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ABSTRACT 
 
 
Due to the rapid increasing demand of grid connected solar photovoltaic, the overall 

system inertia decreases and hence causes system instability. Virtual inertia 

emulation is one of the solution to this low inertia problem that can be done through 

inverter control and energy storage devices. This thesis presents a simple improved 

adaptive Fuzzy-ANFIS hybrid algorithm-based BESS controller that can emulate 

virtual inertia to improve frequency stability of a low inertia grid. The proposed 

controller has been tested on a low inertia grid for different case studies and a 

comparative analysis has been done in the last chapter of this thesis. The presented 

controller eliminates the limitations of conventionally used PI controller and hence 

an improvement of frequency nadir by 0.43% for sudden load variation and 0.61% 

for transient short circuit fault have been observed. Moreover, improvement in 

ROCOF and settling time have been noticed for the proposed controller also.  
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Chapter-1 

Introduction 

1.1 Motivation 
 

Inertia is the term used to describe the energy that is stored in big rotating generators 

and some industrial motors, giving them the tendency to continue rotating. The 

stored energy also counterbalances supply and demand imbalances on electricity 

networks over very short time periods. Traditional power systems are made up of 

sizable power plants with synchronous machines (SMs), which provide the system 

a lot of inertia. However, in recent years there has been a noticeable growth in the 

number of renewable energy sources (RESs). The dynamics of the power system 

are significantly altered when increasing penetrations of inverter-based resources

e.g., wind and solar photovoltaics (PV) that do not naturally provide inertia. As 

more renewable resources are installed replacing the conventional fossil fuel-based 

generators that have high inertia, the overall system inertia is continuously 

declining. This emerging grid is frequently referred to as a low-inertia power 

system. 

 

The grid frequency, f is directly coupled to the rotational speed of a synchronous 

generator and thus to the active power balance. Rotational inertia, i.e. the inertia 

constant H, minimizes change in f in case of frequency deviations. The reduced 

inertia in the power system leads to an increase in the rate of change of frequency 

(ROCOF) and frequency deviations in a very short time, under power imbalances 

and causes stability issues like frequency instability, voltage instability, power 

oscillations etc. By preventing frequency variations, inertia in power systems 

contributes significantly to preserve the stability and reliability of the system. 

Hence, there should be some technology that can emulate inertia from the zero 

inertia renewable energy sources. The idea of virtual inertia has evolved in order to 

address the problems associated with low inertia in power electronic-based power 

systems. Virtual inertia is the addition of extra electrical power from a source that 

does not naturally release energy when the frequency of its terminal frequency 

varies but that mimics the release of kinetic energy from a rotating mass. This 

concept is realized by using a control function interfaced with power electronics to 
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simulate synchronous machines inertial dynamics and provide the inertia virtually. 

Virtual inertia can be emulated in a low inertia grid by using inverter control and 

energy storage elements like DC link capacitor, supercapacitor, ultracapacitor, 

BESS etc. 

 

Inverter control algorithm like droop control, virtual synchronous generator (VSG) 

technology, synchronverter etc. have been widely used for both RESs integrated 

low inertia grid and microgrid system to emulate virtual inertia and enhance system 

stability. But, the limitation of the control system of the inverter is its complexity 

since, the inverter should mimic the behaviour of a synchronous machine. Battery 

Energy Storage System are mainly used in microgrid system for frequency stability 

enhancement that uses fuzzy logic and PI controller for designing their control 

system taking active and reactive power deviation at point of common coupling 

(PCC), frequency deviation, BESS state of charge (SOC) etc. as inputs to provide 

inertial support. But the PI controller has the disadvantages of higher settling time, 

slower response, more oscillations and parameters are not adaptive in nature. 

 

1.2 Objectives 

The objectives of this thesis are the following: 
 

i. To develop adaptive BESS controllers for enhancing frequency stability of a 

low inertia grid. 
 

ii. To evaluate and compare the performance of the proposed controllers. 

 

1.3 Methodology 

 

The proposed controller will be capable of injecting or absorbing active power 

based on the frequency deviation and rate of change of frequency (ROCOF) to keep 

the system stable under different abnormalities. The amount of active power 

injection or absorption will be also adaptable depending on the value of ROCOF to 

ensure better control on the system frequency. The first part of this work will be to 

design the inverter controller. DQ0 based grid following inverter topology will be 

implemented. The inverter will provide active power support only since the primary 
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objective of the work is to enhance frequency stability. The second part of the work 

will be to design an adaptive BESS controller for grid level application that can 

emulate virtual inertia for providing inertial support to the low inertia grid. Fuzzy 

logic controller (FLC) and PI controller will be implemented based on the frequency 

deviation and ROCOF as inputs and BESS current reference as the output. The 

parameters of the PI controller will be extracted from auto tuning option of 

MATLAB/Simulink that utilizes Particle Swarm Optimization (PSO) technique to 

get the best response. The adaptive nature of the FLC ensures the adaptive control 

of the active power flow from the BESS. The third part of this work will be to 

develop an improved adaptive BESS controller that overcomes the limitations 

imposed by the PI controller under transient events. The proposed FLC-PI controller 

will be modified by replacing the PI controller with adaptive neuro fuzzy inference 

system (ANFIS) and develop an FLC-ANFIS controller. The final part of this work 

will be to test, evaluate and compare the performance of the proposed BESS 

controllers (i.e. FLC-PI and FLC-ANFIS) from the perspective of frequency nadir 

and ROCOF under different abnormal grid scenarios at PCC. 

 

1.4 Thesis Outline 

 

Chapter 2 will focus on the literature review. The growing utilization of  RESs and 

its integration with the existing grid, low inertia problems and its effects on system 

stability, inverter control architectures, BESS applications for inertial 

improvements etc. have been reviewed in this chapter. 

 

Chapter 3 will discuss the control architecture of DQ0 transformation along with 

its applications for inverter control in grid connected RESs. A simple case study has 

been presented in this chapter to show the potentiality of the controller to keep the 

system stable. 

 

Chapter 4 will highlight the actual design of the proposed improved BESS 

controller that can simulate virtual inertia for enhancement of frequency stability of 

a low inertia grid. The components specifications along with the simulation setup 

have been discussed in this chapter. 



4 
 

 

Chapter 5 will present the simulation results of the studied system utilizing the 

proposed controller under different case studies. The obtained results will be 

discussed and a comparison will be presented in this chapter. 

 

Chapter 6 is the conclusion section, where we shall formally terminate the thesis 

with concluding remarks. Furthermore, the direction of the future research will be 

highlighted at the end. 
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Chapter-2 

Literature Review 

2.1 Renewable Energy 

Since human civilization almost depends on the energy extract from fossil fuel (80% 

according to IEA), massive scale use of fossil resources increases the risk of 

environmental degradation. Hence, the world is shifting towards the utilization of 

maximum renewable energy sources for minimizing the dependency on fossil fuel-

e solar, wind, tidal and hydro have been termed as 

[1]. Due to the production of greenhouse gas 

(GHG) like COx, NOx and SOx etc. from burning of fossil fuel, the use of  RESs has 

drawn the attention of the whole world especially wind and solar photovoltaic cells 

[2]. Renewable energy generation can be both centralized and decentralized. As a 

result of less energy density of most of the renewable energy sources, the generation 

of renewable energy will be more decentralized which will lead towards mentionable 

variations in the regional economy [3]. Due to the rapid increase of the demand for 

energy and concern for reducing environmental pollutants like CO2 emissions from 

fossil fuels like oil, coal, gas etc.; renewable energy sources have drawn the attention 

of the policy makers, researchers and additionally the consumers of the world [4]. 

China has targeted to limit its carbon emissions per unit of gross domestic product by 

60-65% by the year 2030 [5]. The United Nation (UN) has set 17 Sustainable 

Development Goals (SDGs) for ensuring the sustainable development of countries by 

2030 [5], [

 the goals set by UN, 

the use of renewable energy should be increased compared to non-renewable energy 

sources [6], [7]. One of the studies by the World Outlook and integrated assessment 

models (IAMs) predicted that the contribution of renewable energy to 
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primary energy will be 20-30% by 2040. The study also suggested that it is possible 

theoretically to switch toward a completely renewable based energy system by 2050 

[8]. It is expected that the world will meet total 36% of its energy demand from RESs 

by 2030 as shown in Fig. 2.1 [9]. 

 

Fig. 2.1. Projected RE contribution to the world total energy consumption by 2030. 

In one of the studies, it is stated that by 2035, India will be the second largest contributor 

to global energy demand as proposed by IEA. The country has aimed to extract 175 GW 

of energy from renewable sources especially from solar photovoltaic and wind energy by 

2022 [10]. Another study in Pakistan showed that, from 2015 to 2020, the investment of 

the government increased many a times in the renewable energy sector (especially hydro 

based generation) to balance between supply and demand. Also, Pakistan Council of 

Renewable Energy Technologies (PCRET) started to conduct training sessions for the 

people of its country for encouraging them to use RE based devices like solar cooker [4]. 

