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GLOSSARY 

 

Ancillary services (AS): this term, sometimes called frequency and voltage AS, is 

defined as any action taken by the utilities in order to maintain the frequency and voltage 

of the delivered power at the pre-defined standard range. 

 

Automatic generation control (AGC): it is a significant and important control 

process that operates constantly to balance generation and demand in power systems at a 

minimum cost, and is responsible for frequency control and power interchange, as well as 

economic dispatch.  

 

Capacity credit: it is the level of conventional generation that can be replaced with 

wind generation.  

 

Capacity‎factor:‎it‎is‎the‎ratio‎of‎a‎power‎generation‎resource’s‎actual‎output‎over‎

a period of time, to its potential output. 

 

Demand response (DR): this term has been defined by the U.S. DOE as any 

changes in electric usage by the end-use customers from their normal consumption 

patterns in response to change in the price of electricity over time, or to incentive 

payments designed to induce lower electricity use at times of high wholesale market 

prices or when system reliability is jeopardized.  

 

Demand side management (DSM): this term is used to describe the actions of a 

utility, beyond the customer's meter, with the objective of altering the end-use of 

electricity, whether it be to increase demand, decrease it, shift it between high and low 

peak periods, or manage it when there are intermittent load demands, in the overall 

interests of reducing utility costs. In other words, DSM is improving the efficiency of 

various end-uses through better housekeeping correcting energy leakages, system 

conversion losses, etc., developing and promoting energy efficient technologies, and 

demand management through adopting soft options like higher prices during peak hours, 

concessional rates during off-peak hours seasonal tariffs, interruptible tariffs, etc. 

 

Direct‎load‎control‎(DLC):‎any‎direct‎actions‎on‎the‎customers’‎loads‎that‎can‎

interrupt load for a certain period of time by consumer premises. 

 

Dispatchability: it refers to sources of electricity that can be dispatched at the 

request of power grid operators; that is, generating plants that can be turned on or off, or 

can adjust their power output on demand. 

 

Distributed energy resource (DER): small-scale power generation technologies 

(typically in the range of 1 kW to 10,000 kW) used to provide an alternative to or an 

enhancement of the traditional electric power system. 
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GLOSSARY - CONTINUED 

 

Federal energy regulatory commission (FERC): the U.S. federal agency with 

jurisdiction over interstate electricity sales, wholesale electric rates, hydroelectric 

licensing, natural gas pricing, and oil pipeline rates. 

 

Intermittency: it means a power resource is unintentionally stopped or 

unavailable, and is frequently used as variability. 

 

Load Factor: it is the ratio of the average or actual amount of load and the 

maximum possible over a day. 

 

Load frequency control (LFC): this term relates generation control to power 

system frequency regulation as a supplementary frequency control and is a major 

function of AGC ‎[52]. The LFC model is referred to as the small-signal stability model of 

the power system at transmission level which has been widely used for controller design 

and stability analysis in the power systems. 

 

Microgrid (MG): a MG is a regionally limited energy system of distributed energy 

resources, consumers and optionally storage which is designed to work in both grid-tied 

and islanded modes. MG is known as an important technology to ascertain the smart grid 

goals. 

 

Monthly peak hour demand:  maximum load during an integrated specified hour 

of time for the month of greatest electrical generation during the winter season 

(December-February) and summer season (June-September), respectively. Or, for each of 

the twelve calendar months. 

 

North American electric reliability corporation (NERC): a not-for-profit 

international regulatory authority whose mission is to ensure the reliability of the bulk 

power system in North America. 

 

Net energy for load: net generation of main generating units that are system-

owned or system-operated, plus energy receipts minus energy deliveries. 

 

Net internal demand: represents the system demand that is planned for by the 

electric power industry's reliability authority. 

 

On-peak hours: it is the period of time when load demand is relatively high which 

varies geographically, seasonally, monthly, and based on workdays and weekends. 

 

Peak load: maximum load during a specified period of time. 
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GLOSSARY - CONTINUED 

 

Planned (net) capacity resources: it represents existing net generator capacity plus 

the addition and subtraction of capacity that either enters or leaves the region via 

purchases, sales, ownership, or entitlements. 

 

Power system stability: it is the ability of an electric power system, for a given 

initial operating condition, to regain a state of operating equilibrium after being subjected 

to a physical disturbance. 

 

Regulation services: it corrects short-term changes in generation and demand 

which affect the stability of the power system. 

 

Smart grid: it is defined as a smarter grid with less centralized and more 

customer-interactive capabilities, enabling new products such as nationwide use of plug-

in hybrid electric vehicle, allowing seamless integration of RES such as wind and PV, 

ushering in a new era of consumer choice and response, exploiting the use of green 

building standards, and making large-scale energy storage a reality.  

 

Variability: it means a power source may exhibit undesired or uncontrolled 

changes in output.  
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ABSTRACT 

 

Future power systems (known as smart grid) will experience a high penetration 

level of variable distributed energy resources to bring abundant, affordable, clean, 

efficient, and reliable electric power to all consumers. However, it might suffer from the 

uncertain and variable nature of these generations in terms of reliability and especially 

providing required balancing reserves. In the current power system structure, balancing 

reserves (provided by spinning and non-spinning power generation units) usually are 

provided by conventional fossil-fueled power plants. However, such power plants are not 

the favorite option for the smart grid because of their low efficiency, high amount of 

emissions, and expensive capital investments on transmission and distribution facilities, 

to name a few. Providing regulation services in the presence of variable distributed 

energy resources would be even more difficult for islanded microgrids.  

The impact and effectiveness of demand response are still not clear at the 

distribution and transmission levels. In other words, there is no solid research reported in 

the literature on the evaluation of the impact of DR on power system dynamic 

performance. In order to address these issues, a real-time demand response approach 

along with real-time power management (specifically for microgrids) is proposed in this 

research. The real-time demand response solution is utilized at the transmission (through 

load-frequency control model) and distribution level (both in the islanded and grid-tied 

modes) to provide effective and fast regulation services for the stable operation of the 

power system. Then, multiple real-time power management algorithms for grid-tied and 

islanded microgrids are proposed to economically and effectively operate microgrids. 

Extensive dynamic modeling of generation, storage, and load as well as different 

controller design are considered and developed throughout this research to provide 

appropriate models and simulation environment to evaluate the effectiveness of the 

proposed methodologies. 

Simulation results revealed the effectiveness of the proposed methods in 

providing‎ balancing‎ reserves‎ and‎ microgrids’‎ economic‎ and‎ stable‎ operation.‎ The‎

proposed tools and approaches can significantly enhance the application of microgrids 

and demand response in the smart grid era. They will also help to increase the penetration 

level of variable distributed generation resources in the smart grid. 
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CHAPTER 1 

 

 

INTRODUCTION  

It has been over 120 years since the first full AC power system was demonstrated 

in Great Barrington, Massachusetts in 1886 by William Stanley ‎[1.1]. Since then, 

electricity has become the number one source of energy for industry, commercial, and 

residential applications, and recently has been used extensively for transportation. The 

increase in consumption essentially resulted in larger power system with more 

complexity in terms of generation, consumption, observation, and control. Today, the 

North American power system is the largest man-made machine on earth with four 

interconnections that include 10 regions in U.S. and Canada, as shown in Figure ‎1.1. This 

large infrastructure has served the two countries for over 120 years and has been 

considered‎as‎the‎most‎“supreme‎engineering‎achievement‎of‎the‎20
th
 century”‎‎[1.2].  

 

 

Figure ‎1.1. North American electrical grid interconnections, including the 10 North 

American Electric Reliability Corporation (NERC) regional reliability councils ‎[1.3]. 
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In the past century, electricity has steadily evolved from a scientific curiosity to a 

luxury‎of‎the‎wealthy,‎and‎now‎to‎a‎modern‎necessity.‎In‎today’s‎culture,‎electricity‎is‎a‎

vital part of functioning of a society. It is the primary source of energy for the most end-

use applications outside of transportation and heating. Electricity is essential for 

economic prosperity, national security, and public health and safety. However, one only 

needs to consider the consequences of a relatively short power outage, which can result in 

billions of dollars of loss. This is how power-dependent our society has become and how 

vulnerable the current electrical system is.  

In 1940, 10% of energy consumption in America was used to produce electricity 

and this fraction reached 25% in 1970. Today, more than 40% of the energy produced is 

used to generate electricity ‎[1.2]. The current design, which has evolved around the 

original electrical system, no longer can effectively and efficiently sustain the modern 

electrical demand in modern societies. This requires necessary action to modernize our 

current power system to address the needs of the future generations. This mission has 

been‎ formulated‎ as‎ the‎ “smart‎ grid”‎ concept:‎ it‎ applies‎ technologies,‎ tools,‎ and‎

techniques available and under development to make the grid more efficient, accessible, 

affordable and reliable ‎[1.2], ‎[1.4].  

This chapter attempts to broadly explain the status of the current power system 

and to introduce new technologies to overcome the existing problems and build a smart 

grid. The necessity of smart grid, the technology and ideas which drive smart grid 

development and implementation, alternative solutions to the smart grid and their pros 

and cons, and the state-of-art of the technologies will be explained in depth in this 



3 

 

 

 

chapter. The focus of this dissertation, its merits and contributions to the smart grid, are 

presented in the flowing chapters. 

Background 

In the early days of power system development, there was only small, 

autonomous (or islanded) grids electrifying a small area for mostly residential 

applications. However, increasing load demand, new electrical gadgets, and industrial 

applications of electricity over the past century drove the local grids to grow in size and 

complexity. Eventually, interconnection of the small autonomous grids was unavoidable 

for economic and reliability reasons. By the 1960s, the electric grids in developed 

countries had become very large, mature and highly interconnected, with thousands of 

central generation power stations delivering power to major load centers via high 

capacity power lines (i.e., transmission system). Then, the transmission systems were 

branched out and divided to provide power to smaller industrial and residential customers 

over the entire supply area. Consequently, the topology of the 1960s grid was an outcome 

of the strong economic growth of the United States and Canada at the time. Large coal-, 

gas- and oil-fired power stations in the 1-3 GW scale were built. These power stations 

were mostly, localized strategically close to the fossil fuel reserves. The very polluting 

fossil fuel-fired power stations were located, as far as economically and technically 

possible, far from population centers. Hydro-electric dams were developed in 

mountainous areas, and nuclear power plants were built near water reserves for cooling 

purposes. By the late 1960s, the electricity grid reached the majority of the population in 

the developed countries.  
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Currently, the North American power system consists of more than 9,200 electric 

generating units with more than 1,000,000 MW of generating capacity. The system is 

connected to more than 300,000 and 1,000,000 miles of transmission and distribution 

lines, respectively ‎[1.4], ‎[1.5]. Approximately, 120,000 people are directly employed at 

the generation level, while over 15,000 and 400,000 people are currently working in 

transmission and distribution sectors, respectively ‎[1.5]. In 2000, the North American 

transmission and distribution system were valued at US$358 billion, and the whole 

system was estimated to be worth over US$ 800 billion ‎[1.6]. This is an infrastructure 

that not only drives economic and technology innovation for the future but also employs 

hundreds of thousands of people directly. 

Generally speaking, the existing power system infrastructure has almost perfectly 

served the U.S. and Canada for over 100 years. Its development has initiated many 

critical technology and scientific achievements world-wide. Today, all economic and 

social progress relies on a trustworthy and efficient energy infrastructure; examples 

include secure and reliable banking and finance services that completely depend on the 

electricity availability, cable and wireless telecommunications, and transportation 

systems such as military and commercial aircraft or land and sea vessels, which rely on 

robust communication links and reliable electricity networks ‎[1.6]. Briefly speaking, the 

smart grid is more than just an electric power grid, it is evolving to be an infrastructure 

that links telecommunication, transportation, electric generation with oil, water and gas, 

and more.  

Within this paradigm, customer reliability expectations have grown with the 
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advancement of a persistently digital world that has evolved in vehicles, homes, offices, 

and industrial facilities. This demand has drastically increased grid congestion and power 

flow problems throughout the power system. While a secure and robust operation of these 

systems is critical, a large interconnected power system, like what exists currently, makes 

the whole world more vulnerable to local disruptions that can be presented by physical 

failure, natural disasters, intentional attack, or human error. Clearly the power system 

built in the 1960s cannot suitably provide for our future needs. The aging electro-

mechanical grid cannot keep pace with innovations in the digital information and 

telecommunications network where power outages and power quality disturbances cost 

the economy billions of dollars each year. In other words, a new paradigm shift requires 

drastic advances in the grid structures, generation resources, standards, policies, and 

approaches in planning and operations.  

To address this paradigm shift in the power system, 65 senior executives 

representing the electric utility industry, equipment manufacturers, information 

technology providers, federal and state government agencies, interest groups, 

universities, and national laboratories met on April 2-3, 2003 to discuss the future of 

North‎ America’s‎ electric‎ system‎ ‎[1.2]. The intent of this committee was to classify a 

national vision of the future electric system including generation, transmission, 

distribution, storage, and customers. The final vision articulated at that meeting is briefed 

as follows ‎[1.2]: 

“Grid 2030 energizes a competitive North American marketplace for electricity. It 

connects everyone to abundant, affordable, clean, efficient, and reliable electric power 
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anytime, anywhere. It provides the best and most secure electric services available in the 

world.” 

This was the start of a nation-wide effort to modernize power system to support 

national economy and security in the future; this is what has become known as‎the‎“smart‎

grid”. 

Existing Power Grid vs. Smart Grid 

To understand the significance of the smart grid, and the solutions it will offer to 

existing problems within the power system, a comparative study is presented in this 

section. At the beginning, a brief sub-section is devoted to define the smart grid and its 

features. Then, the existing problems in the power system are analyzed and presented 

with solutions offered by the smart grid.  

 

Definition and Features of the Smart Grid 

 

Although revolutionizing of the north American power system was announced 

publically in 2003 by U.S. DOE ‎[1.2], the‎ “smart‎ grid”‎ term‎ was‎ emerged‎ in‎ 2005.‎

However, its real origin goes back to 1998, published in an article in the IEEE Power and 

Energy Magazine ‎[1.7]. Since then, many definitions of smart grid have been given in 

different literature and scientific groups. The comprehensive definition of the smart grid 

is defined as a smarter grid with less centralized and more customer-interactive 

capabilities, enabling new products such as nationwide use of plug-in hybrid electric 

vehicle (HEV), allowing seamless integration of renewable energy sources (RES) such as 

wind and PV, steering in a new era of consumer choice and response, exploiting the use 
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of green building standards, and making large-scale energy storage a reality ‎[1.4]. Unlike 

today's grid, the smart grid will enable bidirectional flow of energy and uses two-way 

communication and control capabilities that will lead to a collection of new 

functionalities and applications. Additionally, customers will be actively involved in both 

the power generation and consumption, where they can produce power and sell it to the 

upper grid. Emerging storage technologies such as high-speed flywheel, supercapacitor, 

superconducting magnetic energy storage (SMES), Sodium-Sulfur (NaS) and flow 

batteries, and compressed air energy storage (CAES) will be widely applied to provide 

high quality power to every single customer. In general, reliability in the smart grid era 

will be ensured to degrees not possible in the past. In addition, cost of electricity is 

projected to be affordable and relatively cheap. Industries actively working on different 

smart grid technologies (such as renewable generation and storage devices, metering 

infrastructure, cyber security and large-scale data analysis, fast and reliable 

communications, etc.) will enhance all markets worldwide and convey a new level of 

global competitiveness. The potential for high penetration of renewable energies, in 

addition to increased efficiency from traditional power plants, will decrease the carbon 

footprint significantly. Moreover, the smart grid is envisioned as a resilient energy 

infrastructure against any physical and/or cyber-attack and natural disasters. This is 

projected to happen through more decentralized generation, advanced secure 

communication medium and protocols, real-time diagnosis and prognosis algorithms, and 

fast switching devices. Information technologies, new materials and high temperature 

superconductors, large-scale electricity storage, advanced power electronics, distributed 
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energy technologies, and advanced control methods to monitor essential components 

enabling rapid diagnosis, and precise solutions are considered to be other technologies 

that will drive the smart grid ‎[1.2]. The main features of the smart grid are summarized in 

Figure ‎1.2. 

Although each feature proposed for the smart grid addresses at least one issue 

related to the existing power system, some of these goals are conflicting and competing 

with each other. As an example, increasing the generation capacity by adding large-scale 

renewable generation units needs new transmission infrastructure because appropriate 

locations for renewables exploitation are usually far away from load centers. This will 

raise the required capital investment and result in cost of electricity increase for the 

customers. It will also increase the power losses which consequently decreases the energy 

efficiency. 

 

 

Figure ‎1.2. Different features envisioned for the smart grid. 
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The need to move from centralized power system to more decentralized power 

system structure in the smart grid era for improved system resiliency and self-healing, to 

achieve seamless integration of renewables in power systems, power quality, and demand 

response (DR) pushed the researchers and developers to find solutions in small-scale 

power system within the bulky system. This bridging technology is called microgrid 

(MG) and is expected to be a driving technology for broadening the smart grid 

implementation and acceptance in the future power system. A MG is a regionally limited 

energy system consisting of distributed energy resources (DERs), consumers, and 

optionally storage, controlled to maintain high quality, sustainable, and reliable electricity 

economically in grid-connected and/or off-grid (islanded) mode. Different features of the 

smart grid, shown in Figure ‎1.2 will also be considered in the MG design and 

implementation. MGs are excellent enhancement for the facilities with critical loads such 

as hospitals and military bases. Additionally, they offer economic benefits including 

revenues for the sale of energy and ancillary services, lowering of the demand charges, 

and load shifting from peak demand periods to lower usage periods. Also, it is expected 

that the MGs will be capable of accommodating significant amount of variable RES 

generations. 

Despite the benefits mentioned for the smart grid and MGs, there are several 

issues related to real-world implementation and controls which have to be addressed prior 

their vast utilization. These challenges will be discussed in details in the next sections. In 

the following sub-section, the existing power system issues and challenges will be 

reviewed and the solutions offered by the smart grid are presented. 
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Power System Infrastructure 

 

The power system infrastructure is the most visible part of the larger and growing 

U.S. energy crisis, which is the result of insufficient investments in the past several 

decades. The power system infrastructure can be structurally divided in three different 

levels: 1) generation, 2) transmission, and 3) distribution. In this section, the existing 

power system infrastructure will be compared with the one envisioned for the smart grid.  

 

Current Power System. In the vertically-designed power system of 1960s, the 

different levels work in series to deliver generated power to the individual customers 

(residential, commercial, and industrial). One major problem with this system is if one of 

the levels fails for some reason (such as component failure, terrorist attacks, vandalism, 

etc.), wide-area power outage can occur. Further, the infrastructure in the three levels is 

so old that their efficiency is very low.  

Regarding the generation infrastructure in the existing power system, the average 

power station was built in 1960s ‎[1.4]. Since then, generation capacity has relatively 

decreased while the load demand has consistently increased. As sown in Figure ‎1.3, only 

in 1986 and 1992 the installed generation capacity exceeded the load demand growth. 

This shows a chronic underinvestment at the generation level. It also implies that the 

majority of existing installed capacity operates with outdated technology. Inefficiency, 

undesirable emissions, higher cost of production, and unexpected outages are a few of the 

major issues related to the old generation infrastructure.  
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Figure ‎1.3. Installed generation capacity annual growth vs. load demand annual growth 

‎[1.8], ‎[1.9].  

Similar to generation, the transmission and distribution infrastructure are also 

suffering from underinvestment in facilities over the last 40 years. As an example, only 

668 additional miles of interstate transmission line have been built during 2000 to 2005 

‎[1.4]. Since 1982, growth in peak demand has exceeded transmission expansion by 

almost 25% every year ‎[1.4].  

 

 

Figure ‎1.4. Decrease in transmission investment in U.S. (billion US$) ‎[1.4]. 
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The decreasing trend in transmission investment is obvious in Figure ‎1.4, between 

1970 and 2000. As a result, most of the transmission lines are experiencing congestion 

which further decreases system reliability and efficiency, and increases operational cost. 

In a study performed at EPRI ‎[1.6], the infrastructure depreciation rate exceeded 

utility construction expenditures from 1995 to 2004 (Figure ‎1.5). Also, as shown in 

Figure ‎1.6, research and development (R&D) expenditure among power system utilities 

is less than 2%, which is the smallest investment compared to other industries. As a 

result, the network has become progressively stressed, where the carrying capacity or 

safety margin to support expected and unexpected demand is in question. In addition, the 

complex systems of generation and transmission used to relieve the stress or to clear 

disturbances during periods of peak demand are in a critical condition ‎[1.6]. This can 

result in a huge crisis for the power system infrastructure because of the amount of 

required capital investment from utilities in the near future. 

 

 

Figure ‎1.5. Utilities construction and depreciation expenditures from 1960 to 2000 ‎[1.6]. 
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Figure ‎1.6. R&D investments as percentage of revenue ‎[1.4]. 
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utility‎ knows‎ about‎ an‎ outage‎ in‎ many‎ areas‎ of‎ the‎ country‎ is‎ only‎ by‎ customers’‎ call‎

‎[1.4]. It is obvious that because of chronic underinvestment in power system 

infrastructure, lack of R&D investment, old technologies at different levels, and load 

demand increase, the integrity of the power system is in a great danger. This way, the 

distribution system cannot meet the expectations of the consumers in the future. It 

certainly needs renovation to keep up with changes in consumption and new capabilities 

required for the future society. So, broadly, the present power system needs major 
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affordability, cleanness and higher efficiency. Additionally, a complex interaction of 

devices is expected in the smart grid era, which needs distributed intelligence and smart 

control through complex real-time power management algorithms for its safe and 

economical operation. Furthermore, a revolution in the regulatory framework governing 

power system markets, both at the federal and state levels, is also necessary for the smart 

grid technology to loosen regulations and unleash competition in the power system ‎[1.2].  

The generation infrastructure is one of the first targets in the smart grid effort. 

Since load demand growth has been far ahead of the added generation capacity for so 

many years, as shown in Figure ‎1.3, incentives are necessary to encourage utilities to 

install new generation capacity. But this effort is not only limited to the utilities. In fact, 

each consumer in the smart grid is assumed to be a producer simultaneously, called 

prosumer ‎[1.10]. In other words, consumers will be encouraged to install residential 

DERs (such as solar photovoltaic (PV) panels) and small-scale storage devices to produce 

a part of their electricity on their own. This way, the customers may also be able to 

support the grid in peak hours by selling their excess generated power to the utilities as 

ancillary services. Technically, this is possible by using modern power electronic 

interfaces (PEIs) with more efficient and lighter PV modules.  

In terms of financial motivations, several subsidiary programs are offered at the 

federal and state governments in the U.S. Currently, a federal tax credit of 30% is offered 

to the residential and businesses who install PV ‎[1.11]. As an example of such programs 

at the state level, Burbank Water & Power in California provided a rebate program for 

commercial and multi-family residential to return $15,000-$30,000 to customers who 
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installed DERs, such as solar PV panels or wind turbine ‎[1.12]. Implementation of such 

programs resulted in over 186 MW of solar PV installation in the residential sector by the 

third quarter of 2013 ‎[1.13].  

In the utility scale, most states have passed their own renewable energy portfolio 

(Figure ‎1.7). This is a part of the smart grid effort to keep up with the load demand 

growth. These policies help to diversify primary energy resources for electricity 

generation and shift from fossil fuels such as oil, coal and natural gas to abundant, free, 

and clean energy sources such as wind and solar power. As a result of such programs, the 

amount of renewable generation has increased in the power system (Figure ‎1.8). As 

shown in Figure ‎1.7, a significant share of generation is projected to be from renewable 

resources by 2040. 

 

 

Figure ‎1.7. Renewable Energy Portfolio (RPS) standard policies ‎[1.14]. 

As an example in the third quarter of 2013, 930 MW of new PV capacity was 
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installed in the U.S., and the state of California was ranked first with 455 MW capacity 

‎[1.13]. In general the generation infrastructure is being renovated with not only added 

capacity, but also with larger amount of renewable generation. The centralized structured 

power system is gradually being replaced with customer oriented generation in smaller 

scales that are closer to the consumers. 

Technology selections for new generation capacity are based mainly on capital, 

operating, and transmission costs ‎[1.15]. Coal, nuclear, and wind plants are capital-

intensive (Figure ‎1.9). The capital cost of each technology depend on factors such as 

equipment costs, interest rates, and cost recovery periods, which are different from one 

technology to another.  

 

 

Figure ‎1.8. Added and projected additions to power plant capacity from 1985-2040 

‎[1.16]. 
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Figure ‎1.9. Levelized electricity costs for new power plants, 2020 and 2040 estimation 

(2011 cents per kWh) ‎[1.15]. 
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advanced conductors made from new composite materials and high temperature 

superconducting materials, is crucial for respectful land use concerns ‎[1.2]. Moreover, 

transforming the centralized power system structure to a more decentralized structure (by 

employing more DERs generation in residential and commercial sectors) will help to 

reduce the congestion on the transmission and distribution systems and postpone the need 

for new transmission and distribution infrastructure.  

As a result of the need for new transmission systems, more utilities have plans for 

new transmission infrastructure. Construction of new transmission lines in recent years 

has slightly‎increased.‎For‎example,‎Edison‎Energy‎Institute‎(EEI)‎members’‎year-over-

year transmission investment has nearly doubled from $5.8 billion in 2001 to $11.1 

billion in 2011 (real $2011) ‎[1.17]. This can be clearly seen in Figure ‎1.10.  

A new revolution for the distribution system is required in the smart grid era. In 

order to link the information technology revolution to that of the power system, AMIs are 

expected to be implemented at every level from individual customers to each of the 

components in the distribution network (transformers, capacitor banks and voltage 

regulators).‎ The‎ AMIs‎ installed‎ at‎ each‎ consumers’‎ building‎ will‎ reform‎ the‎ existing 

practices of load and generation balancing in the power system. Additionally, a protection 

concept in the distribution level will be added to make the reverse power flow possible by 

new relay coordinating algorithms and protection philosophies. Moreover, the concept of 

MG, as the most important driving technologies of the smart grid, will transform the role 

of distribution system for ancillary services (AS) providers and power system operators 

in the smart grid era. 
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Figure ‎1.10. Actual and planned transmission investment by shareholder-owned electric 

utilities (2001-2015) ‎[1.17]. 
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utilities were supposed to transmit power from generation to load centers reliably and 

economically as a non-competitive, regulated monopoly. The emphasis was on the 

reliability and security at the expense of economy ‎[1.6]. Additionally, there were national 

regulations in the areas of safety, pollution, and network reliability; these regulations 

have‎ constrained‎ utilities’‎ operation‎ to‎ some‎ degree.‎ Power‎ system‎ restructuring‎ and‎

deregulation in U.S. started in 1992 with the National Energy Policy Act (NEPA) bill 

‎[1.2], ‎[1.18]. This law permitted individual power producers to compete for the sale of 

electricity to utilities in an open electricity market. As a result, multiple energy producers 

have been created that must share the same regulated energy delivery network. 

Conventionally, new delivery capacity would be added to handle load increases through 

long-term planning, however, because of the difficulty in obtaining permits after 

deregulation and the uncertainty about achieving an adequate rate of return on 

investment, the annual addition to the transmission infrastructure fell behind the total 

load demand increase (Figure ‎1.3 and Figure ‎1.4).  

Another concern related to the power system deregulation is whether there is a 

unifying approach for the simulation, analysis, and optimization of time-critical 

operations. This applies to both financial transactions and actual system control, in this 

multi-scale, multi-component, and distributed systems. Furthermore, mathematical 

models of inter-operating networks are either imprecise or may not even exist, and 

existing, classical methods are either unavailable or are not sufficiently powerful ‎[1.6]. 

Therefore, optimal power system operation will be a necessary but complicated task in 

the deregulated power system without appropriate tools and mechanisms.  



21 

 

 

 

Smart Grid. Restructuring of the electricity industry in U.S. has been a difficult 

task over the past several years for a variety of reasons, but most significantly the degree 

of inter-governmental cooperation ‎[1.2]. In this uncertain situation, investors are always 

worried about cost recovery and future rates of return; this may account for the 

underinvestment in power system infrastructure, for independent power producers, power 

marketing entities, and investor-owned utilities. As a result, electricity restructuring is 

considered as the most significant public policy drivers ‎[1.2] and will be continued in the 

smart grid. 

Electricity restructuring can also drive some other features of smart grid. Because 

the core idea of power system deregulation is to make utilities compete against each 

other, they will be indirectly obligated to develop new products, such as new home 

energy management systems, or integration of renewable energy systems ‎[1.6]. In terms 

of renewable energy, deregulated markets create an environment, where each customer 

can show preference for renewable energy. In other words, customers will be aware of 

the source of electricity they purchase ‎[1.19]. In addition, generation and transmission 

capacities will be increased by the utilities in order to increase their revenue.  

To enhance competition in the smart grid era, a modern electricity market, 

applicable for the complex structure of the smart grid, is essential and is expected as a 

part of the smart grid program. This goal‎is‎reflected‎in‎the‎EPRI’s‎electricity‎technology‎

roadmap ‎[1.2], ‎[1.20], which can facilitate the implementation of deregulated electricity 

market involving customers, small electricity retailers, and producers. In addition to 

required regulations and policies for a successful power system deregulation program, 
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new simulation and planning algorithms must be developed.  

 

Reliability 

 

Reliable delivery of electricity is critical in our daily lives. In this section, the 

existing power system will be compared with the smart grid in terms of reliability.  

 

Current Power System. The existing power system is said to be 99.97% reliable. 

However, power outages and interruptions cost the United States US$150 billion each 

year; this breaks down to about US$500 per year for every individual ‎[1.2], ‎[1.4]. A 

comprehensive list of major power outages in U.S. until 2003 is given in ‎[1.6]. 

Power outages and interruptions also impose huge expenses for businesses. 

American businesses alone have an estimated US$100 billion in losses each year due to 

power outages ‎[1.4]. For example, in 2000, the one-hour outage that hit the Chicago 

Board of Trade resulted in an estimated US$20 trillion in trades delayed ‎[1.4]; Sun 

Microsystems‎ estimates‎ that‎a‎blackout‎costs‎ its’‎company‎US$1‎million‎every‎minute,‎

and the Northeast blackout of 2003 resulted in a US$6 billion economic loss to the region 

‎[1.4].  

In the last 40 years, five massive blackouts have occurred in U.S.; alarmingly 

three of them have occurred in the past nine years ‎[1.4]. The average outage affected 15% 

more customers from 1996 to 2000 compared to the similar events from 1991 to 1995 

(average size per event was 409,854 customers affected in the second half of the decade 

versus 355,204 in the first half), as shown in Figure ‎1.11.  
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Figure ‎1.11. Increasing frequency and size of U.S. power outages 100 MW or more 

(1991-1995 vs. 1996-2000), affecting 50,000 or more consumers per event ‎[1.6]. 

