potential disruptions in the point of common coupling and 

triggers the SC operation. A control algorithm directs the changeover operations between PV and 

SC, and VSC power reference allocation. The following remarks can be concluded from this study:  

• The traditional PV system that runs in grid-feeding mode, has no means to control the 

voltage and frequency at the load terminal since it works in current source mode. It is shown 

in this study, the traditional PV system can be equipped with a high-power density energy 

storage device i.e., supercapacitor, and run as a voltage source (i.e., grid-forming mode) to 

carry out the high-power demand storage services along with the ancillary ones.  

• During the daytime, the irradiance level is more than the threshold level, and the proposed 

PV-SC system works as a PV-Energy storage device, while during the nighttime or cloudy 

weather, it works as an energy storage device.  

• A nonlinear mathematical model was developed to analyze the stability boundaries and to 

design the controller parameters where its dynamic accuracy was compared to that of a detailed 

switching model. 

• The system performance was evaluated for different grid disturbance cases. Simulation 

results demonstrate the effectiveness of the proposed system in maintaining voltage stability 

and LVRT capability.  
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Chapter 7 Conclusion, Contributions, and Future Work  

7.1 Conclusion and Contributions 

This dissertation presented several studies conducted in the area of control of hybrid mi-

crogrids as well as conventional AC and DC microgrids. In terms of the level or type of the re-

search in the field, one study focused on devising a new device at the level of power and control 

stage and the rest concentrated on designing control methodologies and algorithms for the whole 

microgrid. The research approach was based on analyzing the existing methods, identifying the 

gaps or drawbacks, and finding the right solutions. The methodologies were validated through 

computer simulations. The following findings are briefly concluded:  

• This research proposed a coordinated control algorithm between MSDBR and reactive cur-

rent control loop in ILC in hybrid microgrids where the fault current in load feeder in AC subgrid 

is effectively suppressed during both symmetrical and asymmetrical faults, improving the fault 

ride-through capability of the whole microgrid. With the proposed coordinated algorithm, not 

only do the DERs remain connected but also unaffected loads are able to continue the service. 

• A simple reverse droop control methodology in BESS along with coordinated reactive cur-

rent compensation in wind turbine generators is proposed that enhances the disturbance resiliency 

of a high inertia HMG with a high penetration level of renewable energies. The simulation results 

demonstrated that the proposed control constructively improved the LVRT capability of HMG 

during AC subgrid faults.  

• This study proposed a novel bidirectional DC-DC converter for energy storage applications 

in DC and hybrid microgrids. Contrary to the conventional half-bridge converter, the proposed 

converter has a symmetrical configuration and dynamic in both charge and discharge modes of 
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operation resulting in improved performance. The simulation results for two case studies (i.e., an 

islanded and a grid connecter HMG) demonstrated the proposed converter exhibits superior per-

formance in handling power and voltage fluctuation in the DC grid. The battery voltage (low-

voltage side) must be selected in proportion to DC bus voltage (high-voltage side), representing 

the only limitation of this converter. 

• This work evaluated and compared the influence of the location of an aggregated BESS on 

the dynamic performance of the islanded HMGs where the candidate locations are ACg or DCg. 

Two case studies i.e., an industrial high-inertia HMG and a low-inertia distributed converter in-

terfaced HMG, were considered. It was demonstrated through the simulations that both BESSs 

separately employed in sub-grids maintain the transient stability of HMGs against microgrid con-

tingencies during small-signal disturbances. However, during large-signal disruptions in mi-

crogrids, the performance is remarkedly different. In industrial HMG with high-inertia DERs, the 

DC BESS has relatively better performance during large signal disruptions. On the contrary, a 

low-inertia HMG equipped with AC BESS outperforms the microgrid equipped with DC BESS. 

The study showed that the BESS controller and the ILC’s control strategy, have key roles when 

the energy storage runs as a voltage source in either sub-grid of HMG. 

• This study proposed a cost-effective approach to integrating a high-power density energy 

storage system i.e., supercapacitor to a grid-connected conventional PV that uses one DC-DC 

converter for both systems. The proposed system works as a PV-SC system to handle the grid 

disturbances and improve the power quality for a sensitive load during daytime and sunny 

weather, as well as works as regular energy storage during nighttime and cloudy weather. To 

analyze the stability of the system, a nonlinear mathematical modeling approach was developed, 

and its dynamic structure was validated. The time-domain simulation of the detailed switching 



162 

 

model demonstrated that the proposed system effectively maintained the power quality during 

grid voltage sags and severe load changes.  

It is to note here that all models in this study have been simulated in MATLAB/Simulink 

environment which is a well-known and widely accepted software tool for simulating control and 

power systems. The obtained results closely match with realistic situations, as the accuracy of 

basic model blocks and function blocks found in the software library and toolboxes has been nu-

merically validated previously by the software developer.  

7.2 Future Work 

The researcher is interested to pursue this research or recommends extending this research in 

the following directions:  

• Due to the complexity and nonlinear nature of power electronics devices, the associated 

control methodologies should be validated through laboratory experimental setups. It is highly 

recommended to validate the simulation results by the experimental emulation, at least for studies 

conducted in chapters 4 and 6. The experiments can be conducted either by Hardware-in-the-loop 

(HIL) or scaled-down prototype systems.  

• The Study of BESS location can be extended to HMGs with distributed energy storage 

devices where there are multiple candidate locations for BESS. In that case, the analytical ap-

proaches may preferably be used instead of heuristic methods. 

• This study covered only the control of microgrids transients. However, the study can be 

further extended to explore the issue and solutions of HMG power management with distributed 

energy storage systems.  

• To continue the study of the nonlinear mathematical modeling in chapter 6, it can be further 
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extended to the synthetic microgrids encompassing both grid forming and grid feeding DERs that 

the dynamics of the primary DC source are included in the study.  

• The effectiveness of the novel bidirectional DC-DC converter should be evaluated in more 

realistic HMGs, including diverse generation sources like wind turbine generators and diesel gen-

erators employing advanced controllers. Furthermore, as a necessary complement to this study, the 

experimental verification of the proposed DC-DC converter should be performed in future re-

search. 

• In the modern environment of smart grids, there is a significant cyber integration between 

physical systems with a high volume of data generation, transmission, and utilization. This study 

can be extended to explore cybersecurity threats, their adversary effects, and possible solutions for 

hybrid microgrids, considering the study of communication failure and latency for hierarchical 

control. In addition, the study can be further developed by applying statistical and artificial intel-

ligence methods and tools such as machine learning for energy storage optimization, renewable 

power management, disturbance detection, and protection of HMGs by utilizing data analytics of 

power systems.   
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