European Union (EU) as the most vulnerable countries/unions due to its high dependency 

for energy imports. The large differences between the production and consumption of 

fossil fuels push EU to import 54% of total energy consumed by the countries. Hence, 

EU has a target to produce RE of 27% of the total energy by 2030 [11]. In Latin America, 

more than 50% of the total generation comes from hydropower where in United States 

and the Asia-Pacific region, the contribution of renewable energy is almost 18%. In 

Canada, about 64% of the total generation by the country comes from renewable energy 

sources and the country expects to raise the percentage to 70% by 2025 [12]. The 

Government of Malaysia in 2018 set its target to achieve renewable energy penetration 

of 20% by 2025 and to reduce the emissions of GHG intensity of Gross Domestic Product 

(GDP) by 45% by 2030. The country has targeted to reduce dependency on fossil fuels in 
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the eleventh Malaysia Plan (2016-2020) by increasing RE levels [13]. 100% renewable 

energy concept has allured different countries like Sweden, Denmark, Barbados, 

Cambodia, Colombia etc. including Bangladesh to achieve almost zero net emissions of 

GHG by 2045 or 2050. The authors concluded that by exchanging potentials renewable 

energy resources among certain regions of a country, a region with limited renewable 

resources can adopt 100% RE transition [7]. Moreover, another study in Africa showed 

that, three countries of Africa namely South Africa, Egypt and Nigeria have started to 

implement renewable energy projects to reduce the dependency on oil. Egypt has set its 

target of generating 700 MW from solar PV by 2027 where Nigeria has targeted to 

generate 500 MW by 2025. South Africa has planned to reach a target of generating 8.4 

GW from solar PV by 2030 [14]. The investment in the renewable energy sector has been 

boosted by 17% due to the technological developments and reduction in the cost [7], [15] 

for installations (according to the World Energy Outlook 2019). 

 

2.2 Low Inertia Grid and System Stability 

Traditional power systems are made up of sizable power plants with synchronous 

machines (SMs), which provide the system a lot of inertia. However, the number of RESs 

has increased noticeably in recent years. Increased penetration of inverter-based 

resources such as wind and solar photovoltaics (PV), which do not naturally supply 

inertia alters the dynamics of the power system dramatically [16]. The inertia of the 

entire system is continuously decreasing as additional renewable resources are installed 

to replace existing, high-inertia generators powered by traditional fossil fuels, nuclear 

power, and hydropower [17]. Among all the RESs, with an estimated 5600 ZJ (Zettajoule) 

of yearly worldwide insolation, solar PV based generation has grown exponentially since 

the financial expenses have dropped significantly as a result of advances in the materials 

used to create PV cells [18]. The reduced inertia in the power system due to the zero 

inertia and intermittent nature of PV, leads to an increase in the power imbalances, power 

oscillations, frequency nadir and ROCOF and hence effects the system stability, security 

and protection [19]-[22]. 

Due to the unidirectional power flow structure of distribution grid, operational problem 

arises mainly for the PV system without any reactive power support. Large integration of 

RE sources accelerates stability problems like voltage stability, rotor angle stability (i.e. 
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transient and small signal stability) and frequency stability [22], [23]. A study in IEEE-

39 bus test system reveals that beyond a certain limit of injecting PV based generation 

causes instability in slack bus power along with momentary voltage, frequency 

fluctuations in response to any transient event [24]. Wind based generation contributes 

very less to the system inertia where PV has no inertia contribution due to the de-coupling 

through PE converters and hence the overall system inertia reduces [21], [22] due to large 

scale integration of RESs. Lowering system overall inertia accelerates frequency 

instability as well as causes the value of ROCOF to increase. Also, the power quality 

degrades due to the injection of harmonics by the PE converter at the PCC resulting in 

higher total harmonic distortion (THD) value, flickers and transients etc. [25]. The 

authors in [26] have investigated the impact of centralized and distributed PV generation 

on a realistic distribution system on grid stability and found that centralized PV 

integration affects more on system stability than the distributed PV integration. Grid 

connected PV systems have significant impacts on the system stability and protection 

system due to the intermittent nature and the case is worst in case of standalone or weak 

grid system as reported in [21], [22], [27]. The overall instability of a grid-connected 

inverters is due to the control loops instability and inverter output voltage instability. The 

non-linear behaviour of different components of the control loops lead to instability issues 

[28].  

 

2.3 Inverter Control and Virtual Inertia Emulation 

The idea of virtual inertia has evolved in order to address the problems associated with 

low inertia in RESs-based power systems [29]. Many researchers have proposed virtual 

inertia emulation techniques to enhance grid stability based on the inverter control 

algorithm that mimic the behaviour of a synchronous machine to provide inertial support 

to a weak grid. Droop control, virtual synchronous generator (VSG) technology, 

synchronverter etc. are the recently proposed control algorithm that can simulate synthetic 

inertia from a zero inertia RESs [30]. However, the aforementioned inertia emulation 

techniques provide inertia to the system, but the challenge is to provide voltage and 

frequency support for the system. Moreover, since most of the recently proposed 

controllers are modelled based on the swing equation, the system may face stability issues 

that depends on the type of disturbances [31].  
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Fig. 2.2. Applications of conventional SM and VI-based inverters. 

Fig. 2.2 shows the applications of conventional synchronous machines and virtual inertia-

based grid connected inverters. Three typical modes of operation of grid-connected 

inverters are grid forming, grid feeding, and grid supporting. The selected mode of 

operation determines the inverter dynamics, and its steady-state characteristics. 

 

2.3.1 Grid Forming Inverters 

Grid forming inverters are typically used in small isolated networks, and their main 

objective is to regulate the network voltage and frequency. To this end, grid forming 

inverters are controlled as voltage sources, with fixed voltage amplitude |E| and frequency 

rectly controlled, and are 

determined by the interaction of the inverter with the network. Typical applications are 

standby uninterruptible power supply (UPS) systems, and islanded microgrids. Since the 

set, the inverter usually can operate in parallel to other grid forming 

inverters when an additional mechanism matches the frequencies. In power flow studies, 

a grid forming inverter may be viewed as an infinite bus, and is represented as a reference 

bus, with a constant voltage amplitude |E| 

called Voltage Source Inverters (VSI) [62]. A basic control scheme of grid forming 
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inverters is shown in Fig. 2.3 and its improved version that incorporates current and 

voltage control loop is shown in Fig. 2.4. 

 

Fig. 2.3. Basic control scheme for grid forming inverters. 

 

Fig. 2.4. Grid forming inverter, with additional current and voltage control loops. 
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2.3.2 Grid Feeding Inverters 

Grid feeding inverters are operated as power sources, and are mainly designed to deliver 

power to an energized grid. The active power P and reactive power Q are directly 

and are determined by the interaction of the inverter with the grid. Typical applications 

are renewable energy systems and small grid-connected generators, which operate with 

specific active and reactive powers. As an example, in photovoltaic systems the active 

power is typically set by the source, and the reactive power is often set to zero. Grid 

feeding inverters are designed to operate in parallel to other inverters and generators. 

They cannot operate in isolation, and require additional units to set the voltage magnitude 

and frequency. In power flow studies, a grid feeding inverter is represented as a P-Q bus, 

with constant active power P and constant reactive power Q. Grid feeding inverter are 

also called Grid Following Inverters, or inverters with P-Q control [62]. The basic control 

scheme of grid feeding inverters is shown in Fig. 2.5. 

 

Fig. 2.5. Basic control scheme for grid feeding inverters. 
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2.3.3 Grid supporting inverters  

Grid supporting inverters operate somewhat similarly to synchronous generators: they 

deliver power to the grid, while contributing to the stability and reliability of the system. 

The frequency and voltage magnitude are controlled by a droop mechanism, such that 

promotes fair sharing of the active and reactive powers among generators, while 

regulating the frequency and voltage. Grid supporting inverters may be connected in 

parallel to other generators, and can operate in isolation. In power flow studies, such an 

inverter cannot be represented as a stand

and the voltage droop mechanism can be ignored, then the inverter is represented as a P-

V bus with constant active power P and voltage amplitude |E|, similarly to a synchronous 

machine [62]. The basic control scheme of grid supporting inverters is shown in Fig. 2.6. 

 

Fig. 2.6. Grid supporting inverter operating as a voltage source. 

2.3.4 Virtual Inertia Emulation Techniques 

Now-a-days, the inertial support to a low inertia microgrid system is done by modifying 

the inverter control algorithm based on swing equation to mimic the behaviour of a 

synchronous machine. The VSG has been reported to be an emerging technology that is 

widely used for microgrid (MG) systems also to emulate virtual inertia (VI) and enhance 
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system stability. The authors in [32] proposed a delay-based inverter control strategy that 

can emulate virtual inertia operating in islanded mode. For a VSG driven inverter-based 

MG system, a data-based optimization technique has been used in reference [33] that 

allows the emulated inertia constant to be changed based on the frequency of the MG. 

