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4. ABSTRACT 

Microgrids are emerging throughout the world electrical engineering community as a 

feasible and more practical technical solution for renewable energy integration and 

small-scale harvesting. Microgrids are local area power networks that can be either 

connected or isolated from the grid. Microgrid controlling is a necessity in operation 

of microgrid due to the requirements of the grid stability, energy management as well 

as improving local controllability. The principle of this research is to develop 

microgrid controller, which follows resilient and sustainable energy management 

principles for a research level microgrid setup inside the UOM-LECO Smart Grid 

Research Lab. After a thorough literature review, a control platform with an energy 

management system was proposed which maximizes PV harvest and directs it to the 

customers. And the research contains simulated microgrid development with controls 

to implement its control strategies, using real-time digital simulator (RTDS) as a novel 

technological tool introduced to Sri Lanka. A new addition of hardware development 

is proposed to the lab to setup microgrid platform inside the lab environment to do 

further research in microgrid controlling. Simulation results were taken accordingly to 

claim the functioning of the control platform as well as the results are validated under 

the functioning of hardware platform.   

Keywords: Microgrids, renewable energy, real-time digital simulators, sustainable 

energy management, resiliency 
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1. CHAPTER 1: INTRODUCTION 

1.1. Problem Identification 

Microgrids have become a much popular tool in the world, to improve renewable 

energy integration to the distribution systems. As the world is heading towards a 

certain fossil fuel crisis in the near future, renewable energy resources are becoming 

more popular than ever in the energy markets. Simultaneously, the huge emission of 

CO2 to the environment caused by fossil fuel combustion has accelerated to establish 

reinforcements to use renewable energy systems continuously. The establishment of 

renewable energy systems are bound together the high technological equipment and 

control strategies in order to harvest maximum available energy and in most of the 

cases, these renewables are operated independently, despite of subjecting to a common 

control strategy. As the next evolution of renewable energy integration, microgrid 

concept has emerged for the recent distribution systems, together with smart grid 

applications[1], [2], [3].  

According to IEEE 2030.7 standard, definition for microgrid can be quoted as “A 

microgrid is a group of interconnected loads and distributed energy resources (DER) 

with clearly defined electrical boundaries that acts as a single controllable entity with 

respect to the grid”[4]. A microgrid controller is a must in a microgrid to establish its 

controllability within the defined area. With the development of computational 

hardware and software interfacing techniques, microgrid controllers have become 

more user friendly and controllable systems throughout the world.  

Due to the rapid decrease of fossil fuel resources and its environmental impact, nations 

are eager to enhance sustainability concepts as initiatives in each sector. Usage of 

renewable energy in electrical power generation and other energy applications can be 

termed as one of the biggest sustainability implementations in recent technological 

developments. To make energy consumption more sustainable, implementation of 

various microgrid controls is used. These special control actions are named as “Energy 

Management System” of the microgrid, which is a set of integrated commanding 

functions implemented in the network[5], [6].  

Power system resilience is a key factor that replicates the reliability of the power 

supply for the consumers. In fact, resilience is the ability of the power system to 

maintain steady operational conditions throughout time. Whether the system 
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undergoes adverse weather conditions, faults, power imbalances etc., the system 

should have the ability to maintain its operational conditions. Microgrids themselves 

provide the best available solution to improve the power system resiliency by isolating 

it from the major gird outages. Microgrid controller plays a major role in this scenario 

as well by acting as a commanding device for the DERs and loads to operate in a 

resilient way[7], [8]. 

The intention of this research is to tackle microgrid controller development scenario 

to introduce more sustainable and resilient microgrid operation. 

 

1.2. Microgrids 

A microgrid, by definition, is a small area power network, that can integrate small 

scale power generation sources and storage systems and loads. More precisely, as per 

the IEEE 2030.7 standard states, “A microgrid is a group of interconnected loads and 

distributed energy resources (DER) with clearly defined electrical boundaries that acts 

as a single controllable entity with respect to the grid[4]”. The most important aspects 

of microgrids are DERs, defined electrical boundary and controllability.  

Microgrids can be differentiated depending on their application. Microgrids can be 

identified in industrial sector, universities, rural and regional areas, islands as well as 

in shipboard applications. In this thesis the focus is to provide controller platform 

related to residential microgrids, since it is highlighted in every aspect of this thesis.  

1.3. Distributed Energy Resources (DERs) 

Rather than operating larger centralized energy resources, microgrids prefer 

integrating small scale generation resources, since microgrids are operated in 

distribution levels. So, microgrids contain small scale generation resources which can 

be shared assets of the defined boundaries as well as private assets of the consumers. 

For an instance, there can be rooftop solar PV inverters in kilowatt scale, owned by 

households and industrial consumers in the area as well as there can be diesel 

generators that can be operated by the distribution system operator (DSO) in the 

microgrid area[9].  

And DERs can be categorized as power injectors as well as power storages. Solar PV 

is one of the major renewable energy resources that only injects power to the grid. On 
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contrary, energy storages like batteries can release or absorb power with respect to 

grid.  

1.3.1. Power Generation Resources  

1.3.1.1. Solar Photo Voltaic (Solar PV) 

Solar PV has become backbone renewable resource in microgrids throughout the time. 

Due to its high availability, relatively simple energy conversion techniques have made 

solar PV more popular. Solar PV systems are highly popular in residential areas, where 

consumers can produce electricity using rooftop solar integrations. And also, larger 

industrial buildings also tend to generate some of their energy consumption mostly by 

rooftop solar and sometimes from ground mounted solar. In the design of solar PV in 

a microgrid area, the availability of sunlight is the most important meteorological 

measurement that should be considered. Simultaneously, rainfall data, wind 

distribution and humidity also measured to forecast effective solar generation by 

modern systems. And also, expected load demand, shading effects, integration 

technologies are some other characteristic aspects to follow solar PV design in 

microgrids[10], [11].   

The conventional structure of a solar PV system is shown in following figure 1.    

Figure 1: Solar PV system 

Usually, solar panels are selected according to electrical power output intended to 

integrate with grid. An MPPT tracker is used to interface panel strings with the inverter 

to stabilize DC bus voltage input, which varies according to the sunlight. This buck-

boost converter makes sure that the solar PV system extracts maximum power at its 

normal operation. Inverters are controlled normally using vector control methods as 

grid tie inverters and the load frequency controlling aspects are not assigned for solar 



4 

inverters. In most of the cases, grid tie inverters are designed to stop operation at grid 

outages[10], [12], [13].  

1.3.1.2. Wind Energy Generators 

Usual wind turbines coupled with generators are aligned with horizontal axis, while 

smaller scale turbines are designed as vertically aligned. Design of wind power stations 

are mostly decided by the wind regime of the area, basically the estimation of the total 

power output is determined by the wind power distribution of the area. Coastal areas 

are much preferred for establishing wind farms and right now, advanced research are 

going on to feasibly establish off-shore wind farms[14]. 

In case of microgrids, wind energy integration is much challenging due to its high 

intermittency. Variation of wind speed and direction has been technically conquered 

by variable speed generators, power electronics, yaw control and pitch control 

techniques. However, standalone wind generators are not highly recommended in 

microgrids. Instead, combined systems with energy storage and energy management 

techniques are recommended with wind systems[13], [15].    

In most modern cases, variable speed generators like induction generators are used to 

generate electricity at variable speeds, creating a variable frequency voltage. This 

voltage is then converted into DC and back to AC with fixed grid frequency for the 

injection. This is named as back-to-back converter fed generator.  Similarly, doubly 

fed induction generators are also popular applications in industrial level wind 

generators.  

 

 

Figure 2: Wind generator with back-to-back power conversion 

1.3.1.3. Small Hydro Power Plants 
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Apart from large hydroelectric power plants, microgrids prefer integration of mini and 

micro hydropower generators as DER. Small hydropower plants are much popular in 

rural areas which are rich in water. Without harming the eco diversity of the area, small 

hydro plants can be built as run of the river, dam integrated and pipe integrated turbines 

to be coupled with small scale generators. Most of the turbine types used are Kaplan 

turbines due to its ease of control with respect to water flaw availability. Impulse 

turbines are used in some cases with higher pressure heads. Permanent Magnet 

Synchronous Generators (PMSG) are popular in small hydro, due to its flexible 

operational constraints[16].  

The integration of small hydro plants to the microgrid is more convenient than other 

renewables due to its operational stability and ease of forecasting. Small hydro power 

plants are well established in rural microgrids, stabilizing, and continuously operating 

throughout the day. These power plants can be chosen as base load power plants for 

the microgrid, with following specifically operating it at a common set point. To 

provide more stability, small hydro plants are integrated to the DC bus through power 

electronic converters.  The typical structure of the small hydro power plant is shown 

in the following figure[17], [18].  

 

Figure 3: Structure of a small hydro power plant[16] 

 

 

1.3.1.4. Other Renewables 

Rather than conventional renewables, microgrids can contain sources like biomass 

powered generators, geothermal, fuel cell, tidal etc. Some of these technologies are 
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still under development for commercial usage and specifically, biomass-based power 

resources are more common in industrial and rural microgrids[14].  

 

1.3.2. Energy Storages 

The requirement of energy resources emerges in microgrids due to several major 

reasons: intermittent nature of renewable energy resources and requirement of energy 

management.  

1. Intermittent nature of renewable energy- Almost all the renewable resources 

act as highly variable conditions throughout the day. Especially, solar PV 

power can be varied with wind and cloud distribution and wind power can be 

varied with the time of the day. To manage sudden power drops or excesses, 

energy storage is required.  

2. Requirement of energy management- renewable energy rich grids experience 

high power generations at low load levels and low power generation at high 

loading levels, which can be managed by energy storages. Apart from this 

scenario, most of the energy management scenarios are involved with energy 

storage.  

3. Power quality maintenance- Reducing harmonics, frequency and voltage 

regulation, dc bus voltage regulation, pulsed load provision etc.  

Grid level  energy storage systems are operated as hybrid energy storages, which 

contains high power dense, low energy dense storages and high energy dense, low 

power dense storages combined[2], [11], [19], [20], [21]. Among most of the 

technologies, usage of battery energy storage is discussed under this section.  

1.3.2.1. Battery Energy Storages 

Battery Energy Storage Systems (BESS) are most common in microgrids while others 

are still under development. Battery storages are static elements, that results fast 

response in the system and capable of multitasking. As an example, a single grid tied 

BESS can perform frequency and voltage controlling, peak shaving, valley filling, load 

level management and so on. And also, in most cases of sustainable microgrids, BESS 

acts as the grid forming element in the islanded mode[22].  



7 

A battery storage contains the battery bank, DC-DC converter and 3 phase 

bidirectional converter. A separate controller block is usually integrated with the 

battery systems, which is termed as Battery Management System (BMS). This system 

incorporates primary level controlling aspects of the battery converters, which can be 

supervised by a high-level controller.  

 

Figure 4:Power level components of a Grid-tied battery system 

Most of the BESS are made of Li-Ion batteries due to their operational reliability, 

linear behavior of voltage vs capacity in a large capacity range which results in ease 

of controlling, longer lifespan, and other economic benefits[23].  

