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ABSTRACT 

There has been extensive research concerning wind turbine power generators. However, 

reducing wind turbine uncertainty in a microgrid with gas turbine and storage has received limited 

interest. Our objective is to reduce costs, while controlling a microgrid in an environment friendly 

manner. Since the production and consumption of wind energy is unpredictable, it is desirable for 

the connection between a wind farm and a gas turbine to maintain a constant energy output for the 

consumer. This dissertation presents an optimal control design strategy for a microgrid system that 

delivers electricity from wind and gas turbines through joint control centers. These control centers 

are able to utilize any extra green power by introducing an energy storage facility. Simulation 

results have shown an improvement in power availability to the consumers with both consumption 

and production uncertainty.   
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CHAPTER 1 

INTRODUCTION 

1.1 Research Motivation and Background 

The electricity grid, which works to conserve energy by converting fuel energy into 

electricity, seems to suffer from domino effect failures due to the hierarchical topology of its assets. 

The smart grid encompasses information technology and communication technology with power 

system engineering, allowing it to enhance pervasive control and monitoring. The electricity grid 

is taking center stage in the technological revolution as far as power industry is concerned. 

Basically, utilities in most parts of North America and in other parts of the world are taking full 

advantage of new technologies to enhance their operations and infrastructure. In essence, the main 

aim of smart utilities is to enhance distributed generation and cogeneration of energy. 

The rapid smart grid evolution can be attributed to rapid urbanization and infrastructure 

development over the past century. Different utility companies have adopted similar technologies, 

ensuring that power plants are able to deliver power to customers. The smart grid evolution began 

with electromechanical meters followed by One-Way Automated Meter Reading, which paved 

way for Two-Way Automated Metering Infrastructure before the development of smart grid, which 

has interconnected networks of microgrids with distributed control. 

Many researchers hope to improve wind turbine power generators. However, most of their 

research has focused on specific parts of the system, while the area of controlling wind turbine 

uncertainty in a smart grid with gas turbine integrated to it has almost remain untouched. 

Later, the electrical company tried to reduce the cost by introducing a smart grid, which is 

a digital communication technology to detect and react to changes in the usage. On the other side, 

consumers also want to reduce cost and be environmentally friendly. To reduce cost and pollution, 
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consumers started to use alternative sources of energy that do not depend on fuel. We are focusing 

on wind turbine energy because it is the most popular source available and is easy to use. In the 

ideal case, everyone is hoping to use clean energy, which is more affordable and environmentally 

friendly. Nevertheless, wind turbines have high uncertainty and are hard to control. When there is 

not enough wind or high speed wind, turbine failures or natural disasters like earthquakes, wind 

turbines will not be able to generate the required power. Our objective is to overcome these 

problems by developing a novel methodology for a robust smart grid. 

In the generic robust control model, the objective is to minimize the variation. The 

constraints are the required power, and the lower and upper limit for each variable in the numerical 

example that helps us to understand how Robust power control (RPC) should work. We developed 

a smart grid design that consists of RPC. Our design will be integrated into this case.  

Due to the rising greenhouse effects and the steady rise in energy prices, renewable energy 

sources like wind turbines are more environmentally convenient and efficient. Wind turbine power 

generation is a local method using renewable energy and it is important in the implementation of 

the smart grid [1-3]. The proposed work is going to be in a stochastic consequence, which mean 

the data will be randomly determined in order to achieve random probability distribution with 

multi elements. That will be simulated statistically. 

The smart grid operation and control systems are monitored by current information and 

communication technologies that allow the operator to practice control over the demand and 

provide sufficient, reliable and high quality service [4]. Based on customer response, the most 

effective electrical distribution network is provided by the smart grid through the two way 

communication system.  The smart grid is integrated into the wind energy infrastructure, which 

has been coupled with the IT, modern telecommunication, and sensing technology. 
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Significant benefits and savings can be achieved through integrating smart grids into wind 

energy production. Such integration will optimize peaks in demand and increase wind energy 

performance. The smart grid’s successful application is key to attaining its ultimate aims: reduction 

of greenhouse gas discharges and in the efficient harnessing of wind energy[1, 4]. 

Potentiality is thus defined by the smart grid’s ability to analyze and process a large 

quantity of data and to implement critical demand management. Due to the smart grid’s ability to 

use artificial intelligence and to integrate with computer systems, it is able to provide flexible 

opportunity to the system operator and the end user [3]. The end user in this case is the dynamic 

player in the electricity industry. 

The implementation of these technologies can be accomplished at every level from the 

generation technologies to consumer appliances. This is why smart grids are important: they can 

play an important role in the transition process to a future with sustainable energy. They support 

the decentralized production of power; provide flexibility on the side of demand; create new 

business models through enhanced information flows, consumer engagement and improved 

system control; and facilitate smooth integration of high shares of variables renewables. 

The handling of renewable energy like wind source requires refined arrangement and 

operation planning. A more reliable, flexible, and smarter grid is required in the large scale 

distributed renewable generation system. RPC is the system that provide the required support to 

sustainable energy development [3]. 

The use of wind energy to supply renewable energy to the electricity supply chain will 

likely cause the production and storage of energy to increase. The challenge here is that the 

application or use of large amounts of electric power storage is likely to cause system losses.  

Therefore, the application of the distribution energy storage (DES) within the smart grid is 
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important to reduce the disadvantages of the energy backup requirements in the smart grid. The 

application is also important within the smart grid to enhance the demand-side load management 

(DSLM) by a small-scale backup policy, and to support the peak demand by improving the 

generation performance [4]. Therefore, the local backup of energy within the smart grid is 

important to efficiently manage demand for energy during the peak period. The smart grid’s 

balanced and controlled management is achieved by using a hybrid power generation system. As 

the power generation nears the end user, the power generation technology will provide the service 

required which will eliminate transmission losses. 

Therefore, in using wind turbines to generate renewable energy through the use of smart 

grid, gas generation connected to the smart grid has proved to be crucial with many advantages 

over the conventional system including lower cost of distribution and transmission [3]. This system 

will stabilize power production and offer sufficient energy to consumers since its domestic supply 

lines do not have high capital for the initial setup. In addition, it minimizes energy loss from long 

distance transmission lines, and due to the new innovative devices, its energy consumption has 

also decreased. 

1.2 Research Scope and Objectives 

The objective of this research was to develop generic methods in order to assist and assess 

complex smart grid system design and analysis considering different types of uncertainty aspects. 

To accomplish this objective, the undeniable smart grid’s many benefits will be accompanied with 

challenges. 

1.3 Overview 

Many researchers hope to improve wind turbine power generators. However, most of their 

research has focused on specific parts of the system, while the area of controlling wind turbine 
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uncertainty in a smart grid with gas turbine integrated to it need to be investigated. Our motivation 

is to reduce cost, overcome the uncertainty impact and control a smart grid in an environment 

friendly manner. Since the production and consumption of wind energy is unpredictable, it is 

necessary for the connection between a gas turbine and a wind farm to maintain a constant energy 

output for the consumer. The proposed design is an optimized robust control method in a smart 

grid system that delivers electricity from gas and wind turbines through joint control centers. The 

studied characteristics of the controller’s correspondence with the wind farm were driven by a 

stochastic process disturbance. Simulation results have shown an improvement in power 

availability to the consumer with the existence of both consumption and production uncertainty. 

A renewable energy system based on smart grid design using RPC has been developed, the 

major contributions are developing and improving a new method, tool and technique to protect 

and enhance the power availability on smart grids system and its efficiency using a new and highly 

sophisticated required power estimation with disturbance control. This design has been considered 

with highly efficient and cost effective energy storage that can help to integrate intermittent 

renewable power sources and building control systems that let consumers use energy more 

efficiently, which can help to enhance the reliability of electricity supply. Last but not least, extend 

the useful life of power system components, and reduce system operating costs that’s will play a 

role in reducing the number of pollutants being produced by electricity generation activities. 

This dissertation valuable contribution is to effectively introduce and enhance the 

perceptions of the robust control system consistently to enhance the acceptance of the compressed 

air energy storage (CAES) in smart grid. There are various types of control systems. nevertheless, 

they all have advantages and disadvantages, they are not ideal and effective enough when dealing 

with the variations between wind turbine and gas turbine, as well as the supply and demand 
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variations of energy for consumers. The open-loop system would not be ideal for such operations 

due to a couple factors. The first factor being that it is unable to automatically change the variation 

of output. This is a challenge since the relationship between wind turbine and gas turbine is 

unstable. Therefore, needs a constant supply of energy to handle such variations. Another 

challenge is that the energy consumption for consumers is volatile and needs a control system that 

is able to handle rapid variations. Although an open-loop control system can change variation if 

done manually, it is unable to do be done automatically. Since these variations are rapidly 

changing. It is ideal to have a control system that can change variations automatically at any given 

time.  

Subsequently, the closed-loop control system is fully capable of automatically changing 

these output variations which would make it seem ideal for the instability of the relationship 

between wind turbine and gas turbine, as well as the energy variation within consumers. However, 

there are still many challenges with this type of control system. The first challenge being that 

closed-loop control systems are far more complex and costly. The stability is also another huge 

issue and more care would be needed in order to design a more stable closed-loop control system. 

Thus, making this control system even more complex and costly. The second challenge has to do 

with the feedback in order to change the variations in output. In this such case, the feedback lessens 

the total gain of the system. This becomes an issue since the instability between wind turbine and 

gas turbine may not handle a less gain in terms of the energy needed.  

The RPC design is very beneficial when controlling the smart grid. Smart grids cannot be 

fully efficient without the extensive use and evolution of the control technologies at every level 

[5]. When it comes specifically to wind energy, turbines reliability and efficiency greatly depend 

on the control strategy applied because they must constantly adapt to the variations. Although, it’s 
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typical for utilities to try and maintain the supply to the demand. It’s often seen to be expensive 

and impractical since the power demand by users is unstable. Thus, the spare generating plants 

would need to be in standby mode in order to respond to the rapidly changing power variations 

[6]. However, with the RPC design, this would no longer be a major challenge for utilities since 

the RPC is able to enhance the power availability to consumers with an extra margin in case of 

sudden changes. It can also control multi-elements with power disturbance control. In [7] and 

Adaptive Stochastic Control (ACS) system is proposed as an ideal smart grid controller. Although 

this ACS design has many benefits, it is unable to predict “the next most likely condition to occur 

within the facility”. On the other hand, the RPC is able to predict and estimate the required power 

by consumers and the power production generated by the wind turbine ahead of time. ASC control 

systems are also created by a multiple of systems making it expensive, high maintenance, and 

volatile to failure due to how many points could fail and create a chain reaction within the ACS. 