VI-based inverters and their control strategy can be implemented in various applications 

such as grid-connected wind power and solar power plant, high voltage direct current 

(HVDC) transmission, energy storage system (ESS), microgrid, electric vehicle (EV) 

chargers, static synchronous compensator (STATCOM), virtual inertia machine (VIM), 

modular multilevel converter (MMC)-based direct current (DC) system, electronic 

appliances, and flexible loads to support frequency stability. Fig. 2.7 presents the 

application and implementation of VI in the modern power system.  

 

 

Fig. 2.7. Implementations of VI emulation technique 

 

The power system with VI has the following advantages:  

1. Reduction in frequency nadir and frequency deviation from nominal frequency (fn) 

2. Less overshoot and faster transient or respond time. 

3. Less ROCOF and less steep gradient  

4. Faster recovery time to the nominal frequency  
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Fig. 2.8. Effect of VI that reduces sudden frequency drop [34]. 

Fig. 2.8 shows the impact of low inertia on grid frequency under any abnormal scenario. 

The ROCOF and frequency nadir increases with reduced inertia as seen from the diagram. 

VI helps to reduce the value of ROCOF and frequency nadir. Fig. 2.9 shows an analogy 

between conventional high inertia synchronous machine and zero inertia renewable 

energy sources with inverter that mimics synchronous machine enabling virtual inertia. 

The typical control system of a virtual inertia emulated inverter has two loops name as 

active power loop and reactive power loop that helps to generate the required control 

signal for pulse width modulation (PWM) inverter as shown in Fig. 2.10. 

 

Fig. 2.9. VI-based inverter enables the imitation of conventional SG-based power 

system.  
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Fig. 2.10. Typical connection of a generic VI-based inverter 

Both VSM and VISMA are abbreviations for the virtual synchronous machine. However, 

VSM is more commonly used. Both are based on the emulation of SM but with some 

slightly different implementation topology. Various researchers refer to different 

abbreviations, but essentially VSM and VISMA are interchangeable terms. Although the 

terms are different, all of them shares similar VI emulation techniques. The objective of 

the VSM is to provide grid forming employing frequency droop and virtual inertia. A 

phase locked loop (PLL) is typically used for frequency estimation to calculate the RoCoF 

in driving the VI loop as shown in Fig. 2.11. The use of PLL is eliminated during regular 

operation. It is because VSM can synchronize with the grid based on the power balance 

after initialization by PLL. 

 

Fig. 2.11. Block diagram of a generic VSM control strategy to emulate VI [35] 
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VSG is essentially based on conventional inverter hardware with a controller that 

emulates the inertial response of an SG in response to any frequency changes. VSG 

control strategy allows the operation of grid-connected inverters to produce VI. The 

adoption of VSG has attracted significant attention because of its equivalent operating 

mechanism as an SG to provide a practical scheme for grid-connected RES. The 

emulation of releasing or absorbing kinetic energy imitates the characteristic of an SG. 

VSG is different from SG in terms of the ability to modify VI by the microprocessor 

during frequency variation. Hence, self-tuning algorithms are crucial to vary the VI to 

minimize frequency variation. Compared to a conventional droop controller that provides 

frequency regulation only, VSG provides dynamic frequency control based on the 

derivative of the frequency measurement. This control is similar to the inertial power 

release or absorption by an SG during a power imbalance. VSG requires pre-

synchronization before connecting to the power grid. It is executed by either a 

conventional PLL or phase angle regulator. The generalized control strategy of a VSG is 

shown in Fig. 2.12. 

 

Fig. 2.12. General control strategy of a VSG. 

 

The active and reactive power loop in VSG produces total power (PT) and output voltage 

(V0) based on the frequency deviation and reactive power deviation as seen from the Fig. 

2.13 and Fig. 2.14 respectively.  

 

Fig. 2.13. Active power loop for a VSG. 
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Fig. 2.14. Reactive power loop for a VSG. 

The controller produces reference signal for the sinusoidal pulse width modulation 

(SPWM) to generate six gate pulses for the PWM inverter. Moreover, recent 

synchronverter technology helps to emulate virtual inertia that works on the modified 

swing equation of synchronous machine. The applications of synchronverter in modern 

low inertia power system with renewable and distributed generation is shown in Fig. 2.15. 

 

Fig. 2.15. Power system with emulated virtual inertia with synchronverter 

To mimic the overall behavior of SM, the empirical model has been augmented with the 

real power loop (RPL) and reactive power loop (RePL) as shown in Fig. 2.16. The power 

regulation control has a cascaded structure with the inner and outer loops. As a rule of 
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thumb, the interior loops are tuned to have higher bandwidth than the outer loops, to 

achieve the steady-state operating stability. Moreover, the original synchronverter model 

has been derived by assuming a high inductive output impedance so that the relationship 

 

 

Fig. 2.16. Control architecture of original synchronverter [35] 

 

2.4 BESS Applications for Inertial Improvement 

Short term energy storage devices are widely in use to emulate virtual inertia for 

addressing the low inertia problem. Energy storage elements like DC link capacitor, 

supercapacitor, ultracapacitor and BESS [36]-[39] have been reported to be used so far 

by the researchers to simulate virtual inertia and enhance stability of a RESs dominated 

power system, especially for microgrid applications. DC link capacitor has stability 

concern during transient events and supercapacitors, ultracapacitors etc. could be 

employed for the initial frequency response, while not having the capacity to sustain their 

power output for an extended period of time [40]. Due to having appropriate dynamic 

properties for frequency support, BESS has been found to be the most prominent 

technology for the application of stability enhancement of a low inertia grid [41].  
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For many years, BESS technologies have been employed to lessen the effects of the 

intermittent nature of renewable energy sources especially for solar PV system. In 

particular, the widely used microgrid concept are highly prone to system instability during 

islanded mode and hence BESS is used at PCC for peak shaving or power balancing. 

Furthermore, BESS has been reported to be used in DC Nano Grid application by the 

authors in [42] that utilizes DC Bus Signalling (DBS) management technique as a 

distributed and decentralized control solution. The need for preserving inertia, whether 

through synchronous or synthetic means, is acknowledged by both researchers and the 

industry, primarily in order to keep the ROCOF relay settings unchanged [40]. The main 

challenges are to design a fast acting, adaptive, simple BESS controller that can limit the 

value of ROCOF and frequency nadir by providing inertial support to ensure grid stability 

and proper functioning of the protective devices. To effectively employ BESS for an 

isolated microgrid to control voltage and frequency of the system, many researchers have 

developed a variety of models and methods for battery management system (BMS). The 

control architecture of the BMS is frequently designed using fuzzy logic controllers due 

to its adaptive nature and lack of a requirement for accurate inputs [43]-[52]. 

Most of the literatures that have been found after study are based on the application of 

BESS for microgrid applications to improve voltage and frequency stability under both 

grid connected and standalone mode. Fuzzy logic controller (FLC) based controllers have 

been demonstrated as a potential solution by many researchers to meet the challenges 

imposed by a RESs dominated microgrid system. An FLC based on backtracking search 

algorithm (BSA) has been presented in [44] for controlling the charging and discharging 

mode of a battery for microgrid applications that depends on the rate of change state of 

charge (SOC) and power balance. Paper [45] proposes a FLC based method for 

coordinated BESS control and modified AC coupling topology. The performance has 

been reported to be better than that of a typical PI-based controller in terms of overshoot, 

settling time, total harmonic distortion (THD) and other metrics. For the islanded Mae 

Sariang microgrid, a fuzzy logic controller based on active power and reactive power 

fluctuations has been suggested in [46] to govern the active and reactive power supplied 

by BESS. The solution performed excellently when compared to an effective battery 

controller in order to increase voltage and frequency stability for the islanded microgrid 

in response to the uncertainties from RESs. The authors of [47] proposed an FLC for 

standalone microgrid applications using BESS and electric vehicle (EV) to regulate 
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microgrid frequency and voltages based on the different feedback signals like frequency, 

DC bus voltage, SOC of BESS and EV etc. The controller showed better performance 

than the conventional PI based droop control technique.  

To improve the resilience of hybrid microgrid systems, a fuzzy logic-based controller has 

been developed in [48] employing the BESS SOC, event occurrence probability, and 

market price as input signals. A fuzzy logic-based controller for BESS that is utilized for 

primary frequency controlling is presented in paper [49]. The algorithm is tested on a 

transfer function-based BESS model where SOC and energy limits have been considered. 