1.3.2.2. Other Energy Storages 

Apart from batteries, some other energy storage systems are also applied in grid level 

applications such as flywheels, pump storages, hydrogen fuel cells as well as super 

capacitors. These technologies are still emerging in microgrid applications due to high 

cost of development and technological difficulties.  

1.4. Sustainable Energy Management  

Sustainability concepts have become increasingly catching the attention in every 

sector due to limited resources, high consumption, and obviously environmental 

pollution. So, the power sector has become one of the major industries that follows 

sustainability concepts. Power sector technologies have adopted so far to minimize 

fossil fuel consumption and improve renewable penetration.  

Sustainable energy management is a concept that adopts controlling techniques to 

maximize renewable penetration in the grid by using storages, forecasting methods 
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and other optimization techniques. As an example, to serve the peak demand at the 

nighttime, solar PV generation can be stored at the daytime by allowing controller to 

optimally adjust power balance in the gird. In this scenario, the imported power from 

the utility can be minimized in the peak times. Some other research suggests that the 

scheduling of load and storages according to the forecasted solar generation profile to 

maximize renewable consumption, as mentioned in [6][5].  

The intention of this research is to implement an energy management system, which 

follows sustainable concepts in the microgrid along with the controller.   

1.5. Power System Resiliency 

Operational resilience of the power system has become a major concern due to fast 

industrialization, growing population, and other various socio-economic concerns. 

MG concept itself is established in power sector as an improvement of power system 

resiliency. Simultaneously, the resiliency of the MG should be preserved in different 

perspectives. Maintaining system operational conditions steadfast as much as possible 

is the most important requirement of a resilient MG. Simultaneously, it is required to 

maintain a certain degree of redundancy in the system to manage operation in an 

equipment level failure[24], [25], [26]. And power system stability also plays a major 

role in system resiliency because instable grids can create power outages and power 

quality issues. This makes protection issues ought to be addressed in the resiliency 

problems. 

A resilient microgrid should be capable of recovering from a disturbance scenario, as 

a part of its resiliency. The importance of advanced controlling requirements arises 

with the requirement of re-establishing the power grid. Automatic blackout start 

technologies should be adopted in microgrid controlling due to this reason. So, it is 

important to highlight that, microgrid control should be able to address resiliency 

improvement aspects of the grid as well[20], [27].  

1.6. Microgrid Controllers  

Handling microgrid operation throughout the time is not a simple task. Most 

importantly the power balance of the system must be maintained throughout the 

operation while its stability is kept resilient. And it should have the ability to address 

defined control strategies on resiliency and sustainability improvement techniques. 



9 

They should be a separate supervisory system that can handle the required control 

functions.  

 A microgrid controller is simply a hardware device that can handle controlling 

functions in the autonomous operation. Mainly it should have the capability to send 

control signals to DERs about operational conditions (commanding), calculating 

required operational conditions for each DER (computational capability) and creating 

operational workflows of controlling functions (scheduling). In most cases, microgrid 

controller acts as a central control device but due to high computational power 

requirements and less reliability, large scale central controllers are not preferred in 

commercial scale. In larger microgrids, distributed controllers are established to 

overcome above problems[3], [28], [29].   

1.7. Scope and Objectives 

The main objective of this research is to develop an integrated microgrid controller, 

that can implement resilient and sustainable energy management system inside a 

research level microgrid and implement the functionalities to manage the distribution 

network more efficiently within its operational conditions.  

The specific objectives are, 

• Develop a software-simulated microgrid controlling platform with relevant 

loads and source models.  

• Integrating existing resources in the UOM-LECO Smart Grid Research Lab 

into controlling platform hardware, to demonstrate sustainable and resilient 

energy management techniques with the required accuracy.  

The UoM-LECO Smart Grid Research Lab (SGRL) is equipped with 15kW solar 

inverters, 12kW battery inverters, programmable electronic loads that can be 

interconnected as a low voltage microgrid. The mentioned DERs should be connected 

to a controlling platform to achieve sustainable energy management in the network by 

maximizing renewable energy share and survive in islanded operation. And it is 

required to operate the microgrid in a resilient manner throughout the operation. 

In this project scope, the hardware implementation of microgrid controller is proposed 

for the UoM-LECO Smart Grid Research Lab (SGRL). And also, as a novel addition 

for the electrical engineering research scope in Sri Lanka, this microgrid system and 
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its controlling actions are simulated using Real-Time Digital Simulator (RTDS) as a 

more efficient and validated platform for electrical engineering.   

 

1.8. Methodology 

The project methodology is listed as follows. 

1. Performing a literature review on microgrid controlling platforms and 

techniques of optimizing resiliency and integrating renewable energy sources 

with sustainable energy management.  

2. Simulating a microgrid platform with collected data from the UoM-LECO 

research lab. 

3. Developing a microgrid controller laboratory set up in the laboratory 

environment with controlling strategies.  

4. Testing controller performance and validating with simulation results. 
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2. CHAPTER 2: LITERATURE REVIEW 

2.1. Microgrid Structures 

The aggregated microgrid can be structured in three major ways,  

1. AC Microgrids (ACMG) 

2. DC Microgrids (DCMG) 

3. Hybrid Microgrids  

2.1.1. AC Microgrids (ACMG) 

To improve the distribution grid, ACMGs are well appropriate for the existing grid 

areas. In ACMGs, both sides of the Point of Common Coupling (PCC) are in AC 

electricity. In most cases, the ACMG is established in low voltage levels, where most 

of the residential DERs are generating utilization voltages (400/480V). In larger 

industrial microgrids, ACMGs are established in distribution voltage levels such as 

11-33kV[30].  

In ACMGs, DERs are connected to a common AC bus while most of the DERs are 

interfaced with the bus through DC/AC inverters. Hence it is mandatory to establish 

inverters for each DC source; battery, solar PV etc. And also, ACMGs are highly 

occupied with modular level AC generators such as diesel, steam-driven generators 

and most importantly mini hydro plants. Wind turbines are interfaced in conventional 

method to the distribution grid. Figure 5 shows a structure of a conventional 

ACMG[30], [31].  
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Figure 5: AC microgrid 

2.1.2. DC Microgrids (DCMG) 

Usually, DC microgrids are less common in practice due to most of the microgrid 

solutions are implemented as developments of existing AC distribution systems. DC 

microgrids show higher stability, higher efficiency, and controllability. But consumers 

who require AC electricity need to use inverters or must upgrade their equipment to 

be DC powered. Simultaneously, DC microgrids require larger Inter-Linking 

Converters (ILC) at the PCC to connect into the major AC grid. Diesel generators are 

less likely used in DCMG and usage of DC-DC converters is common at DER 

connections such as solar PV or battery[31], [32]. A schematic diagram for DCMG is 

shown below. 
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Figure 6: Structure of DCMG 

 

2.1.3. Hybrid Microgrids 

Hybrid microgrids contain AC busses as well as DC busses. DC buses are usually 

interlined with AC buses. The DC bus is preferred to connect renewables and DC loads 

while AC bus connects to diesel generators, loads and the grid. The existence of DC 

bus in a hybrid microgrid can more efficiently tackle the renewable intermittency 

problem since DC bus controls can be implemented in the controller. Hybrid 

microgrids are preferred in building industrial level microgrids since they prefer bulk 

renewable power generation. Reduced conversion stages improve the power quality, 

efficiency as well as the capital cost of the microgrid[29], [30], [33]. Figure 7 shows 

the structure of a hybrid microgrid.  
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Figure 7: Structure of a hybrid MG 

 

2.2. Microgrid Control Requirements 

The requirement of microgrid control emerges in practice due to several reasons.  

1. Autonomous operation- The operation of DERs should be done autonomously 

deciding its connection, disconnection, and power dispatch in a logical and 

accurate way. Considering the overall grid level, controls are required to 

change between operational modes; grid connected or islanded.  

2. Economic operation- The microgrid should be able to operate in the defined 

economically beneficial way that lowers both energy and operational cost.  

3. Improved sustainability- The sustainable operation of power distribution is 

highly promoted by world communities due to environmental pollution caused 

in power generation. Microgrid controllers can be used in improving 

sustainability of the system by maximizing renewable energy penetration.  
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4. Improved resiliency- Power system resiliency is an important fact for the 

consumers to experience a reliable operation. Microgrid controllers can 

provide controlling actions to maintain operational conditions of the microgrid 

steady. 

5. Maintaining power quality- Power quality is also a key requirement in reliable 

power systems. Microgrid controllers should be able to handle system 

frequency and voltage in certain margins and reduce harmonics.  

6. Energy management- The requirement of energy management emerges with 

the renewable intermittency and unavailability and as well as high loading 

levels. It is mandatory to release energy at high loading conditions as well as 

operate energy storages autonomously at high renewable penetrations.  

7. System stability and protection- Microgrid controller is directly responsible for 

maintaining system stability by matching loads and generation sources 

correctly. And it should be able to coordinate protection functions at 

disturbance conditions inside or outside the grid[3], [29], [34].  

2.3. Microgrid Controller Architectures 

A microgrid controller is a system that can handle several predefined controlling 

functions autonomously by looking at the given inputs. Main functional capabilities of 

a microgrid controller are to command, compute, and schedule microgrid functions. 

This simply means that the microgrid controller acts as the brain of the microgrid. In 

most cases microgrid controller is a programmable controller integrated with 

communication interfaces and other required functions.  

Microgrid controllers can be divided into three major architectures, centralized, 

decentralized and distributed.  

2.3.1. Centralized Controllers 

In this architecture, all the control functions are managed by a single control device. It 

is connected to all the DERs individually and can provide operational conditions for 

them. Central controllers should have the capability of taking required inputs (DER 

power outputs, power flow data, load variation etc.) and provide operational setpoints 

for all the DERs separately. Central controllers are usually integrated in small-scale 

microgrids with lower numbers of DERs.  Major drawbacks of this architecture are the 
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requirement of high computational power, lower reliability, and high risk of 

failure[28], [35], [36].  

2.3.2. Decentralized Control  

Microgrid controllers can be set up in several locations of a microgrid as multiple 

control agents which coordinates a certain part of DERs by each. This means that the 

microgrid contains several controllers distributed among. In decentralized control the 

communication among local controllers does not exist, which means that the 

distributed controllers act as independent controllers. Decentralized controllers contain 

control algorithms based on local variables which means that it receives information 

only form assigned DERs. Even though this architecture reduces the computational 

power of the controller and does not require sophisticated communication, this 

architecture can cause stability problems and coordination problems in at the operation 

due to the absence of information from other DERs[37], [38].  

2.3.3. Distributed Controllers 

To avoid technical difficulties in the above technologies, a distributed control structure 

is introduced. It can be identified as a development of the decentralized control 

structure by establishing communication platform in decentralized control agents. As 

an example, [39] suggests a distributed multi agent control platform based on 

consensus algorithm. And in layered control architecture, distributed control platforms 

are more efficient since certain control layers can be implemented in decentralized 

manner[35].  

Figure 8 summarizes the controller architectures mentioned above.  