Within the ever-advancing technological world there are always areas for improvement. The 

survey in [6] found that most of the aim for improvement of a smart grid is to better shape the 

demand profile, reduce cost and emissions, and improve the energy efficiency. The RPC design is 

capable of satisfying all of these improvement goals.  

Likewise, CAES is a valuable contribution as it is the most effective and cost efficient 

energy storage. This particular storage works well with smart grid capabilities and the advance 

technology. Batter storage was the ideal use of energy storage at one point. Even so fossils fuels 

began to rapidly be depleted and the growing need of wind energy became demanded, so did a 

viable storage for such energy. Batteries no longer became substantial when storing energy due to 

high cost and safety issues as well as the bulk energy capacity being too low. Consequently, CAES 

was introduced as a much more rewarding option. There are two generations for CAES, but this 
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research has taken favor over the second generation due to faster construction time to keep up with 

the wind energy needing to be stored, as well as higher efficiency and lower installed costs.  

Hence, this study effectively reveals data that supports the most rewarding relationship 

between RPC and smart grid, along with the favorable relationship between energy production and 

CAES. When all thing combined, it is shown to be the most effective solution for smart grids 

besides storage solutions. 
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CHAPTER 2 

LITERATURE REVIEW  

2.1 Introduction  

Since several scholars would hope develop wind turbine power generators. Nevertheless, 

most scholars have concentrated on specific parts of the system, while study of a microgrid wind 

turbine control system with gas turbine integrated to it has remained relatively untouched. The 

research chapters discuss the uncertainty and control the influence on smart grid system using a 

robust design methods and approaches. 

2.2 Electrical Control 

Engineers such as Moliere’s character and Mr. Jourdain were only simplifying their models 

before they realized that all they were doing was singular perturbation. Ever since its discovery, 

singular perturbation has had a major impact on control applications. Earlier works by researchers 

such as O’Malley in1982, Tikhonow in 1948 and Vasileva’s in 1963 among others have been the 

most readable sources, which placed singular perturbations within the framework of asymptotic 

methods of differential equation [8]. For example, Bellman’s principle of dynamic programming 

and Pontryagin’s maximum principle demonstrated the control theory prevalent in the 1980’s. 

Researchers have continued studying to improve these theories and techniques. In the paper 

“Applications of Singular Perturbation Techniques to Control Problems” by Petar Kokotoviv, an 

engineer demonstrates singular perturbation methods as tools to unravel troubles within his field 

(electrical context).  

He begins by describing his system mathematically using parsimonious and implicit 

modeling. This stage is believed to be parsimonious because the model is not more detailed than 

the task it is meant to undertake. His extent of its required details is not exposed prior to the 
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intended task’s accomplishment. This means that such a system possess some degree of robustness 

and insensitivity to accomplish the intended tasks optimally, without disturbances, uncertainties 

and other parameter variations that are likely to influence the smoothness of the process [8]. This 

means that the engineer had to neglect some “small” masses, capacitances, time constants and 

parasitic parameters that would alter the dynamic order of the model. Based on these factors, the 

design of a model could be far from its intended performance or too simple to be an unstable 

system. This means that a tool is needed to boost the oversimplified design: for example, treating 

the simplified design as the first step, which would capture the dominant phenomena. These 

phenomena would then be treated in the second step. The studies in this research focus on typical 

(but not all) applications of singular perturbation techniques for controlling problems. The 

researcher looks at systems modeled by simple differential equations, although its results are 

discussed in details. He also acknowledges contributions by other authors and utilized simple 

examples to illustrate basic concepts where necessary [8].  

2.2.1 The Standard Singular Perturbation Model 

As stated earlier, this model assumes variable explicit states of and in which derivatives of 

some of these states are multiplied by small positive scalars: 

 ( , , , , ), nx f x z u t x R   (2.1) 

 ( , , , , ), mz g x z u zt R    (2.2) 

In this case u = u (t) is the control vector while the dot denotes a derivative in respect to 

time t. The engineers assume that f and g are sufficiently continuously differentiable functions of 

x, z, u, ε, t. and that the scalar ε represented all the parameters to be neglected. It is worth noting 

that a single parameter is not a restriction. This means that if T1 and T2 were small time constants 

with the same order of magnitude i.e. 0(T1) = 0(T2), then either of them could be taken as ε while 



11 
 

the other is expressed as its multiple. That is; T1= ε, T2 = α ε, where α= T2 / T1 as the known constant 

[8]. 

The above two models represent tools for ‘reduced modeling’ in control and systems 

theory. The reduction is then converted to “singular” parameter perturbation [8]. For example, by 

setting ε = 0, the above equations reduces from n + m to n, due to generation into either an algebraic 

or a transcendental equation [8]. 

 0 ( , , ,0, ),g x z u t  (2.3) 

The bar in this case indicates that the variables belong to a system in which ε = 0. This 

means that the earlier models (1.1 and 1.2) are of the standard format if the assumptions for (2.3) 

are met. i.e. k ≥ 1. In that case, 

 1,2,..( , , ) ., , .i i kz x u t   (2.4) 

Such an assumption would assure that an n-dimensional reduced model would correspond 

to each root perfectly. This model is known as quasi-steady state model. In the Quasi model, the 

velocity of ż = g/ε, and is normally large when ε is small besides converging to a root of equation 

(2.3) representing the quasi steady state form of equation (2.2) [8].  

2.2.2 Properties of the Standard Model  

2.2.2.1 Time Scale Properties 

The singular perturbation model studied by earlier researchers, among them Levinson 

(1950) and O’Malley (1971), were also the first models to demonstrate properties of control 

systems theories. Singular perturbations show a multi-scale behavior of dynamic systems that is 

characterized by both slow and fast transients in response to stimuli [8]. For example, in contrast 

to the original z in the fore equations, the quasi steady state is not free start from prescribed zo at to 

since this would have large discrepancies between the initial values [8].  
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 ( ) ( ( ), ( ), )o o o oz t x t u t t  (2.5) 

In this case, zo is the prescribed initial condition. The control u can comprise slow control 

as the one assumed in the earlier equations and a fast control for a secondary barrier layer: i.e. a 

two-time scale composite control. In the first assumption, the equilibrium ẑ (to) is uniformly 

asymptotically stable in zo, xo and to and belongs to their domain of attraction [8]. This means that 

z is likely to get closer to its quasi steady state in xo, to at some time between t1 > to. This interval 

can be made subjectively short especially by making ε amply small [8].  

2.2.2.2 Controllability and Stability 

Properties of singular perturbation systems can reliably be deduced from among other 

properties of simpler slow and/or fast subsystems. The following linear time varying control 

systems form the foundation of this argument.  

 11 12 1( ) ,( ) ( ) , nx A t x A t z B t Ru x    (2.6) 

 12 22 2( ) ,( ) ( ) , mz A t x A t z Rz B t u     (2.7) 

The system is said to be controllable if (x1, z1) and (x2, z2) in Rn+m  displays a bounded 

control u(t) such that when x(t1) = x1, z (t1) = z1 then x(t2) = x2, z (t2) = z2. It is worth noting that 

controllability and stability of the above equations are indeed invariant with respect to non-singular 

linear transformation [8]. 

2.2.2.3 Optimal Linear State Regulators 

An indiscriminate linear-quadratic optimal control problem is generated for systems with 

delays in state and control.  Generalization is done in the state quadratic form and an optimal 

solution given as a state reaction that requires resolution to the corresponding Riccati partial 

differential equation [8]. This shows that the generalized function possesses a special class of cost 
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function from which the optimal control is realized through calculation of a finite number of open 

poles of the system. The following is the problem used to find control  

 1 ' '

1 2

( )
( ) ( ) [ ( ) ( )]

( )

1 x t
u t R t B t B t K

z t

  
   

 
 (2.8) 

This clarifies that optimal control law includes a prediction part and a spectrum 

decomposition part, and that cost function generalization makes it possible to talk of a pole-shifting 

problem within the framework of quadratic optimal control problem [8].  

2.2.2.4 Linear Optimal Control 

This is convenient for linear optimal control problem feedback solutions that have free 

endpoints. However, the Riccatti equation is modified to find solution to problems with fixed ends. 

Wilde, Kokotovic in1973 and Asatani in 1976 are among the researchers having managed carrying 

out such modifications. Nevertheless, these points require Hamiltonian boundary problems 

solutions and are singularly perturbed. The former researchers split the original boundary problem 

into two, one of which is in reverse time [8].  

 ( ) , ( ) ; ( ) , ( ) .o o f f

o o f fx t x t z x zz zt x t     (2.9) 

2.2.2.5 Singular Cheap and High Gain Control 

The control law has altered no singular perturbation properties so far. However, a strong 

control action can force a singular perturbation to have fast and slow transients [8]. In feedback 

systems for example, the strong control action can be obtained through high feedback gain or 

composite feedback control of non-linear systems. Probably geometric methods will help solve the 

aspect of time scaling for nonlinear models [8]. 

2.2.3 Summary 

In summary, developments in modeling and control of large-scale systems are really 
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encouraging and likely to continue at a rapid rate. Results demonstrated in this paper, have been 

distributed to extended parameter systems. In fact, it is evident that more work areas will be 

explored in this field toward achieving highly effective control application methods.  Stochastic 

control among other discussions in this research indeed show that major challenges in control are 

open for efficient and time-scale asymptotic treatment [8]. However, it is worth noting that some 

control approaches such as the composite control method remain restricted to special system 

classes. In addition, trajectory optimization problems that have singular arcs and state among other 

control constraints are treated in semi-heuristic ways, and need theoretical support. The merits of 

time-scale methods are that they are independent of linearity and apply to most nonlinear models. 

This helps in emphasizing the point that understanding the relationship between weak and/or 

sparse connections is likely to induce time-scale asymptotic method as the most powerful tool for 

large scale systems design and analysis. 

2.3 Smart Grid 

Smart grid is defined as the automation and remote control of utility electricity through the 

use of computers. This system is used by the 21st century generation which has embraced 

technology. For the technology to work there has to be a double communication technology 

together with a high-speed computer. This technology has found its way into power plants, wind 

farms and even into homes and businesses. The technology has offered many benefits to consumers 

and utilities.  Electricity grid use us efficient in both homes and businesses. Application of the 

smart grid system has impacted both the economic and technical part of the project. 

A computer calculates and preserves the amount of charges used by the consumer. Two 

communication devices are connected and each device has a sensor that is used to gather 

information. The information gathered includes voltage, fault detection and power meters. There 
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is a gadget attached to the system which is used in the operations center. The system or technology 

can control and automate a million-utility equipment’s from a station. This technology is growing 

faster due to the number of applications that can be done on the system. 