For both the grid-connected and islanded modes of operation, the controller modifies the 

active power from BESS using SOC and power deviation as input. The authors of [50] 

suggested an FLC with higher economic benefits for BESS and load management in 

microgrid applications. As suggested in this study, using the time of use (TOU) electricity 

pricing idea in conjunction with the fuzzy logic algorithm can reduce annual energy costs 

by 10.96%. For a wind-BESS hybrid system, the authors of [51] suggested a frequency 

management technique based on FLC. The primary frequency control for lowering the 

maximum excursion frequency and ROCOF was enabled by the suggested algorithm by 

using the frequency deviation, ROCOF, wind speed, and SOC as input signals. 

Apart from the microgrid concept, several studies have been done where BESS has been 

used for providing inertial support to a low inertia grid under dynamic condition. 

According to article [52

simulating virtual inertia provides the primary frequency control, and an adaptive neuro 

fuzzy inference system (ANFIS)-based control algorithm supports the secondary 

frequency control, which mitigates the inherent low inertia problem of RESs integration. 

Based on three different case studies, the authors of [53] demonstrated that installing 

BESS on a grid-level transmission system can quickly respond to inertial difficulties 

caused by the integration of RESs. A novel supercapacitor-based mimicked inertia control 

technique has been presented in [54] to provide inertial support to a low inertia grid, 

which outperforms traditional emulated inertia control (EIC) in terms of frequency nadir 

and ROCOF. According to an analysis in [55], it has been shown that, BESS performs 

better than static synchronous compensator (STATCOM) when the generator's 

operational boundary margin is greater and can be used to increase steady state stability. 

As suggested in [56], BESS can reduce ultra-low frequency oscillation when used in 

conjunction with automatic generation control (AGC). By removing the need for 
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cascaded linear control based on PI controller and utilizing model predictive control 

(MPC), the authors in [57] propose a predictive control scheme for inverters that emulates 

virtual inertia by tracking the desired ROCOF for various disturbances. A double artificial 

neural network (ANN)-based controller for VSG inverter has been proposed in [58] that 

can regulate the inertia parameter to decrease the stress on power semiconductor devices 

of VSG to ensure system reliability and stability. An improved transient angle stability 

has been observed by the proposed VSG controller in [59]. Paper [60] proposes a novel 

virtual induction machine-based synchronization technique replacing the conventional 

PLL for grid following inverter with low inertia. A novel synthetic inertia controller along 

with its tuning process of various parameters has been proposed to limit the value of 

ROCOF [40]. 
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Chapter-3 

DQ0 Algorithm Based Inverter Control 

 

3.1 DQ0 Transformation and Inverter Controller 
 

DQ0 transformation converts a signal in a-b-c reference frame to rotating dq0 

reference frame and the reference frame conversion makes the analysis under both 

transient and steady-state conditions easier [62]. The authors of papers [61]-[63] 

presented different inverter configurations like grid forming, grid feeding and grid 

supporting on the basis of dq0 transformation. Since dq0 reference frame exhibits 

better performance under transient and steady state condition, time varying a-b-c 

reference frame are not used in most of the RE based control system. The dq0 

 

 

                                         (1) 

 

The inverse Park transformation can be done by the following matrix (2) 

 

                                                          (2) 

4  

Applying dq0 transformation to the inverter current injected to the system, the d-axis 

and q-axis current can be given by (3) and (4). 

 

                                                                                        (3) 

                                                                                     (4) 

The system regulates the output voltages such that  = ,  = 0,  = 0. This 

control is implemented by using two loops: an inner loop that controls the currents, 
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and an outer loop that controls the voltages [61]. The filter inductor equations in the 

dq reference frame including cross coupling are given by (5) & (6)- 
 

                                                                                             (5) 

                                                                                    (6)     

      

The capacitor voltage can be written similarly in the dq reference frame including 

cross coupling as shown in (7) & (8)- 
 

                                                                                      (7) 

                                                                                   (8)          

 

Both the outer voltage loop and inner current loop are also designed by eliminating 

cross coupling between d and q axis components. The inner loop regulates the 

currents such that  and , by controlling the inverter duty 

cycles. Equation (1) to (8) represent the mathematical modelling of grid forming 

inverter controller. The control architecture of grid forming inverter without 

current/voltage control loop and with current/voltage control loop are shown in Fig. 

3.1 & Fig. 3.2. The effectiveness of these two control algorithms have been assessed 

in this chapter under five different case studies. 

 

Fig. 3.1. Control Scheme of Grid Forming Inverters (Without current or voltage control 

loop) 
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Fig. 3.2. Control Scheme of Grid Forming Inverters (With current or voltage control loop) 

 
3.2   Simulation Setup 

 

The MATLAB/SIMULINK model implementation of the system under study is shown 

in Fig. 3.3. The parameters used for the designing of the control loops of the inverter are 

shown in Table 3.1. Grid connected PV system can be both of single stage or multi-stage 

depending upon the type of applications (see Fig. 3.4). The scheme used for the analysis 

of this paper is multi-stage PV system i.e. with a DC-DC converter stage with MPPT. The 

inverter used is a 6 pulse three phase grid forming inverter or voltage source inverter. The 

inverter is equipped with a dq0 transformation-based controller for controlling the current 

and voltage injected by the inverter. The inclusion of the current controller and voltage 

controller in the inverter circuit makes it best suited for both standalone and grid 

connected applications than the inverter with no current or voltage controller loop.  
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Fig. 3.3. MATLAB/SIMULINK implementation of the grid connected PV system 
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(a)                                                                 (b) 

Fig. 3.4. Grid connected PV array (a) multi-stage and (b) single-stage 

Sinusoidal pulse width modulation (SPWM) is used for the generation of PWM signal for 

the inverter gate pulses to get controlled output. PLL is used for initial grid 

synchronization which gives the frequency and speed of the system as output employing 

a PI controller. Good approximation of PI controller parameters is necessary for accurate 

estimation of the system frequency. The voltage control and current control loop used 

three PI controllers, which process the d and q reference input from the grid voltage and 

inverter current to generate the output voltage reference for PWM generation. 

 

Table 3.1: Specifications of parameters of the dq0 based grid-forming inverter  

Parameter (Symbol) Value 

Inverter type 6-pulse, 3-phase 

Nominal grid phase to phase voltage ( ) 400 V 

Nominal grid frequency ( ) 50 Hz 

Nominal angular speed ( ) 314.16 rad/s 

Inverter switching frequency ( ) 10 kHz 

Inverter filter inductance ( ) 500 H 

Inverter filter capacitance ( ) 100 F 

Inverter internal series resistance of LC elements ( ) 1 m  

Load Power ( ) 100 kW 

Proportional gain of PLL ( ) 10 (rad/s)/V 

Integral gain of PLL ( ) 50000 (rad/s)/(V*s) 

Proportional gain of PI controller-1 of inverter ( ) 0.25 (rad/s)/V 

Integral gain of PI controller-1 of inverter ( ) 300 (rad/s)/(V*s) 

Proportional gain of PI controller-2 of inverter ( ) 10 (rad/s)/V 

Integral gain of PI controller-2 of inverter ( ) 20 (rad/s)/(V*s) 

Proportional gain of PI controller-3 of inverter ( ) 10 (rad/s)/V 

Integral gain of PI controller-3 of inverter ( ) 20 (rad/s)/(V*s) 



27 
 

3.3 Case Study and Simulation Results 
 

The performance of dq0 transformation-based grid forming inverter was compared with 

inverter control without any internal current/voltage control loop through simulation 

results obtained from MATLAB/SIMULINK model. The simulations were carried out in 

discrete mode using solver ode23t (mod. stiff/Trapezoidal) setting maximum step size as 

. The inverter was connected with the grid at 

PCC where three different resistive loads were also connected with total load demand of 

100 kW (Load-1: 50 kW, Load-2: 25 kW and Load-3: 25 kW). The simulation time was 

set to be 1.0 second. The performance of dq0 based inverter (grid forming) was compared 

with the inverter with no current or voltage control loop under five different case studies. 

 

3.3.1 Case study-1: Constant irradiance and varying loads 
 

This case study was done keeping the solar irradiance value constant at 1000 W/m2 and 

temperature at 250 C. The load connected to the system was varied to see the response of 

the system for both cases. Load-1 (i.e. 50 kW) was connected at , load-2 (i.e. 

25 kW) was added with the system at  and finally load-3 (i.e. 25 kW) was 

added at . According to the simulation results obtained in Fig. 3.5, the dc link 

voltage in case of conventional controlled settled to a high value i.e. 1500 V due to the 

lack of voltage control loop where in case dq0 controlled, the dc link value was seen to 

be regulated to 600 V as desired and the settling time was also small. The same MPPT 

algorithm was applied for both cases and hence the outputs were quite same. Depending 

on the load demand, the utility grid absorbs or deliver power to the PCC. Upto , 

the load demand was 0 kW and hence the inverter was delivering full power generated by 

the solar PV to the grid and grid absorbed that power as verified from the output graph. 