 

 

 

 

 

 

 

Figure 8: Microgrid Controller Architectures 
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2.4. Hierarchical Control Structure of Microgrids 

In the development of modern microgrids, sophisticated control architectures are 

applied in both hardware and software sense. As mentioned above, controller 

architecture basically depends on the hardware design of the controller. Apart from 

this, the function integrated to the controller are also divided into three major 

categories, which creates a layered hierarchy in the control platform. A microgrid 

controller follows this structure is termed as hierarchical control structured 

platform[36].  

In a hierarchical control structure, microgrid control functionalities are divided into 

two major control layers: primary, secondary, and tertiary. Each layer is assigned with 

some specific tasks to be fulfilled and upper control layer, which is named as 

supervisory layer is responsible for the mitigation and adjusting errors caused[30], 

[37].   

2.4.1. Primary Control 

Primary controlling can be identified as the lowest layer of control hierarchy, which is 

totally dependent on local information gathered. Primary controlling can be identified 

as the equipment level controlling since the control decisions are mainly dependent 

and relevant for the DER controlling. Due to its independency from the global grid 

variables, primary control layer is responsible for frequency and voltage stabilization, 

islanding detection, DER plug and play functionality, voltage and current set point 

adjustment is done by the primary control layer[37].  

A well-known primary control function is the droop-based control in voltage and 

frequency. Droop-based control methods automatically adjusts the proportional power 

sharing between DERs, maintaining the system voltage and frequency levels optimally 

in the desired values. In implementation of energy management and intermittency of 

renewable energy, proportional power sharing will not be practical as always. To deal 

with this, separate primary controls should exist with energy storages to mitigate 

system frequency and voltages. Not only in the perspective of generation side, but 

primary controls are also added for demand side management strategies. As an 

example, load shedding option can be introduced [40]. 
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2.4.2. Secondary Control  

`Secondary control layer is mainly responsible for the supervised control of the 

primary layer. It means that the secondary control layer has functions to mitigate grid 

level frequency and voltage deviations caused by primary control loop. And the 

secondary layer is the main layer that implements most energy management functions 

in the grid level. It can contain optimization algorithms and sometimes AI based 

decision making algorithms that are useful in economic power dispatch, CO2 

minimization, or other energy management functions implemented in[37], [40].  

Apart from energy management, the secondary layer is responsible for system level 

stability and protection functions implementation, blackout restoration, islanding and 

grid connection, power quality management etc. As a whole, secondary layer is the 

most important layer that coordinates DER into a single microgrid entity. Microgrid 

controller functional variations can be implemented time to time on this layer, so this 

layer is considered as the challenge in Microgrid control development. The major 

functional requirements of the secondary control layer is briefed in figure 9.  

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Functional requirements of the secondary control layer 

According to [2], the secondary layer actions are briefly described below.  
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Cost Minimization-Secondary control actions related to cost minimization includes 

reducing operational, environmental and storage costs. Several research are done on 

considering various optimization techniques and cost aspects.  

Blackout restoration- Operational sequence of blackout restoration is embedded in 

secondary control structure. This sequence contains protection and stability 

improvement techniques that avoids system going to a total blackout. The secondary 

control considers the load priority, level of battery power that can be safely released, 

availability of main grid and other DERs, in restoring the grid to ensure quick 

restoration.  

Power balance and quality- To stabilize the disturbances occurred by renewable 

intermittency and pulsed load variations, energy storages are coordinated by the 

secondary layer functions. Simultaneously stabilizing frequency and voltage, 

mitigating harmonics are also in the scope of the secondary layer.  

2.4.3. Tertiary Control 

The tertiary control layer acts as the top layer of control architecture, supervising 

primary and secondary controls appropriately. The tertiary layer takes decisions 

related to utility grid level operational constraints. As an example, [2] suggests grid 

operator level controls for frequency deviations in the microgrid frequency and 

balance out power imbalances with grid level power exchange. Simultaneously, the 

tertiary controls are responsible for following grid level economic, environmental and 

whether constraints inside the microgrid operation. This suggests that the tertiary level 

is nothing but the Distribution System Operator (DSO) of the power grid and acts as a 

supervision control for the integrated microgrid.   

In further sections under controlling functions, implementation of above control 

hierarchies is discussed. Figure 9 shows the hierarchical structure of the microgrid 

control as a summary.  
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Figure 10: Control signal flow of hierarchical control structure 

2.5. Microgrid Operational Modes 

A conventional microgrid can mainly be operated in two major operational modes; 

grid connected and islanded [3].  

2.5.1. Grid Connected Mode 

A microgrid usually connected with the major utility grid at a PCC as described. When 

the major grid is in normal operation, the microgrid is mainly controlled under utility 

controls. It means that the frequency and the voltage of the grid is determined by the 

major grid controller settings. DER inside the microgrid adjusts their droop settings 

according to the grid values. Even though frequency and voltage is decided by the 

main grid, secondary controls inside the microgrid like cost optimization, economic 

dispatch, renewable energy maximization are handled by the microgrid secondary 

level controller. This mode is considered as most reliable mode of operation since a 

load can be served form various sources, including grid. As a major drawback, 

protection coordination of the microgrid can be challenging in grid connected mode 

since the inrush currents can be small at protection measurement level[34], [37], [41].  

2.5.2. Islanded Mode 

In case of main grid failure or limited access, islanded microgrids are formed by the 

microgrid controlling coordination. According to [42] [43], Microgrid islanding can 

be divided into two major types as follows.  

1. Permanent islanded- These microgrids are usually established in rural areas or 

islands where a utility grid is not nearby.  

2. Impermanent islanded- These microgrids are more common in practice, which 

have a connection between the main grids. This type of grid requires some 

additional control facilities to detect islanding, automatic disconnection and 

reconnection abilities.  
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An islanded microgrid requires a source that provides voltage and frequency 

references for the grid (i.e. a fixed voltage source), since the utility grid is no longer 

available. This requirement is called “grid forming control” in practice. In most of the 

cases, grid forming source is a diesel generator but in order to maintain sustainable 

goals of the grid, modern microgrids contain battery inverters which are capable of 

forming the grid. As an example, [44] suggests a method for modelling a grid forming 

inverter (GFI) with required controls. And also, [43], [45] suggests control structures 

of grid forming inverters, comparing with grid following ones. The structure of grid 

forming control is described in further chapters.  

2.6. Microgrid Control Strategies 

Microgrid control strategies are mainly the functional behaviors of the microgrid 

controller. Other than providing frequency or voltage controlling, control strategies are 

used for,  

1. Providing optimal power dispatch of DERs. 

2. Implementing energy management. 

3. Power flow control inside the microgrid. 

4. Fault protection and resiliency improvement. 

And also, when focusing on primary control layer, DER control strategies, which are 

integrated inside them are also considered as control strategies for microgrids. For the 

convenience, control strategies are categorized and discussed under control layer 

architecture.  

2.6.1. Primary Control Strategies 

In the primary control layer, major focus on the control action to dispatch DER energy 

with required voltage and frequency. According to [46], the primary control strategies 

can be divided into two major categories, (i) droop-based control and (ii) 

Communication based control.  

2.6.1.1. Droop-Based Control 

Drop based controlling is operated without using communication infrastructure for 

power sharing. This is critical in connecting remote inverters, which causes high 

communication costs. Some of the common droop-based control strategies are 
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described below. The droop control strategy is implemented by adopting synchronous 

generator droop control strategies under inverter control. 

1. P/f and Q/V droops 

To understand this strategy, it is required to identify power flow between two 

voltage sources.  

 

 

 

 

 

 

Figure 11: Power flow between two voltage sources 

The active and reactive power flows can be calculated using first principles,  

𝑃 =
𝑈1

2

𝑍
𝐶𝑜𝑠 𝜗 −

𝑈1𝑈2

𝑍
Cos (𝜗 + 𝛿)                                                 (1) 

𝑄 =
𝑈1

2

𝑍
𝑆𝑖𝑛 𝜗 −

𝑈1𝑈2

𝑍
Sin (𝜗 + 𝛿)                                                  (2) 

Since the impedance Z=R+jX, by the substitution for Z and θ in 1,2 equations, 

𝑃 =
𝑈1

𝑅2+𝑋2 [𝑅(𝑈1 − 𝑈2 𝐶𝑜𝑠𝛿) + 𝑋𝑈2 𝑆𝑖𝑛𝛿]           (3) 

𝑄 =
𝑈1

𝑅2+𝑋2 [−𝑅𝑈2 𝑆𝑖𝑛𝛿 + 𝑋(𝑈1 − 𝑈2 𝐶𝑜𝑠𝛿)]                                         (4) 

By 3 and 4,  

𝑈2𝑆𝑖𝑛𝛿 =
𝑋𝑃−𝑅𝑄

𝑈1
              (5) 

𝑈1 − 𝑈2 𝐶𝑜𝑠𝛿 =
𝑅𝑃+𝑋𝑄

𝑈1
            (6) 

Here, it is assumed that the R is negligible in power lines, compared to its X and the 

power angle δ is much smaller. From these assumptions,  

𝛿 ≅
𝑋𝑃

𝑈1𝑈2
              (7) 

𝑈1 − 𝑈2 ≅
𝑋𝑄

𝑈1
              (8) 

Above equations show that the active power flow between two voltage sources is 

proportional to the power angle between two sources, which is dependent on the 
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system frequency. And also, reactive power flow is proportionate to the voltage 

difference between sources, which leads to the voltage controllability. The 

conventional droop scheme is presented as following equations. 

𝜔 = 𝜔𝑟𝑒𝑓 − 𝑘𝑝𝑃             (9) 

𝑉 = 𝑉𝑟𝑒𝑓 − 𝑘𝑞𝑄            (10) 

Here, kp, kq constants are termed as droop gains of the control. Usually droop gains are 

calculated as  

𝑘𝑝 =
𝜔𝑚𝑎𝑥−𝜔𝑚𝑖𝑛

𝑃𝑚𝑎𝑥−𝑃𝑚𝑖𝑛
            (11) 

𝑘𝑞 =
𝑉𝑚𝑎𝑥−𝑉𝑚𝑖𝑛

𝑄𝑚𝑎𝑥−𝑄𝑚𝑖𝑛
            (12) 

The droop controlling characteristic graphs are shown in figure 10.  

Figure 12: P/f and Q/V droop characteristics 

Figure 13 shows the basic control scheme for inverter droop control.  

 

 

 

 

 

 

 

 

Figure 13: Inverter droop control scheme 
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2. Improved P/f-Q/v droop control methods 

i. Addition of derivative terms- The rate of change of active and reactive 

power components is considered in the droop control to achieve stability in 

small load variations[47].  

𝜔 = 𝜔𝑟𝑒𝑓 − 𝑘𝑝𝑃 − 𝐶𝑝
′ 𝑑𝑃

𝑑𝑡
         (13) 

𝑉 = 𝑉𝑟𝑒𝑓 − 𝑘𝑞𝑄 − 𝐶𝑞
′ 𝑑𝑄

𝑑𝑡
          (14) 

ii. Addition of impedance feedback loop- To achieve active and reactive 

power decoupling, harmonic level sharing as well as to eliminate 

circulating currents, this method is used. A new addition of virtual 

impedance feedback loop is done as follows[48].  