Components in a grid include substations, wires, transformers and switches. Just like the 

smart phones, the smart grid has a computer in its system [9].  Computers use in the system creates 

jobs and income for companies that manufacture computers in US. The system isolates any section 

of the network that has a defect, thereby preventing damage and power outrage. 

In the past, utility firms have used analogue systems requiring manual data collection, but 

utility firms have now switched to a new efficient method [10]. Various innovations have come up 

in telecommunication and IT giving rise to the smart grid technology that is secure and easier to 

manage. Computers are used in the distribution and transmission of power [11].  Many countries 

have sought to use the new power grid technology, and research has shown that the global market 

for the smart technology will rise beyond $500 billion by 2030. However, the need in US is beyond 

expectation with the market demand rising beyond $ 50 billion by 2015 [12]. 

Economically, the smart grid has created employment since the network is maintained by 

private entities. Industries have emerged as a result of using the smart grid as power cost is reduced. 

A recent study shows a growing interest among scientists in careers in the power sector. This is as 

a result of using a smart grid system. Consumers no longer carry the burden of environmental 

pollutions and power distribution. 

Benefits of the system’s efficiency include cyber security and efficient use of solar and 

wind electricity. 

Other firms that have emerged as a result of using a smart grid include; communication 

firms and technology firms. This new technology has enabled power utility companies to 
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efficiently deliver their services. The smart grid helps in reducing power outages, cost reduction 

and empowers consumers as it helps them to manage the amount of power they use in their day to 

day activities. 

The demand has increased as a result of the ever-growing demand for energy in homes and 

industries, which pressures many countries to come up with new power grids. Clean energy is the 

main force behind the use of power grids, which are efficient in tapping free power [12]. The new 

smart meters are more detailed than traditional ones. They are able to communicate with the station 

sensors via the network system, which is a component of the new technology. A web research firm 

has shown that 70 percent of consumers can save on their bills. 

The new meters tell when power was consumed, data which the old meters cannot provide. 

Active integration of this new technology has not been smooth. Various challenges have arisen: 

the amount of data to be conveyed and processed at one given time is huge and must be managed 

well, which requires the use of an analytical technique to process the information. The ideal 

program should be real and proactive and help to reduce power outages and any possible defect in 

the system [13]. 

In addition, the program must ensure that every area is supplied with adequate and constant 

power to meet the needs of consumers in that area. Smart meters can be switched off, reducing 

demand for power during peak hours. The switch offs also help to reduce power waste and market. 

The new technology helps the power firms choreograph power consumption across the nation. 

With the new technology, firms can switch off transformers that are over stressed, thereby reducing 

power demand [9]. 

Smart grid technology has enabled too many countries to save money for use in other 

projects. It has also facilitated the 24-hour economy because power outages are no longer 
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encountered. The economy of many countries across the globe has improved. 

2.4 Renewable Energy 

Renewable energy comes from a source that is naturally refilled: Some renewable energy 

sources are wind, solar, hydroelectric action or geothermal. Energy generated from the purified 

biomass is also frequently categorized as renewable. On the other hand, oil, coal or natural gas are 

classified as finite sources. 

All countries need some form of stable energy to meet their basic modern needs; human’s 

use energy for cooking, lighting, mobility, communication and temperature control, just to name 

the basics. Brookes, 2000; Cleveland et al., 1984 and Kaufmann, 2004 have submitted that the 

type of energy used will highly determine the growth process of a nation [14]. In order for growth 

to be feasible, a country must be able to distribute safe energy and limit environmental effects. 

Viable social and financial growth requires positive and realistically priced avenues of accessible 

energy or the provision of vital services. Attaining access to stable energy may mean the use of 

varied methods to achieve economic growth at all levels. Additionally, in order to maintain an 

environmentally friendly coexistence, the emission of greenhouse gases should monitored or 

controlled. 

Referring to the IPCC Fourth Assessment Report (AR4), Sims et al., 2007 reported that the 

percentage of fossil fuels supplied in the year 2008 was similar to the percentage rate of fossil fuels 

supplied in the year 2004 at 85% [14]. In connection with this, Rogner et al., 2007, submitted that 

the burning of fossil fuels largely contributed to the concentrations of anthropogenic greenhouse 

gasses, which stood at 56.6% in the year 2004 [14]. As such, Nfah et al., 2007; Kankam and Boon, 

2009 later submitted that in order to sustain an economy that is capable of delivering vital resources 

to its people, both the developed economies and the upcoming economies need to uphold a shared 
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worldwide climate arrangement that directs how energy is produced and used. Fortunately, 

renewable energy technology options (which emit much fewer quantities of CO2 than fossil fuels) 

are rapidly developing [14]. 

In efforts to mitigate climate change, renewable energy (RE) sources will play a major part. 

As such, this research will explore the current role and the future prospects of renewable energy 

sources and their ability to provide feasible social and financial growth. 

Greenhouse gas emissions standat the center of unending global debates and the escalating 

rates of climate change. According to the AR4 report, global temperatures were already rising the 

middle of the 20th century due to the increased greenhouse gas emissions [14]. Again in the year 

2010, a report submitted by IPCC, 2007b; NOAA, 2010 pointed out that carbon dioxide 

concentrations had risen to 39% (higher than the accepted levels), mainly in the industries [14]. 

Additionally, the IPCC, 2007b report forwarded that the universal normal temperatures had risen 

to highs of 0.95°C in 2005, which is alarming considering that in 2001 the temperatures were at 

0.76°C. This showed that the heating tendency had risen considerably just over the last 50 years;in 

1850 the temperatures were at 0.57°C [14].  

According to Fisher et al., 2007, a closer analysis of the 21st century shows that a wide-

ranging assessment of long standing economic situations reflected that the economic development 

foreshadows increased gross domestic product (GDP) which will further lead to increased demand 

for energy sources [14].  

In spite of a majority of journals and articles printed about global warming and green 

energy, renewable energy represents only a very small percentage of the total power generated 

globally. For instance, in the United States, both solar power and wind contributed not more than 

three percent of power generated in 2009 [15]. In fact, as a percentage of power generated, the 



19 
 

United States generates a smaller amount of renewable power than it used to generate in the year 

1950 [15]. Looking at such statistics, if the United States needs to tackle the issue of climate change 

and come up with the much discussed “green” employments, and to attain energy freedom, it ought 

to do more [15]. 

Several challenges have continued to derail the renewable energy production back. One of 

these is the absence of dependable energy storing technologies. Even though a lot of money has 

been put into the growth of storing technologies, benefits will not be realized until they have 

established their dependability. Where storing solutions are accessible, for instance hydroelectric 

driven storing, they are usually not situated near the renewable source, which makes monitoring 

supplies less manageable than fossil fuel supplies [16]. 

Research and Development: According to Margolis and Kammen, 1999, a majority of 

research and development projects have continued to show recurrent funding sets, which have 

brought more harm to the sustained growth and distribution of particular technologies [17]. 

Schneider et al. 2000 pointed out that, fossil fuel usage is the main cause of the rising 

concentration of carbon dioxide (CO2) in the atmosphere, which is a significant cause of global 

warming. Global warming lessens agricultural production and leads to other organic and social 

harms. For example, the United States, with not more than 4% of the world population, radiates 

22% of Carbon dioxide from burning of fossil fuels, which is by far more than any other nation 

globally [18]. Universal greenhouse gas radiations can be broken down by the financial activities 

that lead up to their creation such as energy supply, manufacturing, land usage, land-usage change, 

and forestry, farming, transportation, commercial and housing buildings, waste and wastewater 

[19]. 

A higher percentage of the global energy demand is presently supplied by the burning of 
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fossil fuels oil, coal or gas. It will be difficult to find other substitute sources that can replace fossil 

fuels in the medium term or long term because the energy demand is too high. Another concern is 

the non-renewable feature of fossil fuels, which took Mother Nature millions of years to produce. 

However, it is a reality that decreasing fossil fuel consumption may slow the amount of global 

warming experienced currently. Therefore, there is still need for further research in this field, 

keeping in mind the future generations. 

2.5 Gas Turbines 

One of the dependable and accurate approaches is component matching for gas turbine 

simulation. This process had remained broadly recognized in businesses. The assumption on 

overdue component matching technique is run compatibility and effort compatibility: i.e. the 

preservation of frame in the method and flow equivalents among turbine, compressor and capacity. 

The clarification meets once those principles are satisfied. This technique’s key benefits are 

operation simplicity and elastic potential for the end user [20]. The projecting instrument in this 

process was completed by researchers in [21-25]. Another technique that works with the component 

matching process for demonstration study is the phase stacking technique. In this process a 

compressor typical data is predicted using phase-wise information obtainable after meting out from 

the running states [26]. This typical information could be used to develop new gas turbine 

instruments. 

The Artificial Neural Network (ANN) method, an advanced gas turbine replication process 

that is still in developmental stages, is based on biological neuron communications classified as 

sympathetic. The ANN method is meritorious once it is qualified with potential collections of 

anticipated contributions and selected productivities. The ANN strategy can vary from a single level 
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sensitivity neural network to a complex sensitivity neural network. More information on ANN can 

be found at [27-29]. 

The Kalman filter, a sort off-design method for gas turbine performance simulation, is an 

iterative technique through a quantity of dimensions. These quantities forecast determination and 

obligate associated fault. The fault is reduced after several predictions with continuous iteration. 

The main drawback of Kalman filters is that they are not completely accurate due to the prediction 

error of new iteration while simulating. For faster converging during simulation and a more accurate 

solution, component matching methods can be applied [30, 31]. 

Fuzzy logic technique is generally used for gas turbine motor outline inspecting 

determination. This technique assists the analysis on motor configurations. Once there is 

unreliability in the detected statistics, it is set up to be an alternate method of assessment. The study 

research in [32, 33] stayed measured for this technique and specifics concerning this process can be 

found in that research. 

Computational Fluid Dynamics (CFD) is a complexity determinate component or 

determinate of other demonstrating approaches. CFD is mostly used to determine liquid movement 

physiognomies of a specific element. The CFD technique currently can control multipart 

simulations. In gas turbine uses, it is especially focused on gas turbine mechanisms as well as 

compressors, combustors, and turbines etc. to comprehend their movement and temperature 

transference. CFD ensures abilities to properly calculate the motor performance that is running in 

an active situation. Nevertheless, CFD is capable of making a perfect outcome, but it is not 

frequently employed for off-design models of gas turbines because it is not accurate at higher 

abstraction levels. Several scholars have researched this aspect, and additional information on this 

technique can be found in [34]. 
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Last but not least, Wittenberg’s technique is also a progressive gas turbine simulation 

process. It can assume the gas turbine off-design appearances, not having the option of using 

component maps. This structure typically involves thermodynamic correlation and decent 

expectations of state line settings to decide the principal equations. This technique was developed 

in 1976 and additional analysis about this process can be acquired from [23]. Component map 

matching technique has enhanced suitability for non-linear off-design models of gas turbines 

because it accurate, easy to modify, and reliable in iteration generation [21, 24, 25, 35]. The article 

is organized as follows: Section 2 present the developed design methodology for designing a robust 

microgrid based on wind energy. Section 3 provides gas turbine modeling details. Section 4 delivers 

wind turbines modeling. The proposed methodology is then demonstrated with robust power control 

modeling in section 3.5.  