After , as loads were increased step by step, the total demand of the load was 

shared by the inverter and grid. The simulation results show that, significant power 

oscillations are present in case of conventional controller where a stable power flow is 

achieved in case of dq0 controlled grid forming inverter. Power oscillations in the grid 

power and inverter power is a sign of instability. 
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Fig. 3.5. Simulation results for case study-1 (a) DC link voltage at the inverter input (b) Power 

produced by solar PV array (c) Power absorbed/delivered by the grid (d) Power delivered by the 

inverter and (e) Load power demand 

 

(a) 

(e) 

(d) 

(c) 

(b) 
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3.3.2 Case study-2: Dynamic weather condition and constant load 

In this section of analysis, a dynamic weather situation has been designed as an input to 

the PV module to see the response of the system. Varying irradiance of 1000 W/m2 set as 

the input from  to . After that, the irradiance has been changed to 500 

W/m2 at  and again changed to 200 W/m2 at  as shown in Fig. 3.6. 

The load connected to the system was set to be 100 kW and was kept constant during 

whole analysis.  

 

Fig. 3.6. Varying irradiance (W/m2) at the input of solar PV module 

The simulation results show that the MPPT is working fine to extract maximum power 

from the PV array as determined by the P-V graph for varying irradiance. The system 

responses with dynamic weather situation are shown in Fig. 3.7. The dc link voltage was 

observed to be varied with the irradiance level for conventional controlled whereas the 

voltage was maintained at 600 V by the operation of voltage control loop irrespective of 

the irradiance level or weather condition. The simulation outputs showed that the power 

delivered by the grid and inverter changes with the change of irradiance. The grid power 

increased as the inverter output decreased to meet the total load demand which was set to 

100 kW. Significant oscillations in the grid and inverter power were observed for 

conventional control where dq0 controlled grid-forming inverter showed improved 

response to the varying inputs to the system. 
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Fig. 3.7. Simulation results for case study-2 (a) DC link voltage at the inverter input (b) Power 

produced by solar PV array (c) Power absorbed/delivered by the grid (d) Power delivered by the 

inverter and (e) Load power demand 

 

(a) 

(b) 

(c) 

(d) 

(e) 
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3.3.3 Case study-3: Back-to-back three phase fault at point of common 

coupling (PCC) 

In this part of analysis, a back-to-back 3 phase transient short circuit fault was created at 

the point of common coupling (PCC) to see the response of the system. The first stroke 

of the fault was applied from  to  (i.e. for 0.08 seconds) and the 

second stroke was applied from  to  (i.e. for 0.09 seconds). 

 

 

 

Fig. 3.8. Simulation results for case study-3 (a) DC link voltage at the inverter input (b) Power 

absorbed/delivered by the grid (c) Power delivered by the inverter and (d) Frequency of the grid 

at PCC  

(a) 

(b) 

(c) 

(d) 
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High oscillations in the dc link voltage was observed in case of conventional control 

where in case of dq0 controlled based inverter, the dc link voltage stabilized after few 

moments to 600 V as shown in Fig. 3.8. The grid delivers huge amount of real power to 

the fault point as seen from the graph. Severe power oscillations was noticed for 

conventional control where the inverter power with dq0 control settled so rapidly to retain 

stability of the system. The three-phase fault affects grid frequency severely for 

conventional cases whereas dq0 controller-based inverter showed better performance and 

quick recovery of the system frequency. 

 

3.3.4 Case study-4: Three phase short circuit fault at the inverter side 
 

In this case study, a three-phase short circuit fault was applied at the inverter side i.e. 

before LCL filter at  and the fault was removed at . The dc link 

voltage dropped to zero immediately after the occurrence of the fault and the overshoot 

of the dc link voltage after fault clearance was found to be higher i.e. 5 kV for dq0 control 

based inverter and higher settling time for conventional control based inverter was 

noticed. The corresponding grid power and inverter power is shown in Fig. 3.9 where 

severe oscillations were observed for conventional control inverter and higher overshoot 

for dq0 based inverter with minimum settling time. The grid frequency was recorded to 

be severely affected by this fault and the nature of the frequency variation for both cases 

are oscillatory in nature. The frequency nadir after the fault was recorded as 47.8 Hz for 

conventional control-based inverter whereas the frequency nadir for dq0 controlled 

inverter was recorded to be 49.2 Hz. Moreover, an improvement of ROCOF by at least 

0.45% was observed for grid forming inverter than conventional inverter. 
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Fig. 3.9. Simulation results for case study-4 (a) DC link voltage at the inverter input (b) Power 

produced by solar PV array (c) Power absorbed/delivered by the grid (d) Power delivered by the 

inverter (e) Grid frequency for dq0 Controlled 

 

(a) 

(b) 

(c) 

(d) 

(e) 
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3.3.5 Case study-5: Short circuit fault on the dc link capacitor side 
 

There is very few research to study the effects of faults on the dc side on the grid for a 

grid connected PV system. Therefore, in this section, the effects of pole-to-pole fault at 

the terminal of dc link capacitor has been studied in details to characterize the effects of 

this type of fault on the system i.e. grid and also after several simulations, authors have 

tried to identify the stability limit for this case to have a concluding remarks. In this 

section of case study, two different situations have been studied by varying the fault 

clearing time to identify the critical clearing time (CCT) for the studied system to ensure 

stability and reliability of the system. Throughout the simulation study, all the three loads 

were connected to the system i.e. 100 kW. 

 

3.3.5.1 Fault applied for 0.05 seconds (from 0.30 s to 0.35 s) 

 

In this case, the pole-to-pole dc fault has been created at  and the fault was 

cleared at  to see the response of the system. So, the fault was applied for a 

time period of 0.05 seconds. The simulation results obtained from the analysis showed 

that the dc link voltage goes immediately to zero and the PV array generated power 

reaches to zero after few oscillations as shown in Fig. 3.10. The total demand of the load 

(i.e. 100 kW) connected to the system was fulfilled by the grid since the power output of 

the inverter is also zero. Although the fault has been removed from the dc link capacitor 

after 0.05 s, the system remains in its previous state and hence the DC side becomes non-

functional or the system can be said to unstable. This sudden disconnection of the PV 

from the system creates oscillation to the system frequency and the oscillations are severe 

for conventional case than that of dq0 controlled case. Hence from the study of this 

section, it has been seen that the system becomes unstable for both cases. 

 



35 
 

 

 

 

Fig. 3.10. Simulation results for case study-3 (a) DC link voltage at the inverter input (b) Power 

produced by solar PV array (c) Power absorbed/delivered by the grid (d) Power delivered by the 

inverter and (e) Frequency of the grid at PCC 

 

(a) 

(b) 

(c) 

(d) 

(e) 
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3.3.5.2 Fault applied for 0.02 seconds (from 0.30 s to 0.32 s) 
 

 

 

 

Fig. 3.11. Simulation results for case study-3 (a) DC link voltage at the inverter input (b) Power 

produced by solar PV array (c) Power absorbed/delivered by the grid (d) Power delivered by the 

inverter and (e) Load power demand 

(a) 

(b) 

(c) 

(d) 

(e) 
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Several simulations have been done to find the stability limit in terms of CCT and authors 

have found that a pole-to-pole DC short circuit fault at the DC link capacitor for a duration 

of 0.02 seconds is the maximum allowable time for fault clearance. Hence to justify the 

observation, a pole-to-pole short circuit fault was injected across the dc link capacitor 

starting from  to . The simulation results showed that, the 

conventional controlled inverter was unable to get back to stable operation whereas the 

dq0 controlled grid-forming inverter showed stable operation after few oscillations. The 

simulation outputs are shown in Fig. 3.11 where it is observed that the conventional 

controlled inverter is unstable. 

 

3.4 Discussions 

An extensive analysis and comparison between conventional grid-connected inverter (i.e. 

without any voltage or current control loop) and dq0 control based grid forming inverter 

is presented based on five different case studies. The simulation results obtained from 

MATLAB/SIMULINK model verified that the dq0 transformation-based grid-forming 

inverter having both current and voltage control performs better than the conventional 

inverter without any control mechanism in terms of transient response, frequency nadir, 

ROCOF and power oscillation reduction. As a result of the superior performance of the 

modified DQ0 control algorithm-based grid forming inverter with voltage and current 

control loop, this controller has been utilized for designing the inverter controller for a 

grid connected BESS system. The detailed designing of the BESS controller has been 

presented in chapter 4. 
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Chapter-4 

Adaptive Battery Energy Storage System Controller 

Design 

 

4.1 Proposed Adaptive Fuzzy-ANFIS Hybrid Controller 

The system configuration taken into consideration in this research is depicted in Fig. 4.1, 

where the BESS is linked to the grid at the PCC using a DC-DC bidirectional converter, 

an inverter, and an LCL filter. The DC-DC converter enables two-way power flow, while 

the inverter converts the DC input from the BESS to AC and the filter after the inverter 

lowers the harmonics content. Since the system is solely intended for frequency support, 

the BESS can only supply a maximum of 10 kW of active power, and it contributes 

essentially no reactive power. The grid frequency was 50 Hz, and a load of 20 kW was 

connected at PCC. To regulate the operation of the BESS and inverter, two distinct control 

units have been created. This section covers the in-depth modelling of the ANFIS system 

and FLC that the authors of this paper have proposed. 