𝑉𝑟𝑒𝑓
∗ = 𝑉𝑟𝑒𝑓 − 𝑍𝑣(𝑠)𝑖𝑜          (15) 

 

 

 

 

 

 

 

 Figure 14: Virtual impedance loop 

Other than these methods, novel microgrid controllers use P/V-Q/f droops, 

virtual frame transformation techniques are used in droop control.  

2.6.1.2.  Communication-based control  

Communication based control techniques use more precise, controllable operation in 

DERs. They provide more accurate voltage and frequency outputs which leads to 

lower secondary layer controlling requirements. However, this controlling requires 

sophisticated communication infrastructure to handle operation[46].  

1. Centralized control  

This means that the primary controls contain inside a centralized control unit which 

measures the loading level and generates current set points and synchronized 

frequency to the inverter control units. For each DER, setpoint current is 

determined according to its capacity and this control method shares reference 
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current into the desired ratio in both steady state and transient modes in the grid. 

The major problems involved in this control method is the difficulty to expand 

controlling number of units and the requirement of high precise 

communication[46]. Figure 15 shows a typical centralized primary controller 

architecture.  

 

Figure 15: Centralized control 

2. Decentralized control 

Unlike centralized controlling, this method contains individual controlling circuit 

for each DER to operate at desired average current set point, which is shared by a 

current sharing bus among parallel DERs. On of the key feature of this method is 

that the current regulator is used to mitigate the frequency output. The requirement 

of low bandwidth communication is also a pro in this technique. However, the 

interconnection between the DERs create lower degree of freedom to expand the 

system as well as redundancy of the system[46].  
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 Figure 16: Distributed primary control 

3. Master-slave control 

This controlling is adopted when one DER is operated as the master, which 

controls the voltage of the connected AC bus and determines the reference currents 

for each DER depending on its availability and dispatchability constraints. In this 

method, slave converters do not require PLL since they are synchronized with the 

master[46].  

 Figure 17: Master-slave control method 
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2.6.2. Secondary Control Strategies 

Secondary layer controls mainly focus on adjusting frequency and voltage deviations 

caused by primary control layer and implementing microgrid level energy 

management strategies. In this control, the discussion on Energy Management System 

(EMS) is highly required since it directly relates to the operational management and 

engineering quality of operation inside the microgrid.  

2.6.2.1. Energy Management System of a Microgrid 

Based on the output power produced by distributed energy resources (DERs), device 

state, predicted load and weather, and fuel and electricity prices, an EMS ensures the 

economic activity and efficiency of a microgrid. The output power of DERs, ESSs, 

and energy exchanges can all be correlated and managed by an EMS. As a result, an 

EMS can be utilized to accomplish one or more goals, including balancing the energy 

in transmission lines, minimizing daily operating expenses, and monitoring power 

both proactively and reactively. In this scenario, an EMS is essential for MGs to 

function effectively, guarantee their dependability, and meet power balancing 

requirements over the long run [2]. Ultimately, the sustainability of the microgrid is 

represented by the operation of the EMS.  

In any EMS, optimization has become a higher priority. To look about the requirement 

of optimization, various researchers have followed different perspectives. And the 

optimization algorithm for the system also differs depending on the number of 

variables, computational time as well as the operational reliability of the algorithms. 

Some of the literature-based EMS functions are summarized in Table 1. 

Table 1: EMS algorithms   

Ref 
Optimization 

approach 

Contributions to the 

topic 
Limitations 

Controller 

Architecture 

Uncertainty 

handling 

approach 

[49] Model 

Predictive 

control 

Two stage EMS with 

economic scheduling 

and uncertainty 

rectification through 

forecasting 

Computational power 

requirements are not 

discussed. 

No evaluation of emission 

costs 

Centralized Forecasting 
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[50] Stochastic 

optimization 

Expected value of 

operational cost is 

minimized during 

islanded periods. 

Computational time and 

hardware requirement is 

not assessed. 

Demand response is not 

considered 

Centralized Monte Carlo 

simulation and 

backward 

reduction 

methods 

[51] Matrix real 

coded genetic 

algorithm 

Marginal price bids for 

each DER in MG are 

considered to minimize 

the operational cost 

Emission costs not 

considered. 

Demand response scenarios 

not considered. 

Centralized Neural networks 

[52] Fuzzy Logic Fuzzy-based EMS is 

proposed for MG 

generation scheduling 

and battery level 

management. 

High computational cost. 

Does not consider losses. 

Centralized Forecasting 

[53] Particle Swarm 

Optimization 

Operational and 

reliability constraints 

were assessed. 

Solar power uncertainty 

was modelled using 

point estimators. 

Cause fast battery 

degradation. 

Lack of system loss 

modelling 

Centralized Point estimators 

[54] Rule-based 

approach 

Hybrid MG. 

Power balancing in 

building integrated 

MGs. 

Stabilization of DC bus 

voltage 

Cost level optimization is 

minimum (Operational 

cost, energy transaction 

costs are not added) 

Demand response strategy 

not included 

Centralized Forecasted 

[55] Dynamic 

programming 

Cost components: 

operational cost, 

penalty cost for load 

shedding,  

Fast degradation of battery Centralized Forecasted 

In implementation of EMS, the system interpretation can be done in two major 

methods; rule-based and artificial intelligence (AI) based. Rule based EMS contain 

simple algorithms with defined set of rules and logics. On contrary, AI based EMS 

operates with help of neural networks to adjust conditions according to a reference 

dataset. Rule based EMS are more flexible in operation and consumes lesser 

computational power.  

As an example, [53] contains a rule based operational algorithm, empowered by robust 

optimization technique in modelling the load and demand uncertainty. The objective 
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function of the EMS is to minimize operational cost and the pollution cost of the 

microgrid. The optimum solution is found by the Particle Swarm Optimization 

technique, by considering hourly values for selling and purchasing energy costs, DG 

operational and pollution costs, battery operational cost, solar and wind power 

parameters as required.  

Similarly, [56] contains a rule-based algorithm integrated and grid-independent 

microgrid system which uses grasshopper optimization algorithm under three main 

objective functions. Three main objective functions are of great importance in the 

design of microgrid, namely, the economic aspect objective (cost), the technical aspect 

objective (reliability), and the environmental aspect objective (CO2 reduction). And 

also [57] discusses a rule-based EMS system empowered by fuzzy inferential system 

(FIS). The optimization procedure aims to maximize the overall profit gained by the 

energy trading with the primary grid, which includes the BESS degradation cost. 

Furthermore, the FIS-EMS does not consider any contract constraint for the energy 

trade between the microgrid and the grid. Mixed Integer Linear Programming (MILP) 

is another optimization technique used in [58], which uses Model Predictive Control 

(MPC) technique to optimally control cost effective power sharing among the DERs. 

Additionally, this control structure uses an architecture, which fuses primary and 

secondary control layers into a single controller by defining two controller operation 

times, representing primary and secondary control layers. The “fast" model is used for 

predictions that are close to the current sampling time, while the “slow" one is used 

for predictions that are farther away in time. 

Table 2 describes some of the objective functions described in literature. 

Table 2: Objective functions used in EMS. 

Reference Objective  Equation  Description 

[59] Grid Cost  

∑ 𝑃𝑔𝑟𝑖𝑑,𝑡 ∗ 𝐶𝑔𝑟𝑖𝑑,𝑡

𝑇

𝑡=1

 

𝑃𝑔𝑟𝑖𝑑,𝑡: 𝐺𝑟𝑖𝑑 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 𝑝𝑜𝑤𝑒𝑟 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 

𝑃𝑔𝑟𝑖𝑑,𝑡 = 𝑃𝑙𝑜𝑎𝑑,𝑡 − 𝑃𝑝𝑣 − 𝑃𝐵𝐸𝑆𝑆 

𝐶𝑔𝑟𝑖𝑑,𝑡 = 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 

[60] Total 

operational 

cost 

∑ ∑[𝐹(𝑃𝑔(𝑖, 𝑡)) 𝐼(𝑖, 𝑡) + 𝑆𝑈(𝑖, 𝑡)

𝑖

𝑇

𝑡=1

+ 𝑆𝐷(𝑖, 𝑡)] 

𝑃𝑔 = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑢𝑛𝑖𝑡 𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 

𝐼 = 𝑃𝑉 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 

𝑆𝑈 = 𝑆𝑡𝑎𝑟𝑡 𝑢𝑝 𝑐𝑜𝑠𝑡 

𝑆𝐷 = 𝑆ℎ𝑢𝑡 𝑑𝑜𝑤𝑛 𝑐𝑜𝑠𝑡 
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[61] Total 

operational 

cost 

[∑ ∑ 𝐸𝑔
𝑑(𝑖, 𝑡) ∗𝑖 𝐶(𝑖𝑑, 𝑡)]𝑇

𝑡=1 +

[∑ ∑ 𝐸𝑔
𝑛𝑑(𝑖, 𝑡) ∗𝑖 𝐶(𝑖𝑛𝑑, 𝑡)]𝑇

𝑡=1  

𝐸𝑔
𝑑 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 𝑓𝑟𝑜𝑚 𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ𝑎𝑏𝑙𝑒 𝑙𝑜𝑎𝑑𝑠 

𝐸𝑔
𝑖𝑛𝑑 = 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 𝑓𝑜𝑟𝑚 𝑛𝑜𝑛

− 𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ𝑎𝑏𝑙𝑒 𝑙𝑜𝑎𝑑𝑠 

𝐶(𝑖𝑑, 𝑡), 𝐶(𝑖𝑛𝑑, 𝑡)

= 𝑈𝑛𝑖𝑡𝑎𝑟𝑦 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟 𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ𝑎𝑏𝑙𝑒  

𝑎𝑛𝑑 𝑛𝑜𝑛 𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ𝑎𝑏𝑙𝑒 𝑙𝑜𝑎𝑑𝑠 

[62] Production 

cost 

∑ (𝐶𝑡
𝑔

+ 𝐶𝑡
𝑔′

+ 𝐶𝑡
𝐸𝑆𝑆+ + 𝐶𝑡

𝑙 + 𝐶𝑡
𝐸𝑆𝑆− + Ω𝑡) ∗ Δ𝑡

𝑇

𝑡=1

 
𝐶𝑡

𝑔
+ 𝐶𝑡

𝑔′

= 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟 𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ𝑎𝑏𝑙𝑒 𝑎𝑛𝑑 𝑛𝑜𝑛

− 𝑑𝑖𝑠𝑝𝑎𝑡𝑐ℎ𝑎𝑏𝑙𝑒 𝑙𝑜𝑎𝑑𝑠 

𝐶𝑡
𝐸𝑆𝑆+, 𝐶𝑡

𝐸𝑆𝑆−

= 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑎𝑛𝑑 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑡ℎ𝑒 𝐵𝐸𝑆𝑆 

𝐶𝑡
𝑙 = 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑝𝑜𝑤𝑒𝑟 𝑓𝑜𝑟 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑖𝑣𝑒 𝑙𝑜𝑎𝑑 𝑑𝑒𝑚𝑎𝑛𝑑 