2.6 Robust Control and Optimization 

Recently, robust design has been widely applied to many engineering problems. For 

example, in [36] researchers investigated robust design of truss structures with uncertain-but-

bounded parameters and loads. Scholars in [37] designed a robust configuration for a cross-

docking distribution center to minimize uncertainties related to supply disturbances. Researchers 

have considered robust concept in designing a robust servo system for a hard disk drive [38]. Some 

studies have applied robust design optimization to vibrational characteristics and weight of 

aircrafts’ optical structures. 

There have been several studies that are related to smart grid and wind energy. For instance, 

some researches have presented a design methodology, the simulation studies, and the 

experimental validation of an integrated generator side buck-type rectifier and grid-side Z-source-

inverter-based PMSG wind generation system [39]. The aim of their work was to design a robust 
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grid power interface system for wind turbines using a permanent-magnet synchronous generator. 

Da-Costa et al. proposed a new robust controller in a stationary reference frame for doubly-fed 

induction generators of grid-connected wind turbines [40]. Rathi and Mohan developed a robust 

low voltage and fault ride-through for wind turbine application in weak grids [41]. Kassem et al. 

presented a dynamic modeling and power control scheme for doubly-fed induction generators for 

variable speed wind power generation and used sliding mode controller to achieve the controller 

robustness [42]. Jiang et al. proposed a robust optimization approach to accommodate wind output 

uncertainty with the objective of providing a robust unit commitment schedule for the thermal 

generators in the day-ahead market,  minimizing the total cost under the worst wind power output 

scenario [43]. Zhao and Zeng developed a two-stage robust unit commitment model to obtain day-

ahead generator schedules where wind uncertainty is captured by a polyhedron [31]. 
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CHAPTER 3 

ROBUST CONTROL FOR MICROGRID BASED ON WIND ENERGY 

3.1 Introduction 

Wind energy is commonly applied in the electrical industry and is fast developing all over 

the world. Attention has been focused on the reliable connection between a wind farm and the gas 

turbine. Significant technological advances in power generation have promoted microgrid 

enhancement to integrate the use of clean energy. In general, a microgrid is defined as the 

automation and remote control of utility electricity through high-speed computers using double 

communication technology. This technology has found its way into power plants, wind farms, and 

even homes and businesses, offering efficiency and many benefits to consumers and utilities. An 

electricity grid is efficient in both homes and businesses. However, power can also be provided 

using alternative energy sources such as solar and wind energy. The main drawback of these two 

sources is their innate inconsistency. The range of wind speeds in each wind turbine has a (usually 

30 to 55 mph) in which it will produce at its rated, or maximum capacity. At slower wind speeds, 

the power generation drops off significantly. When wind speed falls by half, power generation 

reduce by a factor of eight. Industrial evaluates requirement a yearly output of 30-40%, but actual 

capability indicates that annual report productions of 15-30% of capability are more usual. Many 

studies demonstrate an urgent need for methodologies that help reduce the impact of uncertainties 

in wind power generation [27, 44-46]. 

In the traditional way, we have gas turbines generate power to the consumers. Afterward, 

the electrical company tried to reduce the cost by introducing a microgrid, which is a digital 

communication technology to detect and react to changes in the usage. On the other side, 

consumers also want to reduce cost and be environmentally friendly. To reduce cost and pollution, 
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consumers started to use alternative sources of energy that do not depend on fuel. We are focusing 

on wind turbine energy because it is the most popular source available and is easy to use. In the 

ideal case, everyone is hoping to use clean energy, which is a more affordable and environmentally 

friendly. Nevertheless, wind turbines have high uncertainty and are hard to control. When there is 

not enough wind or high speed wind, turbine failures or natural disasters like earthquakes, wind 

turbines will not be able to generate the required power. Therefore, this research aims to develop 

a novel method to design a robust microgrid based on wind energy. 

The business evolution of any nation relies greatly on the reliability of a large electric 

power system. Therefore, researchers have developed an optimal control concept in a two-strain 

tuberculosis model, considering an immunotherapy by cancer model as a case study, and have 

characterized an HIV model to study the immune reaction [47-50]. However, little or no attention 

has been given to the application of optimal robust control to a smart grid system. 

Smart grid technology is relatively new, but has proven important in the integration of the 

strong monitoring system, information technology and strategic practical plan.  A smart grid is key 

in incorporating information and communication technology into electricity generation, delivery, 

and consumption. It can reduce negative effects on the environment, enhance the market, improve 

reliability and service, and finally reduce costs and improve efficiency [44]. Recently, robust 

design has been widely applied to many engineering problems. For example, in [1] researchers 

investigated robust design of truss structures with uncertain-but-bounded parameters and loads. 

Scholars in [36] designed a robust configuration for a cross-docking distribution center to 

minimize uncertainties related to supply disturbances. Researchers have considered robust 

concepts in designing a robust servo system for a hard disk drive [37]. Some studies have applied 
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robust design optimization to vibrational characteristics and to the weight of aircrafts’ optical 

structures. 

The issue of reliability has grown as one of the challenges arisen in the modern power 

grids. Some of the challenges include the larger transformers transporting over longer distances, 

reduced reliability margins, aggravated grid congestion, and an increasing instability [3]. The good 

quality of electricity supply from wind energy and its reliability can enhance reliability when 

connected with distributed generation (DG) [1]. 

The consumers also find it practical through the use of the electrical charge based on real 

time sensing. The smart grid either possesses or delivers: twenty first century quality power, the 

introduction of new products, markets and services, increased operating efficiency and asset 

optimization.  It is flexible in accepting all generation and storage options, it robustly manages the 

physical damage and cyber-attacks, it permits end user participation in demand management, and 

finally, it self-heals from the power disturbance events [4]. Rapid rate of technological change is 

one of the challenges in the adoption of smart grid technology, and particularly in data management 

technologies and communications.  As the smart grid technologies investments increase, the rate 

of technological improvements will likely accelerate. 

Another challenge with these technologies is that in operating the electricity system, it 

becomes challenging to ensure that the demand for electricity is always equal to the supply. Storing 

electricity is difficult with this technology; therefore, electricity system operators must continually 

keep checking and adjusting the output of power plants to match the demands. 

Smart grid disruptions in the utility industry have gained a lot of momentum in adapting 

its business model to DG. Other disruption trends from such utilities have also depended on the 

good cooperation with the regulators [3]. Responsiveness to customers is also another smart grid 
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disruption caused by the increased availability of data and the increasingly active customer role in 

the grid, thus adapting utilities to be more responsive to customers’ needs. From such a smart grid 

utilities disruptions, it can be noted that customers can be the disruptors if utilities do not change 

[4]. Through the use of the smart grid and the renewable energy source like wind, a lot of energy 

will be generated that will supply adequate power during the times of demand. This is because the 

smart grid is able to transform the power grid systems into a more flexible, intelligent, self-

balancing, reliable, and interactive network that can enable adequate power storage through the 

DG, energy security and increased consumer control, operational efficiency, environmental 

oversight, and economic growth [2]. Since smart grid utilizes renewable energy sources like wind 

energy, it is environmentally beneficial. Smart grid therefore offers a genuine path to improve our 

environment through the use of wind energy. 

3.2 Design Methodology 

The evolution of a smart grid can be attributed to rapid urbanization and infrastructure 

development over the past century. Different utility companies have adopted similar technologies 

to ensure that power plants are able to deliver consistent power to customers. The evolution of 

electric utility started with electromechanical meters followed by one-way automated meter reading 

(AMR), which paved the way for the development of a two-way automated metering infrastructure 

(AMI), the forerunner of the smart grid, which has an interconnected network of microgrids with 

distributed control [51]. 

The electricity grid aims at conserving energy by converting fuel energy into electricity. 

However, this utility seems to suffer from domino-effect failures due to the hierarchical topology 

of its assets. The smart grid combines information technology and communication technology with 

power system engineering to enhance pervasive control and monitoring. Other ingredients of a 
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smart grid include roots of power system available in the electrical distribution system, 

communication and data management that enable the smart grid to perform its functions effectively. 

With the technological revolution, the electricity grid is taking center stage in the power industry. 

Basically, utilities in most parts of North America and in other parts of the world are taking full 

advantage of new technologies to enhance their operations and infrastructures. In essence, the main 

aim of smart utilities is to enhance distributed generation and energy cogeneration. 

The smart grid operation and control systems are monitored by the current information and 

communication technologies that allow the operator to practice control over the demand and 

provide sufficient, reliable and high quality service [46]. Based on customer response, the most 

effective electrical distribution network is provided by the smart grid through the two way 

communication system. The smart grid is integrated into the wind energy infrastructure that has 

been coupled with the IT, modern telecommunication, and sensing technology. 

There have been several studies that are related to smart grid and wind energy. For instance, 

some researches have presented a design methodology, the simulation studies, and the experimental 

validation of an integrated generator side buck-type rectifier and grid-side Z-source-inverter-based 

PMSG wind generation system [38]. The aim of their work was to design a robust grid power 

interface system for wind turbines using a permanent-magnet synchronous generator. Da-Costa et 

al. proposed a new robust controller in a stationary reference frame for doubly-fed induction 

generators of grid-connected wind turbines [39]. Rathi and Mohan developed a robust low voltage 

and fault ride-through for wind turbine application in weak grids [40]. Kassem et al. presented a 

dynamic modeling and power control scheme for doubly-fed induction generators for variable 

speed wind power generation and used a sliding mode controller to achieve the controller robustness 

[41]. Jiang et al. proposed a robust optimization approach to accommodate wind output uncertainty 
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with the objective of providing a robust unit commitment schedule for the thermal generators in the 

day-ahead market that minimizes the total cost under the worst wind power output scenario [42]. 

Zhao and Zeng developed a two-stage robust unit commitment model to obtain day-ahead generator 

schedules where wind uncertainty is captured by a polyhedron [43]. 