 

 

Fig. 4.1. System configuration of the proposed system connected to a low inertia grid. 
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4.1.1 Fuzzy logic Inference System Design 

Due to its high convergence, imprecise input, etc., FLCs are artificial decision-making 

controllers that are frequently utilized in current control systems. It goes through three 

stages: defuzzification, rule basis design, and fuzzification. The designer should have 

prior experience with the test system when defining the rules in order to implement the 

FLC. During the fuzzification process, the crisp input variables are transformed into 

fuzzified values using the Mamdani method in accordance with membership functions 

(MFs).  

  

Fig. 4.2. Membership functions plot of input variable (Frequency Error) 

 

  

Fig. 4.3. Membership functions plot of input variable (ROCOF) 

 

  

Fig. 4.4. Membership function plot of output variable (Adaptive Current Reference) 
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A suitable fuzzy output is then produced using fuzzy rules once the fuzzy set has been 

analysed in the inference system. Following that, the fuzzy output is transformed into a 

systematic crisp value as a form of duty cycle in defuzzification. Defuzzification is 

accomplished via the centroid approach. First-stage FLC, which has two inputs and one 

output, is used in the design of the BESS controller. The frequency error and ROCOF are 

used as the inputs, and the BESS current reference is used as the output for creating 

pulses. Triangular MFs, as depicted in Fig. 4.2 to Fig. 4.4, is used to design the inputs and 

outputs. There are three membership functions for first input (i.e. frequency error) like N 

(Negative), Z (Zero) and P (Positive) and it ranges from -0.30 to +0.30. For second input 

(i.e. ROCOF), the number of membership functions are five and they are NB (Negative 

Big), NS (Negative Small), ZE (Zero), PS (Positive Small) and PB (Positive Big). The 

range for this input is from -4.0 to +4.0.  

  

  

Fig. 4.5. Three-dimensional surface plot of fuzzy inference system rules 

 

The output variable has also seven MFs namely G2B(H), G2B(M), G2B(L), ZE, B2G(L), 

B2G(M) and B2G(H) where G2B stands for grid to BESS, B2G stands for BESS to grid, 

ZE stands for Zero and H, M and L stand for High, Medium and Low respectively. The 

output of FLC is the adaptive current reference that ranges from -40 to +40. The three-

dimensional plot of the rules is shown in Fig. 4.5. The rules have been designed based on 

the above mentioned MFs as shown in Fig. 4.6. 
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Fig. 4.6. Rules viewer of fuzzy logic inference system 

 

The rules are so designed that the current reference will change adaptively based on the 

value of frequency error and ROCOF. The system is built to produce a control signal for 

BESS in the event of a large error value and ROCOF, allowing for speedy power delivery 

and absorption to lower frequency deviation. The power delivered/absorbed is regulated 

adaptively based on the changes in the input values and hence this feature of the proposed 

controller helps to outperform under any abnormalities.  

 

Table 4.1: Fuzzy rules used for proposed controller 

Input-1: Frequency 
Error (e) 

Input-2: Rate of change of frequency (ROCOF) 

NB NS ZE PS PB 

N B2G (H) B2G (M) B2G (L) B2G (L) B2G (L) 

Z B2G (M) B2G (L) ZE G2B (L) G2B (M) 

P G2B (M) G2B (L) G2B (L) G2B (H) G2B (H) 
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When the frequency error/deviation and ROCOF becomes zero simultaneously, the BESS 

goes to disconnected mode i.e. no power transfer between BESS and grid. Most of the 

time, the BESS remains in disconnected mode and it activates its power transfer under 

any abnormal situation. Moreover, the battery is automatically connected to the grid for 

charging if the SOC of the battery becomes less than 20%. The detailed rules for the FLC 

system depending on the inputs are shown in Table 4.1. 

 

4.1.2 Adaptive Neuro-Fuzzy Inference System (ANFIS) Design 

 

PI controller is widely used for designing BESS controller for grid support due to its 

simplicity in operation, cost and flexibility in tuning its different parameters to extract 

better performance. But due to the slower response of the PI controller and difficulties in 

selecting exact controller constants value for getting desired response, ANFIS model-

based controller are now widely been used in the area of control engineering as well as in 

designing controllers for RE integration into the grid. Moreover, the performance of PI 

controller-based BESS controller degrades during large transient event since the 

parameters of the controller are fixed but not adaptable.  

 

  

 

Fig. 4.7. Basic structure of ANFIS model for two inputs 
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In this part of analysis, the conventional PI controller is replaced by ANFIS model in 

cascade with fuzzy logic controller that eliminates all the limitations of the BESS 

controller for providing inertia to the grid to enhance frequency stability. The basic 

structure of the ANFIS model for two inputs is shown in Fig. 4.7 [64]. From the figure, it 

is seen that the ANFIS structure consists of five layers. The first layer is the fuzzification 

layer where the membership degree of each membership functions is calculated using 

equation (9) and (10). 
 

                                                                                  (9) 

                                                                                                                                    (10) 

 The second layer is the rule layer where the firing strengths (  for the rules are generated 

by using membership values computed in layer 1. The firing strengths are manipulated as 

in (11). 

                                                      (11) 

 In the third layer, normalization is done where normalized firing strengths are calculated 

which can be calculated as equation (12). 

 

                                                                         (12) 

 

The fourth layer is the defuzzification layer followed by summation layer as the last one. 

Weighted values of rules are calculated in each node of defuzzification layer by (13) and 

the actual output of the ANFIS model is obtained by (14) as follows- 

 

                                                                                          (13) 

                                                                                                                 (14) 

The training data of the input and output were extracted from the Matlab/Simulink model 

using conventional PI controller and the ANFIS model were trained with the data using 

hybrid model for 50 epochs. The rules viewer and surface plot of the rules for ANFIS 

model are shown in Fig. 4.8 respectively. 
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Fig. 4.8. Rules viewer and surface view plot of the ANFIS model 

4.2 Components Model and Specifications 

4.2.1 Battery Energy Storage System (BESS) 

Due to cost reductions, particularly as a result of lithium-ion battery technological 

advancements, BESS are commonly employed for microgrid applications. In addition to 

this, lead acid batteries, supercapacitors, sodium sulfide (NaS), ultracapacitors, and other 

devices are frequently utilized for inertial grid support in a low inertia grid made up of 

substantial renewable energy sources. Due to its superior benefits, such as lengthy 

lifecycles, higher energy densities, improved reliability, and low self-discharging rates, 

Li-ion batteries are widely utilized today, particularly for EV, BESS, etc. [65]-[69]. 

Additionally, Li-ion batteries are cheaper, more environmentally friendly, and have no 

memory effect, according to [70], [71].  
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Fig. 4.9. Typical diagram of a battery equivalent circuit model. 

 

The specifications of the Li-ion battery used as BESS for simulation are shown in Table 

4.2. Proper mathematical modeling is required to comprehend a battery's internal 

dynamics and for effective BMS modeling [70], [71]. Empirical models, electrochemical 

models (also known as physics-based models), and simplified equivalent circuit models 

can all be used to represent batteries in general [72]. Fig. 4.9 depicts a common 

framework for a battery equivalent circuit model [65], [66], [73]. In Fig. 4.10, the Li-ion 

battery under investigation's nominal discharge characteristics is displayed.  

 

Although the BMS prevents the battery from being undercharged or overcharged, the 

graph shows that it takes roughly 2.3 hours for SOC to reach 0% for a nominal discharging 

current of 86.96A. The pink-colored shaded area represents the battery's normal 

functioning region. The characteristics of the battery's discharge for different values of 

discharging current, such as 6.5A, 13A, and 32.5A, are also displayed. It is clear that the 

time required for charging and discharging of the battery fully depends on the reference 

current for charging or discharging the BESS. Therefore, adjustments in the BESS 

reference current have been made in this article to regulate the battery's charging or 

discharging rate for inertial grid support. 

 

  



46 
 

  

Fig. 4.10. Nominal discharge characteristics plot of the Battery. 

 

4.2.2 Bi-directional Converter and Inverter 

 

DC-DC bi-directional converter is basically a buck-boost converter that can allow both 

directional power flow and hence it is used for many applications like EVs, 

uninterruptible power supply (UPS), RESs, BESS applications for both standalone and 

grid connected mode [74]. Depending on the input signal, the power electronic switches 

(S1 and S2) of the bi-directional converter (see Fig. 4.11) alternately switch the charging 

and discharging modes of a grid-connected BESS. Traditionally PI controller followed 

by a limiter is used to generate the corresponding duty cycle for switching ON/OFF the 

MOSFETs. The filter inductance and capacitance of the converter have been calculated 

as 19.8 mH and 300 µF by the equations (15) & (16): 

  

                                                                                                   (15) 

  

                                                                                                              (16) 
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The voltage of BESS at the filter side of the bi-directional converter was 360V where the 

DC link voltage at the inverter side of the bi-directional converter was set to be 800V. A 

PI controller has been implemented to control the DC link voltage at its nominal value 

under any abnormalities. 