Ω𝑡 = 𝑃𝑒𝑛𝑎𝑙𝑡𝑦 𝑐𝑜𝑠𝑡 

[63] Power loss 𝑃𝑙𝑜𝑠𝑠 = ∑ ∑ 𝑃𝑖𝐵𝑖𝑗𝑃𝑗

𝑁

𝑗=1

+ ∑ 𝐵𝑖0𝑃𝑖 + 𝐵00

𝑁

𝑖=1

𝑁

𝑖=1

 

𝐵𝑖𝑗 , 𝐵𝑖0 , 𝐵00 = 𝐵 − 𝑚𝑎𝑡𝑟𝑖𝑥 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠 

𝑃𝑖 = 𝑝𝑜𝑤𝑒𝑟 𝑏𝑦 𝑒𝑎𝑐ℎ 𝑢𝑛𝑖𝑡 

[64] Charging 

cost  
∑ 𝑀(𝑡) ∗ 𝑃(𝑡)Δ𝑡

𝑇

𝑡=1

 

𝑀(𝑡) = 𝑈𝑛𝑖𝑡 𝑝𝑟𝑖𝑐𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 

𝑃(𝑡) = 𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 

[65] Purchase 

cost 
∑(𝐶𝑝𝑢𝑟(𝑡)𝑃𝑝𝑢𝑟(𝑡)𝑇𝑠

𝑇

𝑡=1

− 𝐶𝑠𝑜𝑙𝑑(𝑡)𝑃𝑠𝑜𝑙𝑑(𝑡)𝑇𝑠) 

𝐶𝑝𝑢𝑟, 𝐶𝑠𝑜𝑙𝑑

= 𝑃𝑢𝑟𝑐ℎ𝑎𝑠𝑖𝑛𝑔 𝑎𝑛𝑑 𝑠𝑒𝑙𝑙𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑠 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 

𝑃𝑝𝑢𝑟  , 𝑃𝑠𝑒𝑙𝑙 = 𝑝𝑜𝑤𝑒𝑟 𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑒 𝑜𝑟 𝑠𝑜𝑙𝑑 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 

[65] Shortage 

cost 
∑ 𝜌𝑠𝑡,𝑡 ∗ 𝑔𝑠𝑡,𝑡

𝑇

𝑡=1

 

𝜌𝑠𝑡,𝑡 = 𝑃𝑒𝑛𝑎𝑙𝑡𝑦 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑠ℎ𝑜𝑟𝑡𝑎𝑔𝑒 

𝑔𝑠𝑡,𝑡 = 𝑆ℎ𝑜𝑟𝑡𝑎𝑔𝑒 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 

[66] Load 

shedding 

cost 

∑ 𝐶𝐷𝑖 ∗ Δ𝑃𝐷𝑖

𝑁𝐷

𝑡=1

 

𝐶𝐷𝑖 = 𝑐𝑜𝑠𝑡 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑖 𝑡ℎ 𝑙𝑜𝑎𝑑 

Δ𝑃𝐷𝑖

= 𝑎𝑐𝑡𝑖𝑣𝑒 𝑝𝑜𝑤𝑒𝑟 𝑠ℎ𝑒𝑑𝑑𝑖𝑛𝑔 𝑜𝑓 𝑖 𝑡ℎ 𝑙𝑜𝑎𝑑 

The energy management system of a microgrid can operate, targeting one or more 

objectives as defined in table 2. The more objectives you target, the more 

computational power required and the higher the controller operation time required. 

The upcoming sections discusses how to direct these objective functions to improve 

sustainability and the resiliency of the microgrid to the expected degree.  

 

 



31 

2.6.2.2. Sustainable Energy Management of a Microgrid 

Sustainability of energy is defined as the generation, transmission as well as 

distribution of energy with minimizing environmental disturbance, pollution as well 

as resource wastage as explained earlier. The operation of EMS can be dedicated to 

improving the sustainability of the microgrid operation by introducing conceptual 

basis of sustainability through various objective functions.  

As an example, [5] describes an energy management system with two main objective 

functions. 

• The equivalent CO2 emission from a DG unit operating at a given loading 

level is considered and taken into the optimization model as total emission 

cost of CO2. 

𝐽𝑒𝑚 = 𝛾 ∑ [(𝑎𝑔
𝑒𝑚𝑃𝑔,𝑘

2 Δ𝑡𝑘 + 𝑏𝑔
𝑒𝑚𝑃𝑔,𝑘 + 𝑐𝑔

𝑒𝑚𝑊𝑔,𝑘)Δ𝑡𝑘 + 𝐶𝑔,𝑘
𝑒𝑚−𝑠𝑢𝑝

𝑈𝑔,𝑘 + 𝐶𝑔,𝑘
𝑒𝑚−𝑠𝑑𝑤𝑛𝑆𝑔,𝑘𝑔,𝑘 ]         

(16) 

Here, a, b, c are constants that represents emission level of the distributed 

generator at P loading level,  𝐶𝑔,𝑘
𝑒𝑚−𝑠𝑢𝑝

 and 𝐶𝑔,𝑘
𝑒𝑚−𝑠𝑑𝑤𝑛 represents CO2 emission 

levels at start up and shut down.  

• Demand-shifting load models are integrated into the control to examine the 

possible impact of DR on the total system emissions and costs. Forecast 

load and renewable generation models are used in unit commitment 

modelling, forecast load and renewable generation models are used in DER 

scheduling and hence the operation of energy storage is managed to attain 

lowered CO2 emission as well. And the shiftability of loads subjected to 

demand response (DR) is also considered in unit commitment problem.  

𝑆𝑢𝑝𝑝𝑙𝑦 = 𝐷𝑒𝑚𝑎𝑛𝑑 

∑ 𝑃𝑔,𝑘𝑊𝑔,𝑘 + ∑(𝑃𝑉𝑖,𝑘 + 𝑃𝑊𝑖,𝑘) + ∑(𝑃𝑛,𝑘
𝑑𝑐ℎ

𝑛𝑖𝑔

− 𝑃𝑛,𝑘
𝑐ℎ ) = ∑(𝑃𝐷𝑗,𝑘

𝑐 + 𝑃𝐷𝑗,𝑘
𝑟 + 𝑃𝐷𝑘

𝑟𝑠)

𝑗

 

(17) 

In demand side, 𝑃𝑔,𝑘 represents the power dispatch of fossil fuel-based 

generators and 𝑃𝑉𝑖,𝑘 + 𝑃𝑊𝑖,𝑘 represents combined PV and wind power 

generation at time interval k. 𝑃𝑛,𝑘
𝑑𝑐ℎ − 𝑃𝑛,𝑘

𝑐ℎ
 represents total power output of 

the battery banks. At the demand side, proportion of commercial and 
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residential loads are considered as fixed load proportion for the system. 

𝑃𝐷𝑘
𝑟𝑠 represents responsive proportion of the load which is shiftable.  

Alternatively, [67] describes an EMS with an objective function of cost minimization, 

subjected to following constraints. Its sustainability is mainly ensured using emission 

constraints and storage constraints.  

• Power balance 

∑ 𝑃𝑙(𝑡) − ∑ 𝑃𝐷𝐸𝑅𝑖(𝑡) − ∑ 𝑃𝐸𝑆𝑆𝑗(𝑡) − 𝑃𝑔𝑟(𝑡) + 𝑃𝑔𝑠(𝑡) = 0𝑢𝑠
𝑗=1

𝑢𝑔
𝑖=1

𝑢𝑙
𝑙=1  (18) 

• Emission constraints- minimizing total emission of CO2, NOx and Sox 

emission of each DER is kept minimum levels.  

𝐸𝐶𝑂2𝐷𝐸𝑅𝑖
(𝑡)𝑃𝐷𝐸𝑅𝑖(𝑡) 𝑜𝑟 𝐸𝐶𝑂2𝐸𝑆𝑆𝑗

(𝑡)𝑃𝐸𝑆𝑆𝑗(𝑡) 𝑜𝑟 𝐸𝐶𝑂2𝑔
(𝑡)𝑃𝑔(𝑡) ≤  𝐸𝐶𝑂2

𝑚𝑎𝑥 

(19) 

Similar constraints are developed for NOx and SOx.  

• Dispatch constraints- Containing dispatch of each DER and ESS in 

between minimum and maximum levels.  

𝑃𝐷𝐸𝑅𝑖
𝑚𝑖𝑛 ≤ 𝑃𝐷𝐸𝑅𝑖 ≤ 𝑃𝐷𝐸𝑅𝑖

𝑚𝑎𝑥       (20) 

𝑃𝐸𝑆𝑆𝑗
𝑚𝑖𝑛 ≤ 𝑃𝐸𝑆𝑆𝑗 ≤ 𝑃𝐸𝑆𝑆𝑗

𝑚𝑎𝑥       (21) 

• Storage Constraints- Battery storages are operated to follow the equation 

below. 

𝑊𝐸𝑆𝑆(𝑡) = 𝑊𝐸𝑆𝑆(𝑡 − 1) + 𝑃𝑐ℎ(∆𝑡)𝜂𝑐ℎ −
𝑃𝑑𝑖𝑠𝑐ℎ

𝜂𝑑𝑖𝑠𝑐ℎ
(∆𝑡)   (22) 

𝑊𝐸𝑆𝑆(𝑡) is the energy stored at time t and 𝑊𝐸𝑆𝑆(𝑡 − 1) is the energy stored 

at time t-1. 𝜂𝑑𝑖𝑠𝑐ℎ  , 𝜂𝑐ℎ are discharging and charging efficiencies 

respectively.  

Similarly,  [68] describes a centralized EMS for isolated microgrids, which is operated 

in cost minimization objective function while constraints avoid simultaneously turn on 

and off each distributed generation. And as a novel improvement, the power output of 

each distributed generator is kept under its maximum capacity to handle sudden load-

generation imbalance, following the concept “spinning reserve”. The mathematical 

formulation of this is shown as follows. 

∑ 𝜔𝑔𝑑[𝑔𝑑 𝑃𝑔𝑑
𝑚𝑎𝑥 − 𝑃𝑔𝑑] = 𝑅𝑠𝑣 ∑ 𝑃𝑔𝑔         (23)  

The variable  𝑅𝑠𝑣 is the   ramp-up rate defined for generation.  
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 Likewise, improving sustainability of the grid is nothing but the operation of EMS to 

handle microgrid operation in predefined sustainability constraints and an objective 

function.   

2.6.2.3. Microgrid Resilience 

As discussed in introduction, resilience of the microgrid is defined as its ability to 

sustain operational conditions at any time. Altogether, secondary control is solely 

responsible for handling resilient operation inside the microgrid.  

Microgrid resilience can be divided into several categories as follows. 

 

 

 

 

 

 

 

 

 

Figure 18: Microgrid Resiliency Categorization 

1. Short-term Resilience 

In terms of short-term resilience, system stability and protection play a key role. As an 

example, [19], [69]suggests usage of energy storages to optimize resilient operation of 

the microgrid. Especially, [19] discusses about possible short term as well as long term 

applications of energy storages to stabilize the grid, which is rich with renewable 

energy systems. The usage of energy storage systems to mitigate power fluctuations 

throughout time is well established in sustainable energy grids because these grids 

does not contain diesel or other fossil fuel generators in continuous operation. 