Potentiality is thus defined by the smart grid’s ability to analyze and process a large quantity 

of data and to implement critical demand management. Due to the smart grid’s ability to use 

artificial intelligence and to integrate with the computer systems, it is able to provide flexible 

opportunity to the system operator and the end user [45]. The end user in this case is the dynamic 

player in the electricity industry. 

Significant benefits and savings can be achieved through integrating smart grids into wind 

energy production. Such integration will optimize peaks in demand and increase wind energy 

performance. The smart grid’s successful application is the key factor in attaining its ultimate aims: 

reduction of greenhouse gas discharges and in the efficient harnessing of wind energy [46]. In the 

integration of smart grid technologies, the following areas must be given priority: network 

communications, cyber security, distribution grid management, advanced metering infrastructure, 

electric transportation, energy storage, wide area situational awareness, and demand response and 

consumer energy efficiency [44]. The transition to the smart grid will not be easy because utilities 

could face problems integrating disparate systems, functions, and components into a cohesive 

distributed command-and-control system. Most utility companies are already aware of the 

impending transitional challenges and thus are unsure of whether or not they want to commit to an 

unpredictable future with this new technology [52]. Nevertheless, the implementation of these 

technologies can be accomplished at every level starting from the generation technologies to 

consumer appliances. This is why smart grids are important since they can play an important role 
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in the transition process to a future with sustainable energy. They support the decentralized 

production of power; provide flexibility on the side of demand; create new business models through 

enhanced information flows, consumer engagement and improved system control; and facilitating 

smooth integration of high shares of variables renewables. 

Based on the concept of technologies, handling of renewable energy like wind source 

requires refined arrangement and operation planning. A more reliable, flexible, and smarter grid is 

required in the large scale distributed renewable generation system. It is this system that provides 

the required support to the development of sustainable energy [45]. 

In this research a microgrid design that considers a wind farm with a robust control as benign 

developed as shown in figure 3.1. 

 

 

 

 

 

 

Figure 3.1. Robust microgrid based on wind energy 

Figure 3.1 represents a developed microgrid to assure energy availability. This system 

consists of four main members: gas turbine, wind farm, consumers, and a robust controller acting 

as a governor. Since the production and consumption of wind energy is unpredictable, the 

connection between a gas turbine and a wind farm needs to make this constant and more certain for 

consumers. To reduce uncertainty in the wind energy microgrid, this research presents a method of 

a robust control in a microgrid system. By delivering electricity (gas turbines) using control centers, 



31 
 

both types of energy are able to get acquainted with each other’s process in order to regulate their 

own and to comprehend the optimization. This research presents a robust controller in which 

production uncertainty occurs in both the wind farm and consumption. 

Digital computer simulation models are broadly used to successfully capture the smart grid 

nonlinearities and subordinate properties. However, he approaches used to achieve off-design 

simulation in digital computer models vary from a single component matching technique to a 

complex statute established professional system. As the density rises, the accuracy of the simulation 

model rises; however, there is a comparative drop of the end user procedure. This is because the 

end user, with broad experience information of that simulation model, can simply work on this 

multipart stage. The approaches can work both as a linear system model or nonlinear system model. 

A system is said to be linear if the superposition code applies and has merely first order associations 

indicating the system. In the linear system, there is a correlation between numbers of factors in a 

particular period of continuous relation. Linear systems are only effective for definite range and 

suffer once the range approaches a brief system model. The rule does not apply for non-linear model 

deposition, and leading calculations of the system are of advanced order. Thus, a logical method is 

required in order to figure out the equations and get assembled results. Nonlinear systems can 

contribute perfect dynamic system consequences. 

The application of the distribution energy storage (DES) within the smart grid is important 

in giving solution since it is to an extent important to reduce the disadvantages of the energy backup 

requirements in the smart grid. The application is also important within the smart grid to enhance 

the demand-side load management (DSLM) by a small-scale backup policy and to support the peak 

demand by improving the generation performance [46]. Therefore, the local backup of energy 

within the smart grid is important to efficiently manage demand for energy during the peak period. 
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The smart grid’s balanced and controlled management is achieved by using a hybrid power 

generation system. As the power generation nears the end user, the g power generation technology 

will provide the service required, and this will eliminate transmission losses. Therefore in using 

wind turbines to generate renewable energy through the use of smart grid, gas generation connected 

to the smart grid has proved to be crucial with many advantages over the conventional system 

including lower cost of distribution and transmission [45]. 

3.2.1  Numerical Example 

The proposed method of the RPC will be demonstrated by a simple case study addressing 

one poultry farm and a wind turbine figure 3.2. 

 

Figure 3.2. First scenario network 

- First Scenario: 

In the ideal case, generated power by wind turbine should be equal to the required power 

needed by the consumer. In this example, the power needed by the customer is assumed to be 10 

kW per second.  And the wind turbine generates 10 kW per second. Using equation (3.8). 

- Second Scenario: 

In some situations, power needed by the customer is more than the generated power by the 

wind turbine. This caused by the uncertainty of wind availability and customer conception. For 

example, the power needed by the customer is assumed to be 10 kW per second. The wind turbine 

supposed to generate around 7 kW per second. In this situation, the power generated by the wind 
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turbine cannot cover the power required by the customer. Therefore, the poultry farm is partially 

working. 

To overcome this situation and uncertainty impact, a microgrid design that consists of RPC 

can be integrated into this case figure 3.3. This insures the fulfillment of power needed to 

completely operate the poultry farm. 

 

Figure 3.3. Second scenario network 

In this scenario, a gas turbine has been applied to the microgrid to make the system robust. 

The gas turbine is required to generate the difference, which is 3 kW/s. 

3.3 Gas Turbine Modeling 

There are many approaches that can be used in modeling gas turbines. For instance, gas lane 

breakdown is a sort of gas turbine reproduction system effectively used in past production. Gas lane 

breakdown derives from reverse, linear and nonlinear approaches [31] and can be used in place of 

an act of staging assumption process or as a performance analytic process with consistent accuracy. 

Gas lane breakdown supposes that while there is a minor modification in individualistic elements, 

gas lane will by this means affect the individualistic elements in a linear style. The control equations 

linking the self-governing and individualistic elements ought to be resolved to achieve the intended 

result. The individualistic elements are typically order and run volume, while the dependent 
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elements are load, heat etc. [31]. The key benefit of this technique is fewer division periods. The 

key disadvantage of this process is that the typical compressor and turbine charts are still necessary 

to route the model designs. This technique reference can be found in the study papers in [31, 53]. 

Gas turbine design influenced several dynamic simulation models. These simulations can 

be generally categorized as analog models, hybrid models, and digital simulation models. Analog 

models played an important part in the early 19th century with the distinguished efforts of Larrowe, 

Spencer and Saravanamutto et al. [4, 21] who established a full functioning gas turbine analog 

model, which supported the progress of control approaches for gas turbine motors in the initial 

phases. The development of digital computer simulation models has now achieved analog and 

hybrid models with speed and multifaceted design potential. Digital computer simulation models 

are now broadly used to successfully capture the gas turbines’ nonlinearities and subordinate 

properties. 

The mathematical model of a gas turbine is specified below in equations (3.1-3.3), where 

P(t) is the amount of power generated at time t and C(t) is the cost of power production. As a result, 

we have, 
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Where, g is the actual mechanical / electrical energy from the turbine, r is total running cost 

per unit, f is the fuel cost rate per unit, y is the capacity rate of generator, x is rate of generation, T
L
 

is the rate of energy loss during transmission per unit, T
C
 is the total cost of transmission, l is the 

labor cost at a particular time, m is the cost of maintenance per hours. The control u
1
 is the load-
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shedding rate; u
2
 is the generator actual capacity rate. [45]. 

3.4 Wind Turbines Modeling 

The generation capacity of the wind power is quickly growing and reached 41.7 GW of 

production capacity worldwide in 2011. The global capacity rose by 21% [3] that same year. Wind 

energy supplied 2.9% of the global electricity in 2011. However, countries such as Denmark, 

Portugal, Spain, Ireland, and Germany have the highest wind energy production: respectively, 

29%, 19%, 19%, 18%, and 11% of yearly electrical power from wind turbines [3]. The wind 

turbine has a flat axis that is a large flexible assembly comprising several different components. A 

large sharp edge produces rotating lift from the kinetic force of the wind stream. The blades are 

raised on hubs that transfer the power to a drive train, which is joined to a power generator. The 

drive train of a wind turbine frequently uses a multiphase gearbox to boost the rotational rate of 

the production shaft. A yaw bearing is used to attach the nacelle to the upper of the turbine hold 

up top, and a yaw motor is used to pathway the largest direction of the wind [3]. 

The power of a consistent wind stream with stable speed passing through the swept area of 

the rotor plane is: 

 31

2
P AV   (3.4) 

Where, Pω is the instantaneous power of the wind flowing through an area, ρ is the air 

density [kg/m3], A is the swept area [m2], and V is the wind speed [m/s]. 

3.5 Robust Power Control Design 

As the smart grid system is subjected to changes at all times, proposed work is going to be 

in a stochastic consequence, which mean the data will be randomly determined in order to have a 

random probability distribution that will be simulated statistically. The variations can disturb the 
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steady state stability. The feedback control trims down the effects of instability by keeping the 

production at the preferred rate. The negative feedback reduces the changes of outputs by varying 

the inputs [37]. Variation in wind power, generation customer consumption, power availability, 

and cost are ambiguous. The uncertainty in smart grid design is initiated by natural processes and 

complexity. These facts raise the need for robust power control design to reduce smart grid cost 

and reduce associated uncertainty impacts. RPC outperforms existing traditional deterministic 

control tools when dynamic conditions are involved in power generation problems. 

3.5.1  Required Power Estimation with Disturbance Control 

The estimator is a dynamic system with transfer function H(k) which is identical to the 

system itself. This type of estimation, when k > kf , is considered a predictor with disturbance 

control which is a relatively different approach idea. At its foundation is the recognition that, in 

the real world, dynamic systems are always have highly uncertain, both in terms of the internal 

dynamics and external disturbances. The magnitude of the uncertainties might mark them outside 

the reach of traditional robust control concepts. Disturbance control estimates a result where the 

essential design data required for the response of the control system to work fine is got through 

the input and the output information of the plant in real time. Thus, the control system can respond 

promptly to the fluctuations either in the internal dynamics of the plant, or external disturbances. 

In the disturbance control framework, such disturbance is dynamically estimated using the 

extended state observer and measured by control law, in the absence of an accurate mathematical 

design [54, 55]. Correspondingly, ramp rate generator has been used, which is the rate expressed 

in megawatts per minute, that a generator changes its output toward its desired performance. 
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          Figure 3.4. Robust power controller 

  

Figure 3.5. Power estimation with disturbance control 
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3.5.1.1 Wind Power Estimation with Disturbance Control 

  

Figure 3.6. Wind power estimator with disturbance control 

The system function in equations (3.5): 
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Where, 𝑊 is the wind turbine function, 𝑃𝑊 is the generated power by the wind turbine, A1 

and H1 are system parameters, and 𝑉11 is the input disturbance and 𝑉12 is the measurement noise. 