  

  

 

Fig. 4.11. Grid connected bi-directional converter and inverter. 

 

Table 4.2: Specifications of Battery and Inverter 

 

Battery Inverter 

Parameters (Symbol) Value Parameters (Symbol) Value 

Battery Type Lithium-Ion Inverter type 
6-pulse, 3-

phase 

Nominal Voltage 360 V 
Nominal grid phase to phase 
voltage  

400 V 

Rated Capacity  200 Ah 
Nominal inverter grid 
frequency  

50 Hz 

Initial State-Of-Charge 50% Nominal angular speed  314.16 rad/s 

Battery Response Time 1s Inverter switching frequency  10 kHz 

Maximum Battery 
Capacity 

200 Ah Inverter filter inductance  467 mH 

Cut-off Voltage  270 V Inverter filter capacitance 110 mF 

Fully Charged Voltage  419.0354 V 
Internal series resistance of 
LC elements 

1 mW 

Nominal Discharge 
Current  

86.9565 A Load Power 20 kW 

Internal Resistance 18 m  Proportional gain of PLL 15 (rad/s)/V 

Capacity at Nominal 
Voltage 

180.8696 
Ah 

Integral gain of PLL 
45000 

(rad/s)/(V*s) 
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The inverter regulates how much actual and reactive power flow. The inverter was 

employed in grid-forming mode, and the inverter controller was developed using the most 

popular dq0 transformation approach. Time variable a-b-c reference frames are not used 

in the majority of RE-based control systems since dq0 displays greater performance under 

transient and steady state conditions. The reference value for reactive power flow has 

been set to zero since this paper develops the control algorithm for active power support 

or frequency support emulating virtual inertia by using BESS. The specifications of the 

inverter are shown in Table 4.2. 

 

4.3 Software Implementation 

 

The system configuration proposed in Fig. 4.1 was implemented in Matlab/Simulink 

software for validation of the outperformances of the proposed hybrid controller through 

simulation outputs. The implemented Matlab/Simulink model is shown in Fig. 4.12 where 

a Battery Energy Storage System (BESS) has been connected with the low inertia grid 

through multiple stages of conversion for inertial grid support under dynamic abnormal 

situations. The BESS is so designed to supply a maximum of 10 kW active power to the 

grid when necessary and simultaneously can absorb same amount of active power when 

needed. In this way, BESS provides inertia to the grid and overall inertial response of the 

grid improves. 

 

The resistive load at PCC is connected through a three-phase circuit breaker which is 

controlled to make the abnormal conditions of under-frequency i.e. sudden load injection 

and over-frequency i.e. sudden load rejection. The fault module is also used to control the 

transient three phase fault at PCC to verify the effectiveness of the proposed controller. 

The input of the adaptive hybrid controller are frequency error (i.e. ) and 

ROCOF (i.e. ). The internal architecture for extracting the input for fuzzy logic 

controller and generation of control signal by ANFIS model is shown in Fig. 4.13.  
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Fig. 4.12. Matlab/Simulink implementation setup of the proposed system 
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Fig. 4.13. Adaptive hybrid BESS controller implementation in Matlab/Simulink 

 

The frequency of the studies system is detected by a frequency detector (e.g. PLL for this 

case). The fuzzified output of the FLC is given to the ANFIS controller for generating the 

control signal for the DC-DC bi-directional converter as shown in Fig. 4.14. The signals 

battery whether to charge or discharge and hence to control the amount and direction of 

active power flow from BESS. The controller output is adaptive in nature and hence the 

direction of active power flow as well as the amount is adaptable based on the value of 

frequency error and ROCOF. 

 

 

  
 

Fig. 4.14. Power flow control of the BESS using DC-DC bidirectional converter. 
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Chapter-5 

Simulation Results and Discussions 

 

5.1 Case Study Sequence 

 

The simulations were carried out in discrete mode using solver ode23t (mod. 

. 

The effectiveness of the proposed controller was validated by simulation results obtained 

from different case studies. At the starting of simulation, the network with a BESS 

utilizing fuzzy logic and PI controller were studied for different abnormalities like under-

frequency (i.e. sudden load injection), over-frequency (i.e. sudden load rejection), three 

phase dead short circuit fault injection and rejection etc. During the study of the base 

system with FLC-PI controller, the parameters of the PI controller were extracted by using 

MATLAB/SIMULINK auto-tuning option for PI controller that works based on Particle 

Swarm Optimization (PSO) technique to get the best system response. The proposed 

controller has been tested for four different case studies as summarized in Fig. 5.1. 

 

Fig. 5.1. Case study analysis flow diagram 

The results for base case (i.e. with a BESS adopting FLC and PI controller) were 

compared with the proposed case at the end of this section in tabular form to show the 

effectiveness of the adaptive hybrid algorithm as proposed in this paper. The frequency 

stability of a low inertia grid can be evaluated based on some important key performance 

indices (KPIs) like ROCOF, frequency nadir, frequency zenith etc. This paper will 



52 
 

evaluate and compare frequency nadir and ROCOF to show the improvement in 

frequency stability. 

 

5.2 With a BESS utilizing FLC and PI controller 

5.2.1 Sudden load variations (i.e. load injection and rejection) at PCC 

 

In this section of analysis, the system under study was tested for sudden overload and 

underload at PCC for the designed adaptive fuzzy-PI based BESS controller. The 

frequency response of the system was observed to evaluate frequency nadir and ROCOF 

by switching ON and switching OFF the 20 kW load by using a three phase circuit 

breaker. The sudden overload scenario was done at  by switching ON the circuit 

breaker using external control. Due to this event, the grid frequency drops significantly 

due to the low inertia of the grid as shown in Fig. 5.2(a). The frequency nadir was found 

to be 49.556 Hz and the maximum rise in frequency was 50.113 Hz. After a settling time 

of 195 ms, the grid frequency stabilizes and returns to its nominal frequency (in this case, 

50 Hz). 

 

 

(a) 

 

(b) 

Fig. 5.2. Sudden load variation (a) Grid frequency at PCC and (b) Rate of change of frequency 

(ROCOF) 
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Similarly, to see the maximum rise in frequency of the grid due to underload condition, 

the connected load at PCC was disconnected at  from the system and it has been 

observed that the grid frequency increased significantly due to the power imbalance or 

sudden load rejection for a very short period of time. The maximum frequency overshoot 

and frequency nadir during this abnormality were found to be 50.512 Hz and 49.863 Hz. 

The settling time for this case was 170 ms. The ROCOF at PCC was also monitored for 

both the test case as shown in Fig. 5.2(b). The ROCOF value falls over time as the grid 

frequency gets closer to its nominal frequency. 

 

5.2.2 Three phase dead short circuit fault at PCC 

 

In this part of analysis, the impact of a three-phase dead short circuit fault injection and 

rejection were observed. At t=0.2 s, the fault was applied, and at t=0.4 s, it was removed 

from the system. According to Fig. 5.3(a), the fault injection resulted in under-frequency 

and the fault extraction resulted in over-frequency. The corresponding ROCOF recorded 

at PCC during this event is also shown in Fig. 5.3(b).  

 

 

(a) 

 

(b) 

Fig. 5.3. Three phase short circuit fault (a) Grid frequency at PCC and (b) Rate of change of 

frequency (ROCOF) 
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The system's frequency nadir and maximum frequency overshoot were measured to be 

49.421 Hz and 50.127 Hz, respectively, after a fault was applied. The minimum frequency 

and frequency overshoot for fault removal were reported to be 49.807 Hz and 50.451 Hz, 

respectively. The settling time required for the grid frequency to come to the nominal 

value were 276 ms and 188 ms respectively. 

 

5.3 BESS with adaptive hybrid controller (FLC-ANFIS) emulating 

virtual inertia 

 

5.3.1 Sudden load variations (i.e. load injection and rejection) at PCC 

 

This part simulates the previously stated system after integrating a Battery Energy Storage 

System (BESS) with a low inertia grid using the proposed adaptive fuzzy-ANFIS 

algorithm-based controller to provide inertial support and enhance frequency 

performance. The same amount of resistive load was suddenly injected to the system at 

PCC to make the under-frequency event at  and the load was disconnected at 

 respectively. The simulation results show significant improvements of the 

frequency response in terms of frequency nadir (i.e. minimum frequency) and ROCOF. 

From Fig. 5.4, it is seen that the BESS responded instantaneously with the variation of 

frequency and ROCOF of the grid to minimize the effect of load injection on frequency 

response. The BESS current reference for active power injection varied adaptively 

depending on the frequency and ROCOF.  