Similarly, [69] explains a development of a DER schedule with energy storages, 

specifically for resilience improvement. This controller integrated scheduling 

mechanism ensures minimum ESS level throughout the time horizon as a backup for 

the grid. And the research is done on two major resilience-oriented criteria (i) 
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supplying energy to the maximum number of loads in the case of grid blackouts during 

an established period (Survivability criterion), and (ii) ensuring that critical loads can 

be fed during a complete day (Criticality criterion). The proposed methodology 

includes a formulation with which to carry out load and generation curtailment 

processes when the microgrid works in islanded mode.  

Especially, protection enhancement is highly research throughout the academia to 

isolate faulty sections immediately, to control high inrush current flows inside grid as 

well as hold the grid until the backup power comes into the action at islanding. [43] 

suggests an adaptive protection scheme based on operational modes of the microgrid. 

The controller is given five major operational modes for the grid and protection 

schemes are defined based on each mode. Usage of machine learning and multi agent 

approaches in microgrid protection is discussed in [70]. In this design, they have used 

simulated fault cases of each node at different conditions and have prepared a 

combined dataset for fault currents. This dataset is then used to train a neural network 

to detect abnormality detection of the grid.  

When it comes to ensuring grid operation, continuous operation of communication 

network is also required. Since most of the novel microgrid controlling methods 

depend on communication, high bandwidth wireless communication technologies are 

highly appreciated in microgrid sector. Other than the maturity of the technology, 

communication resilience requires certain degree of redundancy as well as 

security[71], [72]. As an example, [73] presents a cyber-resilient communication 

architecture for a campus microgrid, high-security data transfers and self-healing 

method to enhance resiliency. In self-healing criteria, the software-based network 

redefines communication nodes and restructures the network at a diagnosed network 

failure. To enhance security, it uses real-time network verification methods. The 

following figure describes the proposed system architecture.  

 

 

 

 

 

Figure 19: SDN enabled microgrid layered architecture[73]. 
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On top of these scenarios, recent developments of microgrid controlling comprises 

dynamic partitioning of the sections at faulty situations. This control technique can be 

termed “microgrid fission” in this context. On the other hand, to ensure power supply 

continuum, several microgrids which are geographically distant can be integrated into 

a single system, in a major grid failure. It is safe to term this method as “microgrid 

fusion”.  

As per [25], dynamic partitioning of DC microgrids is discussed depending on the load 

and generation disturbances as well as faulty conditions. DC microgrids are 

comparatively easy to partition because they do not require grid forming as well as 

need lesser power electronic interfaces and controls. Application of dynamic 

partitioning for AC microgrids require grid-forming inverters to maintain operational 

droop settings after successive islanding. So, it is basically novel battery inverters with 

grid forming control are recommended to be used in this scenario. The proposed 

system in the paper is shown below. 

 Figure 20: DC microgrid with dynamic partitioning capability[25] 

Microgrid fission is incorporated with networked/clustered microgrids, which have the 

capability of independently operating and integrating into a single cluster at predicted 

or unpredicted load demand ramp-ups. This technique is especially ideal in operating 

existing distribution systems, redefined as clustered microgrids. According to [74], any 

kind of microgrid (AC, DC or hybrid) microgrid recommended to be connected to a 

common bus to satisfy common resiliency requirements of each microgrids as follows.  
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Figure 21: Networked microgrid architecture[74] 

To implement this scenario, each microgrid should contain interconnections set up 

between neighbor grids, islanding detection capability, grid forming capability with 

proper droop controls individually. In most updated versions of urban infrastructure 

development, microgrids are developed as concentrated energy hubs which have 

interconnections between petroleum gas distribution as well as heat distribution 

networks as mentioned in [74], [75]. Figure 22 describes the structure of such systems.  

 

 

 

 

 

 

 

 

 

Figure 22: Microgrid as an energy hub[74] 

2. Long-term Resilience 

In the context of long-term resilience, whether resilience and equipment resilience are 

discussed.  

At extreme whether conditions, microgrid operation can be interrupted due to flooding, 

winds and lightening. Most of the short-term resilience improvement mechanisms are 

designed to withstand microgrid operation in extreme whether conditions, but some of 
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the researchers like to associate whether forecasts into account with controlling 

aspects. As an example, [76] suggests a proactive scheduling methodology for 

microgrid operation to face extreme flooding events. In this method, three major 

aspects are discussed: a) Vulnerability study b) Worst-case analysis and c) Proactive 

scheduling. This methodology converges into optimal power flow schedule for each 

case based on interrupted equipment as well as prioritized loads in the time frame. 

Similarly, [24] discusses formation of microgrids by disintegration of distribution 

system into smaller scale sub-grids.  

In the context of equipment resilience, [8] suggests a data driven approach with 

controller involvement to monitor equipment conditions and build up a stochastic 

model parameterizing equipment failure probability and scheduling microgrid 

operation based on those data as well. Especially, [12], [77] discusses about 

approaches to parameterize inverter operational flexibilities and build up forecasts on 

probable failures based on their operational conditions.  

2.6.3. Tertiary Control Strategies  

Tertiary controls are mainly related to main grid level controls such as system 

frequency and voltage control etc. In the case of networked microgrids, tertiary layer 

is required to organize overall system control with secondary controls discussed above, 

implemented in the networked grid.   
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3. PROPOSED ARCHITECTURE 

UoM-LECO Smart Grid Research Laboratory (SGRL) is one of the key assets of the 

Department of Electrical Engineering, University of Moratuwa. It was established to 

conduct smart grid operation related testing and research purposes. This laboratory 

contains sophisticated equipment related to low voltage microgrid development as 

tabulated in table 3.  

Table 3: SGRL Equipment list 

Equipment category Description 

Renewable energy 16kW solar PV installed. 

• Fronius Symo 4kW inverter 1 Nos- 3phase 

• Fronius Symo 5kW inverter 2 Nos- 3phase 

• Fronius Galvo 1kW inverter 1 Nos- 1phase 

Energy storage • RCT 6kW battery storage 2 Nos- 3phase 

Loads • Yokogawa AC electronic load 1kW- 5 Nos 

• Yokogawa DC electronic load 1kW- 1Nos 

The major intention of this research to build up a controller platform that contains 

capability of operating a microgrid in a sustainable and resilient way. To develop this 

controller, the laboratory equipment established in SGRL were decided to be chosen 

as major DERs of the system. This chapter describes the proposed architecture for this 

system.  

3.1. Introduction 

As mentioned earlier, the existing system is solely based on solar PV generation and 

grid power as power inputs and battery systems as energy storages. To model variable 

loads, AC/DC electronic loads are established. The overall single line diagram for the 

system is shown in figure 23.  

The overall power network contains 3 sub distribution buses. And these three are 

connected into a common AC bus. This common bus is coupled with the 400V/50Hz 

AC main grid.  
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 Figure 23: Existing single Line diagram for the system. 

The existing battery banks are not capable of forming the grid, due to their control 

hardware structure. Since, the main proposal was to add an appropriate grid forming 

inverter (GFI) to the system and then add the controls to the system.  

 

 

 

 

 

 

 

 

Figure 24: Proposed power architecture for the system.  

The control structure is implemented as a hierarchical structure. Since primary controls 

are already implemented at equipment level, our main target was to implement 

microgrid central controller to integrate secondary level controls into the system. 

Tertiary level is managed by the utility grid as usual. Figure 25 suggests the 

hierarchical control structure suggested for the system. The major functionality of the 

secondary layer is to implement EMS algorithm separately for two operational modes 

and operate microgrid in sectional islanded mode in faulty conditions.  
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Figure 25: Proposed control architecture for the microgrid. 

3.2. Functionalities 

In this microgrid controller, major control functions are implemented in secondary 

later. Two major functionalities are discussed in this scenario.  

1. Function of EMS (Improved sustainability aspect) 

2. Sectional-islanding process (Improved resiliency aspect) 

3.2.1. EMS Functions 

EMS function is built upon two major operational modes: grid connected and islanded. 

Operational algorithms are shown in figure 26. In this control, the most important 

strategy is to control each sub distribution bus separately under control algorithm.  

In this EMS, a rule-based algorithm is selected for the system due to minimize 

computational power and convenience of implementation. The controller measures 

solar PV power output, load levels and state of charge percentage (SoC%) as the input 

measurements and runs the rule-based algorithm for provided operational strategies. 

In grid connected operation, the controller calculates power surplus inside the grid for 

∆t period and if it is positive, the surplus is then directed to the batteries. Before that, 

the controller measures battery SoC and decides whether the power can be directed to 

the batteries. 
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Figure 26: Operational mode selection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27: Operational algorithm for grid-connected mode. 

According to this flowchart, the controller first calculates the power surplus in the 

system, and if it is positive (excessive PV power), then it checks the SoC of the battery. 

If the battery is full, total power surplus is directed to the grid. If batteries have space, 

then the controller checks whether the power surplus is higher than the battery 

maximum charging power. If this condition is satisfied, the battery is charged at its 

full power and excessive power is directed to the grid. If not, battery is charged at 

available power surplus, without grid export. On the other hand, if the PV penetration 
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is not satisfactory for the load, controller checks the availability of batteries and 

commands them to release power. If not, total vacant power is catered by the grid. In 

case of battery availability, the controller checks whether the vacant power is higher 

than the maximum battery discharge power. If so, battery is discharged in its maximum 

power and remanent power is imported from the grid. When the power void is lower 

than battery maximum power, it is totally served by the battery.  

The system goes into islanded mode when the main grid is unavailable. Microgrid 

controller detects the unavailability of the grid and disconnects it from the PCC, 

changing the control mode from grid connected mode to islanded mode. Islanded mode 

control algorithm is shown below.  

 

Figure 28: Islanded mode control algorithm. 

Like the grid connected mode, the PV power and the load are measured in this mode 

also. After that, if the PV penetration is higher, the SoC level of the battery is measured 

and if the battery space is not free, PV power is curtailed until load is fully served by 

the PV. If there is enough space and excess power is higher than battery power rating, 

PV power is curtailed until power excess is equal to the battery power rating. If not, 
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vacant power is directed to the battery with its availability. If PV power is not enough 

to cater loads, load shedding strategy is implemented. If the battery is discharged 

below its operational limit, loads are shed until the load can be provided by the PV 

power. In here, non-essential loads are adjusted until generation and demand is 

balanced. If the battery can provide power, but the load is higher than the battery power 

rating, again the load shedding is implemented until the load is equal to the battery 

power. If the remaining load (Total Load-PV) is well below the battery maximum 

power, it is catered by the battery.  

3.2.2. Sectional-Islanding Control  

Since this control algorithm is capable of bus-wise control in islanding mode, 

improved resiliency is ensured by operating any bus in a separated control. This 

scenario is implemented when the grid goes to faulty situations in islanded mode. 

Assume a fault at the interconnection of two buses, the main bus and Bus1 (figure 29). 

To avoid interruptions caused by these kinds of failures in the system operation, 

sectional islanding mode is introduced. In this subject system, Bus 1 and 2 can be 

operated according to this since they contain battery banks.  

Figure 29: Sectional islanding mode description. 
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4. DESIGN AND MODELLING  

In this chapter, the process of designing and simulating the proposed architecture is 

described.  