The error: ˆ( ) ( ) ( )e k W k W k   

The estimator with disturbance control can be applied by designing a Kalman filter with 

gain L shown in equations (3.6): 
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This can be minimized by selecting the Kalman filter gain 𝐿 = 𝐾𝐻1
𝑇𝑅1

−1 where K is the 

solution of: 

 1

1 1 1 1 1 1 1 1 1 1( )T T T TK A KA Q A KH H KH R H KA     (3.7) 

Where 𝑄1 is symmetric positive semi-definite represent the intensity of 𝑉11 and 𝑅1  is 

symmetric positive definite for the intensity of 𝑉12. 

Which can minimize the error e(k) with: ( )MMSE trace K  
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3.5.1.2 Power Consumption Estimation with Disturbance Control 

 

Figure 3.7. Power consumption estimation with disturbance control 

The system function in equations (3.8): 
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Where, 𝐶 is the consumption function, 𝑃𝐶 is the power required by the consumers, A2 and 

H2 are system parameters, and 𝑉21 is the input disturbance and 𝑉22 is the measurement noise. 

The error: ˆ( ) ( ) ( )e k C k C k   

The estimator with disturbance control can be applied by designing a Kalman filter with 

gain L shown in equations (3.9): 
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This can be minimized by selecting the Kalman filter gain 𝐿 = 𝐾𝐻2
𝑇𝑅2

−1 where K is the 

solution of: 

 1

2 2 2 2 2 2 2 2 2 2( )T T T TK A KA Q A KH H KH R H KA     (3.10) 

Where 𝑄2 is symmetric positive semi-definite represent the intensity of 𝑉21 and 𝑅2 is 

symmetric positive definite for the intensity of 𝑉22. 

Which can minimize the error e(k) with: ( )MMSE trace K  

3.5.2  Robust Control Technique 

RPC is a cost efficient technique used to minimize the functional variation of a system 
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without eliminating the sources of variation. The robustness concept was first introduced by 

Taguchi [51, 56, 57]. Taguchi’s technique helps engineers locate a robust solution that is less 

sensitive to unknown variations. In general robustness, design tools can be categorized into three 

approaches [58]: Namely Taguchi’s experimental design [59], optimization procedures based on 

the Taylor series expansion, and robust design technique based on response surface methodology 

[60-64]. The main goal for designing an RPC is to reduce the impact of uncertainties about the 

mean values without eliminating the cause of uncertainties as in figure 3.8. 

Generally, RPC can be expressed as shown in equation (3.11). The objective function of 

RPC comes from Taguchi’s definition of robust design, which minimizes variation around the 

mean and constraints by required quality or performance function. 

 

Figure 3.8. Robust power control phenomenon 

 

2

( )

( ) , 1,2,...,

, 1,2,...,

0

i jP x

R

i j i

l u

j j j

j

Minimize  

Subject to P x P i I

x x x j J

x



 

  



 (3.11) 

Where, Pi(xj) is the power generation function of the ith consumption function, σ2
Pi(xj) 

represents its variance, Pi
R is the required power for ith function, xj is the j consumption variable, 
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xl
j and xu

j are the lower limit and upper limit of the j consumption variable, respectively. 

  ˆ ˆ
N W CP P P   (3.12) 

Where PN is the extra power needed by the consumer, ṔW is the power generated by the 

wind turbine, and ṔC is power needed by the customer. 

3.6 Example 

Define The proposed method of the RPC will be demonstrated by an example addressing 

a poultry farm, a wind turbine, and a gas turbine as shown in figure 3.9. This example is in a 

stochastic consequence and 5% disturbance has been applied.  

3.6.1  Dynamic Example 

Energy plays a crucial role in poultry production. In a typical poultry house, energy is used 

for several applications; most importantly for lighting, heating, ventilation and cooling, and 

running electric motors for feed lines.  

In the ideal case, generated power by wind turbine should be equal to the required power 

needed by the consumer. In this example, a small size commercial poultry house 40’ by 140’ and 

hold 8000 chicken. The average bird density is 0.7ft2/bird. Average growing season is assumed to 

be 55 days. Electricity consumption for the poultry house vary from 0.27 Kilowatt per second 

(970kW/h) to 1.6 Kilowatt per second (5760 kW/h) where the wind turbine can generate up to 1.11 

kilowatt per second (4000 kW/h) in the best case.  

For the purpose of this example data has been simulated for one day. The table below 

shows the power needed to operate the poultry house and generated by wind turbine over one 24 

hours. 
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Figure 3.9. RPC example network design 

The energy consumption of a single poultry house varies over time. For example, farmers 

use a lighting scheme that ranges from 24 hours of light per day for the first 5 days and the last 

week of a cycle, to 14 hours of light per day for about 7 days when birds are about a week old. 

Also, temperature do effect electricity consumption. To illustrate electricity consumption could 

triple at afternoon. On the other side, the output of a wind turbine does vary depending on the 

wind's speed through the rotor and turbine's size. Currently, Wind turbines have power ratings 

ranging from 250 watts to 7 MW.  

As a first step, we can define the mean and standard deviation of each hour from the system 

parameters. For the purpose of this case study, data has been simulated for one day. The table 

below shows the power needed to cover the consumer’s demands and generated by wind turbines 

over one-day in hourly basis. 
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TABLE 3.1 

TRADITIONAL WIND TURBINE MICROGRID 

Time PC PW Time PC PW Time PC PW 

1 1296.8 326.12 9 1557.57 1225.8 17 4027.26 426.19 

2 1185.87 554.61 10 1849.76 992.48 18 3781.38 93.06 

3 1080.29 860.83 11 2121.61 1066.48 19 3427.77 13.89 

4 1015.86 1244.9 12 2617.07 1915.26 20 2976.17 1.32 

5 1050.21 1500.7 13 3064.55 2875.47 21 2550.68 0.28 

6 1080.27 1684.88 14 3547.68 3342.63 22 2149.96 21.93 

7 1182.08 1701.46 15 3813.94 2630.94 23 1783.91 456.42 

8 1335.83 1486.13 16 3957.74 1352.04 24 1465.44 1876.95 

 

Where PC represents the power needed to operate the poultry house and PW represents 

power generated by the wind turbine. To illustrate, in time 1 the power needed by the poultry house 

is 1296.8 and power generated by the wind turbine is 326.12. This means the wind turbine is not 

able to cover required power to run the poultry house. However, in some cases the poultry house 

was not able to be completely functional because wind turbine where not able to generate enough 

power. For example, in time 3 the power needed by the poultry house is 1080.29 and power 

generated by the wind turbine is 860.83. Figure 3.10 compare the available power and needed 

power by the farm before applying RPC and the required power estimation with disturbance 

control, to overcome this shortage, RPC and a gas turbine been added to the electricity network in 

the farm. Results of this simulation are shown in TABLE 3.2. 
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TABLE 3.2 

RPC WIND TURBINE MICROGRID 

Time PC PW PE PG PA 

1 1296.8 326.12 0 1035.52 1361.64 

2 1185.87 554.61 0 690.55 1245.16 

3 1080.29 860.83 0 273.47 1134.30 

4 1015.86 1244.90 178.25 0 1066.65 

5 1050.21 1500.70 397.98 0 1102.72 

6 1080.27 1684.88 550.60 0 1134.28 

7 1182.08 1701.46 460.28 0 1241.18 

8 1335.83 1486.13 83.51 0 1402.62 

9 1557.57 1225.80 0 409.64 1635.44 

10 1849.76 992.48 0 949.76 1942.24 

11 2121.61 1066.48 0 1161.21 2227.69 

12 2617.07 1915.26 0 832.66 2747.92 

13 3064.55 2875.47 0 342.30 3217.77 

14 3547.68 3342.63 0 382.43 3725.06 

15 3813.94 2630.94 0 1373.69 4004.63 

16 3957.74 1352.04 0 2803.58 4155.62 

17 4027.26 426.19 0 3802.43 4228.62 

18 3781.38 93.06 0 3877.38 3970.44 

19 3427.77 13.89 0 3585.26 3599.15 

20 2976.17 1.32 0 3123.65 3124.97 

21 2550.68 0.28 0 2677.90 2678.18 

22 2149.96 21.93 0 2235.52 2257.45 

23 1783.91 456.42 0 1416.68 1873.10 

24 1465.44 1876.95 338.24 0 1538.71 
 

Where PC represents the power needed to operate the poultry house, PW represents power 

generated by the wind turbine, PE is the extra power generated by wind turbine that not used by 

consumers, PG is the power generated by gas turbine, and PA is power availability to customer. 

TABLE 3.2 shows the amount of electricity we need from the gas generation, the extra 

power generated by wind turbine that not been used by the consumers and considered a total lost. 
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Figure 3.10. RPC microgrid distributions 

Figure 3.10 compare the available power and needed power by the poultry farm after 

applying RPC. Also, shows the available power with 10 minutes power estimation disturbance 

control and extra margin of 5 % from needed power by the consumers. 

3.7 Conclusion 

Uncertainty of production and consumption in wind energy are very important factor in the 

energy output of gas turbine and a wind farm. This research presents a method using a robust 

control in a smart grid system. This method helps delivering and optimizing electricity derived 

from gas turbines and wind turbines through joint control centers. This research details a design 

for a robust controller to govern energy output and provide consistent energy to the consumer 

despite production uncertainty.  
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CHAPTER 4 

MULTI ELEMENTS SYSTEM WITH STORAGE  

 

4.1 Multi Elements 

The main focus of this research features multiple consumer, multiple wind turbine, and 

utilizing extra power when introducing bulk energy storage. Furthermore, this research will assess 

and measure individual elements and the overall smart grid. 

The recent advances in technology pertaining to the generation of power and information 

technologies has positively altered the modern electricity supply system, making it possible to 

conform to the with higher productivity of energy and sustainability standards. The evolving trend 

of smart grids is presenting power grid intelligence to successfully augment resource usage. It is 

necessary to acquire a sufficient amount of information about the grid procedure combined with 

other background data such as environmental influences, then intellectually adjust the behavior of 

the system elements accordingly in order for this intelligence to be effective. This chapter will 

present a multi-element system design for simulated power plants, as well as a new power plant 

perception where generation no longer ensues in big installations, but instead is the outcome of the 

support of smaller and more intelligent elements. Rather than only being fixated on controlling the 

various elements, the design proposal also contains a set of agents implanted with artificial neural 

networks for combined projecting and separate energy demand of domestic end-users, the 

outcomes of which are also revealed in this chapter. 