Further, the average undelivered load caused by an outage increased by 34%, 

from 798 MW between 1991 to 1995 to 1,067 MW between 1996 to 2000 ‎[1.6]. The 

primary causes of the most of the outage events were slow response time of the existing 

mechanical switches, lack of real-time automated analysis of the system, weak 

observations of the power system, and lack of situational awareness on the side of the 

grid operators ‎[1.6]. Other potential factors include the chronic underinvestment in 

generation and transmission infrastructure, as well as the poor visibility of the current 

power system components with lack of fast analyzing and restoration algorithms for bulk 

power system operation. 

 

Smart Grid. It is clear that reducing the size and number of power outages will 
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the smart grid to elevate the reliability of the power system. One major problem with the 

current power system is the lack of effective system monitoring. This problem will not 

exist in the smart grid where all individual customers and power system components will 

be monitored in real-time through AMIs. In addition, developing fast restoration 

algorithms to diagnose problems and find the best solutions can guarantee that the 

cascading blackouts will never happen. In terms of‎power‎systems’‎unreliable‎ structure,‎

new generation and transmission systems will be added with higher efficiency to reduce 

the congestion on the system. Transforming the power system from a centrally structured 

to more distributed topology will also increase the reliability of power system since 

power delivery is less dependent on the transmission and distribution infrastructure and 

more close to the load centers. Therefore, DERs application for small customers is a key 

to achieve higher reliability in the smart grid.  

MG will be a key driving technology in the smart grid. MG, a regional group of 

generation, storage, demand, and distribution system, can work in grid-tied or islanded 

modes. This way, the current extra-large power system can be divided into many MGs 

which can work independently as well as in cooperation with other MGs and upper grids, 

and will substantially reduce the probability of a cascading failure to the whole power 

system, and large blackouts will not exist; power outages and failures will be confined to 

the small region of the MG. Additional technology adaptations for MGs (such as storage 

devices and power electronics) will enhance the power quality in terms of frequency, 

voltage, and harmonics to the consumers.  

EIA determines power system reliability by peak load, monthly peak hour 
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demand, net energy for load, planned capacity resources demand, and planned capacity 

resources ‎[1.21]. Considering these criteria, the projection of power system reliability for 

the next 10 years is given in ‎[1.19]. According to the results of this study, it is 

recommended by the NERC that the bulk power system will require new operational 

tools and procedures for careful consideration, preparation, and planning. This is exactly 

aligned with the features included in the smart grid roadmap. 

 

National Economy and Global Competitiveness  

 

The impact of the power system reliability and outages on the national economy 

was discussed thoroughly in the previous section. The power system also encompasses a 

big industry that employ millions of people directly (about 550,000 ‎[1.5]) and indirectly, 

which indicates its critical role in the national economy. Further, innovation in new 

technologies and products extend progress in the power system to global markets. In this 

section, a general overview will be given about global market for power generation 

resources and successful companies around the globe. Then, the role of the smart grid 

program to increase competitiveness of American companies in the global market will be 

explained. 

 

Current Situation. In 2012, a report was published on the global status of 

renewable energy generations around the globe revealing the market share for different 

companies ‎[1.22]. In solar operating capacity, the U.S. was ranked 5
th
 with 5.7% of total 

solar PV capacity installed around the globe. Germany was the first country with 35.6% 

of the share. As a result, American solar PV manufacturers (namely First Solar and 



26 

 

 

 

SunPower) had only 8.5% of the total market share in 2011. Chinese companies with 

30% of the total market share were in the first rank. In terms of wind power capacity, the 

U.S. with 6.8% added capacity in 2011 was in the 2
nd

 place after China. Additionally, 

U.S. had the 2
nd

 rank in the total wind power capacity installed around the globe. With 

this large amount of wind power capacity, American companies (namely GE Wind) had 

only 8.8% of the total market share, while Chinese companies hold 26.7% of the total 

market share. Clearly the global share of American companies in renewable energy is 

much less than that installed (i.e., wind and solar PV) in the country. This shows that 

foreign companies are providing a large percentage of technologies and products in the 

U.S., but not American companies and subsequently missing opportunities to benefit 

from the global market. One reason for this phenomenon is the fact that American 

companies and utilities do not invest enough money for R&D, as was shown in Figure 

‎1.6.   

 

Smart Grid. With governmental regulated renewable generation utilization within 

the power system, and the future plans shown in Figure ‎1.7 and Figure ‎1.8, more 

stakeholders and investors will be motivated to spend more money for R&D. At the same 

time, larger penetration of renewable generations in the power system will make larger 

revenue for the existing companies to increase R&D expenditure to achieve a larger share 

in the global markets. In addition, subsidies and new policies are strongly motivating 

individual customers to invest their money into the renewable generation by purchasing 

these products. This will extend the national market for these companies, which can 

result in better products and more innovations. Additionally, more labors and experts will 
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be employed in the electricity sector in the future. This can drive the economy and bring 

prosperous lives for more Americans in short- and long-term.  

 

National Security 

 

As explained earlier, electric power systems establish the fundamental 

infrastructure of modern society. However, a successful rebellious effort to interrupt 

electricity supplies could have overwhelming impacts on the national security, the 

economy, and the lives of every citizen. This section tries to explain current power 

system issues regarding national security. Following that, the role of the smart grid will 

be discussed to resolve those issues for resilient and secure power system of the future.  

 

Current Power System. The existing power system consists of widely dispersed 

assets that can never be absolutely protected against a determined attack. In other words, 

the‎grid’s‎centralized‎structure‎leaves‎the power system open to any attack. In response to 

the September 11
th

 2001 attacks, EPRI assessment highlights three different kinds of 

potential threats to the U.S. electricity infrastructure ‎[1.6], ‎[1.23]: 1) Attacks upon the 

power system where the electricity infrastructure itself is the primary target, 2) Attacks 

by the power system where the ultimate target is the population by using parts of the 

electricity infrastructure as a weapon, and 3) Attacks through the power system where the 

target is the civil infrastructure. These are all possible based on the current topology of 

the power system and the poor visibility of the system itself. In addition, there are 

legitimate concerns and challenges with power outages regarding national security. When 

the blackout of 2003 occurred, the largest in U.S. history, many people stuck in the dark 
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imagined another terrorist attack. The linkages of various grid components can be 

exemplified as domino effect, where sequences of failures could interrupt the whole 

nation’s‎banking,‎communications,‎traffic,‎and‎security‎systems. 

Todays, most of utilities own and operate at least parts of their 

telecommunications systems which often are based on fiber optic or microwave links 

connecting major substations with branches to smaller sites. However, as is true for other 

critical infrastructures, increased utilization of electronic automation raises significant 

concerns and challenges towards capability of operational security. In addition, reducing 

physical labors and personnel at remote areas can increase the vulnerability of the system 

to contentious threats. Even more concerns can be expected for interconnecting 

automation and control systems to public data networks (such as Internet). This way, the 

infrastructure will be accessible to individuals and organizations from any location 

around the globe using an inexpensive computer and communication link. Furthermore, 

use of interconnected electronic systems for metering, scheduling, trading or e-commerce 

imposes many financial risks linked with communication failures. 

Moreover, a power system, densely dependent on fossil fuel power plants will be 

a threat to the national security. Imported fuel can always be threatened by any changes 

in political relation with exporting countries. Oil embargo of 1973 is a good example of 

such condition, which started by the members of Organization of Arab Petroleum 

Exporting Countries (OAPEC) ‎[1.24]. So, the strong link between electricity and national 

security can be clearly realized from the facts given above.  

Smart Grid. In fact, smart grid program necessitates advanced automated 
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decision making and algorithms for power system operation instead of human operations. 

Additionally, it emphasizes on a high visibility of the power system which only can be 

achieved through more measurement units and communication links. This essentially 

increases the size of the information even for the ordinary customers, which means easier 

access for ordinary people to reach out to the power system through their AMIs and 

phasor measurement units (PMUs). Despite the increased security risks in the smart grid 

era, standard communication protocols and integration techniques must be employed in 

the power system to avoid such threats. In order to overcome these issues, the smart grid 

features a secure communication infrastructure with the highest level of security. Because 

of this motivation, interdisciplinary research groups from communication engineers to 

computer scientists are cooperating together to find appropriate solutions.  

Although a highly secure communication infrastructure in the smart grid can be 

achieved, the most important role of the smart grid for a more secure power system can 

be found in the MG technology. Basically, MGs transform power system topology from 

central to more dispersed and distributed configuration. This way, any possible attack to 

the infrastructure has less impact on the large number of individual customers. In 

addition, critical customers can have their own MG, which can survive even after a 

serious attack and can continue its service. Another advantage of the MGs for national 

security is the fact that these facilities are smaller in size (compared to the large central 

steam or nuclear power plants). The smart grid includes numerous small smart MGs, in 

which any cyber-attack will be only limited to a certain number of regional MGs, not the 

whole grid. Self-healing algorithms and fast switches will disconnect the attacked MG 



30 

 

 

 

from the rest of the power system. In other words, MGs in the smart grid era will be 

capable of self-containing attacks and failures to prevent cascading failures and large 

blackouts in the power system.  

 

Load Demand 

 

Power systems safe operation heavily relies on the balance of generation and 

demand at every instant. Therefore, study of load demand variations and its 

characteristics over time is critical. In this section, the current situation of load demand 

will be discussed. Then, the role of the smart grid program will be explained in terms of 

load‎demand‎and‎customers’‎rights. 

 

Current Power System. As mentioned earlier, power system infrastructure 

experienced chronic underinvestment in the last several decades. On the other hand, load 

demand has increased by almost 30% during 1988 to 1998 ‎[1.4]. This essentially means 

that load increased while generation and transmission assets were not increased as much. 

The increase in load demand occurred for several reasons: population growth, new 

electronic devices such as PCs, the digital revolution which added millions of new 

gadgets to the power system, more HVAC systems, and an extension of the power system 

to remote areas. The growth in electricity consumption is being, counterbalanced by 

efficiency improvements in new appliances and by investments on energy-efficient 

equipment (Figure ‎1.12 and Figure ‎1.13). As shown in Figure ‎1.13, demand is projected 

to increase about 28% from 2011 to 2040 (approximately 0.9% each year). This 

significant increase necessitates building new generation, transmission, and distribution 
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infrastructures other than renewing the obsolete components.  

 

 

Figure ‎1.12. Electricity retail sales to all sector from 1949-2011 and 5-year growth in 

demand, power plants direct use is not considered ‎[1.9]. 

 

Figure ‎1.13. U.S. electricity demand growth, 1950-2040 ‎[1.15].  
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The consequences of not keeping up with demand could be serious, and could 

have the potential of causing rolling blackouts. This essentially implies that utilities 

should actively invest in capital expenses to build new infrastructures in the near future. 

In addition, building new electricity infrastructure requires significant amount of time 

which obligates long-term planning based on demand projections and other technical 

constraints. 

Another problem with the existing power structure is the fact that customers do 

not have different options to purchase their power. The availability of such capability in 

the power system will increase competitiveness among the different generators and 

utilities to produce high quality power with the minimum cost. Moreover, customers are 

passive in the existing power system regarding their power consumption. They consume 

electricity without noticing the cost of their consumption at the time of usage. However, 

having the information about electricity price, some customers may postpone their 

consumption from high-price hours (i.e., during peak demand hours) to the time when 

electricity is cheaper (i.e., during off-peak hours). This can result in shifting electricity 

demand from peak hours to off-peak hours, which helps to flatten the load profile and 

increases the load factor in the system.  

 

Smart Grid. Although renovating and adding new generation and transmission 

systems is one possible solution to keep up with increasing load demand, this is not the 

sole solution proposed by the smart grid program. Demand side management (DSM) (i.e., 

modification of consumer demand through various methods such as financial incentives) 

is a very powerful approach in the smart grid era for balancing generation and demand. 
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DSM includes a broad set of actions on the consumer and utility sides and includes 

everything from installing energy-efficient appliances and switching off unused lights, to 

adding local off-grid generation abilities, to implementing a complicated electricity 

pricing system in which rates vary based on time-of-day and aggregate power usage 

intensity ‎[1.25]. Based on the U.S. DOE report ‎[1.2], economic benefits from DSM in the 

U.S. can range from about US$80M to about US$800M annually, in addition to another 

US$85M to more than US$300M annually through emergency DR.  

The national average load factor (which is a measure on actual physical facilities 

utilization) is about 55% ‎[1.2]. DSM can be very helpful to increase load factor by 

reducing consumption during peak hours, which can increase efficiency of the power 

system and reduce operational cost. Furthermore, a wide variety of information 

technology is expected to be utilized in the smart grid that can transform the electric 

distribution business to a new model. For instance, different direct and indirect DSM 

programs based on AMIs secure communication links, and fast computation methods can 

be‎ applied‎ to‎ effectively‎ monitor‎ and‎ influence‎ each‎ customer’s‎ usage,‎ in‎ real-time. In 

this way, load demand can be controlled, in addition to the traditional generation control, 

by utilities which can result too many technical and economic benefits for both system 

operators and customers. Mechanisms to reduce peak demand include time-of-use 

pricing, load management devices such‎as‎“smart”‎thermostats,‎load-shifting technologies 

such as energy storage, and peak-eliminating techniques such as distributed generation 

and thermally activated heating, cooling, and humidity control devices ‎[1.2]. 
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Figure ‎1.14. Results of load demand management for all sectors in terms of energy 

savings, actual peak load reduction, and potential peak load reduction ‎[1.16].  

Results of the different DSM programs in U.S. from 2002 to 2012 are shown in 

Figure ‎1.14. It can be seen that there is still a huge potential for DSM in the power system 

operation which can be exploited. Energy saving is also significant considering the fact 

that DSM programs are relatively new and many customers are not effectively familiar 

with the idea yet.  

Figure ‎1.15 shows the results of DSM programs on the actual peak power for 

summer and winter from 1990 to 2011 and the projection for 2012 to 2016. After almost 

a steady increase in peak demand during 1990 to 2002, peak power decreased 

significantly during 2006 to 2009 despite the steady increase in total power demand, 

shown in Figure ‎1.12.  
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Figure ‎1.15. Non-coincident peak load, by North American Electric Reliability 

Corporation Assessment Area, 1990-2011 (actual), and 2012-2016 (projected) ‎[1.26]. 

The projection for 2012-2016, shown in Figure ‎1.15, shows a steady increase with 

a relatively small slope. Nevertheless, utilities strive on cooperation from consumers to 

participate in different DSM programs. It necessitates educating consumers and 

developing new algorithms to automatically control their appliances, i.e. direct load 

control (DLC). DLC as one of the major categories of the DSM programs requires AMI 

and fast communication links to/from individual‎ customers’‎ devices‎ and‎ very‎ fast‎

algorithms‎to‎generate‎appropriate‎commands‎considering‎customers’‎welfare.‎Recently,‎

many research groups have made efforts in this area to develop real-time central or 

distributed DLC algorithms. Since real-time DR is one of the two focus areas of this 

dissertation, this part will be discussed in details in later sections of this chapter. 
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Efficiency  

 

Efficiency of any infrastructure (such as power systems) is an important factor in 

any engineering analysis. Essentially, efficiency directly affects many other parameters in 

a power system, which is related to the operational cost and reliability of the power 

system. Based on a report by the U.S. DOE, improving energy efficiency could reduce 

national energy use by 10% or more in 2010, and as much as 20% in 2020 with economic 

benefits for consumers and businesses ‎[1.27]. Also, it is estimated that if the grid was just 

5% more efficient, the energy savings would equate to permanently eliminating the fuel 

and greenhouse gas emissions from 53 million cars ‎[1.4]. In this section, the current 

situation of North American power system regarding efficiency is presented. Then, 

features of the smart grid which will help to increase efficiency are explained.  

 

Current Power System. It is obvious that increasing efficiency can save a lot of 

money‎from‎customers’‎monthly‎bill.‎Efficiency‎of‎the‎power‎system‎should‎be‎measured‎

on four infrastructures: 1) generation, 2) transmission, 3) distribution, and 4) electrical 

appliances and devices. Regarding generation infrastructure, more than 81.4% of U.S. 

electricity nameplate capacity belongs to thermal power plants (including coal, nuclear, 

and natural gas) ‎[1.28]. Unfortunately, the majority of the generation capacity is 30 or 

more years old and their average thermal efficiency is around 33% ‎[1.2]. Since 1960s, 

efficiency has not changed considerably because of slow turnover of the capital stock and 

the innate inefficiency of central power generation that cannot recycle heat ‎[1.2]. The 

supercritical coal power plants may increase efficiency to mid-40, and the latest coal 

technology, known as integrated gasification combined cycle or IGCC, is capable of 
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efficiency above 60%. The most efficient gas-fired generators achieve a similar level of 

efficiency ‎[1.27]. This is while the average efficiency of about 5,600 distributed energy 

facilities with combine heat and power (CHP) generation is between 65% and 90%. 

Unfortunately, these type of distributed energy facilities only accounted for about 6% of 

U.S. power capacity in 2001 ‎[1.2]. Therefore, there is incredible economic and ecological 

incentive to improve the efficiency of power generation so that more of the energy 

content of the input fuel can be turned out to electricity.  

A similar situation can be seen in the transmission infrastructure because of 

chronic underinvestment over the last 25 years ‎[1.2]. The result is grid congestion, which 

can increase the line losses. Transmission and distribution (T&D) losses are related to the 

loading of the system. T&D losses in the U.S. and its corresponding cost are shown in 

Figure ‎1.16. It can be seen that the cost of losses was continuously increasing until 2008.  

 

 

Figure ‎1.16. T&D losses as a percentage and its cost estimation based on averaged 

electricity retail price ‎[1.9], ‎[1.29], ‎[1.30]. 
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Another‎side‎of‎the‎efficiency‎in‎power‎systems‎is‎consumers’‎appliances.‎For‎so‎

many years, efficiency was not a primary concern for companies and developers because 

of cheap primary energy resources such as fossil fuels. As a result, many old appliances 

are inefficient and waste energy. If every American household replaces just one 

incandescent bulb with a compact fluorescent bulb, the country would conserve enough 

energy to light 3 million homes and save more than US$600 million annually ‎[1.4]. This 

shows‎ the‎ existing‎ potential‎ to‎ decrease‎ unnecessary‎ consumption‎ from‎ the‎ customers’‎

side. In a larger scale, the national average load factor is estimated to be about 55% ‎[1.2], 

which means that electric system assets are used about half of the time. Moreover, it 

shows that there is an enormous pressure on the assets during on-peak hours which 

increase power losses in T&D systems and results in a less efficient power system.  

 

Smart Grid. As mentioned earlier, smart grid targets the generation infrastructure 

for renovation and diversification as one of its primary goals. Modern technologies will 

be utilized in the old and the newly added generation units to increase their efficiency. 

CHP technology in the thermal units is one promising candidate to raise the efficiency of 

the generation units. In addition, transforming power system structure from a central to 

more distributed system will also increase power system efficiency since less T&D will 

be involved in the process of generation and consumption. As a result, typical power 

losses (6%-8%) through the T&D systems can possibly decline. The utilization of 

advanced materials such as high temperature superconductors are also expected to be 

deployed in phase III in the smart grid program by 2030 ‎[1.2]; this technology will also 

considerably increase the efficiency of the power system.  
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At the distribution level, there is a huge potential to increase efficiency. As an 

example, there are over 40 million distribution transformers in service today in the U.S., 

which are among the most standardized electrical component. Therefore, they can be a 

prime target for improvements. A new efficiency standard for distribution transformers is 

under development in efforts to force utilities to increase their efficiency by 4% over 

current models ‎[1.6]. One can imagine the impacts of this incremental gain across the 

thousands of distribution transformers under operation.In terms of demand and 

customers, several features of the smart grid program can help to increase the overall 

efficiency of the power system. Grid-Friendly Appliance Controller (GFAC) is one the 

programs of the smart grid to increase the smartness of the electrical appliances ‎[1.2]. 

The GFAC, which is very small in size, is capable of monitoring line frequency to change 

consumption pattern on a case by case basis. The controller has been successfully 

installed on refrigerators, air conditioner, water heaters, and different other household 

appliances. It has been shown that the devices with the GFAC can support the grid during 

peak hours by turning the devices off. This essentially results in less congestion in the 

T&D systems during on-peak hours. Amongst the different electrical devices, industrial 

motors are known to be the single largest consumer of electric power ‎[1.27]. It is 

approximated that 65% of industrial power is used in motors of different sizes, most of 

which‎run‎at‎full‎speed‎even‎if‎they‎don’t‎need‎to‎‎[1.27]. Developing and implementation 

of‎ variable‎ speed‎ drives‎ based‎ on‎ advanced‎ power‎ electronics‎ can‎ change‎ the‎ motor’s‎

speed to meet the requirements at any given moment. The resulting energy savings can be 

immense since reduction in consumption is estimated to be about 60% ‎[1.27].  
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Informing people about their consumption is another way to help both customers 

and utilities to control power consumption. As an example, the last several years have 

seen ads and commercials to encourage people to use compact fluorescent light bulbs 

instead of old incandescent bulbs with longer lifetime, same amount of light, and less 

electricity consumption. In-Home Displays (IHD) is another way to involve customers in 

the power system operation. During on-peak hours when electricity price is higher than 

usual, IHD informs occupants of the real-time price of electricity. Therefore, it is 

expected to see many residential customers postpone their unnecessary consumption 

(such as laundry) to some other time of day when electricity prices are lower. This helps 

to shift power consumption from on-peak to off-peak periods which further alleviate the 

congestion on the power system and increase efficiency. 

 

Affordability  

 

Since electricity is an essential part of modern life and an indicator of prosperity, 

health and safety, it should be affordable and accessible for all citizens to create the same 

opportunity. In this section, a general overview of the affordability of the electricity in the 

existing power system is given first. Then, specific features of smart grid will be 

reviewed which can help to overcome this issue. 

 

Current Power System. Based on a survey carried out at NERC, 65% of the 

customers’‎monthly‎bill‎ involves the expenses at the generation level, while another 5% 

and 30% comes from T&D operational cost, respectively ‎[1.5]. This shows that any 

increase‎in‎losses‎and‎inefficiency‎of‎the‎power‎system‎will‎be‎reflected‎in‎the‎customers’‎
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bill. In other words, the invisible costs associated with an under-performing grid are paid 

by every citizen. Based on Figure ‎1.16, the cost of losses has increased from 2000 to 

2008 continuously. This implies a higher cost of electricity for the customers as well, 

which is shown in Figure ‎1.17. It can be seen that the average retail price of electricity for 

all sectors constantly increased until 2008, when the electricity price started to decline for 

commercial and transportation sectors. However, the trend for the retail price of 

electricity in the residential sector shows a steady rise between 2003 and 2013. As a 

result of the price increase, it can be concluded that some low income families are not 

able to afford the expensive electricity, where they will be forced to curtail their 

consumption by lowering their standard of living.  

 

 

Figure ‎1.17. Average retail price of electricity to ultimate customers by sectors, 2003-

2013 ‎[1.16]. 
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significant‎cost‎ in‎ the‎customers’‎ bill.‎Congestion‎occurs‎when‎ the‎scheduled‎or‎actual‎

power flows are confined either by physical capacity constraints on a particular device or 

by operational safety constraints designed to preserve grid reliability. In this situation, the 

system operator must locate an alternative power source to meet the load demand in real-

time. As a result, often the alternative generator will be less economical (because it is not 

the primary source that has been selected through optimal power flow approaches), and 

less efficient from a market viewpoint. 

The California Independent System Operator (CAISO) reported congestion costs 

of US$1.1 billion in 2004, US$670 million in 2005, and US$476 million in 2006 ‎[1.27]. 

Similarly, the PJM interconnection, which serves the largest area among all regional 

transmission organization in the U.S., reported congestion costs of US$750 million in 

2004, US$2 billion in 2005, and US$1.6 billion in 2006. Additionally, the PJM indicates 

that since 2002, congestion costs have formed 7-10% of its annual total billings ‎[1.27]. 

These numbers and the trend in the last several years clearly project a consistent increase 

in the price of electricity for utilities and consequently customers, if current power system 

remains the same. Moreover, the impact of congestion is not only limited to the cost 

associated with employing less economical generation. Often the situation requires grid 

operators to curtail service to consumers in some areas to protect the integrity of the grid 

as a whole, which is called transmission loading relief (TLR) action. The number of TLR 

actions have increased significantly in recent years, up nearly 150% only in 2001-2005 

period ‎[1.27]. The calculations also demonstrate that CAISO has collected US$299 

Million over the period April 1998 – Sept. 2000 for TLR. For the year before (Oct. 99 – 
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Sept. 2000), the congestion rent was US$222 Million ‎[1.31]. It can be easily seen that the 

congestion rents have constantly increased. This also results in higher price of electricity 

for the customers. 

Greater demand for energy in the future will put pressure on the availability and 

cost of all natural resources as primary sources of energy. This can potentially increase 

the cost of the primary fossil-fuel sources in the future. Growing fuel costs have become 

more‎ critical‎ to‎ the‎ utilities’‎ with expiring long-term coal contracts, which certainly 

increase the cost of electricity production in the future. This also results in higher 

electricity prices for the consumers. 

 

Smart Grid. Renovating the power system infrastructure is one of the features of 

the smart grid program toward producing affordable electricity for anyone anywhere. As 

it is shown in Figure ‎1.9, levelized cost of wind power is less than nuclear and coal power 

plants. Increasing wind power generation in the power system, as shown in Figure ‎1.8, 

will decrease the cost of generation for the utilities, which will further decrease retail 

costs. Also, increasing T&D efficiency will help to decrease the retail price for the 

ultimate customers. T&D new infrastructure will also help to decrease the retail price of 

electricity by reducing the congestion on the transmission system which costs system 

operators a fortune right now.  

MG technology is the most important feature of the smart grid to bring the cost of 

electricity down for the customers. Installing new power generation close to the 

consumption through DERs will provide relief and consequently congestion on the 

transmission system. This will directly decrease the cost of operation and retail price of 
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electricity for the consumers. On the other hand, each customer can have its own 

generation (such as solar PV) to cover a part of their consumption. Since these 

technologies are subsidized by the federal and state governments in most part of the 

country, and considering the fact that solar PV systems have almost zero operation and 

maintenance (O&M) cost ‎[1.32], renewable generation will be very cheap. IHD devices 

and smart appliances can also decrease the cost of energy consumption for the customers 

by shifting their power consumption from on-peak hours to the off-peak hours. Also, 

making appliances more efficient can help to reduce total energy consumption.  

 

Environment and Climate Change 

 

From food safety to personal health, a compromised environment threatens us all. 

Unfortunately, U.S. produces 25% of the global greenhouse gases while it only accounts 

for‎4%‎of‎the‎world’s‎population‎ ‎[1.4]. In this section, the current power system will be 

reviewed first regarding environment and climate change. Then, the role of the smart grid 

will be presented to reveal its impact to loosen the environmental concerns.  

 

Current Power System. Most electricity is still produced by fossil–fuel-based 

power plants in the U.S., which are major contributors to global warming Figure ‎1.18 

shows that more than 70% of the total summer generating capacity belongs to the fossil-

fuel power plants. This trend started to decrease in early 1980s and picked up again in 

2000s with new technology from natural gas power plants that generate less emission.  
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Figure ‎1.18. Electric net summer capacity for fossil fuels power plants (i.e., coal, 

petroleum, natural gas, and other gases) for 1949-2011 ‎[1.33]. 

 

Figure ‎1.19. Emissions from energy consumption for electricity generation and useful 

thermal output (Millions Metric Tons of Gas) 1989-2010 ‎[1.34]. 
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The emission production from fossil-fuel power plants are shown in Figure ‎1.19. 

The values are for traditional fossil-fuel-based power plants including coal, natural gas, 

and petroleum burners. Emissions from geo-thermal and non-biomass wastes power 

plants are not shown in this figure, where their emissions are relatively low  

Carbon dioxide production did not change considerably in the last several years 

(Figure ‎1.19); however, sulfur dioxide and nitrogen oxides have decreased significantly, 

and this trend is still decreasing. The reason for this might be the new technology utilized 

in the new fossil-fuel-based power plants and modern technologies applied to purify the 

fuels at the refineries.  

 

Smart Grid. To reduce carbon footprint and stake a claim to global 

environmental leadership, clean, renewable sources of energy like solar, wind and 

geothermal must be integrated. As a part of smart grid program, renewable generation 

installations in the U.S. (excluding hydropower) have more than tripled since 2000 

(Figure ‎1.8) and reached to 53 GW in 2009 (14% per year from 2000-2009) ‎[1.28]. Wind 

and PV are the fastest growing renewable energy sectors with 39% and 52% increase in 

installed capacity in 2009 ‎[1.28].  

Although these numbers are promising for the future power system, renewables 

only comprise 4.7% of the installed capacity and 3.6% of the total generation ‎[1.28]. 

Therefore, increasing renewable generation on the power system will definitely help to 

reduce‎ the‎ emission‎ footprint‎ in‎ the‎ U.S.‎ The‎ projection‎ of‎ renewables’‎ share‎ in‎ total‎

generation up to 2040 is given in Figure ‎1.20. It shows a 4% and 5% increase for 

renewable and natural gas, respectively, which will decrease emissions in the future.  
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Figure ‎1.20. Electricity generation by fuel, 1990-2040 ‎[1.35].  

Smart Grid Challenges 

In the previous section, problems with the existing power system were described 

and paralleled with potentials solutions provided by the smart grid. However, smart grid 

implementation bumps in to several technical issues which have to be resolved for actual 

technology implementation. In this section, challenges related to the smart grid 

implementation will be reviewed.  

 

Renewable Electricity Production 

 

Large RES integration in the grid is one of the major features of the smart grid. 

Almost every state has a renewable energy portfolio which will increase the RES 

penetration to the power system in the near future (Figure ‎1.7). A too large penetration of 
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RES in the power grid introduces new technical challenges for many network operators at 

distribution as well as at transmission level. Reliability and quality of supply are two 

primary challenges with integration of large RES in the power grid as a whole, as well as 

in islanded MGs. Even for small amount of RES, negative impacts exist, but it is not a 

concern as long as the performance of the electricity network remains within the standard 

limits. For example, connecting limited number of RES to the distribution network can 

provide a part of the load locally, reducing peak load demand and power losses for the 

upper grid and improving the voltage profile.  

The different impacts of RES integration is evaluated in different textbooks in 

details ‎[1.36]-‎[1.41]. In the following subsections, a brief review is given regarding the 

negative impacts of the RES on the power system.  