One of the key identities of this research is to adopt Real-Time Simulations (RTS) in 

the modelling process. Usage of RTS in the design level gives benefits like, 

1. Real time response checking 

2. High speed simulation capability 

3. Convenience of output visualization 

4. Hardware in Loop Capability 

The facilitation of RTS is provided by a sophisticated hardware+ software 

environment called Real-Time Digital Simulator (RTDS) 

4.1. Real Time Digital Simulator (RTDS) 

RTDS is a powerful simulation environment, specifically designed for electrical 

engineering related applications. This environment is empowered by high-

performance hardware equipment, modelling software tool, communication interfaces, 

digital and analog I/O interfaces, high power interfacing boards as an integrated 

platform to perform real time simulations.  

 

(a) RTDS Hardware in SGRL    (b) RSCAD software environment 

Figure 30: RTDS and RSCAD 

 



45 

4.2. Microgrid System Modelling 

The microgrid system model contains 4 major components, 

1. Solar PV model 

2. Grid Tied Battery Model 

3. Grid Forming Inverter Model 

4. Load Model 

The overall simulation done using RSCAD is shown in figure 31. 

 

Figure 31:  RSCAD simulation of the system.  

The simulation consists of variable AC loads that are to be adjusted by slider options. 

Solar PV inverters are fixed at each bus and all of them are designed to adjust PV array 

temperature and PV irradiation for each PV system. Battery System is internally 

controlled by the central controller, no independent variables related to battery 

operation is considered in the simulation. In other words, the performance of the 

controller is only checked while the loading and irradiation is changed at each bus.  

4.2.1. Solar PV Model 

Basic model of solar PV inverter contains 3 major components. 

1. PV array model 

2. Inverter model 

3. Inverter controller model 
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Figure 32: Overall solar PV model 

4.2.1.1. PV Array Model 

RSCAD built in PV array model is used here. It takes temperature and solar irradiation 

as inputs and outputs power according to the array configuration. Configuration 

contains panel configurations and PV array configurations. The following images 

show PV array and configuration window.  

  

 

 

 

 

 

 

 Figure 33: PV array component. 
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Figure 34: PV array configuration window. 

Following configurational data were used to define panel array.  

Table 4: PV array configurational data 

Nominal Power (Pnom) 53Wp 

Open Circuit Voltage (Voc) 21.7V 

Short Circuit Current (Isc) 3.35A 

Maximum power point voltage (Vmpp) 41.7V 

Maximum Power Point Current (Impp) 9.6A 

Array 

Configuration and 

size (Series X 

Parallel) 

Bus 1 Inverter 115 X 66 (0.4MW) 

Bus 2 Inverter 115 X 66 (0.4MW) 

Bus 3 Inverter 115 X 66 (0.4MW) 

 

4.2.1.2. Inverter Model 

Inverter models are built using an average value model (AVM) which is a high-level 

modelling technique for inverters. Mo power electronic level modelling is considered 

in this model.  
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Figure 35: Inverter AVM component 

In the configuration window, only reference signals for the PWM switching circuit 

should be given as inputs to this model.  

 

 Figure 36: AVM configuration window. 

As main parameters, the following are given.  

Table 5: AVM configuration parameters 

AC side filter resistance  2 × 10−3Ω 

AC side filter inductance 100 × 10−6𝐻 

DC side series resistance  1 × 10−6Ω 

DC side filter capacitance 5 𝑚𝐹 

DC side current injection resistance 2 × 106Ω 
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4.2.1.3. Inverter Controller 

Inverter controller contains dual loop vector control method. Separate path is added to 

DC bus voltage control.  

1. DC bus voltage control 

Figure 37: DC bus voltage controller. 

MPPT voltage is tracked by the controller to keep DC bus pushing power towards grid. 

This controller generates reference current d component, which is fed into the current 

control loop. Iq is usually kept zero.  

2. Inner Loop Current Controller 

Figure 38: Current control loop 

This loop generates reference modulation signals for reference voltage generator loop. 
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3. Reference signal generator 

 

 Figure 39: Reference signal generator for AVM. 

Generated references are directed to the AVM model.  

4.2.2. Grid-Tied Battery Model 

This model contains three major parts. 

1. Battery model 

2. Inverter model 

3. Inverter controller 

Figure 40: Grid-tied battery model 
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4.2.2.1. Battery Model 

Built in Li-Ion battery model is used as the battery model for this simulation. As the 

only control variable, the initial state of charge is changed at different test cases.  

 

 

 

 

 

 

Figure 41: Li-Ion battery model 

Battery configuration contains definition of cell parameters, battery stack 

configuration and signal monitoring details to be defined. State of Charge (SoC) will 

be the sole measurement internally taken from the battery model.  

Table 6: Li-Ion battery model configuration data 

Stack size (series X Parallel cells) 250 X 250  

Battery Type Min/Rincon Mora[78] 

Capacity  53kW  

Initial State of charge Varied according to the simulation case 

 

4.2.2.2. Inverter Model 

The same AVM model used in solar PV model is used here as well.  

4.2.2.3. Inverter Controller 

BESS controller is applied in the primary control layer of battery bank control. This 

contains two major control loops; grid connected PQ control and inner loop dq current 

control loop.  
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Figure 42: Grid connected PQ control loop. 

In this loop, main controller, active power setpoint is directed to the Pbattery_set1 

variable as indicated in the figure.  

 

Figure 43: Id and Iq component controller. 

Same as PV model, the modulation signals of current control loop output is fed into 

the AVM model reference generation control loop.  
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4.2.3. Grid-Forming Inverter Model 

Grid-Forming Inverter (GFI) mode contains 2 major components: IGBT bridge and 

GFI controller model. As shown in the following diagram, the DC side supply is 

provided by a controllable voltage source. The IGBT bridge is operated according to 

the implemented controls.  

 

Figure 44: Grid-Forming Inverter model. 

4.2.3.1. IGBT Bridge 

The IGBT bridge component in RSCAD can be configured to take modulation signals 

of each phase as inputs and generate 3 phase output accordingly. IGBT bridge 

semiconductor characteristics should be entered to correctly generate output.  

 

 

 

 

 

 

 

 

Figure 45: IGBT bridge 
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Figure 46: Configuration window of IGBT bridge component. 

IGBT data were given as default and input modulation signals were directed from GFI 

controller.  

4.2.3.2. GFI Controller 

Vector control method is used here as well. Major two control modes are implemented 

in this control: grid connected PQ control and islanded droop control.  

 

 

  

 

 

 

 

Figure 47: Main control modes. 

In grid connected PQ control, the GFI is operated as a normal energy storage which is 

operated at a minimum SoC limit and charging and discharging at a constant power 

range.  
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 Figure 48:Grid connected PQ control.  

PQ sliders are used to set power outputs to the GFI. As usual, the inner current control 

loop contains Id and Iq control.  

In islanded droop control, phase angle control is done by active power controlling 

setpoints. Voltage magnitude controlling is done by reactive power controlling 

converted in the dq frames and   then it is directed to ABC frame.  

 

 Figure 49: Islanded droop control. 
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4.2.4. Variable AC Load Model 

Another variable parameter in the microgrid simulation is different loading conditions. 

This condition is modelled using dynamic AC load model implemented in the system.  

 

 

 

 

 

 

Figure 50: Dynamic AC load model and control slider. 

The loading conditions are changed at run time using sliders as shown in the above 

figure.  

4.3. Algorithm Implementation 

The algorithm discussed under section 3.2 is implemented as separate two cases as 

grid connected and islanded modes. The algorithm is implemented for each sub 

distribution bus using simple if conditions, to operate as a bus-wise controller. This 

means that the algorithm considers each sub-distribution bus separately into account 

at the controller operation.  

Figure 51: Grid connected operation of Bus 1 

Bus 2 has a similar algorithm for operation. Since bus 3 does not contain any battery 

banks, it operates according to the general energy balance operation. The operational 

limits for battery banks are defined as follows. 
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Table 7: Operational constraints of battery bank 

SoC Limit 20% - 90% 

Charging/discharging limit 1MW 

In a similar fashion, islanded control algorithm is developed as following diagram.  

 

(a) Battery Power Control Logic 

 

(b) Load Controlling Logic 

 Figure 52: Islanded control algorithm.  

For sectional islanding process, the same algorithm is used to operate subjected bus 

separately.  
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4.4. Case Studies and Results Discussion 

To validate the simulation, each case study was validated using different scenarios. 

The case study description is shown in the table below.  

Table 8: Case Study Details 

Operational 

mode 

Case 

Number 

Solar Irradiation 

(W/m2) 
Loading (MW) 

Battery 

SoC% level 
Remarks 

Grid 

Connected 

1 1000 0.1 90 

Battery full, 

high irradiation, 

lightly loaded 

2 1000 0.1 50 

High irradiation, 

low SoC, lightly 

loaded 

3 ~0 0.6 90 

High SoC, low 

irradiation, high 

loading 

4 ~0 0.6 20 

Low SoC, low 

irradiation, high 

loading 

Islanded 

Operation 

5 1000 0.3 to 0.12 90 PV curtailment 

6 1000 to 400 0.6 20 Load control 

The simulation results are discussed in the following, which are related to a single bus. 

4.4.1. Case 1 (Irradiation=1000 W/m2, Load=0.1 MW, SoC=90%) 

In this case, the battery at its defined maximum charge level and the system is lightly 

loaded. This means that the solar power generated is directed to the load and excess is 

directed to the grid. As per the simulation results, the following data is acquired.  

Table 9: Case 1 Simulation Results 

Bus No. 1 

Solar PV power 0.36 MW 

Load 0.1 MW 
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Battery Power 0 MW 

Grid Export 0.26 MW 

  

Figure 53: Case 1 Simulation results. 

According to the results, PV generation is used to serve load and the rest is directed to 

the grid. Since the battery is charged to its maximum level, the battery does not absorb 

any power.  

4.4.2. Case 2 (Irradiation=1000 W/m2, Load=0.1 MW, SoC=50%) 

In this case, the battery is partially charged, and the system is lightly loaded. This 

means that the solar power generated is directed to the load and excess is directed to 

the battery and if the solar irradiation exceeds battery power limit, excess is exported 

to the grid. As per the simulation results, the following data is acquired. 

Table 10: Case 2 Simulation Results 

Bus No. 1 

Solar PV power 0.36MW 

Load 0.1 MW 

Battery Power 0.26 MW 

Grid Export 0 MW 
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Figure 54: Case 2 Simulation Results 

According to the results, PV generation is used to serve load and the rest is directed to 

the battery. Since the battery maximum power is 1 MW, vacant power does not export 

to the grid, until it is fully charged.  

4.4.3. Case 3 (Irradiation~0 W/m2, Load=0.6 MW, SoC=90%) 

In this case, the battery is fully charged, and the system is highly loaded compared to 

previous cases. Since battery can sufficiently provide up to 1 MW, the expected result 

is to provide battery power to the load, without gird export. As per the simulation 

results, the following data is acquired. 

Table 11: Case 3 Simulation Results 

Bus No. 1 

Solar PV power ~0 MW 

Load 0.6 MW 

Battery Power 0.6 MW 

Grid Export 0 MW 

 

The RTDS simulation results are visualized as follows. 
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Figure 55: Case 3 Simulation Results 

As per the expectation, load at bus 1 is totally served by the battery without any grid 

export.  