Based on maximum power consumption and total storage capacity, we can determine and 

control the optimum wind farm size. 
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4.2 Compressed air energy storage (CAES) 

When providing electricity to the market, the power industry faces enormous challenges 

due to it being volatile and unstable. The most noticeable problem results from the immediate 

matching of electricity with supply and demand. At any given moment power is in demand and 

therefore power must be produced, and when power is created it must be consumed. Energy storage 

is a useful solution to disband the production and demand association. Energy storage is able to 

infiltrate some of the complications like low consumption of power plans, transmission 

decongestion, and postpone transmission and substation upgrades. Energy storage is merely seen 

as a depot that consumes the energy at low demand phases and improves high demand capacities 

during peak phases. This unsophisticated generalization misses many of the benefits that bulk 

storage can offer to the industry. Disbanding the association between rapid production and 

demand, resources like supplies, power plant lifespan, and transmission upgrade suspensions will 

result in enhanced conditions and permit energy to work in different economical situations within 

the market. 

The compressed air energy storage system (CAES) is one of oldest machineries for 

hoarding mass amounts if utility-scale energy. The CAES thermal model harbors an energy 

recovery system that contains the results of the exergy evaluation for the mechanisms of the system 

and its performance, as well as supplementary economic issues that are related. The results 

illustration that with the energy recovery element, CAES can deliver roundtrip productivity that is 

near to 80 percent. The exergy extinguished in the turbomachinery contributes to 80 percent, and 

the residual is due to heat loss from the cavern, oil tanks, as well as the energy that escapes through 

the exhaust air. Established on the existing information that pertains to the capital and energy 

storage costs which account for the round-trip productivities, it is estimated that the simple 
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reimbursement for CAES is suggestively (5 to 25 years). Uninterrupted use of the power from the 

wind turbine transported to the compressors can increase the roundtrip productivities close to 82 

percent for CAES. 

Considerably sized utility scale energy storage systems deliver significant benefits to 

electric power systems, including load following, climaxing power and standby reserve. Through 

providing spinning reserve and a contactable load, energy storage can significantly boost the net 

productivity of thermal power sources, decreasing their emission of detrimental pollutants. 

Theoretically more imperative is the role of energy storage in upcoming renewable energy 

systems. Many renewable electricity sources, such as wind and solar photovoltaic are unattainable 

during prolonged periods of time. It is commonly believed that no more than 20% of a region’s 

demand can be provided by erratic renewables without energy storage [65]. Energy storage allows 

erratic sources to provide attainable grid service and may be a crucial feature of a de-carbonized 

electric industry.  

4.2.1  Electricity Storage Services and Benefits 

Smart grid energy storage used to store electric energy, is accessible during periods when 

production from renewable electricity sources, such as wind energy, surpasses consumption. On 

the other hand, storage energy can supply and return to the smart grid during phases of peak 

demand when production plunges lower than consumption. 

CAES is the only marketable mass energy storage plant existing today. There are two 

operative systems of CASE, which are first generation and second generation. Second-generation 

CAES has lower fixed costs, higher effectiveness, and quicker construction time than the first-

generation systems. 

CAES holds high-pressure compressed air that is stowed in concealed underground caverns 
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or above the ground in storage containers such as: high-pressure pipes or tanks. When above 

ground CAES would usually be undersized compared to those plants with underground storage, 

and with capacities of 3 to 50 MW and ejection times of 2 to 6 hours. Underground CAES storage 

are most cost-efficient with storage capacities up to 400 MW and ejection times of 8 to 26 hours. 

There are a few types of air storage vessels, based on the thermodynamic environments of the 

storage and on the technology chosen which are, constant volume storage (e.g. solution mined 

caverns, aboveground vessels) and constant pressure storage (e.g. underwater pressure vessels, 

hybrid pumped hydro) [66]. 

CAES is capable of supplying fully obtainable power, which means that the system is 

capable of increasing and decreasing its productivity to meet unpredictable customer demands with 

high sustained round trip efficiency (~80%). This elasticity is a foremost benefit for support to the 

smart grid. To give emphasize to the ejection of wind-CAES for power based on wind. Wind has 

a subtle, yet stable, short run marginal. The changeability of wind suggests that it is incapable of 

delivering strong power at similar capacity aspects (~70-90%) without some form of backup 

generation. The baseload power is made up of wind power plus dispatchable backup generation. 

CAES is chosen as backup due to its fast ramping rates and worthy efficacy that are well suited to 

balance the RPC fluctuations [66]. 

4.2.2  Round-Trip Efficiency 

A CAES motivated by wind energy will be contrasted to other electrical storage 

possibilities that might be considered for wind backup. CAES is habitually characterized by a 

roundtrip electrical storage efficiency ηRT defined as: 

  ηRT = (electricity output)/(electricity input) (4.1) 

For distinct natural gas power systems, CAES roundtrip productivities are in the range of 
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77-89%. An exergy study of standard CAES systems shows that 47.6% of the fuel energy input is 

converted into electrical work [67]. For this amount of the thermal productivity, the roundtrip 

productivity is 81.7% [68]. We can determine and control the ideal wind farm size based on the 

maximum power consumption and total storage amount. 

4.3 System Limitations 

To claim a smart grid will be self-restorative and immune to attacks, is simply self-deceptive. 

Reaching the smart grids capacity in favorable circumstances is possible, but designs break and in 

time would limit the distance to how far a system can be reprogrammed remotely. The profound 

capability of revolutionizing electrical transmission, distribution, metering, billing and so on is 

remarkable. However, it must be comprehended that occasional mischief-makers, persistent 

assailants or political actors will use this advantageous entry point to either deceive or attack end-

point operators, power generators or conspire to hinder assets associated with the grid. 

Subsequently, based on maximum power consumption and total storage amount, we can 

determine and control the ideal wind farm size and limitation. 

 The optimal functional capacity to the system: 

PGc ≥ PCm → Continuity constraint 

 Maximum wind turbine capacity: 

PWc ≤ PCm + PST max → Optimal wind turbines setup 

 Minimum Wind Turbine Capacity: 

PWc ≥ PCm - PST min → Minimum gas turbine usage 

Where PGc represents the gas turbine capacity, PCm is the maximum power needed by 

consumers, PWc represents the capacity of power generated by the wind turbines, and PST 

characterizes the maximum and minimum total stored power capacity. 
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4.4 Case Study 

The extra power in previous example was not utilized when there was shortage in wind 

power generation. In this case study the extra power can be stored to be redeemed when needed 

prior to engaging gas turbine. Stochastic consequence and required power estimation with 

disturbance control of multi elements and storage service are considered in this case study. 

Energy plays a crucial role in manufacturing production. In a typical industry, energy is 

used for several applications; most importantly for lighting, heating, ventilation and cooling, and 

running electric motors for feed lines. The proposed method of the RPC will be demonstrated by 

case study involving four consumers, thirty wind turbines and a gas turbine, and storage as shown 

in figure. 8. 

 

Figure 4.1. RPC Case network design 

 

The energy consumption of a multiple consumers varies over time. For example, consumer 
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No. 1 assumed to use a lighting scheme that ranges from 24 hours of light per day for the first 5 

days and the last week of a cycle, to 14 hours of light per day for about 7 days with minimum 

consumption of 2 MW and maximum of 10 MW per hour. Also, temperature does effect electricity 

consumption. Consumer No. 2 has a minimum consumption of 4 MW and a maximum of 10 per 

hour. Consumer No. 3 has a minimum consumption of 0 MW and a maximum of 12 MW per hour. 

Consumer No. 4 has a minimum consumption of 0 MW and a maximum of 5 MW per hour. 

Therefore, the total minimum consumptions are 6 MW and a maximum are 36 per hour.  To 

illustrate electricity consumption could triple at afternoon. On the other side, the maximum total 

output of wind turbines assumed to be 60 MW per hour with 30 turbines, each turbine has the 

capability of producing 2 MW per hour as maximum.  Wind turbines do vary depending on the 

wind's speed. This case study considers a backup CAES bulk energy storage with 50 MW capacity 

and gas turbine that can produce power up to 40 MW per hour. 

The roundtrip efficiency in CAES bulk energy storage that been applied assume to be 80 

percent. To maintain continuity in CAES bulk energy storage the maximum and minimum 

operational level are considered with margin of 10 percent of its total capacity.  

As a first step, we can define the mean and standard deviation of each hour from the system 

parameters. For the purpose of this case study, data has been simulated for one day. The table 

below shows the power needed to cover the consumer’s demands and generated by wind turbines 

over one-day in hourly basis. 

  



53 
 

TABLE 4.1 

RPC CASE WIND TURBINE MICROGRID 

Time PC PW PE PS PSR PST PG PA 

1 2.25 1.94 0 0 0 5.00 0.42 2.36 

2 1.71 3.16 1.45 1.09 0 6.09 0 1.80 

3 1.39 5.08 3.69 2.90 0 8.99 0 1.46 

4 1.19 7.12 5.93 4.7 0 13.69 0 1.24 

5 1.20 8.49 7.29 5.78 0 19.47 0 1.26 

6 1.42 9.83 8.40 6.67 0 26.14 0 1.49 

7 1.75 9.37 7.62 6.03 0 32.16 0 1.84 

8 2.40 8.57 6.18 4.84 0 37.01 0 2.52 

9 3.27 6.64 3.38 2.57 0 39.58 0 3.43 

10 4.56 5.59 1.03 0.64 0 40.22 0 4.79 

11 5.96 6.28 0.31 0.01 0 40.23 0 6.26 

12 7.70 10.37 2.68 1.83 0 42.06 0 8.08 

13 9.52 16.41 6.90 5.14 0 45.00 0 9.99 

14 11.29 20.18 8.89 6.66 0 45.00 0 11.85 

15 12.75 14.93 2.18 1.23 0 45.00 0 13.39 

16 13.40 7.69 0 0 6.38 38.62 0 14.07 

17 13.19 2.59 0 0 11.26 27.36 0 13.85 

18 12.25 0.51 0 0 12.35 15.00 0 12.87 

19 10.97 0.07 0 0 10 5.00 1.44 11.51 

20 9.35 0.01 0 0 0 5.00 9.81 9.82 

21 7.46 0 0 0 0 5.00 7.83 7.83 

22 5.76 0.12 0 0 0 5.00 5.92 6.04 

23 4.14 2.68 0 0 0 5.00 1.66 4.34 

24 3.08 10.39 7.31 5.73 0 10.73 0 3.23 

 

Where PC represents the power needed by consumers, PW represents power generated by 

the wind turbine, PE is the extra power generated by wind turbine that not used by consumers, PS 

the stored power, PSR the power redeemed from the stored power, PST the total stored power, PG is 

the power generated by gas turbine, and PA is power availability to customer taking in account a 5 

percent additional power margin for system robustness.  