 

Overvoltage. Injecting active power in a medium- or low-voltage network may 

result in an overvoltage. This is more often for rural networks where the maximum 

voltage during a day is close to the standard upper limit even without RES ‎[1.41]. As a 

result, integration of small amount of RES (such as wind or solar PV) can result in 

unacceptable overvoltages. It has been reported that overvoltages significantly reduced 

the lifetime of incandescent lamps and resulted in disconnection of solar PV by 

overvoltage protection relays ‎[1.41]. 

 

Safety and Protection. During an uncontrolled islanding operation, due to a fault 

or maintenance, DER will continue to provide the local load demand. This can be very 

dangerous to the other network components and to maintenance personnel. Notice that 
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this phenomenon is different from island operation of MGs (or controlled islanding 

operation) where a MG with its own load, generation, and storage operates independently 

from the upper grid. Additionally, large RES generation jeopardizes protection 

coordination where an incorrect trip or fail-to-trip may happen. The fail-to-trip events can 

damage other components in the network.  

 

Power Quality. RES are connected to the grid or islanded network through PEI 

with appropriate controls. As it is common with PEI in any applications, the amount of 

harmonics are usually higher than pre-defined limits which can be dangerous not only for 

the local consumers and components, but also for the major grid in the grid-tied 

applications. Note that the actual harmonic levels from DERs are much smaller than the 

harmonic levels in typical low-voltage equipment such as new TV sets and computers. 

However, these PEIs inject even harmonics, inter-harmonics (i.e., frequency components 

that are not an integer of the fundamental frequency), and high-frequency harmonics (i.e., 

harmonics in the range of 2 to 150 kHz), in addition to the normal harmonics ‎[1.42]. 

High-frequency components with large magnitudes can be very dangerous for the grid 

components such as transformers. Additionally, installation of capacitor bank and 

underground cables is more common with increasing DER integration in the power 

system, which can result in harmonic resonances (i.e., high levels of harmonic voltage 

and current) ‎[1.42]. These new efficient technologies are adapted or undergoing to be 

adapted in the appliances. Although these technologies increase the overall efficiency of 

the power system, some of the technologies contribute to the harmonics generated by the 

load. As an example, due to increase in the efficiency of lightning, new efficient lamps 
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are utilized instead of incandescent lamps which can increase the efficiency up to 90% 

‎[1.40]. However, power converters are the core of operation in these lamps which inject 

lots of harmonics to the power system. This can endanger the voltage quality experienced 

by other users in the network and can result in shorter lifetimes for grid components. 

Additionally, utilizing new lamps increases the required reactive power at the distribution 

network ‎[1.40].  

 

Operating Reserve. Connecting the RES at the transmission level increases the 

complexity of control and operation of the power system. In one case, large penetration 

of RES may result in overload or insufficient operating reserve because of inherent 

variability in the RES generation. This occurs as a result of the conventional power 

system operation practice where generation always follows the load demand with specific 

amount of generating capacity reserve at each time instance. The worst-case scenario is 

when the maximum production happens with minimum consumption. The RES 

generation is inherently variable which cannot be predicted nor controlled effectively. 

The variable and uncertain nature of RES generation adds a significant uncertainty to the 

power system operation along with the uncertainty of load demand and components 

failure. These new sources of uncertainty on the generation side can jeopardize power 

system stability which requires larger operational margins. This essentially means that 

new spinning and non-spinning reserves (which mostly are fossil-fuel units) are required. 

Although RES generation forecasting has attracted lots of attention in the last decade, the 

accuracy of the proposed methods is still far from the safe margins. As an example, the 

production errors for wind-power production in North-Eastern Germany (a 300 by 450 
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km area where maximum production was around 8000 MW in 2009) is compiled and 

analyzed in ‎[1.41]. It has been observed that there was a probability of 3% for 1,000 MW 

error in prediction; while the probability of more than 2,000 MW (which is about 25% of 

the maximum production) error was about 0.3% (equal to 26 hours each year.) This is a 

critical challenge for the system operator in day-ahead and hourly planning which 

necessitates larger operational reserve. The replacement of thermal generating units by 

renewable sources introduces a challenge for power systems operation. The reason is that 

large production units (thermal and hydro) not only produce electrical energy but also 

help to maintain power systems stability. Using existing technology and operational 

tools, stable operation of the power system will not be possible without at least some of 

those large production units to provide AS to the grid. Some of the most important AS is 

given in the following: 

 Operational Reserve. In‎this‎case,‎a‎part‎of‎the‎large‎production‎units’‎capacity‎is‎

set in reserve to manage unexpected shortages, e.g., due to the loss of a large 

amount of production, the loss of an important transmission line, or large 

prediction errors. 

 Frequency control. Many of the large production units are equipped with power-

frequency control. This control system keeps the actual balance between 

production and consumption within the interconnected power system (called 

primary control) and within each control area (called secondary control). As a 

result, the control system maintains the frequency close to its nominal value of 60 

Hz at different time interval.  
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 Voltage control. A separate control system maintains the voltage magnitude close 

to the standard value throughout the power system. Voltage and reactive power 

are closely linked in the same way that (active) power and frequency are linked. 

There should therefore be reserves in reactive power to allow voltage control in 

case something unexpected happens. 

 Short-circuit capacity. Short-circuit capacity is a measure for the amplitude of the 

current during a fault in the transmission system. The magnitude of these currents 

can be very high and cause serious damage to equipment. Short-circuit capacity is 

also a measure of the strength of the electricity network and its ability to cope 

with changes in consumption ‎[1.42]. Too low a value of short-circuit capacity will 

have a number of adverse consequences, like risks of incorrect operation of the 

protection, risk of system instability after a fault or the loss of a component, and 

insufficient voltage quality. The only source of short-circuit capacity at 

transmission level are the large conventional power stations.  

 Power System Stability. The presence of large and stable production units in the 

transmission system makes the system more stable in most cases. Their 

contributions to the voltage and frequency control and to short-circuit capacity 

were already mentioned. Additionally, their contribution to the total inertia of the 

system is important to prevent frequency and angular instability. Large production 

units are also equipped with additional controllers (power system stabilizers) to 

damp local and inter-area power oscillations. 

Overloaded Transmission Lines. Large RES units employed (or foreseen to be 
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employed) at the transmission level are often far away from populated areas. As it is 

shown in Figure ‎1.21, most of utility-scale solar PV sources in the U.S. are located in the 

south and southwest which may be more than the total consumption of that region. 

Almost similar pattern can also be recognized for roof-top PV panels in Figure ‎1.22. 

Since the excess generated power should be consumed somewhere, it has to be 

transmitted through transmission infrastructure to places with less solar PV generation, 

e.g., north and northwest. As a result, new transmission infrastructure is required to be 

built which increases the final cost of electricity production. 

 

 

Figure ‎1.21. Total estimated technical potential for urban utility-scale PV in the U.S. 

‎[1.43]. 
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Figure ‎1.22. Total estimated technical potential of roof-top PV in the U.S. ‎[1.43]. 

 

Figure ‎1.23. Total estimated technical potential for onshore wind power in the U.S. 

‎[1.43]. 
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Figure ‎1.24. Total estimated technical potential for offshore wind power in the U.S. 

‎[1.43]. 

Additionally, increasing PV installation will increase power losses through 

transmission which results in lower efficiency. Similar pattern for onshore and offshore 

potential wind power generation can be seen in Figure ‎1.23 and Figure ‎1.24, respectively, 

where the distribution of potential resources are far from homogeneous.  

 

Transmission System Planning. In order to add new transmission infrastructure, 

planning a few years ahead is required. In the existing power system, the required 

transport capacity from the transmission grid into a distribution network is calculated 

considering maximum load demand in the distribution network. The expected load 

demand growth for several years ahead, and the amount of reserve required to cope with 

the loss of important components are also required. However, with high penetration of 
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DER in the smart grid era, maximum production and variations should also be considered 

in the design algorithms. Therefore, the existing practice in designing will not support the 

new needs in the smart grid era.  

 

Energy Consumption Reduction 

 

Reducing energy consumption is one of the features of the smart grid which can 

happen by using appliances less often, by controlling their operation through DR, and by 

using higher efficiency appliances. Reduction in energy consumption can potentially 

decrease peak power demand and losses, which can result in stability improvement. 

However, reduction in the electricity consumption may cause challenges in the power 

system operation which are briefly described in the following sub-section: 

 

Base-Load Power Plants. When the total reduction in consumption results in a 

large reduction of the minimum consumption, the scheduling of production units will 

need to be modified accordingly. In most countries, the so-called base-load production is 

running constantly for weeks or even months ‎[1.41]. Base-load generation is relatively 

cheap production (such as nuclear and coal power plants) that takes a long time to start. 

The amount of base-load generation can obviously not be more than the minimum 

consumption. As a result, a large reduction in the minimum consumption necessitates less 

base-load production and that more expensive peak-load production would be required. 

 

Power Quality. New efficient technologies have been adapted or are being 

adapted in the appliances. Although this adaptation would increase the overall efficiency 

of the power system, some of these technologies contribute to harmonics generated by the 
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load consumption. As an example, due to increase in efficiency of the lightning 

consumption, new efficient lamps are utilized instead of incandescent lamps which can 

increase the efficiency up to 90% ‎[1.40]. However, power converters are the core of 

operation in these lamps which inject lots of harmonic to the power system and can 

degrade the voltage quality of the network and result in shorter lifetime of the grid 

components. Additionally, utilizing new lamps increases the required reactive power at 

the distribution network ‎[1.40].  

 

Electricity Market 

 

Currently, the electricity market consists of a number of more or less separated 

markets, the wholesale market, the retail market and the balancing or real-time market are 

the ones that have the main impact on the grid ‎[1.42]. In the existing power system 

structure, the retail market has much less impact on the grid operation compared to the 

other elements of the power system market. A retailer purchases electricity on the 

wholesale market and sells the electricity to its consumers. This way, if a consumer 

switches to another retailer, the transition does not affect power flows in the grid. 

However, the price elasticity of the consumption kicks in to the system operation with the 

retail market. Currently, the price elasticity is low since consumers are not exposed to the 

price variations in the wholesale market ‎[1.42]. In the future power system, the retailers 

will offer hourly (real-time) prices to the consumers where their elasticity is unknown. 

Therefore, the difference between predicted and actual consumption is expected to 

become larger, particularly at the early stage of the smart grid implementation. As a 

result, large price variations in the balancing and real-time markets will be inevitable. 
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Thus, higher unpredictable power flows are expected which necessitates larger reserve 

margins for safe operation.  

In the existing power system, the wholesale market does not have any impact on 

the distribution network. However, this pattern will change in the smart grid when large 

amounts of DER will participate in the wholesale market. Additionally, large availability 

of DR in the smart grid could result in unexpected changes in power flows through the 

distribution networks.  

 

Wind and Solar PV Generation 

 

In addition to the challenges explained in earlier sub-section for the RES 

integration to the power system, this section makes an attempt to explain the serious 

challenges in the smart grid regarding the variable generation nature of solar PV and 

wind. Focus will be on the negative impacts of these two RESs on the power system 

operation at the transmission and distribution level (i.e., for gird-tied and islanded MGs). 

As it is shown in Figure ‎1.20, about 12% of the electricity generation in 2012 came from 

renewable energies, and the share of the renewables is projected to increase to 16% in 

2040. Here, wind and solar PV are the fastest growing renewables in the power system 

‎[1.16]. According to the 2012 U.S. Renewable Energy Data Book published by NREL 

‎[1.44], installed wind and solar PV capacity increased by nearly 28% and 83%, 

respectively, compared to 2011.  
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Figure ‎1.25. Renewable electricity generation capacity by energy source, including end-

use capacity, 2011-2040 ‎[1.16]. 

It also shows that wind energy accounted for about 75% of the new installed RES 

in 2012. The increase in wind and solar PV will continue for the years coming, as shown 

in Figure ‎1.25. Hydropower is reached to its maximum, and other renewables are less 

likely to be widely utilized in the power system in the near future.  

Although wind and solar PV power are clean, abundant, domestically available, 

have the lowest price between renewables, and have the fastest growth in the U.S. ‎[1.45], 

their large application in the power system introduces a lot of challenges which have to 

be studied. These challenges are briefly explained in the following, where focus is given 

to wind and solar PV generation characteristics and their corresponding challenges in the 

smart grid era. 

Intermittency: Since blowing wind and its speed is a natural intermittent 

phenomenon, the output power generation of a single wind turbine is highly intermittent. 
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The inherent intermittency is a big challenge in the day-ahead planning and real-time 

control of a power system. Theoretical arguments often claim that wind farms spread 

over a geographically diverse area rarely stop producing power altogether, however this 

is in contradiction to the observed variability in total power output of wind turbines 

installed in Ireland and Denmark ‎[1.46], for example. On the other hand, according to a 

study of wind in the U.S., ten or more widely separated wind farms connected through 

the grid could be relied upon for about 33 to 47% of their average output (15–20% of 

nominal capacity) as reliable ‎[1.47]. Therefore, aggregating large wind farms in widely 

dispersed geographical areas may or may not reduce the intermittency in wind-generated 

power.  

 

 

Figure ‎1.26. Monthly average wind energy production from Lake Benton, Minnesota, 

USA ‎[1.48]. 
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Figure ‎1.27. 2010 average hourly wind power profiles by month from Lake Benton, 

Minnesota, USA ‎[1.48]. 

In order to show the variability in the wind power generation, monthly average 

wind power production from Lake Benton wind power provider (WPP) in Minnesota is 

shown in Figure ‎1.26. It can be seen that from one year to another for the same month, 

the average value is changed significantly. This fact makes the long-term planning very 

difficult for the power system operators. The variability of the wind-generated power is 

not limited to yearly, seasonal, monthly, or daily variations, short-term behavior of wind 

power is also unpredictable. It is more because of turbulence intensities which are 

directly related to the surface roughness of the ground ‎[1.48]. The average monthly wind 

power production for Lake Benton, Minnesota is shown in Figure ‎1.27. It is obvious that 

from one hour to another, wind speed shows significant variations which make it difficult 
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to keep the demand and generation balanced in real-time. 

Solar PV power has similar characteristics where its output power is highly 

variable and unpredictable. Seasonal and yearly variation of solar irradiation is shown for 

a measurement station in Ashland, OR, USA in Figure ‎1.28. Data are shown as daily 

average global irradiation based on kW.h/m
2
/day. Variations from one year to another 

and from one season to another are obvious. The variability from one year to another for 

the same season and month may seem small, however this variability results in huge 

uncertainty in power system planning and operation when significant amount of solar PV 

is installed in the future power system. Variability in solar irradiation is not only limited 

to the seasonal and yearly variations, where minute-by-minute variation is normal in PV 

solar irradiation. Solar irradiation level for the same area measured in 5-minute intervals 

is shown in Figure ‎1.29. The variations in the solar irradiation are huge. Therefore, 

sufficient operational reserve is essential to compensate for the variations.  

 

 

Figure ‎1.28. Monthly average global irradiation data for Ashland, OR, 2009-2012 ‎[1.49]. 

0

1

2

3

4

5

6

7

8

9

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

D
ai

ly
 a

ve
ra

ge
 ir

ra
d

ia
ti

o
n

, k
W

h
/m

2
/d

ay
 

Month 

2009 2010 2011 2012



63 

 

 

 

 

Figure ‎1.29. 5-minute interval solar irradiation data for the first day of January 2012 in 

Ashland, OR ‎[1.49]. 

 

Figure ‎1.30. Generated power from 15 kW solar PV array tilted 15º South- January 01, 

2010 in Ashland, OR, USA ‎[1.49].  

Temperature variation is another parameter affecting the output power of solar PV 

modules which increases the overall variations in the output power from a solar farm or 

single solar PV module. The combined effects of solar irradiation and ambient 

temperature variations on the generated power are depicted in Figure ‎1.30.  
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Danish wind farm Horns Rev II (the world's largest as of February 2014), inaugurated in 

September 2009 ‎[1.50], comprising 91 Siemens SWT-2.3-93 wind turbines each of 2.3 

MW with a nominal total capacity of 209.3 MW, has the best capacity factor of any 

offshore wind farm at 49.1%. The wind farm produced over 3,859 GWh in 2013 ‎[1.51]. 

Since generator with high capacity factor (70% or more, such as nuclear power plants) 

are considered to supply base-load power ‎[1.52], wind generation can be used for peak 

periods or whenever they are available. This would result in extra complexity in power 

system planning and real-time control. 

Dispatchability: Wind power is not dispatchable because the amount of input 

energy to the wind turbine (i.e., wind) is not controllable. Therefore, traditional droop 

control (or other AS) cannot be expected from wind power plants when needed.  

Capacity Credit: At low levels of penetration, the capacity credit of wind power is 

about the same as the capacity factor. However, when the penetration of wind power in 

the grid increases, the capacity credit percentage drops significantly. At a penetration of 

20%, wind power plants capacity credit drops to about 10%. According to a detail study 

reported in ‎[1.53], 10,000 MW of installed nameplate wind capacity is equivalent to 

approximately 2,000 MW of firm generation capacity. However, utilities are often 

reluctant to assign any capacity credit to wind power plants, largely because of the 

intermittent nature of the resource and the perceived difficulties in accurately forecasting 

wind power output ‎[1.54]. 

Reliability: A wind farm is highly reliable (although highly intermittent). The total 

shut down of wind turbines is predictable via weather forecasting. The average 
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availability of a wind turbine is 98%, and when a turbine fails or is shut down for 

maintenance it only affects a small percentage of the output of a large wind farm. For 

example, the failure rates for wind turbines located in Northern Germany was 2.2% in 

2001 ‎[1.55]. In another study conducted for wind turbines failure in Sweden, Finland, and 

Germany for 500-1500 kW turbines from a variety of manufacturers between 2000 and 

2004, the average number of failures per turbine per year was 0.402 ‎[1.56]. In ‎[1.57], it is 

demonstrated that a significant cross-correlation exists between the failure rate and the 

weather conditions; temperature and humidity were more significant than the wind speed. 

As a result, it can be concluded that wind turbine technology is very reliable itself. 

In term of large implementation of wind and solar PV in power systems and their 

impacts on bulk power, a long-term reliability analysis is carried out for the next 10 years 

in ‎[1.19]. In this report, six issues are identified that would be most impactful over the 

next 10 years. One of the issues is the risk of high level of variable generation for 

operation and planning of the power system. It is mentioned that significant changes are 

required in the traditional methods used for power system planning and operation to 

reliably integrate 46 GW of wind and solar in the next 10 years in the power system 

‎[1.19]. Otherwise, power system reliability will be negatively affected in the coming 

years with large penetration of renewables.  

Correlation with Load Demand: Wind usually blows more at night when load 

demand is low. Therefore, it can be said that the wind power generation has a weak 

correlation with the load demand. In a study carried out on wind speed data of 66 onshore 

weather recording in the U.K. during 1970-2003 in ‎[1.58], it is observed that the wind 
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power output in the U.K. has a weak, positive correlation to the current electricity 

demand patterns. Similar to the U.K., the profile of wind generation is inversely 

correlated with the load demand in ERCOT ‎[1.59]. 

Solutions to the Challenges in the Smart Grid 

Different solutions are proposed to resolve the issues related to the smart grid 

operation. Some of these methods are the extension of the classical solutions, while 

others are new ideas for the future relying on the new technology developments and 

improvements. In this section, different solutions are presented to resolve the challenges 

with the smart grid and MGs, however the focus will be on the MG and its real-time 

power management and DR.  

 

Classical Solutions 

 

These solutions include adding more transmission and distribution lines and 

cables, transformers and substations, and generation units for base-load and spinning 

reserve operation. These solutions are well-known and have been in practice for so many 

years. In the past, they have not only been the best technical solutions, but also the most 

cost-effective answer to the power system issues such as reliability, shortage in 

generation, efficiency, and load following strategies. At the distribution level, building 

new lines, replacing overhead lines with underground cables, and strengthening the 

existing feeders can resolve many problems such as voltage drops and rises, high power 

losses, high penetration of RESs by building dedicated feeders for wind and solar PV 

power installations which resolve the protection-coordination problem as well, reliability 
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and availability issues ‎[1.41].  

Building new transmission and distribution lines along with substations can 

increase the power transfer capability of the power system, reduces the overload in the 

power system, which consequently reduces the risk of overvoltage and over current. 

However, building the new infrastructure needs a huge amount of capital investments. 

For the transmission lines besides the cost factor, it is getting harder to find an 

appropriate path and permission from authorities to build new lines. This is a big problem 

particularly for the highly populated load demand centers which are imposing a large 

load growth to the network as well. Additionally, the required time to build a long 

transmission line is long and can only be foreseen as an option in long-term planning. 

Although the utilization of cables instead of overhead lines increases the 

reliability of the distribution feeder in terms of vandalism, terrorist attack, and severe 

weather conditions, it has some negative impacts as well in terms of reliability and cost. 

Despite the overhead lines, failure rate of the underground cables is much rare ‎[1.41]. 

However, once they fail, it will take longer time to fix. Therefore, a backup supply is 

absolutely needed to avoid long-term interruption. A backup supply and the cost of power 

interruption are the two factors which limit this option. Additionally, certain type of 

switchgear is required for underground cable which increases the cost of installation 

accordingly. These above facts make this option less attractive.  

In order to resolve the protection-coordination issues in the presence of DER, 

directional protection with anti-islanding protection can be utilized at the distribution 

level ‎[1.41]. However, directional protection needs voltage transformer which essentially 
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increases the cost of protection in distribution networks. On the other hand, although anti-

islanding protection is relatively cheap ‎[1.41], the risk of unnecessary trips increases with 

large amount of DER. As an example, during the two large disturbances in Europe in 

2003 and 2006, most of the DER unnecessarily tripped only because of anti-islanding 

protection ‎[1.41]. In areas with large penetration of roof-top PV panels, anti-islanding 

protection may trip on sunny days because of overvoltage ‎[1.41].  

 

Technology for Increasing Transport Capacity 

 

As was explained in the last sub-section, building new transmission lines and 

substations are not a comprehensive answer to the problems in the smart grid, particularly 

for transporting large amount of RES generation to the load centers, as shown in Figure 

‎1.22-Figure ‎1.25. However, based on the recent technology improvements in power 

electronics, methods are developed to limit the number of lines to be built and to increase 

the transport capacity of the existing transmission infrastructures. It has been shown in 

‎[1.60] that increased transport capacity can reduce the operational cost by 1.5 billion 

Euro each year, which is equal to 20 billion Euro saving in the investment costs. 

Additionally, it means that during the peak demand periods, it is more likely to have 

sufficient production capacity available which results in electricity price reduction for the 

customers. In the following sub-sections, different methods to increases transport 

capacity are explained briefly.  

 

High-Voltage Direct Current (HVDC)  

and Flexible AC Transmission Systems (FACTS). HVDC transmission lines are 

the best choice for large power transportation in a long distance, where power flow can 
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be fully controlled independent of the power flows in other areas and transmission lines. 

Additionally, their losses per km are lower than the losses in AC transmission systems. 

Losses in DC transmission lines mainly come from the converter stations ‎[1.41]. 

Recently, SVC-HVDC (voltage source converter-HVDC) links are developed which are 

capable of controlling reactive power as well as active power simultaneously ‎[1.41]. As a 

result, an AC transmission system can be converted to a DC system only by adding 

converting stations at both ends of the line, which can increase transport capacity 2-3 

times the AC system without any stability issues ‎[1.41]. However, building new HVDC 

links is still an expensive option compared to the AC transmission systems. Also, there is 

a huge lack of experience among transmission system operators with the integration of 

DC lines into the AC system. This is the reason that HVDC links embedded in an AC 

system is less common. Furthermore, HVDC links with underground cables require much 

longer repair times compared to the overhead transmission lines ‎[1.41]. Nowadays in 

North America, the majority of HVDC lines are utilized to connect different synchronous 

areas together. In Canada, there are several HVDC links to transport hydropower from 

the north to the load centers in the south ‎[1.41]. As a result, technology improvement and 

more applicable control strategies and planning practices are required to be developed in 

order to increase the acceptance and usage of HVDC in power system. FACTS devices 

can also be used to increase the transport capacity of the existing transmission lines. 

FACTS devices can be classified into three categories, 1) shunt devices given in Table 

‎1.1, and 2) series devices given in Table ‎1.2, and 3) Two-port (or combination of series-

shunt) devices given in Table ‎1.3. 
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Table ‎1.1. Different shunt connected FACTS controllers ‎[1.61]. 

FACTS device  Main Functionality  Secondary functionality 

BESS 
Battery energy storage 

system 

 Load leveling   Voltage stabilizer, active 

filter, UPS 

SSC 
Static synchronous 

compensator 

 Voltage control  VAR compensation, 

damping of oscillation, 

transient stability 

SSG 
Static synchronous 

generator 

 Exchanging independently 

controllable real & reactive 

power with power system. 

 

-- 

SVC 
Static VAR compensator 

 Voltage control  VAR compensation, steady 

state and dynamic stability 

SVG 
Static VAR generator 

 Generating or absorbing 

reactive power 

 Steady state & dynamic 

stability (TCR and TSC in 

parallel) 

SVS 
Static VAR systems 

 Stability limit extender at 

the midpoint of a long 

transmission line. 

 Voltage control 

SMES 
Superconducting magnetic 

energy storage 

 Dynamical control of 

power flow in ac system 

 As SSC, the energy storage 

is superconducting reactor 

TCBR 
Thyristor controlled 
braking resistor 

 Aiding to damp power flow 

oscillation and decrease 

risk of losing synchronism 

 

-- 

TCR 
Thyristor controlled 

resistor 

 Continuous reactive power 

absorber 

 
-- 

TSC 
Thyristor switched 

capacitor 

 Stepwise reactive power 

generator 

 
-- 

TSR 
Thyristor switched reactor 

 Stepwise reactive power 

absorber 

 
-- 

BVI (parallel 

connected) 
bootstrap variable 

inductance 

 Voltage stabilizer and/or 

load power factor corrector 

 

-- 

 

 

Similar to HVDC, improvement and development of new control practices are 

required in the transmission system design and operation to improve their performance. 

Additionally, utilization of power electronic devices at various voltage levels can increase 
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current and voltage harmonics in the power system which decreases the power quality. 

As a result, FACTS devices have not been utilized widely in the power system at 

different voltage levels. Shunt devices control the reactive power flow and voltage 

magnitude in power system. Series FACTS devices can change the impedance of the 

transmission lines which can affect active power flow. This way, the active power flow 

can be limited in the weak part of the grid while increases the power flow from other 

stronger part of the grid ‎[1.41].  

Table ‎1.2. Different series connected FACTS controllers ‎[1.61]. 

FACTS device  Main Functionality  Secondary functionality 

SSSC 
Static synchronous series 

compensator 

 Controlling transmitted 

electric power by 

increasing or decreasing 

reactive voltage drop while 

expecting no SSR effect 

 Increase or decrease 

resistive voltage drop across 

the transmission line to 

enhance dynamic behavior 

TCSC 
Thyristor controlled series 

capacitor 

 Capacitive reactance 

compensator in a 

continuous manner 

 

-- 

TCSC’ 
Thyristor controlled series 

compensator 

 Capacitive/inductive 

reactance compensator in a 

continuous manner 

 

-- 

TCSR 
Thyristor controlled series 

reactor 

 Inductive reactance 

compensator in a 

continuous manner 

 

-- 

TSSC 
Thyristor switched series 

capacitor 

 Capacitive reactance 

compensator in a stepwise 

manner 

 

-- 

TSSC’ 
Thyristor switched series 

compensation 

 Capacitive/inductive 

reactance compensator in a 

stepwise manner 

 

-- 

TSSR 
Thyristor switched series 

reactor 

 Inductive reactance 

compensator in a stepwise 

manner 

 

-- 

BVI (series 

connected) 
Bootstrap variable 

Inductance 

 Capacitive/inductive 

reactance compensator 

without SSR 

 Transient stability 

improvement, fault current 

limiter 



72 

 

 

 

Table ‎1.3. Different two-port FACTS controllers ‎[1.61]. 

FACTS device  Main Functionality  Secondary functionality 

IPC 
Interphase power 

controller 

 Independent active and 

reactive power controller 

 
-- 

TCPST 
Thyristor controlled phase 

shift transformer  

 Power flow distribution and 

high speed variable phase 

angle control for transient 

and dynamic stability  

 

-- 

UPFC 
Unified power flow 

controller 

 Terminal voltage control, 

phase angle regulation, 

series line compensation 

 VAR compensation 

     

     

Dynamic Line Rating 

 

Transmission line loading is limited to some certain degree because of instability 

in long lines and thermal limit in short and medium lines. For short-length overhead lines, 

the maximum loading can be adapted considering weather circumstances. For instance in 

a cold windy day, the line will be able to tolerate higher currents and consequently power 

transportation. The reason is the fact that the temperature rise in the conductors will be 

less and the problem with conductor sag is less likely to happen. Therefore, a dynamic 

line rating can be used instead of static limits which currently are being practiced in 

power system operation. The main application of the idea is related to the wind-power 

integration at substation level ‎[1.62], ‎[1.63]. At this voltage level, the thermal capacity of 

the lines determines the limits on the transport. This solution may resolve some of the 

issues related to large penetration of RES generation in the future power system at the 

transmission and distribution level in terms of power transport and the need for new 

infrastructure. 

Although the principle of dynamic line rating is simple and straight-forward, its 
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wide application needs further inspections and investigation. Determining the actual limit 

on the line transport capability and the fact that who accepts the risk associated with this 

are two primary issues which should be addressed ‎[1.41].  

 

Risk-Based Operation 

 

Traditionally,‎ the‎ large‎ power‎ system‎ operation‎ was‎ based‎ on‎ the‎ “(N-1) 

criterion”‎where‎the‎loss‎of‎any single component should not result in an interruption of 

any of the customers ‎[1.41]. Additionally, power system should always perform under 

“secure‎ operation.”‎ This‎ way,‎ system‎ operator‎ should‎ get‎ the‎ system back to secure 

operation within a certain period of time, e.g., 15 minutes ‎[1.41]. Despite successful 

practice with the above criterion for reliable power system operation, these operational 

practices are not effective anymore. The main reason is large penetration of variable RES 

generation in the power system which results in large and fast variation in the production. 

This is equivalent to a failure in a production unit or any other components causing 

outage of large generation unit. This phenomenon often happens in power systems with 

large penetration of variable RES. With risk-based scheduling of primary reserve, as a 

part of power-frequency control, total cost of maintaining the reserve plus the expected 

value costs of interruption will be minimized ‎[1.41]. Therefore, a dynamic criterion for 

reliable operation of power system will be achieved which helps to increase the reliability 

of the system with backup reserve, considering variability of RES generation. However, 

there is always a risk that the transport capacity of the transmission infrastructure reduces 

to insufficient levels for all transactions resulting from electricity market. This way, the 

transactions should be limited which consequently increases the price of electricity either 
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at the day-ahead or balancing reserve markets ‎[1.41]. The actual risk of risk-based 

operation is the regional or large-scale blackouts even though its probability is small 

‎[1.41]. Additionally, successful implementation of risk-based operation requires the 

definition of acceptable risk level which needs more research.  