 

During load injection, the grid frequency falls down and the BESS is connected to the 

grid automatically by the controller action to supply active power to the grid and the 

BESS takes active power from the grid during load rejection or over-frequency event. 

This property of the BESS utilizing the proposed controller enables virtual inertial support 

to the grid to lessen the value of frequency nadir (Hz) and ROCOF (Hz/ns).  The controller 

ensures constant DC link voltage i.e. 800 V at the inverter side after any abnormal 

scenarios. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 5.4. Sudden load variation (a) DC link voltage (b) Adaptive current reference of BESS 

controller (c) BESS voltage and (d) State of charge (SOC) of BESS 

 

Due to load variations in the system, the DC link voltage at the inverter side changes. The 

controller helps keep the DC link voltage steady, as shown in Fig. 5.4(a). BESS current 

reference is shown in Fig. 5.4(b) which is adaptive in nature whose value depends on the 

frequency deviation and ROCOF. The BESS remains in inactive condition when the grid 

frequency becomes equal to the nominal frequency (i.e. 50 Hz). Since the suggested 
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model does not support reactive power, the overload condition causes the voltage at PCC 

to fall. To reduce the complexity of the controller's design, the reference value for reactive 

power supply by BESS has been set to zero. Therefore, BESS provides zero reactive 

power on average. From Fig. 5.5(b), it is seen that, BESS is supplying active power to the 

grid for under-frequency condition of the grid whereas it absorbs active power from the 

grid during over-frequency event to provide necessary inertial support. The adaptive 

defuzzified value of the FLC system is also shown in Fig. 5.5(f) that confirms the 

instantaneous variation of current reference with the instantaneous value of frequency 

deviation and ROCOF. 

 

 

(a) 

 

 

(b) 

 

 

(c) 
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(d) 
 

 

(e) 
 

 

(f) 

 

Fig. 5.5. Sudden load variation (a) Current injected by BESS (b) Active power supplied or 

absorbed by BESS (c) Reactive power supplied or absorbed by BESS (d) Grid frequency at PCC 

(e) Rate of change of frequency (ROCOF) and (f) Adaptive defuzzified value of FLC 

 

According to Fig. 5.5(d), sudden load injection causes a reduction in system frequency 

while sudden load rejection causes a rise in frequency. During the test, the frequency 

nadir and maximum frequency overshoot were found to be 49.773 Hz and 50.022 Hz 

respectively for sudden load injection and for sudden load rejection, the values were 

recorded to be 49.965 Hz and 50.284 Hz respectively. In comparison to load rejection, 

the ROCOF value for load injection was greater. The grid frequency stabilizes after 157 

ms and 150 ms respectively the test cases. 
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5.3.2 Three phase dead short circuit fault at PCC 

 

Similarly, a three-phase short circuit has been applied at PCC to see the effectiveness of 

the proposed controller under transient event. The fault has been applied at  

and withdrawn at . 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 5.6. Three phase short circuit fault at PCC (a) DC link voltage (b) Adaptive current reference 

of BESS controller (c) BESS voltage and (d) State of charge (SOC) of BESS 
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The frequency of the system varied significantly during the base case whereas, the 

variation in frequency has been found to be reduced due to the BESS action accompanied 

with the proposed adaptive controller. Fig. 5.6 shows the BESS parameters in response 

to the transient event. For this case also, the DC link voltage is regulated to 800 V and the 

current reference for BESS action varies adaptively to minimize the effect on frequency 

variations. The BESS SOC is shown in Fig. 5.6(d) that also confirms adaptive nature of 

the proposed controller. 
 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

 

(g) 

Fig. 5.7. Three phase short circuit fault at PCC (a) Voltage at PCC (b) Current injected by BESS 

(c) Active power supplied or absorbed by BESS (d) Reactive power supplied or absorbed by 

BESS (e) Grid frequency at PCC (f) Rate of change of frequency (ROCOF) and (g) Adaptive 

defuzzified value of FLC 

 

The voltage at PCC becomes almost zero during the fault and the current injected by the 

BESS also increases to provide inertial support to the grid as shown in Fig. 5.7(b). When 

the system was subjected to the fault, frequency of the system falls and the minimum 

frequency of the system during this event was found to be 49.723 Hz. After the system 

stabilizes, the fault was withdrawn from the system. The maximum frequency recorded 

during this event was founded to be 50.311 Hz as seen from Fig. 5.7(e). The active power 

delivered/absorbed varies depending on the frequency variation and ROCOF of the grid 

as shown in Fig. 5.7(c). Although the reactive power to be supplied or absorbed by the 
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BESS should be zero, but certain amount of reactive power is being absorbed by BESS 

when fault is removed from the system as shown in Fig. 5.7(d). A significant reduction 

of ROCOF value has been observed for this case and the settling time required for the 

system to be stable was 210 ms for fault injection whereas for fault rejection, the settling 

time was only 165 ms.   

 

5.4 Comparative Analysis 

 

Table 5.1 shows the comparative analysis of the improvements as recorded by authors by 

utilizing the proposed controller with the base case i.e. with a BESS adopting fuzzy logic 

and PI controller. The recorded data shows that, a significant improvements of frequency 

nadir (i.e. minimum frequency, Hz) and ROCOF have been found by implementing the 

proposed hybrid BESS controller. During overload condition, the frequency nadir for 

base case was to be 49.556 Hz whereas after using the proposed controller, the frequency 

nadir was observed to be 49.773 Hz. Hence, an improvement by 0.43% in frequency nadir 

has been found for load injection. Similarly for three phase short circuit event, the 

frequency nadir was found to be 49.421 Hz for base case whereas the value was only 

49.723 Hz for the proposed algorithm. For this case, the frequency nadir has been found 

to be improved by 0.61% than the base case. The replacement of PI controller by ANFIS 

model significantly improved the settling time required for the system to be stable after 

each disturbance as discussed previously in this section. Moreover, an improvement in 

ROCOF has been found for the proposed case than the base case as shown in the table. 

 

Table 5.2 shows a comparison of this work with some relevant works done by the 

researchers. Although the system considered for analysis is different, but a comparison 

can be shown from the perspective of percentage improvement in rate of change of 

frequency (ROCOF) and frequency nadir. The study shows that, the controller proposed 

in this thesis work outperforms the controller designed by the authors as mentioned in the 

table. Hence, the designed controller can be used for improving inertia of a low inertia 

system. 
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5.5 Discussions 

 

This chapter presents the design and implementation of the proposed BESS controller 

that can emulate virtual inertia by absorbing and releasing energy from/to the system 

based on the magnitude of frequency nadir and ROCOF. The adaptive nature of the 

controller helps to the improvement of system performance under abnormal scenarios. 

First of all, the controller was designed with the widely used PI controller and then due 

to having some limitations of the PI controller under transient event and non-adaptivity, 

ANFIS model has been utilized in place of PI controller to see the improvements in the 

frequency response under abnormal situations. Significant improvement in the frequency 

response has been observed as summarized in Table 5.1. The maximum frequency 

recorded during load rejection event was 50.512 Hz for FL-PI controller where it was 

recorded to be 50.284 Hz for FL-ANFIS. 
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Chapter-6 

Conclusion and Future Works 

6.1 Conclusion 
 

An improved adaptive Fuzzy-ANFIS hybrid algorithm-based controller has been 

presented for a low inertia grid connected BESS application to provide frequency support 

emulating virtual inertia. An adaptive current reference for BESS controller is generated 

by the FLC-ANFIS hybrid controller based on the grid frequency and ROCOF. The 

elimination of the PI controller by using the ANFIS architecture enables the suggested 

controller to perform better in transient events. The suggested controller modifies the 

reference signal in accordance with the inputs to provide the required active power 

assistance for improving frequency stability and to give the grid a fictitious inertia similar 

to that of a traditional synchronous machine. The simulation results demonstrated that, in 

terms of frequency nadir and ROCOF, the suggested adaptive controller performs better 

than the base case. The given controller outperformed the PI-based controller in terms of 

frequency nadir by 0.43% for load injection and 0.20% for load rejection. Similarly, 

0.61% improvement has been observed for transient short circuit fault injection and 

0.32% for fault rejection. In addition to providing inertial assistance at the grid level, the 

suggested controller has a number of other uses. The suggested controller, in particular 

for microgrid applications, may perform superbly for simulating virtual inertia to improve 

grid stability and keep the frequency and ROCOF during dynamic grid scenarios within 

acceptable operating zone of IEEE 1547 standard. The provided controller can also be 

used for nanogrid applications to uphold system stability. The main limitation of the 

proposed model is the long-time taken by ANFIS model for training and the BESS not 

providing reactive power support for voltage stabilization. 

6.2 Scope of the Future Works 

Future work includes the following points- 

 Inclusion of reactive power support in addition to the frequency support of 

the proposed controller. 

 Application of machine learning algorithms for modelling the BESS 

controller. 

 Implementation of optimization technique to identify BESS size. 
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