4.4.4. Case 4 (Irradiation~0 W/m2, Load=0.6 MW, SoC=20%) 

In this case, the battery is at its lower SoC setpoint, and the system is highly loaded 

compared to previous cases. Since battery is restricted to be discharged, the expected 

result is to provide grid power to the load. As per the simulation results, the following 

data is acquired. 

Table 12: Case 4 Simulation Results 

Bus No. 1 

Solar PV power ~0 MW 

Load 0.6 MW 

Battery Power 0 MW 

Grid Import 0.6 MW 

 

The following result shows visualized diagram of energy balance at bus 1. 
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Figure 56: Case 4 Simulation Results 

According to the results, load at bus 1 is totally served by the major grid.  

4.4.5. Case 5 (Islanded Case, Irradiation=1000 W/m2, Load= 0.3 to 0.12 MW, 

SoC=90%) 

This case explains the islanded scenario of microgrid. In a fixed irradiation and full 

battery scenario, load varies from 0.3 MW to 0.12 MW. The expectation of this 

scenario is to curtail PV power according to the load since the vacant power cannot be 

directed to anywhere. Simulation results are shown as follows.  

 

Figure 57: Case 5 Simulation Results 

As per the results, the PV power follows the load and battery is not charged by any 

means since it is fully charged.  
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4.4.6. Case 6 (Islanded Case, Irradiation=1000-400 W/m2, Load=0.6 MW, 

SoC=20%) 

In this case, the battery is kept at the lower level of its SoC, and solar irradiation is 

changed from 1000 to 400 W/m2 and initially load is kept at 0.6 MW. Since battery is 

at its lower SoC level, it does not contribute to the load by any means and hence it is 

expected to curtail load accordingly to the solar penetration. 

 

Figure 58: Case 6 Simulation Results 

Simultaneously, in the full system islanding, the following voltage profile was 

recorded. It shows the stable transition of grid connection to islanded mode.  

 

Figure 59: Voltage behavior of the system at islanding 
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4.5. Sectional Islanding Scenario 

For this simulation, bus 1 was separately isolated and an operational algorithm was 

implemented for the bus 1. In sectional islanding case, bus 1 is desired to be operated 

as a separate island according to the same algorithm provided in the main grid 

operation.  

To test this operation, case 5 and 6 implemented in full system control scenario was 

used in this as well. Simulation cases were implemented for bus 1 operational control. 

Since this scenario is implemented as a further islanding case, the voltage transient is 

considerably higher than the previous case. Figure 60 shows this scenario.  

Figure 60: Transient behavior of bus voltage at sectional islanding 

After this transition case 5 and 6 related to islanding case was implemented inside the 

bus 1, which showed similar results as the islanded case.  

 

 

 

 

 

 

 

 

 

Figure 61: Example case implemented is islanded section (Irradiation=1000-400 W/m2, Load=0.6 MW, 

SoC=20%)  
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According to above results of different operational modes, it can be claimed that 

following key points about this microgrid controller.  

• In grid connected mode, the controller tends to cater load by excess solar 

generation, then charge the battery and at last export to the grid. On the other 

hand, the controller directs solar power totally to the load and then discharges 

the battery and then thinks of absorbing grid power, in case of low PV 

penetration.  

• In islanded case, transition between modes is comparatively smooth due to the 

high inertia of the system. The controller mainly focusing on curtailing PV 

power at high PV penetrations and controlling loads at low PV penetrations, 

depending on the battery availability.  

• In sectional islanding, the subjected sub distribution bus shows lower inertial, 

which results a high voltage transient as per the singulation, which leads to the 

stability, however. At the steady state, the system acts as a usually islanded 

system as per the overall system.  

 

 

 

 

 

 

 

 

 

 

 

 

 



66 

5. HARDWARE DEVELOPMENT 

According to the scope of this research, UoM-LECO microgrid laboratory equipment 

is proposed to be integrated into single microgrid, according to the provided single line 

diagram in the simulation section. This builds a scaled-down microgrid system that 

implements similar operations in the simulated environment. This system contains the 

following equipment with detailed ratings. Rated voltage for all is 400V L-L.  

Table 13: Lab Equipment Details 

Equipment type Containing Buses Ratings 

Solar PV inverter 1,2,3 

Bus 1- 4kW 

Bus 2- 5kW 

Bus 3- 5kW 

Battery Storage 1,2  Bus 1,2- 6kW 

Loads 1,2,3 Bus 1,2,3- 1kW each 

The proposed single line diagram and the total hardware architecture for the system is 

shown as follows.  

Figure 62: Proposed Hardware Architecture 
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5.1. New Additions for the System 

To bring the system into the above platform, two major improvements were proposed.   

1. Grid Forming Inverter Addition 

2. Network Installation 

3. AC and DC Wiring 

5.1.1. Grid Forming Inverter (GFI) Addition  

As mentioned in literature review, any microgrid system should have a DER that can 

provide voltage and frequency references to other DERs as the fixed voltage source 

inside the system. This DER is operated at a predefined droop setpoint and other DERs 

are following its voltage and frequency magnitudes, synchronized by PLLs inside their 

primary control layer. Victron MultiPlus II-GX single phase GFI was selected for the 

purpose.  

The battery inverters that are included inside the laboratory are not capable of forming 

the grid because they were originally developed as grid following inverters. Under 

these circumstances, a separate GFI for grid forming purposes was proposed to be 

included. This GFI contains 3 single phase inverters, connected in Y configuration and 

their DC buses are connected to a 5kW 48V Li-Ion battery.  

 

Figure 63: 3-phase connection of grid forming inverter. 
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Figure 64: 5kW Li-Ion Battery  

The following table summarizes the grid forming inverter and battery specifications.  

Table 14: GFI and battery Specifications 

Grid Forming Inverter Power rating for each– 5kW 

AC output Voltage- 230V L-N 

DC Bus Voltage- 48V DC 

Rated frequency- 50Hz 

Maximum AC input current-50A 

Maximum battery charging current- 70A 

Li-Ion battery Capacity- 100Ah 

Output voltage-48V DC 

Maximum Output Power- 5kW 

 

5.1.2. Network Installation 

To exchange data among DERs and controller, there should be a dedicated network 

connecting them together. As proposed, a dedicated TCP/IP network was installed in 

the lab environment containing dedicated Modbus-TCP port for each DER.  Since each 

DER contains a dedicated ethernet port this installation is ideal to handle microgrid 

operation as intended.  

First, a local area network is connected into a network switch through RJ45 network 

interfaces. This network is connected to a single network switch, setting up a local area 

network. The common protocol used in this network is Modbus TCP/IP.  
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(a) RJ45 Ports                                                          (b) Network Switch 

Figure 65: Network Installation Components 

5.1.3. AC and DC Wiring 

The new GFI installation required certain additions of AC and DC wiring to be fully 

functioning. This wiring contains a DC MCB and a busbar connection containing a 

DC distribution board and AC MCB with AC protection. Full wiring of the system is 

shown in appendix 1. 

The completed installation is shown in figure 62.  

 

Figure 66: Completed Installation of GFI 
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Figure 63 contains a simplified version of new installation and exiting system, after 

development. 

 

 Figure 67: Overall System after development 

5.2. System Operation Scenarios 

Since this is a real system implemented inside a laboratory environment, there are 

certain limitations of the observations compared to the simulated system. Due to the 

inability of controlling solar irradiation given to the solar PV, system operation was 

recorded in different times complying with the simulated scenarios as follows. 

Operational scenarios were monitored by the built in web portal of the Victron 

Multiplus II-GX.  

 

 

 

 

 

 

 

Figure 68: High loading, low PV scenario 
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In the above scenario, intermediate load is served by the GFI battery bank and PV 

generation, and small portion of the load is sent back to the grid.  

 

 

 

 

 

 

 

Figure 69: Islanded and loads are disconnected 

In the afore scenario, total generation of PV is sent back to the GFI battery since no 

load is consumed inside the microgrid.  

Figure 70: Islanded, low PV and loaded 

In this scenario, battery bank has to be discharged to provide system load requirement 

accordingly. Note that this SCADA view does not depict the actual system built inside 

the laboratory. It only accounts for total solar power generation and load as a 

cumulative value and visualize the energy balance.  
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6. CONCLUSIONS AND FUTURE WORKS 

Development of a sustainable and resilient microgrid controller for a certain 

application is a demanding characteristic inside a microgrid system, because these 

features directly ensure the reliability and economical independency of the microgrid, 

which seals the benefits for the consumers. Under this research, sustainability aspects 

of the microgrid were covered by enriching microgrid system only with solar PV, other 

than going for conventional energy resources. And inside the controller algorithm, 

certain strategies were implemented to ensure the PV generation is highly stored and 

used in the nighttime, which makes the microgrid operation more sustainable in energy 

management aspects as well. In terms of resiliency, a novel strategy of sectional 

islanding is proposed to continue the microgrid operation at internal distribution 

system faults. This strategy ensures the continuous supply of power to the loads even 

if the distribution system fails and cannot provide power from the external grid. Sub 

distribution buses are separately controlled to ensure the operation, independent form 

the distribution grid.  

To meet the above requirements inside the grid, a central controller platform is 

proposed to be designed. This design contains two major developments: software 

simulation and hardware development. To design this a thorough literature review was 

done under controller architectures, control actions, sustainability improvement 

techniques and resiliency improvement techniques.  

The simulation was done using real time simulation technology because its 

convenience of simulating electrical models al can be validated the system in real time 

updates. The use of real time digital simulations was super-fast compared to other 

simulation methods. These simulations were used to decide system behavior under 

different predefined conditions.  

Hardware development was done by integrating a 3-phase GFI to the system and 

setting up a communication network for the system for the smooth control. Controlling 

hardware is nothing but the integrated controller inside the GFI, which can be 

programmed according to the desired controlling algorithm, which was proposed in 

chapter 3. A summary of objectives, methodology and how they have been addressed 

in the work is shown in table below.  
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Table 15: Summary of the work 

Objectives Methodology Achievements 

1. Develop a software-

simulated microgrid 

controlling platform with 

relevant loads and source 

models 

Performing a literature review 

on microgrid controlling 

Completed the literature review 

under following themes 

• Controller architectures 

• Controller actions 

• Sustainability controls 

• Resilient controls 

Simulating a microgrid 

platform with collected data 

from the UOM-LECO research 

lab 

Using RTDS and RSCAD to 

build up simulated microgrid 

system with controls 

2. Integrating existing 

resources in the UOM-

LECO microgrid lab into 

controlling platform 

hardware, to demonstrate 

sustainable and resilient 

energy management 

techniques with the 

required accuracy 

Developing a microgrid 

controller laboratory set up in 

the laboratory environment 

with controlling strategies. 

Addition of GFI and 

communication network 

Integrating control algorithm to 

the controller hardware 

Testing controller performance 

and validating with simulation 

results 

Comparing operation with 

simulated results.  

As future works, this control algorithm can be developed with optimization techniques 

to dispatch and control power generation efficiently.  
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