 

Large-Scale Storage 

 

Large-scale storage is an old solution for the power system reliability and safe 

operation, which was not technologically available. Utilization of storage in the power 

system can flatten the load profile. It stores any excess power available during off-peak 

hours and delivers any amount required during on-peak hours. It also can significantly 

support large penetration of variable RES generation in power systems. This way, excess 

RES generation, e.g., in a wind farm, can be stored in the storage unit and the required 

amount delivered during the periods of low availability of variable RES generation, so 

that the output power of the wind farm can be levelized. Different factors should be 

considered in the storage sizing and scheduling including capital investment, operation 

and maintenance cost, physical sizes and weight, life expectancy, maximum 

charging/discharging rate, losses during charging/discharging, and the storage leakage in 

the idle mode. Different large-scale storage technologies are compared in Table ‎1.4.  

Amongst different existing battery technologies, Li-Ion batteries have attracted a 

lot of attention in recent years. They have reasonable life cycles which make them 

suitable for daily applications, such as peak power period. They are still expensive with 

relatively small energy density. More improvement on this very technology is ongoing. 
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Table ‎1.4. Comparison of different storage technologies ‎[1.64]. 

Technology 
 Capital cost  Efficiency 

% 

 Life 

cycles 

 Density 

kWh/m
3
 

 
Rating 

 $/kW  $/kWh     

NaS 
 

1000-2000  200-1000 
 

87  2000  200 
 10 MW, 

10 hr 

Flow Battery 
 

700-2500  150-600 
 

80  2000  25 
 1 MW,  

6 hr 

Li-Ion 
 

700-1500  800-3000 
 

95  4000  300 
 1 MW,  

15 min 

Ni-Cd 
 

500-1500  800-1500 
 

60-70  1500  50 
 5 MW, 

10 min 

Flywheel 
 

4000-10000  1000-3000 
 

93  20000  15 
 1 MW,  

15 min 

Electrochemi

cal Capacitor 

 
200-600  100-200 

 
97  30000  20 

 1 MW,  

5 sec 

Compressed 

air 

 
500-1000  30-100 

 
75  10000  - 

 100 MW,  

10 hr 

Pumped 

hydro 

 
600-1500  50-150 

 
70-85  20000  - 

 1000 MW, 

24 hr 

 

 

Ni-Cd and NaS batteries have already been utilized in power applications in rural 

areas. As an example, Ni-Cd batteries have been in operation in Fairbanks, Alaska which 

is able to provide 26 MW for 15 minutes or 40 MW in 7 minutes ‎[1.41]. First-generation 

compressed air technology is implemented in McIntosh, Alabama, U.S. and is currently 

operating. Additionally, DOE awarded the smart grid matching grants for the 

construction of 150 MW/10 hr and 300 MW/10 hr advanced second-generation 

compressed air storage ‎[1.64]. A 1 MW/1.5 MWh lead-acid battery bank has been 

operating for 12 years at a remote island location in Metlakalta, Alaska ‎[1.64].  

Hydrogen storage is another storage technology which has been drawn lots of 

attention. Compared to pumped storage and batteries, hydrogen storage has a higher level 

of energy density ‎[1.65]. Hydrogen can be generated by reforming natural gas with steam 
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or by the high-temperature and high-pressure electrolysis of water. Reforming natural gas 

for hydrogen production generates carbon dioxide as by-product which is not desirable 

‎[1.66]. Then, the hydrogen can be stored (either as compressed gas or in liquid form) and 

utilized as fuel in internal combustion engines or a fuel cell. The AC-to-DC efficiency of 

hydrogen storage has been shown to be in the order of 20 to 45% ‎[1.65]. Besides their 

relatively low efficiency, fuel cells do not have a quick response to the transient variation 

of the load ‎[1.67]. Other issues related to hydrogen production and storage can be 

summarized as follows ‎[1.68], ‎[1.69]: 

 operation pressure and temperature,  

 life span of the storage material and their stability,  

 requirement for hydrogen purity imposed by the fuel cell technology, 

 reversibility of hydrogen uptake and release,  

 rate of refueling,  

 hydrogen delivery pressure, overall safety, toxicity, and cost.  

As a result, a lot of research is required to bring hydrogen storage to a level of 

practicality and cost effectiveness. 

 

Protection Practices 

 

As one of the major issues in the distribution networks of the future smart grid, 

new philosophies and practices are required for effective protection within large 

penetration of DER, particularly in the distribution networks ‎[1.40]. Short-circuit 

contribution from DERs connected to the distribution feeders can result in unwanted trip 

of the protection devices. Additionally, DER reduce the short-circuit level which further 
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increases the chance of fail-to-trip conditions ‎[1.40], ‎[1.41]. Furthermore, the local 

protection of DER can fail to detect the fault in the distribution feeders, which can cause 

uncontrolled islanded situation ‎[1.41]. Since the existing protection practices are usually 

based on local measurements, more advanced and effective protection schemes are 

necessary to be developed for the large application of DER in the distribution networks. 

New directional protections are under development where advanced signal processing 

tools are utilized to detect the direction of fault current which would solve the first two 

issues with DER in the distribution networks. The new approach does not need any 

communications ‎[1.41]. Additionally, adaptive protection scheme is proposed in ‎[1.70] 

where the protection decides locally; however, the threshold settings are calculated 

centrally based on power flow studies and operational information. In this scheme, 

communication links are required to update the setting thresholds every few months or 

years. In another adaptive protection scheme with less communications, protection 

devices make the decision locally with limited information from other protection devices. 

Several other advancements are reported in different literature for power system 

protection with large DER penetration, however much more research and developments 

are needed, particularly for the protection of transmission networks ‎[1.41]. The required 

improvements are more towards making protection faster and more reliable for the smart 

grid with all DERs.  

 

Voltage Control Techniques 

 

Conventionally, voltage profile is always maintained within the pre-defined range 

using on-load tap changing transformers, off-load tap changing transformers, and by 
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limiting the length of cables and lines in the medium and low voltage networks. 

Utilization of series compensators, shunt reactors, condenser, capacitor banks and several 

FACTS devices are other approaches for voltage regulation both in the transmission and 

distribution systems. When DER added to the distribution networks, the behavior of the 

system can totally change. For instance, at the time of excess DER generation and low 

load demand, negative load can be realized which causes undesirable over-voltage at the 

point of connection. Similar issue can occur during low DER generation and peak load 

demand for under-voltage. One way to overcome this problem is to optimally size and 

allocate the DER in the distribution networks in order to reduce losses, voltage 

deviations, cost of operation and allocation, and to increase penetration of renewable 

generation. Different approaches are proposed for this purpose which has been reviewed 

in ‎[1.71]. However, so many uncertainties and variations exist in the distribution network 

which reduces the effectiveness of these methods in real-time operation of the system to a 

minimum level. For real-time operation, several methods for voltage regulation are 

proposed in the presence of variable DER. These techniques are comprehensively 

reviewed and compared in ‎[1.72], ‎[1.73]. With DER equipped with power electronics 

interface, or in synchronous machines, it is possible to control the voltage level by setting 

the reactive power generation to some extent. In a simple scheme, a generator can absorb 

reactive power to compensate for the voltage rise. However, this scheme increases 

loading and losses in the network due to additional reactive power ‎[1.41]. Additionally, 

DER can react to voltage changes much faster than the traditional voltage control 

techniques, such as tap changing transformers. This way, DER would inject higher 
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reactive power which may be exported to the transmission system as well. As a result, the 

coordination between the voltage control by the generator and other existing automatic 

control is essential in these schemes. As another proposed voltage control method for the 

distribution networks with high penetration of DERs, Volt-VAr control can be employed 

where a central controller calculates the optimal voltage settings for different existing 

control devices. An optimization is usually performed to calculate the operating point 

based on minimization of losses, considering technical limitation of the network and 

other components ‎[1.41]. These types of schemes heavily rely on the availability of 

communication links and a central controller unit. The communication links are foreseen 

to be available in the smart grid era.  

 

MGs 

 

As it was mentioned in the earlier section, MGs are the driving technology and 

the bridging solution to the wide application and implementation of smart grid with all its 

features, particularly to achieve large utilization of RES ‎[1.74]. A MG is a regionally 

limited energy system of DERs, consumers, and optionally storage and controllable 

loads, controlled to maintain high quality, sustainable, and reliable electricity 

economically in grid-connected or off-grid (islanded) mode, as well as in dual mode (i.e. 

by changing the grid connection status.) MGs can be categorized as utility-size, 

industrial-size and commercial-size, and remote MGs ‎[1.75]. While remote MGs could be 

grid-connected or an island, or a part of a larger grid in a very remote area, the industrial 

and commercial MGs are those that belong to single customers such as an industrial 

plant, a government agency, or a shopping center. Application of RES and storage within 
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a‎MG‎can‎ significantly‎ reduce‎cost‎of‎electricity‎ for‎ the‎ remote‎MGs’‎users‎as‎well‎as‎

producing pollutions. In the industrial and commercial MGs, higher electricity 

availability can be recognized even during and shortly after severe weather conditions, 

which increases security and reliability of electricity. Utility-size MGs are under control 

and supervision of the system operator, where the users can contribute to their operation 

by their DER and/or controllable loads ‎[1.41]. One of the biggest utility-size MG is the 

one developed by Energinet, the Danish transmission system operator ‎[1.76]. The MG 

consists of 28000 customers, four CHP power plants, and 47 wind turbines. In U.S., 

CERTS MG testbed is designed to demonstrate conceptual and technical approaches for 

enabling the integration of multiple DER into an electric distribution system which are 

able to work autonomously or in grid-tied mode ‎[1.77]. In terms of reliability, it has been 

shown by the Lawrence Berkeley National Lab (LBNL) that 80-90% of all grid failures 

started at the distribution level where MGs will play an important role ‎[1.78]. Therefore, 

the application of MGs in the distribution networks can improve the overall reliability of 

the bulk power system.  

The great feature of MGs in general is their ability to work in islanded mode 

(when they lose connections to the main grid). Controlling MG operation in islanded 

mode with large penetration of variable RES generation is a very difficult task for MG 

developers and researchers. As a result, many efforts from researchers and companies are 

put into the development of appropriate control schemes for the safe and secure operation 

of MGs, particularly in the islanded mode. Additionally, the utility-size MGs are desired 

to work in dual mode, where they are capable of operating in grid-tied and islanded mode 
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when it is needed. Therefore, islanding detection techniques play important role for such 

MGs. An extensive literature review on different islanding detection techniques are 

reviewed in ‎[1.79]. Based on the definition of the MG and the different features 

envisioned for the smart grid in Figure ‎1.2, the role of MGs for wide acceptance and 

implementation of the smart grid can be realized. In the following sub-section, the role of 

MGs is reviewed for each feature. 

 

Renewable Energies. DER at the low voltage level is most likely to have variable 

renewable generation. As a result, each consumer at the distribution level could be 

potentially a power generator that can participate in the power market through other 

mediums, such as aggregators. In the medium voltage MGs, a lot of incentive programs 

are designed to increase the generation from small green generation resources, such as 

wind. As a result, the inherent characteristics of MGs will result in increase of variable 

RES utilization in large quantities. Additionally, large integration of variable RES in 

smaller scale as in MGs will help developers and researchers to diagnose the potential 

issues. Then, it would be much easier to find solutions to the problems for large 

application of variable RES in larger power systems. This increase in RES integration 

requires structural and conceptual changes in the existing power system, as explained in 

details in earlier sections. However, MGs could be a medium to test and verify new 

structural and conceptual means for larger power systems Another useful characteristic of 

the MG for RES integration is the ability of MGs for islanding operation. This way, even 

if a large penetration of variable RES causes a blackout in that MG, the fault will be 

contained and other MGs will perform in completely healthy condition. Therefore, any 
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fault in one MG will be limited geographically and to a small amount of customers. As a 

result, the developers and system operators (such as utilities) will be more confident to 

employ large amount of variable RES. Large application of the renewable generation is 

aligned with other goals of the smart grid such as global competitiveness and millions of 

job opportunities.  

 

Storage Devices. In the definition of MG, storage is considered to be optional. 

However, the safe and reliable operation of a MG (particularly in islanded mode) without 

storage devices is almost impossible especially in the case of large variable RES 

generation. This is because of the fact that the generation and demand always should be 

equal in a power system. With a large penetration of variable generation, it is always 

necessary to have storage device to act as a buffer between generation and demand. This 

way, when generation exceeds load demand, the excess available power will be stored in 

the storage devices. Alternatively, the storage device will provide required power when 

load demand exceeds the generation. The application of storage units within MGs can 

decrease the amount of spinning resources (such as diesel generator or microturbine) 

required, which consequently decreases the dependency on fossil fuels and amount of 

pollutions. Additionally, the penetration of variable RES within MGs can be increased 

with appropriate amount of storage, which is aligned with the smart grid goals. Different 

storage devices are required for reliable power delivery in MGs, particularly in the 

islanded operation mode. Fast storage devices with low energy capacity (such as super 

capacitors, flywheels, and SMES) are required to capture very fast changes in the output 

of RES, while slow storage devices with large energy capacity (such as different types of 
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batteries and fuel cells) are necessary to cover long-term needs for energy. Although 

implementing large-scale storage devices in the high voltage networks are expensive and 

less technically applicable because of relatively small energy capacity, they are relatively 

cheap and in the order of the needs within MG framework. Then, the hypothetical 

aggregation of the storage devices within all MGs in the same power system introduces a 

very large amount of storage which can be very useful for AS and voltage/frequency 

stabilization purposes. Similar to the renewable energies, the small-scale MGs will let the 

developers and researchers to diagnose any issues related to the application of storage 

devices. Then, it gives a chance to develop appropriate schemes and techniques to resolve 

the issues for large-scale applications of storage devices. Additionally, MGs provide an 

opportunity for new storage devices to be examined and verified for larger applications.  

 

Power Quality. One of the features of the smart grid is to provide power for 

anyone anywhere with an appropriate level of power quality. However, large penetration 

of renewable generation and storage devices in the smart grid era introduces a new level 

of harmonics and essentially degrades power quality. Similar issues can also be realized 

in small-scale MGs, where a large share of the generation belongs to the electronically-

interfaced power sources. As a result, it can be concluded that any improvement in the 

power quality of MGs impact the power quality of bulk power systems with large 

penetration of RES. In order to enhance the power quality of the electronically-interfaced 

DER, different methods are proposed such as optimization techniques, dynamic and static 

filters, controllers, FACTS devices, compensators, and storage devices, as reviewed 

extensively in ‎[1.80], ‎[1.81]. Additionally, it is argued in ‎[1.82] that meeting the power 
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quality requirements by local provisions (available in MGs) may be more cost-effective 

than increasing quality of supply from upstream networks. Therefore, MGs can improve 

power quality with more cost-effective approaches.  

 

Energy Efficiency. As the definition of a MG states, local generating units will 

be seamlessly connected to a power system. This essentially means that, with the 

application of MGs, the power system structure will be more decentralized in the smart 

grid era. This way, the generation will be closer to the load centers and large transmission 

lines will be avoided. As a result of this transition, the power losses through transmission 

lines and medium voltage networks will decrease significantly. Therefore, higher energy 

efficiency will be achieved by decentralized power system. It can then be concluded that 

the wide application of MGs will essentially result in higher efficiency of the power 

generation and transmission. Additionally, it is shown in several studies that MG 

technology provides an opportunity and a desirable infrastructure for improving 

efficiency of energy consumption in a building with appropriate generation sources and 

storage devices ‎[1.83]-‎[1.85]. Furthermore, the application of CHP within MGs can 

improve system efficiency. As a result, less electricity will be drawn from the upper grid 

which results in higher efficiency of the transmission system.  

 

Demand Response. DR as a part of DSM is a set of actions to defer or reduce the 

consumption‎without‎ jeopardizing‎ customers’‎welfare.‎Enabling‎ active‎ participation‎ by‎

electricity customers in DR has been identified by the U.S. DOE as an important feature 

of smart grid ‎[1.2]. MGs might help the smart grid industry to achieve the dream of DR 
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as an active part of power system operation. In ‎[1.86], it is shown that wide utilization of 

MGs for load management not only benefit the participating consumers, but also reduces 

the wholesale market price for other consumers. This fact is also proved through 

numerical simulation for PJM real-time balancing market ‎[1.87]. It is also shown that the 

DR can provide highly elastic demand curve for wholesale electricity markets which is of 

a significant value in day-ahead markets ‎[1.88]. DR is one of the main focuses of this 

dissertation and will be covered in more details later. 

 

Self-Healing. Generally speaking, self-healing is defined as the capability of a 

system to automatically detect a fault of any kind and to recover to the normal operation 

as quickly as possible after removing the fault ‎[1.89]. This capability will help the bulk 

power system to be more reliable and secure in terms of any kind of faults. A self-healing 

grid will be more stable and reliable. Three primary functions of a self-healing grid 

include: 1) real-time monitoring and reaction, which permits the power system to 

continuously tune itself to an optimal state; 2) anticipation (or prognosis), which 

empowers the system to automatically search the power system for potential issues in the 

future that could start larger disturbances; and 3) rapid isolation, which enables the larger 

system to isolate parts of the network that experience fault from the rest of the system, to 

avoid the spread of disruption and enable a more rapid restoration ‎[1.90]. As a result of 

these functions, a self-healing smart grid system is able to reduce the number and size of 

power outages and minimize the time required to restore the faulty areas. Furthermore, 

the self-healing system would be capable of end-to-end resiliency, which means that it 

can detect and override human errors that sometimes can cause power outage as the one 
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in California in 2011 ‎[1.90]. To transform the existing power system to a resilient self-

healing smart grid, it is needed to improve the bulky power system to a smart grid which 

consists of numerous small-scale MGs. With MGs and their connections together, bulky 

power system will be divided into numerous small-scale MGs at the distribution and 

medium-voltage level. Each of the MGs can operate autonomously if needed, and they 

can share load and generation between each other based on technical and economic 

functionality. Additionally, inter-connecting lines between MGs will be supervised by 

intelligent diagnosing and prognosis algorithms with superfast solid-state switches. As a 

result, each MG will be able to react quickly to any unexpected changes or faults, where 

appropriate inter-connecting lines will be open to prevent cascading faults to other areas. 

This way, any fault within a MG will be limited to its customers, and not the whole 

power system which results in significant reliability improvement. A comprehensive 

literature review on this topic and a multi-agent based approach for MG power 

management is given in ‎[1.91].  

Electricity Market. Appropriate electricity market is an essential part of MGs, 

particularly in the medium-voltage networks ‎[1.92]. In the smart grid era where numerous 

variable RES, storage devices, DR, and CHP units will be added to the power system, 

complexity will affect its reliable operation. This issue exists in smaller scale within 

MGs, particularly in the medium-voltage level. Effective policies and pricing schemes for 

the MGs can also affect the bulk power system in the smart grid era. 

As it is comprehensively explained in earlier section and in ‎[1.78], MGs are the 

most promising and important solution for successful implementation of smart grid. 
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However, several issues need to be addressed prior to the successful implementation of 

MGs. These issues can be divided into two categories: 1) economical, and 2) technical. 

The coverage of economic issues related to the successful implementation of MGs is out 

of the scope of this dissertation. A comprehensive review of the economic issues are 

given in ‎[1.78], ‎[1.92]. Most of the technical issues mentioned for the smart grid will 

exist for MGs as well. Such issues include power quality and reliability, transition from 

grid-tied to islanded mode, and integrating MGs in to the existing system with legacy 

equipment. A comprehensive review of the technical issues of MG implementation is 

given in‎[1.93], ‎[1.94]. The focus of this dissertation is to propose appropriate solutions 

for two major problems in MG operation: 1) voltage and frequency stabilization in 

islanded mode, and 2) real-time power management in both islanded and grid-tied mode. 

In the following sub-sections, each of these issues will be reviewed and explained. 

 

Frequency and Voltage Stabilization within MGs 

 

A MG is a regionally limited energy system of DERs, consumers, and optionally 

storage, controlled to maintain high quality, sustainable, and reliable electricity 

economically in grid-connected or off-grid (islanded) mode, as well as in dual mode (i.e., 

by changing the grid connection status.) Depending on the type and depth of penetration 

of DER units, load characteristics, power quality constraints, and market participation 

strategies, the required control and operational strategies of a MG can be significantly, 

and even conceptually, different than those of the conventional power systems ‎[1.95]. 

The control strategy of a MG is a new concept in the modern power system and a 

challenging task from generation-, storage- and demand perspective. This challenge is 
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will be more complicated when the MG operates in islanded mode, where providing 

power with standard quality (in voltage and frequency) is a difficult task for the MG 

operator/owner in the absence of traditional AS available from the grid. At the 

transmission level, a significant penetration of DER is desired. However, the uncertain 

and variable nature of RES can create problems for power systems in providing balancing 

reserves when RES penetration is high, e.g. exceeding 20% ‎[1.96]. As RES penetration 

increases, the conventional solution is to increase the amount of available reserve ‎[1.97]. 

Since spinning reserves are mostly provided by fossil fuel-based power plants, their 

operation is costly and results in increased release of undesired emissions. While it is 

necessary to account for the variability of RES-based generation with balancing reserves, 

it is also desirable to have the ability to store any excess available energy. To overcome 

these issues related to the application of DER, several solutions have been proposed, 

some of which have been implemented and some under experimental study. Amongst all, 

energy storage and DSM have been chosen as the most viable options in the smart grid 

era. Although short- and long-term energy storage units can play a major role in control 

and operation of a MG ‎[1.64], ‎[1.95], ‎[1.98], storage devices (such as pump storage, 

thermal energy storage, hydrogen storage and batteries) have a small chance to be widely 

applied in the near future because they: 

 are expensive to install and maintain, 

 have low efficiency, 

 may have certain geographical topology requirement, which is not available in 

most cases especially in the case of MGs in populated areas, 



89 

 

 

 

 may require expensive facilities, with certain conditions, such as temperature 

humidity control. 

In comparison, DSM is considered as a viable solution, although it has its own 

shortcomings and challenges ‎[1.25], ‎[1.99]-‎[1.104]. Based on the U.S. DOE report ‎[1.2], 

economic benefits from DSM in the USA can range from about $80M to about $800M 

annually, in addition to another $85M to more than $300M annually through emergency 

DR. Previous pilot studies have also shown that DSM is beneficial to both customers and 

utilities, particularly for peak load shifting and AS ‎[1.99]-‎[1.109]. DSM is a very broad 

set of actions on the part of both consumers and utilities that includes everything from 

installing energy-efficient appliances and switching off unused lights, to adding local off-

grid generation abilities, to implementing a complicated electricity pricing system in 

which rates vary based on time-of-day and aggregate power usage intensity ‎[1.25]. 

Amongst different DSM strategies, DR is a popular subset of DSM programs which relies 

on a direct command signal and/or financial signals from the utilities for altering patterns 

of consumer electricity usage. Traditionally, DR referred to the changes in electricity 

usage by end-use customers from their normal consumption through DLC or 

interruptible/curtailable programs during peak hours ‎[1.105]. Progress in communication 

protocols and technologies (such as Internet) has been extraordinary in the past decade, 

which provides inexpensive two-way communication with individual loads ‎[1.110]. 

Therefore, a new way of thinking about DR is developed amongst power system 

researchers‎and‎operators,‎which‎results‎in‎the‎new‎definition‎of‎DR:‎“DR‎is‎redefined‎as‎

the capability to aggregate and precisely control individual loads on command at all 
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time.”‎ ‎[1.110] This definition is the core idea throughout this dissertation for utilization 

of DR for frequency and voltage stabilization. Different DR programs are classified in 

Figure ‎1.31. These programs are divided into two main categories: Incentive-Based 

Programs (IBP) and Price-Based Program (PBP).  

 

 

Figure ‎1.31. Classification of DR programs ‎[1.105]. 

Regardless of the type of DR program, challenging and serious questions have to 

be answered for both researchers and system operators about the various impacts of DR 

on the economy, performance and operation of the power system and consumers, before 

taking any further steps. In many studies, researchers have tried to address the technical 
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and economic concerns and challenges on DR planning and modeling, e.g., ‎[1.109], 

‎[1.111], ‎[1.112], the economic costs/benefits analysis of DR for the utility and customers, 

e.g., ‎[1.99]-‎[1.109], and the potential of DR for AS, e.g., ‎[1.99], ‎[1.113]-‎[1.124] at the 

distribution and transmission levels. 

As a summary of the studies mentioned above, commonly anticipated and 

observed benefits of DR include: 

 Lower risks of power interruptions from lower peak loads 

 Improved operating conditions for utility firms from increased peak-time 

rates, reduced marginal costs of lower peak power quantities, and ability to 

postpone infrastructure investment 

 Cost savings for end users from a combination of reduced off-peak tariffs and 

a‎greater‎awareness‎of‎one’s‎level‎and‎pattern‎of power consumption 

 Increased spread of energy-efficient appliances 

 A general increase in responsibility and prudence with regard to electricity 

use. 

Despite all the efforts that have been made so far, there is still a gap in research to 

clarify and quantify the impacts and potential of real-time DR on the performance of 

power systems and resolving related issues by proper management and control strategies 

for frequency regulation services, both at the distribution (in islanded MG without 

conventional AS) and transmission level (in load-frequency control (LFC) problem). 

These issues will be addressed in the first part of this dissertation. 

 

Real-Time Power Management of MGs 
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Although the primary goal of any power system is to keep the load and generation 

balanced for safe operation, other objectives relevant to the features of smart grid should 

be considered in the operation of MGs. Since MGs are relatively expensive assets, it is 

always desirable to operate them with the minimum possible cost. Therefore, active and 

reactive power control within MGs (both in islanded and grid-tied operation) among 

different generation assets, storage devices, option of purchasing power form the upper 

grid in grid-tied mode, and the availability of DR resources seems to be essential. But 

MGs’‎control‎ is‎not‎only‎limited‎to‎balancing‎generation‎and‎demand‎and‎cost-effective 

operation. Other realistic constraints and objectives which can be considered in a MG are 

given in Table ‎1.5. As a result, it can be concluded that the control philosophies and 

operational strategies of MGs are conceptually different from those in traditional power 

system. The main reasons for this are comprehensively reviewed in ‎[1.95]. 

As it can be realized from Table ‎1.5, MGs substantially need power management 

architecture to achieve these goals simultaneously and quickly to keep up with variations 

in generation and demand. Satisfying different objectives within MGs infers multi-

objective optimization problems, with several constraints, to be solved in real-time. In 

such problems, satisfaction of all objectives requires a combination of maximization and 

minimization simultaneously, while the optimal solution for one objective function may 

not necessarily be the optimal solution for other objectives. As a result, some of the 

objective functions may compete with each other for the optimal solution. This can make 

the optimization very difficult for real-time applications. To resolve this issue, a tradeoff 

between different objective functions should be made based on the requirement of the 
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MG at hand. This way, Pareto optimum can be reached, where the solution represents a 

state of satisfaction for one objective function which cannot be raised further without 

lowering another objective(s) satisfaction ‎[1.84], ‎[1.91], ‎[1.125]. This shows the necessity 

of real-time power management systems for safe and reliable operation of MGs.  

Table ‎1.5. Different‎objectives‎and‎constraints‎for‎MGs’‎operation‎‎[1.84], ‎[1.125]. 

 

In general, real-time MG management is classified into energy and power 

management. Energy management algorithms deal with monitoring and operation of a 

complex system of electrical, thermal, and mechanical components with emphasis on 

desired longer term outcomes. The objective of power management is to affect the 

instantaneous operational conditions towards desired parameters, e.g. ‎[1.126]-‎[1.133]. As 

a general viewpoint, both power and energy management refers to any control actions 

based on particular objectives in real-time (i.e., in the order of seconds to minutes). Here, 

O
b
je

ct
iv

es
 

Minimizing cost of operation and maintenance including all generation assets, 

storage devices, and DR resources 

Minimizing environmental impact (i.e., pollutions) in the presence of 

traditional generation sources 

Reducing losses in transmission and within MGs, providing VAR support 

Maximizing AS for the upper grid in grid-tied‎mode‎(i.e.,‎maximizing‎MGs’‎

profit)  

Scalability and plug-and-play operation  

Maximizing the total energy efficiency  

Maximizing load factor 

C
o
n
st

ra
in

ts
 DERs availability, based on their generation prediction for variable RES 

Maintaining frequency and voltage standard levels 

Maintaining MGs stability and reserve margins for islanded operation 

Balancing active/reactive power generation and demand at all time 
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one might recognize the difference between day-ahead scheduling and economic demand 

and generation dispatch, which are performed off-line. MG management algorithms can 

be divided into centralized ‎[1.126]-‎[1.131], and decentralized management architecture 

‎[1.132], ‎[1.133]. Structurally, MGs can be operated in grid-tied ‎[1.126], ‎[1.129], ‎‎[1.131]-

‎[1.133]), islanded ‎[1.127], ‎[1.128], or both modes ‎[1.130]. Each of the above modes has 

certain requirements to be fulfilled. A comprehensive literature review of specific 

requirements such as power management of MGs which include CHP and/or electric 

vehicle (EV) is given in ‎[1.134], ‎[1.135]. There are also numerous papers on the power 

electronic applications and appropriate controllers for MG safe operation, e.g. ‎[1.136]-

‎[1.141] to just name a few. A comprehensive literature review of the state-of-the-art of 

MGs is given in ‎[1.91].  

Real-time power management of MGs is an example of a complex automated 

decision-making framework which is faced with unique challenges in terms of required 

computational time and resources for real-world applications ‎[1.125]. Multi-objective 

optimization existing in the MG management structure can be treated by two formal 

mathematical techniques to derive Pareto solutions. The first technique involves 

aggregating the various objective functions into a single objective function ‎[1.125]. This 

technique is more suitable for gradient-based optimization techniques. It is relatively 

simple but requires the decision-maker to assign the relative weights of the constituent 

objective functions within the aggregation. The second broad category for addressing 

multiple objectives includes the class of intelligent methods ‎[1.125]. The primary 

advantage of intelligent techniques is the fact that they can address many objectives 
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simultaneously with lower computational time, as shown in ‎[1.127], ‎[1.142]. As a result, 

in this dissertation, focus is also given to real-time power and energy management with 

heuristic optimization techniques compared to the results obtained from a well-known 

gradient-based technique, considering different generation and storage assets, and DR 

simultaneously. Both islanded and grid-tied operations are treated with emphasis on the 

islanded operation. 