To illustrate, the first hour is the power needed by the consumers, which is 2.25 MW, and 

power generated by the wind turbines is 1.94 MW. This means the wind turbines are not able to 

cover required power to cover the consumers demand and there was no redeemable power in CAES 
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system. Therefore, 0.42 MW was generated by gas turbine. Whereas, in the second hour the power 

generated by wind turbines cover the needed power by consumers with additional power to be 

stored. The extra power is accumulated in the following eight hours. In the 11th hour, consumed 

power exceeded the generated power that will be fulfilled by redeeming the shortage from stored 

power instead of gas turbine. 

Fig. 4.2. shows the available power with 10 minutes’ power estimation disturbance control 

and extra margin of 5 % from needed power by the consumers. Fig. 4.3. shows the power gendered 

by wind turbines and power generated by gas turbine. Fig. 4.4. shows the stored power and the 

power redeemed from storage (storage input and output). Fig. 4.5. shows the total stored power. 

 

Figure 4.2. RPC microgrid distributions PC and PA 
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Figure 4.3. RPC microgrid distributions PW and PG 

 

Figure 4.4. RPC microgrid distributions PS and PSR 
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Figure 4.5. RPC microgrid distributions PST 

The RPC setup shown in fig. 4.1. could reduce the need of gas turbine generation to 

minimal. Thus, more green power utilized and cost is reduced accordingly. The RPC design is 

very beneficial when controlling the microgrid. Smart grids and microgrid cannot be fully efficient 

without the extensive use and evolution of the control technologies at every level. This case study 

valuable contribution is to effectively introduce and enhance the perceptions of the robust control 

system consistently to enhance the acceptance of the compressed air energy storage (CAES) in 

smart grid. There are various types of control systems. nevertheless, they all have advantages and 

disadvantages, they are not ideal and effective enough when dealing with the variations between 

wind turbine and gas turbine, as well as the supply and demand variations of energy for consumers. 

The open-loop system would not be ideal for such operations due to a couple factors. The first 

factor being that it is unable to automatically change the variation of output. This is a challenge 

since the relationship between wind turbine and gas turbine is unstable. Therefore, needs a constant 
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supply of energy to handle such variations. Another challenge is that the energy consumption for 

consumers is volatile and needs a control system that is able to handle rapid variations. Although 

an open-loop control system can change variation if done manually, it is unable to do be done 

automatically. Since these variations are rapidly changing. It is ideal to have a control system that 

can change variations automatically at any given time. 

4.5 Conclusion 

In this chapter the multi-element system design for a smart grid was introduced. The 

proposed design focuses on controlling different elements and also includes a set of agents that 

will collaborate in order to forecast disaggregated energy demand of domestic end users. This 

chapter has also discussed bulk energy storage options and the various benefits. Bulk Energy 

Storage is a qualifying step for providing excellent quality and affordable energy to consumers. 

Energy storage will be a noteworthy topic in future discussions, as the growing tension on smart 

grid becomes widespread, and the necessity of clean energy solutions increases. CAES provides a 

mechanically simple and reliable means to achieve the market need. Through its innovative 

advances, CAES becomes a competitive design in roundtrip efficiency, as well as a competitive 

force in areas that do not have a geographic advantage. CAES storage can provide a round trip 

efficiency that reaches up to 80%, thus satisfying the industry standard. This high roundtrip 

efficiency provides numerous benefits including avoided peak costs, zero emissions for utilities, 

and an economic means in purchase sale markets. Lastly, this chapter discussed the system 

limitations within the smart grid. The smart grid is not 100% self-healing or attack resistant and is 

susceptible to attack by pranksters, nation-state actors, or any other entity who wants to attack the 

end-point users or disable assets connected to the grid. Therefore, it is important to limit how far 

a system can be reprogrammed remotely.  
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CHAPTER 5 

 

CONCLUSIONS AND FUTURE WORK 

5.1 Summary 

In summary, this study introduced an innovative robust optimization design methodology 

to acquire a model of a smart grid system, and confirm its robustness. Attention has been fixated 

on the consistent connection amongst a wind farm and the gas turbine with mass energy storage 

linked to the system. 

RPC can be used to acquire a cost-efficient system design of wind turbine microgrid and 

smart grid to diminish the functional dissimilarity of a system without abolishing the foundations 

of dissimilarity. As the smart grid system is exposed to changes at all times, this specific work was 

based on stochastic methods. Since the supply and demand of wind energy is volatile, it is essential 

for the relationship between a gas turbine and a wind farm to uphold a continuous energy output 

for the consumer. 

The physiognomies of the controller’s communication with the wind farm was 

demonstrated, and the wind farm power system has been studied. The response regulator trims 

down the effects of volatility by keeping the production at the favored rate and the undesirable 

response decreases the variations of outputs by varying the inputs. A case study was examined 

with mathematical results were shown and replicated to come to a conclusion. 

5.2 Conclusions 

This dissertation presented the notion of service level rates, estimate disruption control, 

robustness, and dependability in smart grid systems. Correspondingly, it established a measurable 

design for these notions. These measurable designs are beneficial in determining the effectiveness 
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of the system.  In addition, the research verified the use of these measurable models in designing 

the RPC. 

Furthermore, the goal of this dissertation was to present ground-breaking smart grid system 

operational procedures and design approaches to successfully address and evaluate the challenges 

of RPC design under insecurities and instabilities. This research has well-defined, accomplished, 

and discoursed four research complications within the five main chapters. These chapters have 

evaluated the existing associated methods of the proposed complications within the concentrations 

of this dissertation. Up-to-date literature pertaining to smart grid ambiguity, electrical control, 

renewable energy, and smart grid design optimization have also been careful reviewed.  

 In chapter one, the history behind energy sources was disclosed as well as why there is an 

imminent need for smart grid systems. Throughout history energy has been obtained by burning 

fuel and converting it into energy causing detrimental effects on our environment. With technology 

advancing further, we are now able to provide energy in a much more convenient and 

environmentally friendly way. A renewable energy system based on microgrid design using RPC 

has been developed. As previously stated, this design has been considered with a high amount of 

efficiency and cost effective energy storage that can assist in integrating intermittent renewable 

power sources and building necessary control systems that allow consumers to use energy more 

efficiently, which may enhance the reliability of electricity supply. This chapter also 

acknowledged the development of generic methods in order to assist and assess the complex smart 

grid system design and analysis considering different types of uncertainty aspects as the main 

objective of this research 

 Chapter 2 introduced the work of previous engineers who worked on previous models and 

the different challenges they were faced with., mainly discovering all they were doing was singular 
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perturbation. The smart grid was emphasized on and provided a detailed explanation as to how it 

operates. Smart grids have inadvertently found their way into homes, businesses, power plants, 

and wind farms. This technology has offered numerous benefits to consumers and utilities and the 

application of the smart grid has impacted both the economic and technical part of the project. One 

the benefits involving smart grids is the use a renewable energy, these energy resources are those 

that are in abundance and naturally refill. Sources for renewable energy include wind, solar, 

hydroelectric, and geothermal. These sources are much cleaner and affordable when compared to 

oil, coal, or natural gas, all of which are classified as finite sources, meaning they don’t renew at 

a fast-enough rate to be classified as renewable and therefore will run dry from excess use before 

they have a chance to develop.    

Chapter 3 presented an innovative robust design optimization procedure to derive designs 

of entity service level rates in order to satisfy the power obligation of the system and to confirm 

its power robustness and availability. Correspondingly, chapter 3 provided an examination of the 

uncertainty influence introduced by system members on the toughness of overall smart grid 

performance. It strongly fixated on sustaining RPC at each step in the power availability.  

An innovative methodology to decrease the impact of uncertainty and RPC reliability, 

power availability, and robustness were introduced as another way to perform RPC analysis and 

control design 

Chapter 4 focused on the elements being fixated on and were stated as multiple consumer, 

multiple wind turbine, as well as utilizing extra power when introducing bulk energy storage. The 

electricity industry faces many challenges due to vitality and instability within the market. One 

major solution is compression air energy storage, also known as CAES. This type of energy storage 

allows us to infiltrate problem areas like low consumption of power plants, transmission 



61 
 

decongestion, and to post pone unnecessary transmission and substation upgrades. Thus, 

disbanding the associative problems between rapid production and demand. Although CAES is 

one of the oldest machineries used to hoard large amounts of utility-scale energy, it is also most 

beneficial and requires a few improvements to improve energy productivity while lowering the 

amount of energy being lost during the process. As I have stated previously, the energy recovery 

element can allow the CAES to deliver roundtrip productivity that is almost 80 percent, and has a 

reimbursement rate of 5 to 25 years. Finally, this chapter has also implicated the risks associated 

with the use of smart grid technology, as with any risk while using technological components. 

However, there are ways to avoid such risks and smart grids will remain most beneficial. 

The suggested method of the RPC demonstrated a challenging study considering a multi-

elements dynamic case study. The power produced by wind turbines should be sufficient enough 

to cover the necessary power needed by the consumers at all-times taking into consideration the 

delay and stability challenges that may transpire. The main focus of this research emphasizes on 

multiple consumer, multiple wind turbine, gas turbine, and utilizing extra power when introducing 

bulk energy storage. Furthermore, this research has successfully assessed and measured individual 

elements, as well as the overall smart grid. 

5.3 Future Work 

There are many more studies that still can be considered for controlling smart grid systems. 

Doubts about system constraints can be included as additional system uncertainty. The control 

design can be considered for system stability examination. In addition, additional research can 

study system and communication interruptions and study their effect on system stability and 

optimal design.  
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In order to continue to enhance optimization techniques, future work from this research 

must continue. Supplementary methods such as genetic algorithms to determine quicker 

resolutions should be tried. The concept of dependability, resiliency, and robustness can be spread 

to power supplier selection and transmission selection.  The same notions that were useful in the 

power supply could easily be revised and applied to power supplier dependability and elasticity, 

and hence would be useful in determining the most resilient and robust. Likewise, these notions 

could be modified to determine the most resilient transmissions. 

The notions of robustness, resilience, and reliability could similarly be applied to the 

investigation and evaluation of power generation and transmission within system elements. A 

procedure for developing a cost-effective robust and resilient dynamic real-time worldwide smart 

grid system to overcome faltering effects and uncertainty with the lowest cost achievable could be 

recognized by employing all of these methods. 
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