Organization of the Dissertation 

This dissertation is organized in 12 chapters. A comprehensive introduction and 

the needs for this research are presented in Chapter 1. The rest of the dissertation is 

divided into three parts as follows: 

Part I, including Chapters 2 to 5, is devoted to the applications of real-time DR 

and controller development for the islanded MGs. Specifically, Chapter 2 introduces a 

simulation framework to evaluate the impacts of high penetration of variable PV 

generation on the frequency and voltage of an islanded MG at the distribution level. 

Different simulation studies are designed and performed to thoroughly reveal the 

negative impacts of variable RES on the system operation parameters. In Chapter 3, a 

heuristic controller with minimum load manipulation is developed and utilized for IEEE 

13-bus standard distribution system. The effectiveness of the proposed controller on the 

system frequency and voltage behavior is justified through different simulation studies. In 

Chapter 4, the proposed islanded MG is enhanced with the simplified grid model to 

include the automatic generation control in the analysis. Then, different simulation 

studies are carried out and the results are compared with those from real-time DR. 
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Chapter 5 presents an optimal real-time DR algorithm adapted for the application in the 

PJM regulation electricity market. An objective function with several technical 

constraints is solved using linear programming (LP) at each interval to find the best 

solution for regulation services in a test islanded MG.  

Part II, which consists of Chapters 6 to 8, evaluates the application of real-time 

DR for system frequency control at the transmission level considering high penetration of 

variable RES, particularly wind generation. In Chapter 6, the well-known single-area 

LFC model is enhanced with real-time DR (called LFC-DR) control loop considering the 

DR communication delay. Different analytical studies are carried out to reveal the 

effectiveness of the enhancement. Finally, simulation studies are carried out for different 

single-area power system to show the impact of the proposed model. Then in Chapter 7, 

the proposed LFC-DR model is further developed for multi-area interconnected power 

systems with multiple generation companies (Gencos) and load aggregator companies 

(Lagcos). The analytical results and optimal controller design proposed for single-area 

power system in Chapter 6 is further extended for this purpose. Eventually, simulation 

studies are performed to reveal the effectiveness of the proposed model. Chapter 8 is 

devoted to the application of aggregated electric water heaters (EWHs) for transmission 

system for frequency regulation and shifting demand. Actual data for hot water demand 

and regulation services are utilized in several simulation studies. Different economical 

and technical analyses have been done to reveal the usefulness of the proposed DR 

approach.  

In Part III, which includes Chapters 9 to 12, different real-time power 
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management algorithms (with and without DR) are developed for optimal and secure 

operation of grid-tied and islanded MGs. In Chapter 9, a general approach is proposed for 

ownership cost calculations of DERs. This is primarily useful for cost-effective power 

management algorithms. Then, Chapter 10 proposes a general power management 

framework for grid-tied MGs. Battery lifetime expansion and operational cost 

minimization are considered in the proposed approach. The performance of the proposed 

management algorithm is verified through different simulation studies. In Chapter 11, a 

real-time power management algorithm is introduced for an islanded MG considering 

battery and dump load operations. Particle swarm optimization (PSO) is utilized to find 

optimal solution in short intervals. Results of the heuristic optimization technique (i.e., 

PSO) are then compared with those from sequential quadratic programming (SQP) as a 

classical optimization technique. Finally, a multi-timescale power management algorithm 

considering dynamic model of generation, storage, and load is developed in Chapter 12. 

The optimality of the solutions is achieved and simultaneous generation, storage, and DR 

is included in the proposed algorithm. Different simulation studies revealed the 

effectiveness of the proposed approach.  

Finally, the research and the results are concluded in Chapter 13.   
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Abstract 

This chapter presents an evaluation of the impact of various levels of PV power 

penetration in a distribution feeder connected to a simplified grid model (SGM). PV 

generation is implemented in second-by-second iterations with power output based on 

actual solar radiation and air temperature data. High penetration levels of intermittent PV 

generation (15% and 30%) are employed in a feeder-configured MG to evaluate grid 

frequency and voltage characteristics. In this study, only governor droop control is 

included in the proposed SGM without the secondary control action (known as load 

frequency control). Two different grid models (fast and slow grid), PV generation 

configurations (concentrated and distributed), and PV penetration levels (15% and 30%) 

are considered in the simulation studies. Simulation results indicate the impact of the 

aforementioned parameters on the system frequency and voltage. Results also reveal that 

distributed PVs in a wide geographical area with different weather regime have less 

impact on the frequency and voltage. 

Introduction 

The drive to provide more economical means of power production has resulted in 
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major technological advances toward the application of distributed generation (DG). In 

turn, the practicality of alternative energy system deployment has become much more 

apparent. One such rapidly developing technology is solar PV power generation. The 

evolution of distributed PV is made evident by the 878 MW increase in grid-connected 

PV capacity in the U.S. in 2010- nearly a 72% rise in capacity from 2009 ‎[2.1]‎. However, 

the growing amount of penetration of DG (in particular intermittent renewable DGs, such 

as PV) can impact reliable operation of distribution system, to which they are connected 

‎[2.2]. 

The ability to balance generation and demand within a grid is imperative to 

maintaining electrical stability. At the distribution level, the impact of several highly 

variable sources such as PV can result in deviations in grid characteristics large enough to 

violate standard practices for implementation ‎[2.3]. As the amount of grid-connected DG 

increases, grid operation and control becomes progressively more difficult and it may 

ultimately result in system failure. Consequently, dividing the main grid into smaller 

subsystems of MGs presents a much more manageable and controllable network. This 

allows for higher penetration of reliable power sources, such as PV, without requiring 

massive architectural reconstruction of the main grid ‎[2.4]. Additionally, MGs provide 

greater system flexibility through the installation of inverter-interfaced inertia-less 

distributed generation systems (such as PV systems and fuel cells), as well as introducing 

adjustable base-load generators and energy storage systems to compensate for the 

variable generation that some renewable energy generation sources naturally exhibit 

‎[2.5], ‎‎[2.6]. 
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(b) 

Figure ‎2.1. Configuration of the generic feeder (a) with concentrated PV generation, and 

(b) distributed PV generation. 

In this chapter, a grid-tied distribution feeder with concentrated or distributed PV 

resembles a MG. Since higher penetration of renewable resources into the conventional 

grid‎ is‎ desired,‎ evaluation‎ of‎ their‎ variable‎ generation‎ on‎ the‎ system’s‎ frequency‎ and‎

voltage is necessary. In order to avoid complex modeling of the grid, a simplified grid 

model (SGM) is developed at the distribution level to resemble the behavior of the actual 

grid at that level. Only governor droop control is considered for the grid in this part of the 

research. No spinning reserve is included. The main purpose of this study is to investigate 

the actual impacts of large penetration of PVs in the order of seconds, whereas spinning 

reserves work in the order of minutes.  

The distribution feeder as a part of the grid is connected to the SGM to show the 

effects of variable PV generation on the system frequency and voltage. Two different 
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SGMs (a slow and a fast response), and PV penetration values of 15% and 30% are 

studied. The PV generation is modeled as a PV farm and as distributed (customer owned) 

PV systems, as shown in Figure ‎2.1 (a), (b). The simulation diagram of the feeder-

configured MG is shown in Figure A.1 in Appendix A.  

Second-by-second solar insolation data is used to show the effects of abrupt 

variations in solar insolation. The SGM tries to adjust its output with variations in PV 

generation output to stabilize the system frequency and consequently voltage through its 

governor droop control. However, large penetration of PV generation causes the system 

frequency to fall out of the acceptable range most of the times. In a real system, LFC 

could compensate for some of the above frequency deviations. The addition of these 

features as well as load control (i.e., DR) for frequency stabilization is a part of the next 

chapter. 

Simulation results show the significant impact of high PV penetration on the 

system frequency and consequently voltage; however, the impact is lower in the case of 

distributed PVs compared to concentrated PVs (solar farm) with the same penetration 

level. It has also been shown that a larger grid with slow-response generators experience 

larger variations in system frequency and voltage. All system models are developed and 

tested in MATLAB/Simulink
®
 ‎[2.7]. 

System Studied 

The systems of study are modeled as grid-tied MGs with concentrated or 

distributed PV DGs, as shown in Figure ‎2.1 (a), (b). In both cases, the SGM with speed 

governor and exciter is utilized as presented in earlier section. The SGM is designed to 
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resemble the actual behavior of a grid at the distribution level. It includes governor droop 

control, but LFC is not considered. The main objective of this chapter is to show the 

impact of medium and high levels of PV generation on the system frequency and voltage 

where only governor droop control is available for frequency regulation. 

The PV model obtained from ‎‎[2.8]‎ is used. The model incorporates a maximum 

power point tracking (MPPT) system consisting of 30 kW PV arrays with a buck-boost 

DC/DC converter and a DC/AC inverter. The PV output power is scaled to achieve the 

desired level of penetration based on the number of arrays in the system. The inputs to 

the PV system are solar insolation and air temperature, which are recorded in one-second 

and one-minute intervals, respectively. The data is obtained from the National Renewable 

Energy Laboratory (NREL) for Oahu, Hawaii Solar Measurement Grid ‎‎[2.9]. This solar 

insolation data is especially attractive for this study since the one-second data gives more 

accurate representation of the variable nature of PV output power during sporadic 

clouding, thus providing a more realistic case. To expose the variability issues with PV 

generation, solar irradiation is represented for a sunny day with erratic clouding (June 18, 

2010).  

Penetration by renewables can be defined in a number of ways (i.e., percentage of 

energy supplied by renewables, rated renewable power generation in comparison to peak 

load, and renewable generation in comparison to system capacity) ‎‎[2.10]. In this study, 

PV penetration is defined as the rated PV capacity in relation to total capacity of the grid. 

15% and 30% PV penetration level is studied. 
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Simplified Grid Model (SGM) 

 

In the majority of power system studies, the grid is modeled as an infinite bus, 

which can provide or absorb any amount of power requested by loads. However, this is 

unacceptable in reality and also for the sake of this study, where system frequency and 

voltage are investigated under transient and steady-state conditions. Computationally, it is 

not always feasible to use a detailed grid model, such as this study. Thus, a simplified 

grid model is required at the distribution level, which can be utilized for any frequency 

and voltage stabilization studies, DR studies and for evaluating the impact of renewable 

energy on the distribution grid. All the generators in the grid are modeled as a single 

generator with effective inertia of the grid, governor action, and load-frequency 

dependence ‎[2.11], where the capacity of the grid model is the total capacity of the grid. 

The components of the proposed model are shown in Figure ‎2.2. 
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Figure ‎2.2. Components of the proposed SGM. 
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The proposed model includes a synchronous generator, speed governor, voltage 

controller (excitation system), and a dynamic load. It is equipped with a type AC4A 

exciter with transient gain reduction ‎‎[2.11], ‎‎[2.12]. This model includes the following 

characteristics of an actual grid: 

 Governor droop characteristic can be applied to calculate the target mechanical 

power of the generator as follows ‎[2.11], ‎[2.13]: 

sp act
tar

nom

f f
P p u

R f

 
  

 
. .  (‎2.1) 

where fsp is the frequency setpoint, fact is the measured frequency, and fnom is the nominal 

frequency, all in Hz. R is the droop value of the generator. Typically, speed governors are 

designed with 4%-20%‎“droop”‎characteristic‎ ‎[2.13]. For 4% droop value, the generator 

output will increase to 100% for a 4% drop in frequency. 

 The speed governor and turbine model. This model, shown in Figure ‎2.3, is 

extracted from ‎[2.12].  

Σ‎
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+

_
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Figure ‎2.3. Speed governor of the proposed SGM. 
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In Figure ‎2.3, ωact is the measured machine radian speed, ωref is the machine 

reference speed, Ptar is the reference target power, and Pmech is the mechanical power 

driving the generator, all in per unit. Also, Ts is the servo time constant, TC is the high 

pressure (HP) turbine time constant, T3 is the transient gain time constant, T4 is the time 

constant to set HP ratio, and T5 is the re-heater time constant, all in sec ‎[2.12]. 

 Released demand consisting of the loads which have built-in frequency 

dependence. When the frequency drops, the power consumption of such loads will drop 

as well and vice versa. This effect can be modeled by a variable active load model 

defined by (‎2.2) ‎[2.11], ‎‎[2.13]: 

act nom
R L

nom

f f
P D P W

f

 
  

 
. . ,  (‎2.2) 

where D is the load-damping constant, and PL is the total amount of active load, 

including the released demand. 

 Inertia of an actual power system which typically varies between 2 and 8 sec 

‎‎[2.11], ‎[2.13]. This effective inertia is used in the inertia of single synchronous generator. 

 Total generation capacity of the grid can also be modeled as the capacity of a 

single large synchronous generator. The impedance of the single generator is tuned to 

result in the typical losses of the desired power system. 

The simulation diagram of the SGM is shown in Figure A.2 of Appendix A. 

 

Feeder-Configured MG 

 

The system incorporates distributed aggregated loads in a grid-tied MG 

configured as a generic feeder, as shown in Figure ‎2.1 (a), (b). The parameters of the 
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lines and aggregated loads are obtained from a study on distribution system 

reconfiguration ‎‎[2.14]. However, the grid in ‎[2.14] is replaced by the proposed SGM in 

this chapter. In Figure ‎2.1 (a), the PV DG is implemented as a single concentrated source. 

This scenario represents a solar PV farm where all PV panels experience the same 

weather regime. The farm is sized to the desired level of penetration. The total load of the 

feeder is approximately 0.837 MW/0.626 MVAr for a total of approximately 1.06 MVA. 

The total resistive and reactive load for the top, middle, and bottom branches of the 

feeder are 0.256 MW/0.189 MVAr, 0.447 MW/0.352 MVAr, and 0.140 MW/0.085 

MVAr, respectively. This feeder is considered as the added load to a grid with 10 MW/10 

MVAr base-load. The released demand is implemented for the active base-load in the 

SGM. Simulations are performed with the concentrated PV system scaled to penetration 

levels of 15% and 30%, corresponding to 4.5 MW (150 30-kW arrays) and 9.0 MW (300 

30-kW arrays), respectively. 

To investigate the effect of the distributed PVs, an additional scenario is tested, 

where the PV arrays are distributed at arbitrary nodes within the feeder, as shown in 

Figure ‎2.1 (b). This scenario is intended to represent distributed PV throughout a 

community of loads. The total PV penetration capacity is distributed at 10 different nodes 

in the feeder, assumed to be in a large geographical area. It is also assumed that each PV 

station at each node is the aggregate of several distributed PV units in a geographical area 

with similar solar insolation and temperature regime. The total PV penetration capacity is 

the same as in the concentrated PV case. To emulate the moving clouds, insolation for 

each PV system is lagged for an arbitrarily chosen time of 500 seconds (just over eight 
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minutes). This delay represents a moving cloud in the area with several small PV 

generation units. 

In power systems, a negative frequency deviation is an indication of excess load 

or lack of generation, while positive frequency deviation suggests a lack of demand or 

excess generation ‎‎[2.12], ‎[2.13], ‎‎[2.15]. It is well known that mitigating the large 

deviations in frequency is crucial for restoring system stability; therefore, loads must be 

released or added according to the situational frequency in emergency circumstances. In 

North America, whenever a frequency error persists for a certain time (10 seconds for the 

east, 3 seconds for Texas, and 2 seconds for the west), a correction of ±0.02 Hz (0.033% 

of 60 Hz) is applied ‎‎[2.15]. This corrective action starts with primary frequency 

regulation, and follows by secondary and tertiary frequency regulation, just in case. Since 

spinning reserves are expensive, and their use result in higher marginal cost of electricity, 

it is always desired to avoid purchasing spinning reserve for frequency regulation. 

Therefore, this study is undertaken to show the impact of high levels of PV generation 

with only governor droop control which finally translates to a need for a required amount 

of spinning reserve. In other words, larger frequency variations require more spinning 

reserve. As another possibility for providing AS in place of spinning reserve, DR is 

known as a promising technology in smart grid for frequency regulation ‎‎[2.16], ‎‎[2.17]. 

LFC could help partially reduce the frequency variations; however, because its response 

is not as fast as governor droop control, it is unlikely that the combination of governor 

droop control and LFC could reduce all the frequency variations ‎‎[2.18]. We therefore 

investigate both the effect of LFC as well as DR for frequency regulation in the next 
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chapter. 

Simulation Results 

The systems described are simulated in MATLAB/Simulink
®
 to evaluate their 

operational characteristics. The system is evaluated over a 9000-second (hrs: 12:36-

15:06) portion of the day for the solar insolation and temperature curves shown in Figure 

‎2.4 (a), (b). This time-span is chosen because of large fluctuations in insolation and 

therefore PV output power. The insolation data reaches near 1000 W/m
2
 (standard 

maximum insolation) at its peak value. This helps maintain consistency in the rated peak 

power output of the PV system and, ultimately, accuracy when defining the level of 

penetration. 

Multiple case studies are developed, including variations in the SGM 

characteristics, PV penetration level and configuration. The grid operation is evaluated 

through the different characteristics of the grid at the point of connection. Two different 

grid characteristics are examined in this chapter. The first grid model (SGM1) 

approximates a grid with slow response generators, such as the Western North American 

power grid with many hydro generators.  

The governor droop for all of the generators in this power system is set to 20% 

‎‎[2.12]. The second one (SGM2) resembles a fast response grid with small-sized turbo or 

diesel generators, such as Lanai in Hawaii ‎‎[2.19]. It consists of two isochronous 2.8 

MVA diesel generators and two frequency-droop 1.2 MVA diesel generators with 4% 

droop ‎‎[2.19]. The specifications of these two grids in SGM are shown in Table ‎2.1. 
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(a) 

 
 

(b) 

Figure ‎2.4. Actual data for (a) solar insolation and (b) air temperature used in the 

simulations. 

For ease of comparison, the total capacity of the system for both SGMs is chosen 

to be 30 MVA. The base-load of the system is considered to be 10 MW/10MVAr, and the 

feeder load of 0.837 MW/0.626 MVAr is added to the base-load. 

 

15% PV Penetration 

 

In this case, the impact of 15% PV generation is evaluated on the performance of 

the system for the two grid models. Results for the concentrated and distributed PV 

generation are given. To evaluate the voltage at different nodes within the feeder, 

measurements are taken at nodes at the end of the feeders, nodes B9, B15, and B17 in 

Figure ‎2.1 (a), (b). 
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Table ‎2.1. The SGMs parameters. 

 

 

 SGM1 

(slow) 

 SGM2 

(fast) 

Synchronous Generator Parameters  

xd          (pu)  0.9  1.9 

x’d        (pu)  0.27  0.27 

T’d0      (sec)  9.0  6.0 

xq          (pu)  0.6  1.6 

x’q        (pu)  0.27  0.27 

T’q0      (sec)  0.05  0.8 

H        (sec)  4.4  4.0 

Governor Parameters  

Droop (pu)  0.2  0.04 

Pmax     (pu)  1.0  1.0 

Ts         (sec)  0.4  0.04 

Tc         (sec)  75.0  0.2 

T3         (sec)  10.0  0.0 

T4         (sec)  2.4  1.5 

T5         (sec)  1.2  5.0 

Exciter Parameters   

KA  150  200 

TA         (sec)  0.09  0.04 

Vmax, Vmin   (pu)  6.0/-3.0  6.0/-3.0 

 

 

CASE I: 15% Concentrated PV Generation. This case shows the effect of 

concentrated PV generation on the feeder with aggregated loads. As seen in Figure ‎2.5 

(a), the frequency is mostly outside the acceptable range (60±0.05 Hz), especially during 

the high PV generation hours. As it can be seen in Figure ‎2.5 (a), the frequency 

fluctuations are less in the case of SGM2 compared with those in the case of SGM1. This 

indicates that the performance of grid at the point of connection is an important factor for 

increasing the penetration level of PV generation. In other words, a slow-response power 

system has a major barrier for increased PV penetration level. For ease of comparison, 

Table ‎2.2 shows the frequency statistics for both the grid models.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure ‎2.5. Simulation results for (a) system frequency and voltages of nodes (b) B9, (c) 

B15, and (d) B17 for both models of the grid. 

The root mean square error (RMSE) in the Table ‎2.2 is calculated as follows: 
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Table ‎2.2. System frequency statistics for both SGM1 and SGM2 in CASE I. 

 
Minimum 

frequency (Hz) 

Maximum 

frequency (Hz) 

Average 

frequency (Hz) 

Standard 

deviation (Hz) 

RMSE 

(Hz) 

SGM1 59.57 60.67 60.03 0.128 0.133 

SGM2 59.97 60.33 60.09 0.084 0.126 

 

where n is the number of samples from simulations. It can be seen that the largest 

variations in the maximum and minimum frequency, standard deviation, and RMSE 

happen in the case of SGM1. 

The voltage profiles at the feeder branches B9, B15, and B17 are shown in Figure 

‎2.5 (b)-(d), respectively. In this case, the deviations in voltage are minimal and have no 

negative impact on the system performance. However, voltage variations are slightly 

more in the case of SGM1 compared to SGM2. The mechanical output power for both the 

grid models and the total PV generation are shown in Figure ‎2.6 (a). It can be seen that 

the variations in PV generation and mechanical output power from the SGMs are 

reversed. Although it seems that the output mechanical power for both SGMs is the same 

in Figure ‎2.6 (a), they show different transient behaviors with very similar performance, 

as shown in Figure ‎2.6 (b) (which shows the simulation results for 200 seconds). The 

similar performance is because the total generation and demand are almost the same in 

both cases. Since frequency is different in the two SGMs, the amount of frequency 

dependent load would be different, which finally causes slight difference in the output 

mechanical power of the two SGMs. 
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(a) 

 
(b) 

Figure ‎2.6. (a) SGMs output mechanical power for 15% concentrated PV generation and 

total PV generation, and (b) zoomed-in output mechanical power of the SGMs. 

CASE II: 15% Distributed PV Generation. This case shows the effect of 

distributed PV generation on the feeder with aggregated loads. As seen in Figure ‎2.7 (a), 

the frequency is still out of the acceptable range; although the variations are much less 

compared to those of the concentrated PV generation. It basically shows that a higher 

level of penetration of PV generation is achievable if the generation is distributed in a 

large area with different weather regime. These variations are less in the case of SGM2 

compared to those in SGM1 as a result of quick response of the speed governor in SGM2. 

Table ‎2.3 shows the frequency statistics for both the grid models. It can be seen that 

larger variations in frequency as well as standard deviation and RMSE happen in the case 

of the feeder with SGM1. 
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Table ‎2.3. System frequency statistics for both SGM1 and SGM2 in CASE II. 

 
Minimum 

frequency (Hz) 

Maximum 

frequency (Hz) 

Average 

frequency (Hz) 

Standard 

deviation (Hz) 

RMSE 

(Hz) 

SGM1 59.93 60.14 60.05 0.043 0.064 

SGM2 59.87 60.02 59.96 0.038 0.057 

      

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure ‎2.7. Simulation results for (a) system frequency and voltages of nodes (b) B9, (c) 

B15, and (d) B17 for both models of the grid. 
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The voltage profiles at nodes B9, B15, and B17 are shown in Figure ‎2.7 (b)-(d), 

respectively. Although the system frequency for distributed PV is reduced significantly 

compared to the concentrated PV generation case, the voltage deviations at the different 

nodes are considerably higher since the PV generation is distributed and is close to the 

load centers (consumers). As a result, the system power loss and distribution line loading 

are lower, and the node voltages (and also the voltage variations) are increased. This 

problem can be solved by installing smaller PV generation units at more distributed 

configuration. It can also be observed that there are no significant differences in the node 

voltages under the two SGMs. 

The output mechanical power for both the grid models and the total PV 

generation are shown in Figure ‎2.8 (a). Again, it can be observed that the variations in the 

output mechanical power of SGMs are in such a way to compensate for the deficiency 

and excess of the PV generation. Figure ‎2.8 (b) shows the zoomed-in output mechanical 

power of both SGMs, which are almost the same. However, SGM1 has slower response 

due to its slower governor action. 

 

30% PV Penetration 

 

In this case, the impact of 30% PV penetration on the performance of the system 

for the two grid models is evaluated. The system frequency and node voltage variations 

for the concentrated and distributed PV generation are reported in the following two sub-

sections. 
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(a) 

 
(b) 

Figure ‎2.8. (a) SGMs output mechanical power for 15% distributed PV generation and 

total PV generation, and (b) zoomed-in output mechanical power of the SGMs. 

CASE III: 30% Concentrated PV Generation. This case shows the impact of 30% 

penetration of concentrated PV generation (as in Figure ‎2.1 (a)) on the feeder with 

aggregated loads. As seen in Figure ‎2.9 (a), the frequency varies significantly and is 

mostly outside the acceptable limits, 60±0.05 Hz. Particularly, the 30% penetration of PV 

generation has corruptive effects for the slower response grid, SGM1. These variations 

are more than five times greater than they were in the previous study, with 15% PV 

penetration. Table ‎2.4 shows the frequency statistics for both SGMs. It can be seen that 

the system with SGM1 has a higher maximum frequency, lower minimum frequency, and 

higher standard deviation and RMSE.  

The voltage profiles at nodes B9, B15, and B17 are shown in Figure ‎2.9 (b)-(d), 

respectively. These figures show unacceptable variations in the node voltages, which are 

the result of large frequency deviation, in particular when SGM1 is used. 
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Table ‎2.4. System frequency statistics for both SGM1 and SGM2 in CASE III. 

 
Minimum 

frequency (Hz) 

Maximum 

frequency (Hz) 

Average 

frequency (Hz) 

Standard 

deviation (Hz) 

RMSE 

(Hz) 

SGM1 59.14 67.32 60.32 0.636 0.711 

SGM2 60.06 60.79 60.32 0.167 0.361 

 
     

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure ‎2.9. Simulation results for (a) system frequency and voltages of nodes (b) B9, (c) 

B15, and (d) B17 for both models of the grid. 

1000 2000 3000 4000 5000 6000 7000 8000 9000
59
60
61
62
63
64
65
66
67

Fr
eq

u
en

cy
, H

z

 

 

Frequency: SGM1 Frequency: SGM2

1000 2000 3000 4000 5000 6000 7000 8000 9000
9.8

10

10.2

10.4

10.6

10.8

11

V
o

lt
ag

e,
 k

V
rm

s

 

 

B9 V
rms

: SGM1 B9 V
rms

: SGM2

1000 2000 3000 4000 5000 6000 7000 8000 9000
59
60
61
62
63
64
65
66
67

Fr
eq

u
en

cy
, H

z

 

 

Frequency: SGM1 Frequency: SGM2

1000 2000 3000 4000 5000 6000 7000 8000 9000
9.8

10

10.2

10.4

10.6

10.8

11

V
o

lt
ag

e,
 k

V
rm

s

 

 

B9 V
rms

: SGM1 B9 V
rms

: SGM2

1000 2000 3000 4000 5000 6000 7000 8000 9000
9.8

10

10.2

10.4

10.6

10.8

V
o

lt
ag

e,
 k

V
rm

s

 

 

B15 V
rms

: SGM1 B15 V
rms

: SGM2

1000 2000 3000 4000 5000 6000 7000 8000 9000
9.9

10.1

10.3

10.5

10.7

10.9

V
o

lt
ag

e,
 k

V
rm

s

Time, sec

 

 

B17 V
rms

: SGM1 B17 V
rms

: SGM2

1000 2000 3000 4000 5000 6000 7000 8000 9000
9.8

10

10.2

10.4

10.6

10.8

V
o

lt
ag

e,
 k

V
rm

s

 

 

B15 V
rms

: SGM1 B15 V
rms

: SGM2

1000 2000 3000 4000 5000 6000 7000 8000 9000
9.9

10.1

10.3

10.5

10.7

10.9

V
o

lt
ag

e,
 k

V
rm

s

Time, sec

 

 

B17 V
rms

: SGM1 B17 V
rms

: SGM2



132 

 

 

 

The output mechanical power for both SGMs and the total PV generation are 

shown in Figure ‎2.10 (a). Similar pattern as in the case of 15% PV penetration exists for 

the output mechanical power in relation to the total PV generation can be observed, i.e. 

when PV generation is high, the output mechanical power of the SGMs are low and vice 

versa. Figure ‎2.10 (b) shows a part of the output mechanical power for better observation 

of the variations. The effect of large variations in the frequency on the frequency 

dependent loads is clear in the case of SGM1, as shown in the first 50 seconds in Figure 

‎2.10 (b). It can be seen that the output mechanical power for the two SGMs are very 

close; however, they are different at the points when the frequency and voltage deviations 

in two SGMs are very different. As a consequence, these variations in mechanical power 

will result in load variations for both the frequency dependent and constant impedance 

loads. 

 

 
(a) 

 
(b) 

Figure ‎2.10. (a) SGMs output mechanical power for 30% concentrated PV generation and 

total PV generation, and (b) zoomed-in output mechanical power of the SGMs. 
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CASE IV: 30% Distributed PV Generation. This case shows the effect of 30% 

distributed PV generation on the feeder with aggregated loads. As seen in Figure ‎2.11 (a), 

the frequency variations are still out of the acceptable range; however, these variations 

are less than those with 30% concentrated PV for both SGMs, Figure ‎2.9 (a). The 

variations are smaller in the case of SGM2 due to its quicker response. Therefore, it can 

be concluded that proper distribution of PV generation in a wide geographical area could 

have a better effect on the existing system than concentrated PV generation (i.e., a PV 

solar farm). Table ‎2.5 shows the frequency statistics for both SGMs for the 30% 

distributed PV generation. It can be seen that larger maximum frequency, and larger 

standard deviation and RSME occur with the slow SGM (SGM1). The voltage profiles at 

nodes B9, B15, and B17 are shown in Figure ‎2.11 (b)-(d), respectively. Voltage 

deviations are beyond the acceptable range, which is primarily a result of large PV 

generation installed very close to the consumer loads. There is no significant difference 

between voltages at the two SGMs. The output mechanical power for both grid models 

and total distributed PV generation are shown in Figure ‎2.12 (a). Also, the zoomed-in 

mechanical power is depicted in Figure ‎2.12 (b) to show the difference in the transient 

response of the two SGMs.  

Table ‎2.5. System frequency statistics for both SGM1 and SGM2 in CASE IV. 

 

Minimum 

frequency 

(Hz) 

Maximum 

frequency 

(Hz) 

Average 

frequency 

(Hz) 

Standard 

deviation 

(Hz) 

RMSE 

(Hz) 

SGM1 59.84 60.26 60.08 0.086 0.116 

SGM2 59.75 60.06 59.93 0.076 0.105 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure ‎2.11. Simulation results for (a) system frequency and voltages of nodes (b) B9, (c) 

B15, and (d) B17 for both models of the grid. 

The response is always faster in the case of SGM2 compared to the one in SGM1 

as a result of faster governor action. 
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(a) 

 
(b) 

Figure ‎2.12. (a) SGMs output mechanical power for 30% distributed PV generation and 

total PV generation, and (b) zoomed-in output mechanical power of the SGMs. 

Conclusions  

This chapter presents the effect of high penetrations of solar PV generation on 

frequency and voltage in a distribution feeder configured as a grid-tied MG. Different PV 

penetration levels, grid characteristics at the point of connection, and PV configuration in 

the MG are considered in the chapter. A simplified grid model is presented to resemble 

the grid at the distribution level. Only governor droop control is considered in the SGM. 

Simulation results indicate that a higher level of PV penetration is achievable through 

small-sized distributed PV generation or a grid with faster response. A distributed PV in a 

large area with different weather regimes could also be beneficial to achieve higher levels 

of PV penetration.  

It is also shown in this chapter that the corrective action of the governor droop 
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control of the SGMs is very limited in stabilizing the frequency and voltage in the 

distribution feeder. As a result, the SGM will be improved to include conventional AS as 

well as customer participation through an effective DR program for the stabilization of 

frequency and voltage under high penetration of solar PV generation in later chapter. 
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Abstract 

Increasing the penetration of variable generation sources, such as wind and solar, 

potentially threatens the stability of the power systems. Past studies have shown that 15-

20% renewable penetration is the largest amount the power systems can handle using 

conventional control. To overcome the challenge that variable renewable generation 

presents, this chapter proposes that real-time DR be used for AS. The impact of varying 

the amount of DR on the performance of a MG-configured distribution feeder is 

evaluated in this chapter. Simulation results have shown that a proper amount of DR 

resources can help to achieve higher penetrations of renewable generation while 

maintaining the desired system frequency. 

Introduction 

As a feature of the smart grid, variable renewable generation is projected to 

achieve a high penetration in the future power system. Many countries have stated goals 

to increase the amount of renewable energy penetration considerably in years to come. 

Past studies have revealed that renewable energy penetration greater than 20% will 
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potentially result in grid instability when using conventional control techniques, such as 

governor droop control and AGC ‎[4.1], ‎[4.2]. In order to overcome this challenge, more 

AS are needed, specifically during peak hours. Recently, studies have focused on using 

DR as an AS provider ‎[4.3]. Many aspects of DR have been researched, such as DR 

markets and cost/benefit analysis ‎[4.4] and DR modeling ‎[4.5]-‎[4.7] and aggregation 

‎[4.8]. This chapter is a continuation of the study in Chapter 2, where DR is applied to 

stabilize the frequency of a MG-configured distribution feeder. 

DR is fundamentally achieved by varying the load so that the power consumed 

matches the power generated; therefore, the grid frequency will always operate at its 

reference value. The traditional way to maintain a balance between load and generation is 

to vary generation to meet demand (i.e., load following). The distinct difference when 

using LFC through DR is that the load is varied to meet the available generation (i.e., 

generation following). 

Past studies have shown that loads, such as EWHs, can be controlled to smooth 

out the demand curve while maintaining customer comfort ‎[4.8]-‎[4.10]. EWHs make up 

11% of residential loads and can increase to 30% during peak hours ‎[4.11]. Therefore, the 

control of aggregated EWHs can be a viable option for DR. In this chapter, no individual 

load is considered as a responsive load (DR resource). The generic load used can consist 

of EWHs, HVAC, or other thermostatically controlled appliance (TCA). 

In this chapter, the SGM proposed in Chapter 2 will be further modified to 

include AGC. For this study, adequate frequency regulation is defined as maintaining a 

grid frequency within 60±0.05 Hz, which is the Federal Energy Regulatory Commission 
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(FERC) standard. An adaptive hill climbing (AHC) control technique has been shown to 

control fluctuations in grid frequency and will be used during this chapter to implement 

DR ‎[4.3]. Then various methods to control frequency, including, governor droop control, 

governor droop control with AGC, and governor droop control with DR will be 

examined. The objective here is to show the effectiveness of DR to provide AS in an 

islanded MG setting in comparison to traditional AS (governor droop control and AGC). 

In addition, various latencies will be studied to analyze the effect of communication delay 

on the performance of DR. Also, slow and fast AGC will be examined. Simulation results 

have shown that DR with governor droop control can yield adequate frequency 

stabilization in the MG-configured distribution feeder. 

The Proposed Control Strategy 

The need to balance generation and demand at all times through control action is a 

necessary process for a power system. Any load or generation variation can cause a 

mismatch between the two and result in unwanted frequency deviation. The traditional 

frequency correction action includes generator inertia (as an unintentional control), 

frequency droop control (known as primary control), and AGC (known as secondary 

control). In this chapter, all three of these control actions are modeled. The primary 

frequency correction comes from those generators that are outfitted with governor droop 

controllers where droop can vary from 4%-20%, shown in Figure ‎4.1. A generator 

outfitted with a 4% droop means that a 4% drop in frequency would result in a 100% 

increase in that generators output. Figure ‎4.1 shows the block diagram of a synchronous 

generator (SG) with droop and excitation control. The constant Ki shown in the figure is 
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the integral control constant of the secondary frequency control (AGC), which is set to 

zero when only droop control is active. We used the combination of the SG, droop 

control, AGC, and excitation control, shown in Figure ‎4.1, as a SGM to show frequency 

variation in the distribution system studied. 

The required reserves for AGC are usually provided by fossil-fuel based power 

plants as either spinning or non-spinning reserve, which are normally not available for 

islanded MGs. In this chapter, the impact of AGC is presented by an equivalent model of 

all available traditional regulation providers by a single generator (Figure ‎4.1 when droop 

value is zero) with an integral controller (Ki), shown in Figure ‎4.1. The speed of the AGC 

controller can be increased by increasing the integrator coefficient, Ki. In addition, the 

capacity of the generator can be changed to represent available regulation services in the 

MG.  
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Figure ‎4.1. The proposed SGM with governor droop control and AGC. 
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Since AGC is not commonly available for MGs, as a viable alternative, DR is 

proposed in this study to replace the AGC controller (Figure ‎4.2). The DR strategy in this 

chapter includes an AHC technique, introduced in ‎[4.3] and in Chapter 3. In order to 

obtain the percent frequency variation L(t) at each step, the system frequency is measured 

and compared to a reference frequency (60Hz) in order to generate the frequency error 

(∆f). This frequency error (∆f) is then multiplied by a gain term, M, which is finally 

added to the percent frequency variation at the previous time step, L(t-1), as follows. 

( ) ( 1)L t L t M f     (‎4.1) 

Increasing the gain leads (M) to faster response but introduces a larger overshoot. 

It is important to avoid ringing in power system control so that the generators are not 

oscillating, which puts undue torque and stress on the machines and can decrease their 

serviceable lifetime. It was determined that for the system under study, the best response 

was achieved by setting the gain, M, to 2.5. 
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Figure ‎4.2. Block diagram of the proposed DR controller. 
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The percent frequency error, L(t), represents the percentage of load that needs to 

be manipulated. If L(t) is positive then frequency is rising and load must be increased, 

whereas if L(t) is negative, the frequency is dropping and load needs to be curtailed. The 

AHC‎controller‎attempts‎to‎always‎achieve‎Δf = 0 by continuously changing the value of 

df/dt and move it toward zero. This is similar to the maximum power point tracking 

(MPPT) method for PV cells, which attempts to make dP/dV =0 ‎[4.12]. 

Latency delay was also considered for the DR control strategy. Previous studies 

have shown that a latency of 20 to 50 seconds can be associated with traditional AGC 

control ‎[4.13]. This latency is due to communication delay and mechanical processes that 

must take place, such as opening or closing steam valves. It can take on the order of 30 

minutes to an hour for the frequency to settle back to its reference frequency after a 

disturbance occurs ‎[4.14]. Therefore, a latency period of approximately 30 minutes is 

used in this chapter to model the current response time of AGC control. However, a MG 

operating as a small-scale regional power system will experience much faster two-way 

communication (smaller latency period on the order of several hundred msec). According 

to the study reported in ‎[4.15], latency of 500 msec or less is achievable with current 

Internet infrastructure. Furthermore, wireless communication can achieve much smaller 

latency periods. In this chapter, latencies of 100 msec and 500 msec were used for 

implementing DR. 

System Studied 

The system studied during this chapter resembles an islanded MG. MGs can 

function without assistance from the main grid and operate in islanded mode. The MG 
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includes distributed generators that may be controlled from a central location. The control 

may also be decentralized using distributed agents ‎[4.16], ‎[4.17]. A MG may not have the 

benefit of AS, such as governor droop and AGC control, to regulate frequency. 

Therefore, another means of control such as DR must be used.  

Long-term dynamic simulation in MATLAB
®
/Simulink is very slow, so that 

modeling an entire distribution feeder was not possible in this study. To solve this 

problem, only a part of the feeder is modeled in detail and the rest of it is modeled by 

equivalent generation sources (SGM) and aggregated load. The SGM includes a 17 MVA 

generator with governor droop control and excitation control. The SGM with governor 

droop control is complemented with the proposed AGC, discussed in earlier section and 

in Chapter 3. This system also includes a 7.5 MW of concentrated PV farm, 13 MW/9.75 

MVAr base load, and a distribution feeder, shown in Figure ‎4.3. The distribution feeder 

shown in Figure ‎4.3 is approximately 0.837MW/0.626MVAr (1.06 MVA). Although 

AGC is used in large-scale power systems, we have modeled the AGC in the SGM to 

show its impact on the system frequency behavior. Although energy storage is foreseen 

as a part of a MG, it is not the primary concern of this chapter, as the focus is to regulate 

system frequency with DR, and therefore is not included in the MG. Only responsive 

loads, such as EWHs and HVAC, become virtual energy storage (buffer) for the power 

system, which allows them to provide negative and positive reserve. When generation 

exceeds load, EWHs can be turned ON to absorb the excess power, which is stored as 

heat in the hot water tanks. Then during periods of peak demand the stored energy in the 

hot water tanks can be released ‎[4.8]-‎[4.10].   
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Figure ‎4.3. Schematic of the MG-configured distribution feeder. 

For this study, the PV penetration was set to a maximum of 25% meaning that 

25% of the total generation capacity available is from PV. The system studied has been 

previously used in ‎[4.1] without AGC. The solar data for this study was obtained from 

the National Renewable Energy Laboratory (NREL) for a site in Oahu, Hawaii, U.S. on 

June 18, 2010. The solar irradiation and the temperature data for the hours 12:36–15:06 

were used to obtain the output of the PV farm, shown in Figure ‎4.4. The PV output power 

data was reported in one second intervals and was input directly into the simulation. 

 

Figure ‎4.4. PV power generation in Oahu, Hawaii, U.S. 
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Simulation Results 

The system introduced in earlier section is implemented in MATLAB
®

/Simulink. 

The first part of the simulation is for proof of concept and includes the proposed model 

and controllers without the feeder model. In this section, the impact of the proposed DR 

strategy with different latencies is compared with traditional AGC control. The second 

part of this section, is devoted to the MG system including the feeder. For these 

simulations, variable PV generation is also added and the simulations are carried out for 

2.5 hours.  

 

System Performance Using Load Step Change 

 

In this section, several simulations are carried out to reveal the different features 

of DR application for frequency stabilization compared to the conventional AGC. For 

these simulations, the feeder and variable solar power are eliminated. The load was 

10MW for the first 60 seconds, at which point the load was instantly increased by 20% to 

12MW. The integral gain, Ki, for the AGC control and the proportional gain, M, for the 

AHC controller are determined throughout these simulations. These simulations also 

prove the hypothesis that applying DR through an AHC controller outperforms the 

conventional frequency regulation using governor droop control with AGC. 

For conventional power systems, AGC is known as slow control which takes 

place in several minutes to bring the frequency back to 60Hz. In the first simulation 

study, the AGC responses with different speeds (gains) are compared with responses of 

the governor droop control and the DR with 25% of available responsive loads, shown in 

Figure ‎4.5.  
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Figure ‎4.5. Load step change with variable integrator gain. 

It can be seen in Figure ‎4.5 that the droop control response has a large steady-state 

error and does not bring the frequency to the acceptable range. Further, the frequency 

regulation performance with DR outperforms the conventional AGC, even the fastest 

AGC with Ki=4. Since the system under study is a small islanded power system, the AGC 

control is assumed to be fast. However, the objective of this figure is to show that LFC 

using DR is still faster than the fastest AGC control. 

Figure ‎4.6 shows the impact that varying the amount of responsive load has on the 

system frequency. As it can be seen from this figure, 15% of responsive load is not 

enough for adequate frequency regulation. More responsive load should participate in DR 

to bring the frequency back to its nominal value. Once available DR is increased to 25%, 

the system frequency is stabilized and zero steady-state error is achieved. Frequency 

stabilization is achieved faster with 50% DR (compared to 25% of DR), but a frequency 

overshoot is observed. The overshoot, increases as the percentage of responsive load 
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available increases. The controller switches the status of a greater number of devices than 

necessary to quickly react to a frequency deviation, which can result in nuisance 

curtailment. A past study has shown that a step-by-step controller can be used to correct 

this problem ‎[4.17]. The system frequency behavior was also evaluated under different 

communication latencies to ensure that the system frequency remains stable under such 

latencies. Figure ‎4.7 shows the impact that different latencies associated with DR have on 

system frequency, where 25% of responsive loads are available. As it can be seen from 

Figure ‎4.7, larger latencies result in oscillations in the system frequency since it takes 

longer for the central controller commands to be received by the loads. However, the 

system frequency is stabilized for latencies of up to 2 sec, which is well within the range 

of typical communication delays. According to ‎[4.15], communication with 500 msec 

delay is achievable by the Internet today, and with that delay, the system frequency 

behavior is well within the acceptable range. 

 

 

Figure ‎4.6. Load step change with variable responsive load. 
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Figure ‎4.7. Load step change with different DR latencies. 

Impact of the PV Farm 

 

In these simulations, the output power of the PV farm was added into the system 

and the simulations were carried out for 2.5 hours. 15% and 25% PV penetration is 

considered to show the effectiveness of DR in providing frequency regulation for a 

generic distribution feeder. All other parameters and coefficients are the same as those in 

the earlier sub-section except the parameters whose variability is being analyzed. For all 

simulations, the AGC integral gain, Ki, is 0.1, which stabilizes system frequency in 

approximately 30 minutes. 

Figure ‎4.8 shows the frequency response with the three different control strategies 

discussed above for 15% and 25% of PV penetration. Figure ‎4.8 (a) shows the system 

frequency behavior with droop control, AGC, and DR with PV penetration of 15%. It is 

clear from the figure that the droop control is not capable of bringing the frequency to the 

acceptable range.  
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(a) 

 
(b) 

Figure ‎4.8. System frequency response with (a) 15%, (b) 25% PV penetration. 

Although the DR performance is better than AGC, both methods are not able to 

keep the frequency in the desired range, as shown in Figure ‎4.8 (a). However, the DR 

control performance is superior in the case of 25% PV penetration, Figure ‎4.8 (b). 

Figure ‎4.9 shows the impact of 15% and 25% responsive load on the system 
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frequency. The PV penetration is 25% in both cases. It is clear that when 25% responsive 

load is available for DR, the frequency deviations are within the acceptable range most of 

the time. Therefore, an increase in the amount of responsive load results in significant 

decrease in the frequency fluctuations magnitude. In addition, the average, standard 

deviation, and root mean square error (RMSE) of frequency deviation are better with 

25% DR as compared with 15% available DR, as shown in Table ‎4.1. 

Table ‎4.1. System frequency statistics for the three control methods in 9000 sec 

simulation for 25% PV penetration. 

 

Minimum 

Frequency (Hz) 

Maximum 

Frequency 

(Hz) 

Average 

Frequency 

(Hz) 

Standard 

Deviation 

(Hz) 

RMSE 

(Hz) 

Governor 59.74 60.33 59.95 0.140 0.149 

DR-15% 59.88 60.13 59.99 0.030 0.030 

DR-25% 59.91 60.09 60.00 0.017 0.017 

AGC 59.77 60.32 59.99 0.120 0.121 

 

 

Figure ‎4.9. System frequency response with variable responsive load with 25% of PV 

penetration. 
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Figure ‎4.10 shows the impact of 100 msec and 500 msec DR latency on the 

system frequency, where 15% of responsive loads is considered for DR. There is no 

discernible difference between the system frequency responses with latencies of 100 

msec and 500 msec and therefore the two curves are laid on top of each other. Figure 

‎4.10 (b) is a zoomed-in view of a portion of Figure ‎4.10 (a). 

 
(a) 

 
(b) 

Figure ‎4.10. (a) System frequency response with 25% PV penetration, (b) zoomed-in 

view. 
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Table ‎4.1 shows the minimum and maximum frequency, and standard deviation, 

and RMSE of frequency (compared to 60 Hz) for governor droop control, AGC and 15% 

and 25% DR. It is again clear that in all cases, DR outperforms the other methods, and 

25% DR is better than 15% DR. The values are calculated using the results obtained 

between 1000 sec and 9000 sec. The values before 1000 sec were excluded from the 

statistical analysis because the system had yet to reach steady state from its initial value. 

Conclusion 

In this chapter, DR has been utilized to stabilize the system frequency with high 

penetrations of variable PV generation. Different simulation results have revealed the 

effectiveness of the proposed DR strategy in comparison to AGC. It also has been 

observed that the system frequency improved as the amount of available responsive load 

increased. It was also noticed that long communication delays in load controls could 

negatively impact the system frequency. However, the system performance was 

acceptable for communication delays of up to 500 msec. 
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Abstract 

Real-time DR in smart µgrid has been shown to be an effective tool for frequency 

regulation with increased penetration of renewable energy resources into the grid. Since 

DR is recognized as an incentive or direct payment to the participants, it is consequently 

desired to minimize the cost of DR for the utility. This chapter presents an optimal DR 

strategy for minimizing the cost of DR for the utility in smart grid era. The economic 

model developed by Pennsylvania/New Jersey/Maryland (PJM) utility in U.S. is used on 

an IEEE 13-bus standard system. Simulation results verify the effectiveness of the 

proposed approach to minimize the cost of DR for the utility. It is also shown that the 

DR, with or without optimization, decreases the overall cost of frequency regulation for 

the utility compared to the conventional spinning reserve, without sacrificing system 

stability. 

Introduction 

Traditionally, frequency and voltage regulation, known as ancillary services, are 

provided by operating reserves which are basically flexible capacity generators, available 

when needed, to maintain secure operation of power systems. From an economic 
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perspective, the above response services and reserve power are costly and any method 

which manages to reduce the magnitude of these services, without sacrificing system 

stability, is of significant importance ‎‎‎[5.1]‎,‎[5.2]. 

DR traditionally refers to the changes in electricity usage by end-use customers 

from their normal consumption through direct control or interruptible/curtailable 

programs during peak hours ‎‎[5.3]. Recently, this understanding of DR has been reformed 

because of the rapid progress in communication protocols and technology, where two-

way communication with individual loads has become a reality. As a result, DR is 

redefined as the capability to aggregate and precisely control individual loads on 

command at all times ‎[5.4]. 

One technical aspect of DR is providing AS in a smart grid or MG with high 

penetration of renewable power generation. It has been shown that real-time DR is 

effective in providing voltage and frequency regulation in a MG in the absence of 

conventional voltage and frequency regulation services ‎[5.5]-‎[5.13]. It is also well-known 

that there is a cost associated with DR. Utilities will need to provide an incentive or direct 

payment to encourage their customers to participate in their DR program. Thus, it is 

important for the utility to minimize this cost based on the available responsive loads and 

the different cost of DR. Since the AS (i.e., frequency regulation) perform in a fraction of 

a minute (usually on the order of a few seconds), any optimization technique used for 

minimizing the cost of the AS must be faster than the response time of the AS. 

While many studies have been reported on the different aspects of DR (including 

analyzing the potential of DR for AS ‎[5.3]-‎[5.13], planning and modeling ‎‎[5.14]-‎[5.17], 
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and the economic costs/benefit analysis of DR for the utility and customers ‎[5.18], 

‎[5.19]), there is no comprehensive study on real-time cost minimization of DR. This 

paper presents a comprehensive algorithm to minimize the cost of DR for the utility. A 

real-time DR algorithm developed in ‎[5.12] and ‎[5.13] (and in Chapter 3) and a DR 

model introduced by the Pennsylvania/New Jersey/Maryland (PJM) utility ‎[5.16] are 

used. Because of the linearity of the objective function and the relatively small size of the 

problem, LP–simplex method– is used to solve the optimization problem. Results from 

the proposed algorithm are compared with those from the conventional AS (i.e., spinning 

reserve) and the DR without optimization for further evaluations. The results of this 

chapter verify the effectiveness of the proposed optimal DR strategy to provide frequency 

regulation with reduction in cost for the utility, without sacrificing system stability. 

Economic Model of DR in PJM Electricity Market 

Different economic models for DR have been proposed in the literature ‎[5.14]-

‎‎[5.18]. One of these models, which has been implemented in an actual power system, is 

introduced in ‎[5.18]. PJM, as a regional transmission organization (RTO) and a part of 

the eastern U.S. interconnection grid with more than 51 million customers ‎[5.20], 

established hourly markets for regulation and the contingency reserves including a real-

time DR market. Two types of DR programs are offered by PJM: Emergency DR 

Program and Economic DR Program ‎[5.18]. This section focuses on the latter, which is 

formalized as follows: 

“PJM‎pays‎ the‎Locational‎Marginal‎Price‎ (LMP) to customers if the LMP in a 

given zone is above a trigger point (set by PJM at $75/MWh). When the LMP is less than 
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or equal to $75/MWh, PJM pays the customer the difference between the LMP and the 

generation and transmission (G&T) components of the customer’s‎ bill‎ ‎‎‎[5.18]. In PJM, 

LMP is defined as the cost to serve the next MW of load at a specific location, using the 

lowest production cost of all available generation, while observing all transmission 

limits. The cost of marginal losses is not currently included in the PJM implementation of 

LMP ‎[5.20].” 

PJM offers this economic DR program in both its day-ahead and real-time 

markets. Although the PJM real-time economic DR program deals with hourly market, 

this model is adopted in instantaneous DR market in this chapter. The incentives to the 

customers who participated in the DR market will be in the form of payment related to 

the LMP at the time of the demand curtailment ‎‎‎[5.18]. The direct payment to the i
th
 

market participant curtailing 1 MW of demand (known as Cost of DR, CoDR) is given by 

‎‎‎[5.18]: 

 

LMP LMP LMP
i t i t

CoDR LMP GT GT LMP LMP
i t i t i i i t

0 GT LMP
i i t

 



   





*
, ,

*
, , ,

,

 (‎5.1) 

where CoDRi,t is the cost of DR for the participants in zone i at time t, LMPi,t is the 

locational marginal price in zone i at time t, GTi is the cost of generation and transmission 

for the participants in zone i, and LMP
*
 is the trigger locational marginal price. 

Based on (‎5.1), if the LMPi,t price is greater than the trigger price, then the utility 

will pay the full price to the DR participants at that time. Considering the fact that the 

LMPi,t is basically the cost of the spinning reserve in zone i at time t, it seems as there is 
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no benefit for the utility in this situation for doing DR. The truth is, as it is shown in the 

results section, the utility will save money even in this case because of loss reduction due 

to DR. In addition, there are certain economic advantages for the utility in two other 

situations [the last two conditions given in (‎5.1)] due to the difference between the cost of 

spinning reserve and DR. Therefore, the utility will benefit through AS provided by DR. 

Once the LMPi,t goes below the trigger price, the utility will not pay anything to 

the DR participants. Therefore, there is no motivation for the customers to participate in 

the real-time DR program. In this chapter, it is assumed that no individual loads 

participate in the real-time DR market when LMPi,t is less than the trigger price. 

Consequently, two possible scenarios can be derived based on the LMPi,t and LMP
*
. 

Proposed Optimal DR Strategy 

In this chapter, the aforementioned PJM economic DR model is employed to 

develop the proposed optimal DR strategy. The goal is to minimize the cost of DR for the 

utility in the real-time market without sacrificing system stability. The schematic diagram 

of the proposed optimal DR strategy is depicted in Figure ‎5.1. This strategy can be 

applied to any distribution feeder configuration with the three following assumptions: 

 Two-way‎communication‎is‎required‎to‎the‎individual‎customers’‎loads. 

 The size of the system will determine the complexity of the optimization problem. 

Therefore, achieving optimal or near optimal solution should be feasible in a 

given time step. 

 The system frequency is assumed to be the same at different locations along the 

grid, which is a reasonable assumption for small distribution feeders. Although, 
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the proposed method can be extended for larger distribution feeders with different 

frequency. 

As shown in Figure ‎5.1, the single frequency measurement at the point of 

common‎coupling‎(PCC)‎is‎the‎input‎to‎the‎“DR‎Strategy‎Unit”.‎This‎unit‎is‎in‎charge‎of‎

determining the total amount of responsive load which has to be turned off to balance 

generation and demand and stabilize the system frequency regardless of its interruption 

cost. Two DR strategies have been developed for the real-time DR applications. One is 

based on AHC control ‎[5.12] and the other, called Comprehensive Controller, is based on 

the combination of the AHC and a step-by-step (SBS) controller ‎‎[5.13]. Both methods are 

explained in Chapter 3.  

 

DG

Utility

Grid

DR Strategy 

Unit

Optimization 

Unit

Frequency 

measurement
% of required 

responsive load

PCC

 

Figure ‎5.1. Schematic diagram of the proposed optimal DR strategy. 
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The comprehensive control strategy discussed in Chapter 3 is used in this chapter 

as well. In this control strategy, the AHC controller calculates the required amount of 

responsive load to be turned off depending on the frequency deviation from its normal 

value, and the SBS controller takes action once the AHC controller has brought the 

frequency deviation within ±0.05 Hz. The SBS controller is responsible for minimizing 

the amount of manipulated responsive load at steady-state and therefore provides 

improved‎quality‎of‎service‎(QoS)‎to‎the‎customers.‎As‎a‎result‎of‎ improved‎customers’‎

QoS, a larger amount of responsive load will be available for further frequency 

stabilization in case needed. This way, the cost of DR to the utility is reduced because 

fewer customer loads are manipulated. 

Once‎ the‎ total‎ amount‎ of‎ manipulated‎ load‎ has‎ been‎ determined‎ by‎ the‎ “DR‎

Strategy‎Unit”,‎the‎“Optimization‎Unit”‎calculates‎the‎share‎of‎each‎individual‎load‎in‎the‎

DR market based on the final cost for the utility. The objective function is set to 

minimize the cost of DR for the utility subject to some equality and inequality 

constraints. Different heuristic and gradient-based optimization techniques can be used to 

solve this problem based on two important factors: the time interval of optimization and 

the size of the problem. Usually, gradient-based methods have very slow convergence 

and high probability of being trapped in the local minima. However, they are more 

reliable for near optimal solutions in larger systems. In this chapter, as a first step, LP-

simplex method is chosen for cost optimization because of the linear nature of the 

objective function and linear equality/inequality constraints. MATLAB
®
/Optimization 

Toolbox ‎[5.21] has been used to evaluate the effectiveness of the method in real-time cost 
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optimization for DR. 

 

Simplex Method 

 

LP has a diverse range of real-life applications in economic analysis, planning, 

operations research, computer science, and engineering due to its simplicity ‎‎[5.22]. It is 

well-known that the number of iterations in the simplex method is just a small multiple of 

the problem dimension ‎‎[5.22], which consequently hold it as a promising candidate in 

this chapter. The general form of LP problem is stated as ‎[5.22]: 

  Tf x C x

A x b
Subject to

x 0








min .

.
:

 (‎5.2) 

where f(x) is the objective function, x is the decision variable vector, C is the linear 

objective function coefficient vector, and A and b are the equality constraints. Further 

details on the LP-Simplex method can be found in standard optimization textbooks, e.g. 

‎‎[5.22]. 

According to (‎5.1), two different scenarios can be designed based on the LMPi,t: 

Scenario I: When the trigger price (LMP
*
) is assumed to be less than LMPi,t. In 

this case, based on (‎5.1), the utility is responsible to pay the fixed LMPi,t price to the DR 

market participants. Therefore, the price for DR for all individual loads is the same as the 

cost of spinning reserve, and there is no need for optimization based on the final cost of 

DR for the utility. However, a loss minimization algorithm for DR will help to show a 

possible increase in the benefits of DR for the utility. This cost of DR (CoDR) for the 

utility can be calculated as follows: 
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CoDR P t LMP

for each period

  ,( . )

 (‎5.3) 

where Pi is the amount of manipulated power from responsive load i (MW), t is the time 

duration (hour), and i is the number of responsive loads participating in the DR market. 

Scenario II: In this scenario, GTi<LMPi,t<LMP
*
. In this case, according to (‎5.1), 

the DR participants will receive the difference between LMPi,t and GTi cost in their zone. 

Since the price of generation and transmission for different individual loads is not the 

same, the cost of DR for the utility will be different for different customers. Therefore, it 

is beneficial to the utility to do DR based on the minimum cost, and based on (‎5.2), the 

LP problem for the proposed optimal DR can be defined as follows: 

t i i t i

i

i total t

i

i i

CoDR P t LMP GT

P P

Subject to

P P

  

 


 





,

,

,max

min ( . ) ( )

:

 (‎5.4) 

where Ptotal,t is the total amount of responsive load which should be turned off, and Pi,max 

is the maximum amount of responsive load i participating in the DR market. Remember 

that Ptotal,t is‎already‎determined‎by‎the‎“DR‎Strategy‎Unit”‎at‎each‎time‎step. 

System of Study 

To verify the effectiveness of the proposed optimal DR strategy, it was 

implemented on the IEEE standard 13-bus distribution network, ‎[5.23], ‎[5.24]‎, shown in 

Figure ‎5.2. In order to be able to observe the frequency behavior of the system as a MG, 

the utility source of the original model was replaced with a 15-MW diesel generator 
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(DiG). The torque of the DiG can be adjusted to set the DiG’s‎operating‎point‎ (e.g.,‎ to‎

light or heavy loading). The dynamic model for the diesel engine with a speed governor 

and excitation controller and synchronous generator are extracted from 

MATLAB
®

/Simulink SimPowerSystems toolbox ‎[5.25]. The parameters of the DiG are 

given in Table ‎5.1 ‎[5.25]. 

Table ‎5.1. The DiG parameters. 

Synchronous generator parameters 

Nominal power 15 MVA 

Line-to-line voltage 69 kV 

Nominal frequency 60 Hz 

d-axis reactance (Xd, Xd’, Xd”) 1.305, 0.296, 0.252 p.u. 

q-axis reactance (Xq, Xq’, Xq’’) 0.474, 0.243, 0.18 p.u. 

Inertia coefficient  2.2 sec 

Governor and Diesel Engine parameters 

Regulator gain 40 

Regulator time constants (T1, T2, T3) 0.01, 0.02, 0.2 sec 

Engine time delay 0.14 sec 

Excitation controller parameters 

Regulator gain 200 

Regulator time constants  0.02 sec 

Damping filter gain and time constant 0.001, 0.1 sec 

 

To observe the system frequency deviation, the maximum mechanical torque of 

the DiG is limited to a certain point in each case. A 0.6-MW load is also added at the 

PCC to increase the overall load so that the frequency deviation from 60 Hz can be 

noticeable.  

The distribution system shown in Figure ‎5.2 includes five aggregated loads which 

are located in different zones of the feeder with different losses. 15% of the nominal 

capacity of each load is considered to be available for DR. Also, two-way communication 
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between the utility control center and each load is assumed to be available. The G&T cost 

for the different loads maybe different, depending on their location. The G&T costs used 

in this study are given in Table ‎5.2. The LMPi,t is assumed to be the same for all five 

zones, as LMPt. 

Table ‎5.2. G&T prices for different zones. 

 
Load 1 

(i=1) 
 

Load 2 

(i=2) 
 

Load 3 

(i=3) 
 

Load 4 

(i=4) 
 

Load 5 

(i=5) 

GTi 

($/MWh) 
47  45  40  53  50 

 

Simulation Studies 

As mentioned earlier, two different scenarios are considered in this chapter for 

DR and conventional frequency regulation cost calculations. As discussed in section 

5.6.1, Scenario I, the cost of DR for all individual loads is the same as the cost of 

spinning reserve. Therefore, no cost optimization is needed for this scenario. In this case, 

simulation studies have been carried out for conventional frequency regulation (Con-f-

reg) and DR with no optimization (DR-no-opt). However, Scenario II includes three 

different studies:‎ “Con-f-reg,”‎ “DR-no-opt,”‎ and‎Optimal‎ DR‎ (Opt-DR). In the case of 

“Con-f-reg,”‎spinning‎reserve‎ is‎considered‎as‎conventional‎AS‎which‎will‎be‎provided‎

by the DiG. Therefore, the limitations on the DiG torque have been removed in this case. 

In other words, 100% of the load demand is accommodated by the DiG with the price of 

LMPt. Furthermore, the cost/benefit analysis is only performed for a heavy loading 

condition, under which the frequency drops below 60 Hz and the utility needs to 

disconnect a part of the load if spinning reserve is not used. 
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Figure ‎5.2. Modified IEEE 13-bus standard distribution system schematic diagram. 
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All calculations in this section have been done for 50 sec, the DR strategy is 

updated every 20 msec, and the average computation time of optimization is less than 1 

msec. All simulations are done on a desktop with 2 Intel
®
 Zeon

®
 2.13 GHz processors. 

 

Scenario I 

 

In this case, the 0.6-MW dump load is added to the MG at t=7 sec. The LMPt and 

the trigger price (LMP
*
) are assumed to be $90/MWh and $75/MWh, respectively. These 

are the prices used by PJM ‎[5.18]. As a result, system frequency starts to deviate from 60 

Hz.‎In‎the‎“Con-f-reg”‎case,‎the‎excess‎required‎power‎is‎provided‎by‎the‎DiG‎while‎in‎

the‎ “DR-no-opt”‎case‎ the‎ balance‎ between‎generation‎ and‎demand‎ is‎achieved‎ through‎

DR. As a result, the “DR-no-opt”‎case‎ shows‎1.98%‎reduction‎ in‎the‎cost‎of‎ frequency‎

regulation‎ through‎ DR‎ for‎ the‎ utility‎ compared‎ to‎ the‎ “Con-f-reg”‎ case‎ through‎

purchasing more power from spinning reserve. This percentage of improvement, 

especially when the cost of spinning reserve and DR are the same, is a consequence of 

less power loss in the MG as a result of DR. It is well-known that power loss reduction is 

one of the countless advantages of DR for the utility through disconnecting a portion of 

the responsive loads. The 1.98% savings proves this fact in this relatively small MG. 

Figure ‎5.3 shows the system frequency for the two cases in Scenario I. It can be 

observed that the frequency is in the acceptable range (60±0.05 Hz) in both cases studied. 

But,‎ as‎ noted‎ above,‎ the‎ “DR-no-opt”‎ case‎ achieves‎ frequency‎ stabilization‎ with‎ a‎

reduced cost of frequency regulation for the utility. In Figure ‎5.4, the percent variation in 

responsive load is‎ shown‎ for‎ the‎ “DR-no-opt”‎ case.‎ During‎ the‎ transient‎ period,‎ more‎

responsive loads are used to regulate the system frequency as fast as possible. However, 
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the overall responsive load variation was not jeopardized the system stability. The 

negative sign by the responsive load changes in Figure ‎5.4 shows a decrease in the 

amount of responsive load (i.e., the percentage of responsive loads that have been turned 

off‎at‎any‎given‎time).‎In‎the‎“Con-f-reg”,‎no‎responsive‎load‎has‎been‎changed.‎In‎other‎

words, frequency regulation has been provided by‎the‎DiG‎in‎the‎“Con-f-reg”‎case. 

 

 

Figure ‎5.3. System frequency in Scenario I. 

 

Figure ‎5.4. Total responsive load changes in Scenario I. 
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Scenario II 

 

In this‎scenario,‎in‎addition‎to‎the‎“Con-f-reg”‎and‎the‎“DR-no-opt”,‎the‎proposed‎

optimal DR is also applied. The LMPt and the trigger price (LMP
*
) are assumed to be 

US$60/MWh and US$75/MWh, respectively. The same simulation studies, carried out in 

Scenario I, were also carried out for Scenario II for all three cases. Both the DR strategies 

show‎a‎significant‎reduction‎in‎the‎frequency‎regulation‎cost.‎The‎“DR-no-opt”‎case‎has‎

23.8%‎cost‎reduction‎and‎the‎“Opt-DR”‎has‎a‎cost‎savings‎of‎28.8%.‎Therefore,‎the‎cost 

savings‎ of‎ the‎ “Opt-DR”‎ compared‎ to‎ the‎ “DR-no-opt”‎ is‎ 5%‎ in‎ this‎ case.‎ The‎ cost‎

savings‎through‎“Opt-DR”‎will‎be‎more‎significant‎for‎larger‎grids‎and‎MGs.  

Figure ‎5.5 shows the frequency response for the three cases discussed. It can be 

concluded that the DR strategy has no significant negative impact on the system 

frequency regulation compared to conventional ancillary services. The small spike in 

frequency during the transient period for the DR strategy has negligible effect on the 

system frequency response. 
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Figure ‎5.5. System frequency in Scenario II. 

 

Figure ‎5.6. Total responsive load changes in Scenario II. 
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Conclusion  

This chapter presents a general optimal DR strategy for frequency regulation in a 

MG. The proposed algorithm includes a comprehensive DR strategy, presented in 

Chapter 3 and in ‎[5.13], along with the optimization technique (LP-simplex method). 

Simulation results show the effectiveness of the general DR strategy versus conventional 

AS through spinning reserve. More importantly, the proposed optimal DR strategy shows 

even more cost reduction for the utility while it shows no significant negative impact on 

the frequency response. 

Acknowledgement 

This work was in part supported by Pacific Northwest National Laboratory 

(PNNL), which is operated for the U.S. Department of Energy by Battelle under Contract 

DE-AC05-76RL01830, and by the DOE Award DE-FG02-11ER46817. 

  



189 

 

 

 

References Cited 

[5.1] U.S. Dept. of Energy, “Benefits of demand response in electricity markets and 

recommendations for achieving them,” a report to U.S. Congress, Feb. 2006. Available 

online: http://eetd.lbl.gov/ea/ems/reports/congress-1252d.pdf 

 

[5.2] Federal Energy Regulatory Commission, "Assessment of demand response and 

advanced metering," A report to U.S. Congress, Dec. 2008. Available online: 

http://www.ferc.gov/legal/staff-reports/demand-response.pdf 

 

[5.3] M.H. Albadi and E.F. El-Saadany, “A summary of demand response in electricity 

markets,” Electr. Pow. Syst. Res., vol. 78, no. 11, pp. 1989–1996, Nov. 2008. 

 

[5.4] A. Brooks, et al., “Demand dispatch: using real-time control of demand to help 

balance generation and load,” IEEE Power Energy Mag., vol. 8, no. 3, pp. 20–29, 

May/June 2010. 

 

[5.5] D. Trudnowski, M. Donnelly, and E. Lightner, “Power-system frequency and 

stability control using decentralized intelligent loads,”‎in Proc. IEEE PES Transmission 

and Distribution Conf. and Exhibition, Dallas, TX, 2005, pp. 1453–1459. 

 

[5.6] G.C. Heffner, C.A. Goldman, and M.M. Moezzi, “Innovative approaches to 

verifying demand response of water heater load control,” IEEE Trans. on Power 

Delivery, vol. 21, no. 1, pp. 388–397, Jan. 2006. 

 

[5.7] J.A. Short, D.G. Infield, and L.L. Freris, “Stabilization of grid frequency through 

dynamic demand control,” IEEE Trans. Power Syst., vol. 22, no. 3, 1284–1293, Aug. 

2007. 

 

[5.8] R. Jia, M.H, Nehrir, and D.A. Pierre, “Voltage control of aggregate electric water 

heater load for distribution system peak load shaving using field data,” in Proc. 39
th
 

North American Power Symposium (NAPS '07), Las Cruces, NM, 2007, pp. 492–497. 

 

[5.9] J. Kondoh, N. Lu, and D.J. Hammerstrom, “An evaluation of the water heater load 

potential for providing regulation service,” IEEE Trans. Power Syst., vol. 26, no. 3, pp. 

1309–1316, Aug. 2011. 

 

[5.10] A. Molina-Garcia, F. Bouffard, and D.S. Kirschen, “Decentralized demand-side 

contribution to primary frequency control,” IEEE Trans. Power Syst., vol. 26, no. 1, pp. 

411–419, Feb. 2011. 

 

[5.11] D. Angeli and P-A. Kountouriotis, “A stochastic approach to dynamic-demand 

refrigerator control,” IEEE Trans. Control Syst. Technol., vol. 20, no. 3, pp. 581–592, 

May 2012. 

http://eetd.lbl.gov/ea/ems/reports/congress-1252d.pdf
http://www.ferc.gov/legal/staff-reports/demand-response.pdf


190 

 

 

 

[5.12] S.A. Pourmousavi and M.H. Nehrir, “Demand response for smart microgrid: 

Initial results,”‎in Proc. IEEE PES Innovative Smart Grid Technologies (ISGT), 

Anahiem, CA, 2011, pp. 1–6. 

 

[5.13] S.A. Pourmousavi, M.H. Nehrir, and C. Sastry, “Providing ancillary services 

through demand response with minimum load manipulation,” in Proc. North American 

Power Symposium (NAPS), Boston, MA, 2011, pp. 1–6.  

 

[5.14] J. Medina, N. Muller, and C.I. Roytelman, “Demand response and distribution 

grid operations: opportunities and challenges,” IEEE Trans. Smart Grid, vol. 1, no. 2, pp. 

193–198, Sept. 2010. 

 

[5.15] H. Saele and O.S. Grande, “Demand response from household customers: 

experiences from a pilot study in Norway,” IEEE Trans. Smart Grid, vol. 2, no. 1, pp. 

102–109, March 2011. 

 

[5.16] A.J. Conejo, J.M. Morales, and L. Baringo, “Real-time demand response model,” 

IEEE Trans. Smart Grid, vol. 1, no. 3, pp. 236–242, Dec. 2010. 

 

[5.17] D.T. Nguyen, M. Negnevitsky, and M. de Groot, “Pool-based demand response 

exchange-concept and modeling,” IEEE Trans. Power Syst., vol. 26, no. 3, pp. 1677–

1685, Aug. 2011. 

 

[5.18] R. Walawalkar, at. Al., “An economic welfare analysis of demand response in the 

PJM electricity market,” Energ. Policy, vol. 36, no. 10, pp. 3692–3702, Oct. 2008. 

 

[5.19] M. Klobasa, “Analysis of demand response and wind integration in Germany's 

electricity market,” IET Renew. Pow. Gen., vol. 4, no. 1, pp. 55–63, Jan. 2010. 

 

[5.20] PJM Electricity Utility, Available online: http://pjm.com/about-pjm.aspx 

 

[5.21] MATLAB/ Optimization Toolbox, document, Available online: 

http://www.mathworks.com/help/pdf_doc/optim/optim_tb.pdf  

 

[5.22] A. Antoniou and W.S. Lu, Practical optimization algorithms and engineering 

applications, Springer Science, NY, 2007. 

 

[5.23] F. Katiraei, M.R, Iravani, and P.W. Lehn, “Micro-grid autonomous operation 

during and subsequent to islanding process,” IEEE Trans. Power Del., vol. 20, no. 1, pp. 

248–257, Jan. 2005. 

 

[5.24] V. Menon and M.H. Nehrir, “A hybrid islanding detection technique using 

voltage unbalance and frequency set point,” IEEE Trans. Power Syst., vol. 22, no. 1, pp. 

442–448, Feb. 2007. 

http://pjm.com/about-pjm.aspx
http://www.mathworks.com/help/pdf_doc/optim/optim_tb.pdf


191 

 

 

 

[5.25] MATLAB/Simulink SimPowerSystems document, Available online: 

http://www.mathworks.com/ 

 

 

  

http://www.mathworks.com/


192 

 

 

 

CHAPTER 6 

 

 

INTRODUCING DYNAMIC DEMAND RESPONSE IN THE LFC MODEL  

Contribution of Authors and Co-Authors 

Manuscripts in Chapters 2 through 12 

Author: S. A. Pourmousavi 

Contributions: Developed the idea of adding real-time DR control loop in the well-known 

LFC model, derived the state-space model of the proposed LFC-DR model, linearized the 

nonlinear component of the model (namely DR delay), derived steady-state, sensitivity, 

and stability formulations of the proposed LFC-DR model, designed different simulation 

studies, and prepared the manuscript, figures, tables, and interpretation of the results. 

Co-author: M. H. Nehrir 

Contributions: Provided important insight and overview of the research, interpretation of 

the results, and aided in the preparation of the manuscript. 

  



193 

 

 

 

Manuscript Information Page 

Seyyed Ali Pourmousavi Kani, M. Hashem Nehrir 

IEEE Transactions on Power Systems, 2014 

Status of the manuscript: 
____ Prepared for submission to a peer-reviewed journal 

____ Officially submitted to a peer-reviewed journal 

____ Accepted by a peer-reviewed journal 

  X    Published in a peer-reviewed journal 

Published by the Institute of Electrical and Electronics Engineering (IEEE) 

  



194 

 

 

 

 

 



195 

 

 

 

 

 



196 

 

 

 

 

 



197 

 

 

 

 

 



198 

 

 

 

 

 



199 

 

 

 

 

 



200 

 

 

 

 

 



201 

 

 

 

 

 



202 

 

 

 

 

 



203 

 

 

 

 

 



204 

 

 

 

 

 



205 

 

 

 

CHAPTER 7 

 

 

LFC-DR MODEL EXPANSION TO MULTI-AREA POWER SYSTEMS 

Contribution of Authors and Co-Authors 

Manuscripts in Chapters 2 through 12 

Author: S. A. Pourmousavi 

Contributions: Expanded equations for the proposed LFC-DR model from chapter 6 to 

multi-area power system with multiple Gencos and Lagcos, developed sizable state-space 

model and actual implementation in MATLAB
®
/Simulink, designed different simulation 

setup including for multi-area power system, prepared all the figures and equations, and 

the first draft of the manuscript. 

Co-author: M. H. Nehrir 

Contributions: Provided important insight and overview of the research, interpretation of 

the results, and aided in the preparation of the manuscript. 

  



206 

 

 

 

Manuscript Information Page 

Seyyed Ali Pourmousavi Kani, M. Hashem Nehrir 

IEEE Transactions on Power System, 2014 

Status of the manuscript: 
  X    Under Preparation for submission to a peer-reviewed journal 

____ Officially submitted to a peer-reviewed journal 

____ Accepted by a peer-reviewed journal 

____ Published in a peer-reviewed journal 

Published by the Institute of Electrical and Electronics Engineering (IEEE) 

  



207 
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The following work is under preparation to be submitted to the IEEE Transactions on 

Power Systems in 2014 
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Abstract 

Implementation of DR into the conventional LFC model for single-area power 

system, called LFC-DR, is explained in Chapter 6. Analytical analysis of the added 

control loop and simulation results for single-area power system are presented in Chapter 

6. In this chapter, the idea is expanded to a general multi-area interconnected power 

system. Then, several simulation experiments are carried out to reveal the impacts of the 

new LFC on the dynamic performance of the different power systems. Simulation results 

show a superior performance of the LFC-DR model for different conditions and power 

system models. 

Introduction 

In the smart grid era, two-way‎ communication‎ will‎ allow‎ consumers’‎ loads‎ to‎

participate in power system control as active agents. In this paradigm, Lagcos will be in 

charge of aggregating‎ the‎ available‎ customers’‎ responsive‎ loads.‎ Lagcos‎ are‎ the‎ third‎

party between consumers and the utilities and participate in the real-time electricity 

market with their offers. This type of DR program is actively pursued in some electricity 

markets, such as the PJM electricity market ‎[7.1]. Although the effectiveness of DR has 
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been proved for the business side of the electrical power system operation, many 

technical aspects of DR are still unclear to the energy balancing authorities (BAs) and 

transmission system operators (TSOs). 

One important technical aspect of power system operation is frequency 

regulation, known as AGC as a subset of AS, where the effectiveness and impact of DR 

are unknown. To evaluate the dynamic behavior and frequency regulation in a power 

system, a general linearized model of the power system at the transmission level, known 

as LFC model, has been developed in the past five decades ‎[7.2]. However, these models 

do not include the effect of DR on the system dynamic behavior and controller design. In 

‎[7.3], a general formulation of the LFC with DR (LFC-DR model) and a robust control 

design (using the linear quadratic regulator (LQR) method) is presented for a single-area 

power system and its effectiveness is verified analytically. 

In this chapter, the ideas presented in Chapter 6 are expanded and used for 

decentralized LFC model, as described in ‎[7.2]. This reference has been widely used for 

controller design and small-signal stability analyses of multi-area interconnected power 

systems. The assumptions made here for system dynamic model and controller design are 

the same as given in Chapter 6. Therefore, the performance of the LFC-DR model for a 

large power system would essentially remain the same, as in Chapter 6, in terms of 

steady-state error, sensitivity and stability. 

In this chapter, the Lagcos are introduced to the frequency regulation market in 

each area of the decentralized LFC model. As explained in Chapter 6, Lagcos are active 

players (agents) in the real-time electricity market with the price offers and the amount of 
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DR resources they can provide for frequency regulation in their geographical zone. The 

same concept holds for Gencos in each area. Therefore, the required AS for frequency 

regulation will be split between the several Gencos and Lagcos in each area based on 

their offer prices in the real-time electricity market. This decision should be made by the 

ISO/RTO every 4-10 seconds, which is the time period that the area control error (ACE) 

signal is generated by the BAs. This idea is included in the LFC-DR model. 

Several simulation studies have been proposed in this chapter to reveal the 

effectiveness of the LFC-DR model. Each simulation study targets a specific feature of 

the proposed model in a multi-area power system. Simulation results verify that the 

proposed model properly integrates DR into the LFC model and improves system 

performance significantly. 

Formulation Expansion to Multi-Area Power  

System with Multiple Gencos and Lagcos 

Large power systems are normally divided into multiple areas connected by high 

voltage transmission lines or tie-lines, where each area may include generation units of 

different types. Therefore, it is necessary to consider the differences between Gencos in 

the LFC studies and controller design in each area. In the past two decades, a lot of 

attention has been focused on decentralized LFC model for controller design and analysis 

for interconnected power systems with multiple Gencos in each area ‎‎[7.4]-‎[7.11]. It is 

shown that the LFC problem for a large power system can be effectively reduced to an 

equivalent LFC problem for each area. Then, each control area regulates the power 

interchange with the neighboring control areas, as well as its local frequency ‎[7.2].  
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Figure ‎7.1. Multi-area power system with multiple Gencos and Lagcos. 

The LFC model with multiple Gencos has already been developed, e.g., ‎[7.2]. 

However to the best of our knowledge, the DR control concept has not been included in 

the LFC model. In this section, the proposed LFC-DR model (presented in Chapter 6) is 

expanded for a decentralized interconnected power system, where each interconnected 

area has multiple Gencos and Lagcos, as shown for a multi-area system in Figure ‎7.1. 

Based on the principles explained in Chapter 6, the DR control loop can be added 

to each control area of the decentralized interconnected power system by multiple 

Lagcos. This idea is shown for area i of a multi-area power system in Figure ‎7.2. A 

simplified power system with non-reheat steam turbine is considered for each area, and it 

is assumed that all the states of the system are observable and measureable for the LQR 

design. The latter assumption may not be totally true in real-world applications.  
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Figure ‎7.2. Block-diagram representation of area i of a general multi-area power system 

with multiple Gencos and Lagcos in each area. 

However, it will not degrade the applicability of the full-state feedback design 

since the immeasurable states can be effectively estimated by the observers, as reported 

in ‎[7.12]-‎[7.17]. Observer design is out of the scope of this dissertation. 

The transfer functions shown in the figure are defined as follows: 
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 (‎7.1) 

where, 

2Hi is the equivalent inertia constant of area i, 

Di is the equivalent load-damping coefficient of area i, 
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, ( )g jiT s  is governor time constant of Genco j in area i, 

, ( )t jiT s  is non-reheat turbine time constant of Genco j in area i, 

, ( )d jiT s  is the communication latency of Lagco j in area i, 

Δfi(s) is the frequency deviation, 

s is the Laplace transform operator. 

The unified control inputs ( 2 1( )i iu F u ) introduced in Chapter 6, are again used. 

αi is the share of control effort between the supplementary control and the DR control 

loop for area i. The sharing rate, αi, will be decided by the ISO/RTO based on the real-

time electricity market. Then, the ACE signal for each area can be defined as follows: 

, .i tie i i iACE P B f     (‎7.2) 

where Bi is the frequency bias constant for area i. As it can be seen from Figure ‎7.2, 

different Gencos will participate with different amount of power, based on their 

participation factor, , which will be assigned by the ISO/RTO. The different Gencos may 

decide to participate in the supplementary control action, or not, (based on their price 

offers, available generation, transmission lines congestions, etc.), where: 

1

1, 0 1
n

ki ki

k

 


    (‎7.3) 

The same concept holds for the different Lagcos in each area participating in the 

frequency regulation, as shown in Figure ‎7.2. The Lagcos might have different dynamic 

characteristics, i.e. communication latency, and offer different prices in the electricity 

market and have different amount of aggregated load available for frequency regulation 
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services. As a result, the load aggregator participation factor, λki, has been included in the 

proposed LFC-DR‎ model.‎ The‎ Lagcos’‎ participation‎ factor‎ has‎ the‎ following‎

characteristic: 

1

1, 0 1
m

ki ki

k

 


    (‎7.4) 

Different latencies in DR can be justified by the different communication 

infrastructure in different regions. Therefore, the ISO/RTO would be able to buy the 

required regulation services from different Lagcos, as well as Gencos. 

Figure ‎7.2 is similar to Figure 1 of Chapter 6 from the‎ dynamic‎ components’‎

point of view, except the ACE signal is used instead of frequency deviation as the 

parameter to be controlled. This change does not add any new dynamic to the system 

compared to the single-area power system. In addition, here an extra disturbance (namely 

the tie-line power deviation, 
1,

.
N

ij jj j i
T f

 
 ) is added to the LFC model of each area. 

Therefore, similar steady-state error, stability, and sensitivity analyses, as those presented 

in Chapter 6 for a single-area power system model, would apply to each control area of 

the multi-area system. But, the required control effort is increased since there are two 

disturbances imposed to each control area. 

As for the single-area power system presented in Chapter 6, the time delay in DR 

control loop has been linearized using 5th-order Padé approximation, explained in 

Chapter 6. Therefore, the general state-space model of the power system with N 

interconnected areas, consisting of n Gencos and m Lagcos in each control area, as shown 

in Figure ‎7.2, can then be written as: 
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 (‎7.6) 

where Ai is the system matrix, Bi is the control input matrix, Γi is the disturbance matrix, 

xi is the state vector, ui is the input vector, wi is the disturbance matrix, Ci is the 

observation matrix, and yi is the system output vector. The sub-matrices ( , ,   ) for 

area i are given in Appendix B. Unifying the control inputs, as discussed in Chapter 6, 

enables the ISOs/RTOs to study the dynamic behavior of the system regarding the share 

of regulation services between the traditional supplementary control and DR. After the 

unification, all system matrices will remain the same except the input matrix, which is 

given as follows: 

11 12 13

T

i
 
 B =     (‎7.7) 

The sub-matrices ( 11 12 13, ,   ) are given in Appendix B. In the above equation, 

the DR control input is unified based on the supplementary control input for area i, i.e. 

2 1

1
.i

i i
i

u u



   

 
. It has been shown in Chapter 6 that the unification (of 2iu  in terms of 

1iu or vice versa) yields nearly similar results. For multiple area interconnected power 
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system, the same LQR design procedure can be utilized for each area with unified inputs. 

For robust control, an integral controller ( .iACE dt ) is also introduced in this procedure 

to ensure zero steady-state error in the ACE signal in each area. The augmented system of 

area i is as follows: 

. . .

. .

i i i i i i i

i i i i i

u

y u

  

 

x A x B w

C x D


 (‎7.8) 

where the state vector for area i is: 

, , ,

T

i i tie i GT i DR i if P x x ACE   
 x  (‎7.9) 

where  

, ,1 ,1 ,1 ,1GT i G i T i G n T n

n units

x P P P P

 
            
 

 (‎7.10) 

, ,11 ,12 ,13 ,14 ,15 , 1 , 2 , 3 , 4 , 5DR i i i i i i i m i m i m i m i m

m load aggregator

x X X X X X X X X X X

 
         
 

 (‎7.11) 

In order to use the LQR design, it is required to introduce the state and control 

weighting matrices; introduced in Chapter 6. Prior to that, it is necessary to define the 

system frequency requirements: 

 The steady-state frequency deviation following a step change in load must be 

zero, i.e.  
2

if  ‎‎[7.18]. 

 The steady-state change in tie-line power following a step-load change must 

be zero, i.e. 
2

,tie iP    ‎[7.18]. 

 The ACE at each area should be zero in steady-state. In addition, the time 
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error represented by the integral of the frequency deviation, should not exceed 

±3 seconds, i.e. 
2

.iACE dt 
   ‎‎[7.18]. 

As a result, the weighting matrices will be defined, based on the size of the 

system and the unified input matrices. This model and the proposed controller design can 

be applied for any size of power system with any number of Gencos and Lagcos in each 

area. In the following sections, the results of simulation studies designed to show the 

effectiveness of the proposed LFC-DR model for multi-area power systems are presented. 

Simulation Results for Multi-Area  

Power System with Single Genco and Lagco 

In this section, a simulation study is presented to evaluate the effectiveness of the 

proposed LFC-DR model for a multi-area power system. The system studied is a typical 

three-area interconnected power system, which could be realized from Figure ‎7.1, where 

each area is represented by a single Genco and Lagco. The parameters of the power 

system are given in Table 7.1.   

The results are then compared to those from the conventional LFC model, as 

shown in Figure ‎7.3. In addition, the impact of communication latency on the 

performance of the system is investigated. For the sake of fair comparison, the same 

controller design and structure has been utilized for the system with and without DR. In 

the case of LFC-DR model, two different simulations have been performed for different 

shares (αi) between supplementary control and DR to assess the impacts of large DR 

participation in the frequency regulation service. 
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Figure ‎7.3. ACE, Frequency deviation, and total tie-line power in different areas for 

different α, multi-area power system with single Genco and Lagco. 
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Table ‎7.1. Three-area power system parameters for the simulation study ‎[7.2]. 

Parameters Area 1 Area 2 Area 3 

Di (pu/Hz) 0.015 0.016 0.015 

2Hi (pu.sec) 0.1667 0.2017 0.1247 

Ri (Hz/pu) 3.00 2.73 2.82 

Tgi (sec) 0.08 0.06 0.07 

Tti (sec) 0.40 0.44 0.30 

Bi (pu/Hz) 0.3483 0.3827 0.3692 

Tij (pu/Hz) T12 =0.20 

T13 =0.25 

T21 =0.2 

T23 =0.12 

T31 =0.25 

T32 =0.12 

Tdi (sec) 0.1 0.1 0.1 

i [0.1, 0.8] [0.1, 0.8] [0.1, 0.8] 

ΔPLi (pu) 0.02 0.0 0.02 

 

 

Deviation in ACE, Frequency, and Tie-Line Power 

 

The system dynamic response to simultaneous step load disturbance of 0.02 pu in 

the areas 1 and 3 are shown in Figure ‎7.3. The DR latency is 100 msec for all Lagcos in 

the different areas. Two different sharing values (αi) between conventional 

supplementary control and DR have been examined to show the effectiveness of the 

proposed LFC-DR model. In Figure ‎7.3 (a)-(c), variations in the ACE signal for the 

different areas are shown in response to simultaneous load disturbances in areas 1 and 3. 

When αi =1, the system performance is identical to the conventional LFC. For αi <1, the 

DR control loop is active, and in all three areas, the proposed LFC-DR model shows 

superior performance compared to the conventional LFC. Moreover, the performance is 

better for smaller values of αi, i.e., higher DR share. The variations in frequency and tie-

line power for the three areas are shown in Figure ‎7.3 (d)-(f) and Figure ‎7.3 (g)-(i), 

respectively, and again the system performance is improved when DR has a higher share, 

i.e., for smaller values of αi. 
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In the above simulation experiments, the communication latency for all areas is 

considered to be the same; however it is possible to have different latencies for different 

areas based on (‎7.5) and (‎7.6) (expanded in Appendix B), as will be shown in the next 

section. This can technically happen when communication latency is different for 

different Lagcos, which might be based on the communication infrastructure of each area. 

 
(a) 

 
(b) 

Figure ‎7.4. The impact of communication latency on, (a) frequency deviation, and (b) 

total tie-line power deviation in area 1. 
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The Impact of Latency on Dynamic Response 

 

Since communication latency is an important parameter when DR is included in 

the LFC problem, it is always desired to evaluate its impact on the performance of the 

system. Therefore, a simulation has been carried out for different latencies while αi =0.1. 

Simulation results, given in Figure ‎7.4, show the impact of the DR 

communication latency on the performance of the system. The figure shows the 

frequency and tie-line power deviations for Area 1 only. The results are very similar for 

other areas. It is clear from Figure ‎7.4 that the dynamic behavior of the LFC-DR model is 

better than the one with the conventional LFC for communication delays smaller than 

300 msec. However, the performance of the LFC-DR degrades when communication 

latency is greater than 300 msec. This impact is specific to the small power system under 

study. For large power systems with slower dynamics, the impact would be less. 

Simulation Results for Multi-Area Power  

System with Multiple Gencos and Lagcos 

In this section, the simulation results are presented to show the applicability of the 

proposed LFC-DR model to power system of any size. In addition, the effectiveness of 

the proposed DR control loop and the LQR design is evaluated and compared with the 

conventional LFC. The system studied is a large three-area power system with three 

Gencos and three Lagcos within each area, which could be realized from Figure ‎7.1. The 

areas are connected through stiff transmission lines; the system parameters, obtained 

from ‎[7.21], are given in Table 7.2. 
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Table ‎7.2. Three-area power system with three Gencos and Lagcos for the simulation 

study ‎[7.2]. 

MVAbase 

(1000 

MW) 

Gencos 

Area 1 Area 2 Area 3 

1 2 3 4 5 6 7 8 9 

Capacity 

(MW) 
1000 800 1000 1100 900 1200 850 1000 1020 

Di  

(pu/Hz) 
0.015 0.014 0.015 0.016 0.014 0.014 0.015 0.016 0.015 

2Hi 

(pu.sec) 
0.1667 0.12 0.2 0.2017 0.15 0.196 0.1247 0.1667 0.187 

 

Ttj (sec) 
0.4 0.36 0.42 0.44 0.32 0.4 0.3 0.4 0.41 

Tgj (sec) 0.08 0.06 0.07 0.06 0.06 0.08 0.07 0.07 0.08 

Rj 

(Hz/pu) 
3.00 3.00 3.30 2.7273 2.6667 2.50 2.8235 3.00 2.9412 

Bi 

(pu/Hz) 
0.3483 0.3473 0.318 0.3827 0.3890 0.414 0.3692 0.3493 0.355 

ji  0.4 0.4 0.2 0.6 0.0 0.4 0.0 0.5 0.5 

 Lagcos 

ji 0.3 0.5 0.2 0.4 0.2 0.4 0.1 0.2 0.7 

Td,ji (sec) 0.15 0.1 0.1 0.2 0.1 0.05 0.1 0.15 0.1 

 

Different communication latencies ( ,d ijT ), ranged from 50 to 200 msec, are 

considered for the Lagcos in the different areas, as shown in the last row of Table 7.2. 

 Step load increases of different magnitudes in the three areas are considered to 

evaluate the performance of the system with conventional LFC and two different values 

of αi (αi =0.1, 0.8) in the proposed LFC-DR model. The load disturbances for the three 

areas are 1 0.15LP   pu, 2 0.12LP   pu, and 3 0.1LP   pu. The same LQR design is 

used for all cases. 

 



222 

 

 

 

 
(c

) 

 
(f

) 

 

(i
) 

 
(b

) 

 
(e

) 

 
(h

) 

 
(a

) 

 
(d

) 

 
(g

) 

Figure ‎7.5. ACE, Frequency deviation, and total tie-line power in different areas for 

different α, multi-area power system with multiple Gencos and Lagcos. 
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Figure ‎7.5 shows the simulation results for the ACE (Figure ‎7.5 (a)-(c)), 

frequency deviation (Figure ‎7.5 (d)-(f)), and total tie-line power (Figure ‎7.5 (g)-(i)) for 

the LFC-DR model and for the conventional LFC, for the three areas. In general, in all 

cases the LFC-DR model when αi =0.1 shows superior performance compared to the 

conventional LFC. In particular, the overshoot has decreased by nearly 30% in the LFC-

DR (when αi =0.1) compared to the conventional LFC. The settling time is also improved 

significantly for all areas when the LFC-DR with αi =0.1 is applied. In all cases, the 

performance of the system with DR degrades as the value of αi increases and trends 

toward the performance of the conventional LFC with full-state feedback design, as 

expected. 

Conclusion  

In this chapter, the proposed model and controller design (which were developed 

in Chapter 6 for a single-area power system) are expanded to a multi-area case with 

multiple Gencos and Lagcos. Then, simulation studies are designed and carried out for 

single-area power systems to show the most important features of the proposed LFC-DR 

model. It is shown that the proposed LFC-DR model can significantly improve the 

dynamic performance of the multi-area power system. In addition, the impact of 

communication latency on the performance of the system with the DR control loop is 

analyzed. Then, two simulations studies are presented for multi-area power systems with 

single and multiple Gencos and Lagcos. Simulation results show that in all cases, the 

proposed LFC-DR model has a superior performance compared to the performance of the 

conventional LFC. It has also been observed that the performance of the proposed LFC-
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DR model is improved when a higher share (smaller values of α) has been devoted to the 

DR. 

In general, it can also be concluded that the proposed LFC-DR model provides a 

general simulation framework for the researchers and ISOs/RTOs to study the different 

impacts of DR (technically and economically) on the system dynamic performance and 

frequency regulation at the transmission level. 
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Abstract  

Ownership cost calculation plays an important role in optimal operation of DERs 

and MGs in the future power system, known as smart grid. In this chapter, a general 

framework for ownership cost calculation is proposed using uncertainty and risk 

analyses. Four ownership cost calculation approaches are introduced and compared based 

on their associated risk values. Finally, the best method is chosen based on a series of 

simulation results, performed for a typical diesel generator (DiG). Although simulation 

results are given for a DiG (as commonly used in MGs), the proposed approaches can be 

applied to other MG components, such as batteries, with slight modifications, as 

presented in this chapter. The analyses and proposed approaches can be useful in MG 

optimal design, optimal power flow, and market-based operation of the smart grid for 

accurate operational cost calculations. 

Introduction 

In the smart grid era, cost-based operation of DERs and MGs, including their 
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ownership costs, is inevitable. Strictly speaking, accurate operational cost calculation 

plays an important role for profitable operation of DERs for their owners, as one of the 

major goals projected for the smart grid ‎‎[9.1]. In general, different uncertainty sources 

can be envisioned for different elements of the operational cost (such as depreciation and 

operating costs), which are the actual causes of inaccuracy in the cost calculations. 

Therefore, an accurate operational cost calculation model considering uncertainties with 

lower risk is essential for power/energy management and optimal sizing of MGs, as well 

as for optimal power flow, power scheduling, and market-based operation of power 

systems. This chapter proposes a general framework for DERs ownership cost 

calculation, which is an important part of the operational cost considering existing 

uncertainties and associated risks. 

Power and energy management of islanded and grid-tied MGs is important for 

their optimal operation and to minimize their operational costs, e.g. ‎[9.2]-‎[9.19]. 

However in these references, the ownership cost of the equipment is not investigated 

explicitly nor in some cases considered in the optimal MG operation. For example, only 

fuel cost is considered for a DiG, ‎[9.2], ‎[9.3], ‎[9.5]-‎[9.9], ‎[9.13], ‎[9.15]; or in some other 

literature, e.g., ‎[9.11], ‎[9.12], ‎[9.16], ‎[9.17], the cost of DiG operation is considered as a 

price offered by the owner (similar to bids given by the participants in the electricity 

market). Also in ‎[9.4] and ‎[9.10], the battery cost is not included in the proposed 

management algorithm. In ‎[9.14] and ‎[9.19], the battery cost is explored based on the 

estimated battery lifetime, however the proposed approaches do not consider the 

uncertainties in the operation of the battery that could alter the true battery cost. As a 
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result, substantial fluctuations were observed in the estimated cost, particularly in the 

earliest days of operation, when a high level of uncertainty occurs. In ‎[9.18], the battery 

ownership cost is incorporated in the MG operation objective function, however it will be 

shown in this chapter that it will not always give accurate results. 

There is a great amount of literature in the area of optimal sizing of MG 

components, where cost of all equipment (such as DiG and battery) is considered. A 

comprehensive literature review on this topic is given in ‎[9.20]. Nevertheless, the actual 

operational uncertainties and associated risks in the ownership cost calculations are not 

investigated. Similar deficiencies exist in several technical reports on the cost-benefit 

analysis of battery technologies, e.g. ‎[9.21], ‎[9.22]. All in all, there is no independent 

study on the ownership cost calculation, to the best of our knowledge. 

This chapter lays out a general framework for DERs ownership cost calculation 

considering uncertainty and risk analyses. Initially, four different approaches are 

presented to calculate DERs ownership cost, where two of the approaches are proposed 

by the authors. Various uncertainty sources in the calculations are then introduced, where 

an appropriate discrete probability density function (DPDF) is specified for each in the 

simulation studies. In order to define the appropriate DPDFs for the uncertain parameters, 

an islanded MG has been designed using HOMER
®

 ‎[9.23] and the data obtained has been 

utilized. Then, a general basis for sensitivity and risk analyses based on the DPDFs is 

developed. Finally, the best model is chosen based on the uncertainty analysis along with 

risk calculation through simulation studies. To show the applicability and adaptability of 

the proposed framework to other DERs, the proposed model is also adapted for battery 
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ownership cost calculations. 

Problem Statement 

The operational cost calculation (known as machinery cost in industrial 

engineering and engineering economic analysis) is typically divided into two categories 

(as shown in Figure ‎9.1):‎1)‎“ownership costs”,‎which‎occur‎ regardless‎of‎machine‎use‎

(usually‎expressed‎per‎hour‎of‎operation),‎and‎2)‎“operating costs”,‎which‎vary‎directly‎

with the amount of machine use ‎[9.24], ‎[9.25]. The true value of these costs cannot be 

known until the machine is sold or worn out. However, these costs can be estimated by 

making‎ a‎ few‎ assumptions‎ about‎ machines’‎ life,‎ annual‎ use,‎ and‎ fuel‎ and‎ labor‎ costs.‎

These assumptions should be treated as uncertainty sources in the calculations through 

uncertainty and risk analyses. 

Ownership costs (also called fixed costs) include depreciation, interest 

(opportunity cost), taxes, insurance, and housing and maintenance facilities ‎‎[9.24], ‎[9.25]. 

In MGs, it is not common to insure the lifetime of a device. Therefore, insurance 

(insurance of equipment replacement in case of fire or other natural disaster) is neglected 

‎‎[9.26]. The housing cost (the cost of shelter or building to keep the equipment safe) is 

included in the capital investment of the equipment. However, property taxes which are 

commonly considered in farm machinery cost estimations ‎[9.26], are ignored in our 

study, as they are usually less than 1% of the purchase cost altogether. Instead, we will 

focus on the most important parameters, such as‎machines’‎lifetime‎and‎their‎annual‎use.‎

Therefore, the ownership cost calculation will be limited to the depreciation cost 

calculation and its components (i.e., salvage value and economic lifetime). 
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Figure ‎9.1. Overview of the operational cost calculation model adapted for this chapter. 

The operating cost is the second and last part of the operational cost calculations. 

This cost can be so different from one DER to another; even from one manufacturer to 

another; and from one size to another. Therefore, it is complicated, if not impossible, to 

develop a general framework for operating cost calculation for different DERs. 

Furthermore, the operating cost is significantly less than the ownership cost for many 

DERs, such as battery, solar Photovoltaic (PV) panels, wind turbines, etc. As an example, 

the operating cost of solar PV panels is approximated as 0.005 $/kW in ‎[9.4], which is 

negligible compared to the operating cost of DiG. For DiGs, the operating cost is an 

important factor since it includes fuel cost. This chapter only explores ownership cost 

calculations considering uncertainties. 

The Proposed General Framework  

for Ownership Cost Calculation 

Depreciation is a cost subsequent from wear, obsolescence, and age of a machine 

where age and accumulated hours of use are usually the most important factors in 

determining the remaining value of a machine ‎‎[9.24]-‎‎[9.26]. Prior to annual depreciation 

cost calculations, economic life for the machine and the salvage value at the end of its 

economic lifetime are necessary to be specified. 
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Economic Life: There are two different economic lifetimes considered in this 

chapter: 1) The economic life of an equipment, defined as the number of years (for PVs), 

hours (for DiGs), or ampere-hours (A.h.) for battery, for which costs are to be 

approximated, and 2) The project lifetime, which can be expressed as the economic 

lifetime of a project based on the longest equipment lifetime in the system, or other 

considerations‎such‎as‎the‎user’s‎expected‎lifetime‎of‎the‎whole‎project.‎As‎a result, some 

of the equipment with relatively shorter lifetime, compared to the project lifetime, will 

experience replacement(s) during the project lifetime. For instance, if a DiG lasts six 

years, and the project lifetime is expected to be 20 years, the DiG will have to be replaced 

three times throughout the project lifetime (i.e., at year six, 12 and 18 of the project). 

Although the useful lifetime of different devices are expressed in different terms, 

similar principles can be employed for their ownership cost calculation with minor 

modifications. 

Salvage Value: The salvage value is an estimate of the sale value of the equipment 

at the end of its economic lifetime ‎[9.24]-‎‎[9.26]. As it is shown in Figure ‎9.1, a prior 

knowledge about this value is essential at the time of ownership cost calculation. Without 

loss of generality, this value is considered to be zero in this chapter because equipment 

such as DiGs and batteries will be used until they are totally worn out. As a result, they 

are assumed to have no value at the end of their lifetime. 

Based on the definition and assumptions given above, four different approaches 

are introduced below for ownership cost calculation. Then, uncertainty sources are 

identified and a method for performing risk analysis is developed. Here, all equations are 
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developed for DiG without loss of generality. Simulation results and comparisons of the 

four approaches are given in the earlier section. Similar equations with slight 

modifications (as given for battery in the earlier section) can be utilized for other DERs. 

 

Approach I (Base-case): No Replacement Cost 

 

In this approach, the depreciation cost‎ is‎ calculated‎ based‎ on‎ the‎ equipment’s‎

economic lifetime and its salvage value. It is also assumed that the lifetime of the project 

is the same as the economic lifetime of the equipment. This is a standard approach in the 

ownership cost calculation ‎[9.24] and will be considered as the base-case scenario for 

comparison with other approaches. 

The depreciation cost ( depC ) can be expressed as: 

dep pur salC C C   (‎9.1) 

where purC  and salC  are the capital cost and salvage value of the equipment ($), 

respectively. Since no replacement of the equipment is considered throughout the project 

lifetime: 

,0pur purC C  (‎9.2) 

where ,0purC  ($) is the current purchase (capital) price of the equipment, including 

installation fees and transportation. The combined costs of depreciation and interest can 

be calculated by using the capital recovery factor. This cost is called equivalent uniform 

annual cost (EUAC) ‎[9.25]. Capital recovery is the dollar amount that would have to be 

set aside each year to repay the value lost due to depreciation, and pay the interest costs 

‎[9.25], as given below: 
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 ,EUAC depC C CRF i n   (‎9.3) 

where  ,CRF i n  is:  

 
 

 

1
,

1 1

n

n

i i
CRF i n

i

 


 
 (‎9.4) 

where n is the project lifetime, and i is the effective annual interest rate calculated in 

terms of the effective annual interest rate ( inti ) and inflation ( infi ) as follows: 

int inf

inf1

i i
i

i





 (‎9.5) 

where inti  can be considered as opportunity cost of investment if someone uses its own 

capital and infi  is the annual inflation rate. This method of depreciation calculation is 

called Straight-line depreciation ‎[9.25]. Effective interest rate is considered to be 

constant throughout the lifetime of the project since its variation does not significantly 

affect the calculations. 

The ownership cost per hour for the DiG can be estimated by estimating the 

annual operation hours of the DiG, neglecting insurance, taxes and housing costs of the 

equipment, as follows ‎‎[9.26]: 

h EUAC
I

y

C
C

h
  (‎9.6) 

where yh  is the estimated annual hours of operation for the DiG studied. 
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Approach II: No Replacement Cost  

and Effective Annual Interest Rate 

 

In this approach, which has been widely used in chapter, e.g., ‎[9.18], the effective 

interest rate and equipment replacement are ignored. The hourly ownership cost of DiG 

(per A.h. in case of batteries) can be determined by (‎9.7): 

deph

II

y

C
C

h
  (‎9.7) 

where depC  is calculated by (‎9.1), and nh  is the estimated economic lifetime of the 

equipment (in terms of hours for DiGs and A.h. for batteries). It will be revealed in the 

simulation studies that Approach II yields erroneous results which could lead to a series 

of incorrect decisions, e.g., in the cost-based power/energy management algorithms or in 

the electricity market. 

 

Approach III: Cost Calculations  

Considering Replacement Cost 

 

In this proposed approach, the purchase cost of the equipment, defined by (‎9.2), 

will be modified to include replacement(s) cost as follows: 

,0pur pur rep repC C C NO    (‎9.8) 

where repC  is the replacement cost of the equipment; and repNO  is the number of 

replacements of the equipment throughout the project lifetime. Replacement cost is 

considered to be 70% of the present worth (i.e., the current purchase price), since some 

installation fees such as wiring or housing will not be paid again. Here, we propose two 

approaches (III.A and III.B explained below) to calculate the ownership cost using the 
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depreciation cost explained above and considering replacement cost. 

 

Approach III.A-EUAC with Replacement. In this approach, a similar procedure 

to Approach I will be executed using (‎9.3)-(‎9.5), to calculate the EUAC. Finally, the 

ownership cost per hour for the DiG can be calculated using the estimated annual 

operation hours of the DiG ( yh ) as follows: 

.

h EUAC
III A

y

C
C

h
  (‎9.9) 

It can be seen from (‎9.9) that the annual operation hours of the equipment is 

utilized to normalize the ownership cost. As it can be noticed from the explanation given 

above, so far the difference between Approach I and Approach III.A is only the 

depreciation cost calculation considering replacement costs. 

 

Approach III.B-Depreciation with Replacement. Similar to Approach III.A, 

depreciation cost of the equipment will be calculated using the replacement cost of the 

equipment throughout the lifetime of the project. However, the EUAC is not used and 

depreciation cost will be directly utilized for ownership cost calculation. Contrary to 

Approach III.A, in Approach III.B, the total depreciation cost is divided by the estimated 

economic lifetime of the equipment (expressed in terms of hours for DiG, and in A.h. for 

batteries) to calculate the cost per hour for DiG (or per A.h. for battery) as follows: 

 
 . 1

. 1

jdeph

III B

n rep

C
C i

h NO
  


 (‎9.10) 

where depC  is calculated by (‎9.8); and j is the current year of operation. 
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From the equations developed for the different Approaches, different sources of 

uncertainty can be identified for the equipment ownership cost calculation. It basically 

implies that the ownership cost calculations may not be accurate unless the variations of 

these parameters are considered, further meaning that uncertainty and risk analyses are 

required for accurate calculations. In addition, risk analysis provides a basis to compare 

the effectiveness and accuracy of the given Approaches. The uncertainty sources and 

corresponding uncertainty and risk analyses are presented in the next sub-section. 

 

Uncertainty and Risk Analysis 

 

Several uncertainty sources can be identified as follows:  

1)‎ Equipment’s‎ number‎ of‎ replacement‎ throughout‎ the‎ project‎ lifetime‎ (which‎

depends on its economic lifetime and annual operation pattern),  

2) Equipment’s‎cost‎of‎replacement,‎ 

3) Inflation and interest rates. 

Equipment’s‎ cost‎ of‎ replacement‎ is‎ highly‎ unpredictable‎ for‎ new‎ technologies‎

since any breakthrough in a technology or unexpected market changes can influence the 

cost of the technology. For mature technologies such as DiGs, it is less likely to see any 

significant‎ changes‎ in‎ the‎ cost.‎ Therefore,‎ equipment’s‎ cost‎ of‎ replacement‎ is‎ not‎

included as an uncertainty source for DiG. Also, inflation and interest rates are very 

stable in developed countries and do not present substantial variations. In this chapter, as 

the first attempt to consider uncertainty in the ownership cost calculation of MG 

components, attention is put on the first source of uncertainty, which can significantly 

affect the ownership cost, i.e. uncertainty source 1. The uncertainty sources 2 and 3 are 
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neglected in this study. However, these uncertainties can be included in the calculations if 

desired. 

The number of replacement of an equipment ( repNO ) is primarily related to the 

usage pattern of the equipment and can be different from one year to another. It is also a 

function of the economic lifetime of the equipment which is not a certain parameter 

either, as discussed earlier. Although reasonable values can be assigned to the annual 

operation hours and economic lifetime of the equipment to obtain its number of 

replacement(s), they will be treated as uncertainty sources with appropriate DPDF for 

uncertainty and risk analyses in this chapter. 

It is common in engineering economic analysis to use two to five outcomes with 

discrete probabilities to assess the uncertainty associated with the future events (such as 

equipment’s‎annual‎operation‎hours‎and‎economic‎lifetime)‎‎‎[9.24], ‎[9.25]. In most cases, 

the two to five outcomes represent the best trade-off between representing the range of 

possibilities and the amount of calculation required ‎‎[9.25]. This is usually based on 

expert judgment or through prior experimental or simulation studies. Therefore, 

appropriate DPDF should be assigned to each uncertain parameter, given in the earlier 

section, prior to the risk analysis. 

With the values estimated by the chosen DPDFs for the two sources of 

uncertainty‎ (i.e.,‎ equipment’s‎ annual‎ operation‎ hours‎ and‎ useful‎ lifetime),‎ it‎ is‎

conceivable to calculate the hourly cost for each possible outcome. It essentially yields 

the sensitivity of the ownership cost with respect to the uncertain parameters. Although 

the impact of uncertain parameters on the ownership cost can be observed in the 
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sensitivity analysis, this analysis is not efficient for larger number of uncertainty sources 

and outcomes. Risk calculation can be very helpful in this context; it provides a 

legitimate basis to compare different approaches to find the most robust and reliable one. 

As defined in ‎[9.25], risk can be thought of as the chance of getting an outcome 

other than the expected value with an emphasis on something unpredictable. The 

common risk measure is the standard deviation, which measures the dispersion of 

outcomes about the expected value. Prior to risk calculation, it is required to calculate the 

expected values of each outcome for both uncertainty sources. It is therefore essential to 

calculate the joint probability distributions since there are two different uncertainties. It is 

assumed that the two uncertain parameters chosen are statistically independent, where the 

joint probability of a combined event is simply the product of the probabilities for the two 

events ‎[9.25]. It is intuitive assumption that the annual operation hours of a DiG has no 

meaningful impact on its useful lifetime (i.e., the total operation hours) or vice versa. 

Therefore, the expected value of hourly cost for each approach can be drawn from (‎9.11) 

‎[9.25]: 

     
1 1

. . ,
ELT AOH

h ELT AOH h

i i iX m X n
m n

EV C P P C m n
 

 

       (‎9.11) 

where ELT is‎ the‎number‎of‎events‎ for‎ the‎equipment’s‎economic‎ lifetime; AOH is the 

number of outcomes for annual operation hours;  
ELT

X m
P


 and  

AOH

X n
P


 are the probability of 

each event; and  ,h

iC m n  is‎ the‎ hourly‎ ownership‎ cost‎ for‎ “m”‎ hours‎ of‎ DiGs’‎ useful‎

lifetime and‎“n”‎hours‎of‎annual‎operation‎for‎the‎i
th
 approach. From the expected value, 

it is possible to calculate the risk (standard deviation) for the four approaches discussed 
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as follows: 

  22

i i iEV X EV X        
 (‎9.12) 

Using (‎9.11), equation (‎9.12) can be rewritten as:  

       2 2

1 1

. . ,
ELT AOH

ELT AOH h h

i X m X n i i

m n

P P C m n EV C
 

 

        (‎9.13) 

where i  shows the risk associated with the i
th

 approach considering uncertainties. The 

best approach is the one with lower risk as long as its total payment throughout the 

project lifetime is not significantly different (less than 1% different) from the base-case 

(i.e., approach I.) 

Simulation Studies and Results 

In this section, comprehensive simulation results are presented for a specific DiG 

to assess the effectiveness of the proposed framework in its ownership cost calculation, 

and to find the best approach in comparison with the base-case approach. DiG is used as 

an example in this chapter since it is the most common device in MGs. Simulation results 

are divided into two sub-sections. In the first sub-section, the accuracy of Approaches II, 

III.A, and III.B is verified in comparison with the base-case through a set of simulation 

studies. In the second sub-section, sensitivity, uncertainty and risk analyses are given for 

the approaches that pass the verification test. As it was explained in the earlier section, 

the appropriate DPDFs will also be defined for each uncertain parameter prior to risk 

analysis. 
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Verification Study 

 

Approach I is known as the standard machinery cost calculation method ‎‎[9.24]-

‎[9.26]. Therefore, other approaches should yield similar (or close) accumulative payment 

for the same outcomes. If accumulative payment throughout the project lifetime obtained 

from an approach is not close enough (within 1%) to the one obtained from the base-case, 

it will be rejected. For each approach, a simulation study is carried out where a DiG unit 

is considered to have 20000 hours of economic lifetime and 5000 annual operation hours 

for different project lifetime (4, 8, 12, 16, 20 years). The DiG selected for this study is a 

10 kW diesel Genset ‎[9.27]. Other required data for the simulation study is reported in 

Table ‎9.1.Simulation results for the different approaches are shown in Figure ‎9.2, where 

their corresponding error is compared to the base-case approach. Total accumulative 

payment for each approach for different length of project lifetime is depicted with bars. It 

is clear from Figure ‎9.2 that the accumulative payment in Approach II is not close to the 

base-case. Similar observation can be made by the error curves, where Approach II gives 

the highest error (about 4.8%). The error in Approach III.A is always less than 1%, while 

Approach III.B is more accurate for smaller length of project lifetime (with an error of 

near zero) and a maximum error of around 1.2% for 20 years of lifetime. Therefore, 

Approach II, which gave an error of near 5%, failed the verification test and should not 

be used for such studies because of large error. The error in Approaches III.A and III.B 

are within an acceptable range which means that they can be used in place of Approach I 

without jeopardizing the accuracy of the ownership cost calculations. 
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Table ‎9.1. Ownership cost calculation data. 

DiG capital  

cost ( ,0purC ), $ 
 
DiG replacement 

cost ( repC ), $ 
 

Inflation rate  

( inf
i ), % 

 
Interest rate  

( int
i ), % 

6750  4725  1.5  3.5 

 

Although the above simulation results give a perspective of the proposed 

Approaches, they do not represent a basis for comparison between different Approaches 

regarding uncertainty sources. Therefore, uncertainty and risk analyses are required for 

further evaluation of the proposed Approaches, given below. 

 

Uncertainty and Risk Analyses 

 

Prior to sensitivity and risk analyses, appropriate DPDFs are necessary to be 

assigned to each uncertainty source studied. Also, as mentioned earlier, two to five 

outcomes with discrete probabilities are required to be defined based on expert best 

judgment. These probabilities are obtained from the DPDFs. 

 

Figure ‎9.2. Accumulative payment of the DiG ownership cost for different approaches 

and their corresponding error in comparison with Approach I. 
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Appropriate DPDF for DiG Useful Lifetime. DiGs usually work 15000-25000 

hours depending on their rated power, quality and interval of maintenance, quality of 

diesel fuel, and loading condition throughout their lifetime ‎[9.28]. In general with regular 

overhaul (i.e., complete maintenance), the typical lifetime of a DiG could be up to 13 

years. It is also well-known that the economic lifetime is usually less for smaller DiGs. 

The 10-kW DiG under study is more likely to have an economic lifetime in the 17000-

hour range. The Hypergeometric distribution is used to generate the probability values for 

the DiG economic lifetime. Hypergeometric distributions are originally used to describe 

samples where the selections from a binary set of items are not replaced ‎[9.29]. In this 

chapter, the shape of the distribution is found to be appropriate where the probability of 

the lower values (with the highest probability at 17000 hours) is higher than the larger 

values, as shown in Figure ‎9.3. The Hypergeometric PDF is given as follows ‎[9.29]: 

 
ULT

X k

K N K

k n k
P

K

n



  
  

  


 
 
 

 (‎9.14) 

where N is the total number of items (70 in this study); K is the total number of items 

with desired trait (14 in this study); n is the number of items in the sample (10 in this 

study); and k is the number of items with desired trait in the sample (15000 to 20000 

hours). The generated probabilities are shown in Figure ‎9.3. 
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Table ‎9.2. MG design specifications obtained from HOMER
®
. 

  DiG  PV  Battery 

Rated capacity  10 kW  17 kW  24 kWh 

Annual operation   
7676 

hour/year 
 

3803  

hour/year 
 

801 

kWh/year 

 

 

Appropriate DPDF for DiG Annual Operation Hours. In this case, another DPDF 

is required since the annual operation hours is a different source of uncertainty with a 

different behavior. In order to have an estimate of the DiG annual operation hours, 

HOMER
®
 software ‎[9.23]‎has been used to design an islanded MG for a remote area with 

three residential units each of which has a power consumption profile of a typical U.S. 

resident ‎[9.30]. The component sizes and annual operation obtained for the MG 

(including PV solar panels, a DiG, and a battery bank), for a typical residential load, are 

given in Table 9.2. 

 

Figure ‎9.3. PDF for DiG useful lifetime created by Hypergeometric DPDF. 
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Based on the MG specification given in Table 9.2, it is estimated that the DiG will 

work around 7700 hours (out of the maximum 8760 hours) a year. However, it is possible 

that the DiG would operate more or less than 7700 hours per year, with a higher 

probability for larger annual operation hours. The reason for this can be two-fold: 1) 

HOMER software does not include the stochastic nature of renewable generation and 

load demand in the design procedure, and 2) the only renewable generation source in the 

designed MG is solar PV whose output power is unpredictable, which increases the 

required reserve that must be provided by the DiG. For this reason, the extreme value 

discrete distribution is selected as an appropriate DPDF for annual operation hours 

‎[9.31]: 

 
1

,
exp .exp expAOH

X

X X
P

 

 


 

       
     

    
 (‎9.15) 

where it returns the PDF of type 1 extreme value distribution with location parameter μ (3 

in this study) and scale parameter σ (1.5 in this study), evaluated for the values in X. 

Extreme value distributions are frequently used to model the smallest or largest value 

among a large set of independent random values representing measurements or 

observations ‎[9.31]. This DPDF is chosen since it produces the expected probability 

distributions following the hypothesis derived above for the annual operation hours. The 

probability distribution of the annual operation hours for the DiG is shown in Figure ‎9.4. 
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Figure ‎9.4. PDF for DiG annual operation hours created by Extreme Value DPDF. 

Although the DPDFs of the uncertainty sources can be different for different 

studies, similar analyses can be performed. Therefore, the proposed framework can be 

employed for different components of MGs. In this chapter, similar DPDFs will be used 

for different Approaches for fair comparison. 

With different outcomes considered for the DiG annual operation hours and 

useful lifetime, it is possible to perform a sensitivity analysis by calculating hourly cost 

for each approach. The results from Approaches I, III.A and III.B are shown in Figure ‎9.5 

(a), (b), and (c), respectively. The project lifetime is assumed to be 20 years in these 

simulations. The other parameters used in the simulation are given in Table ‎9.1. 
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(a) 

 
(b) 

 
(c) 

Figure ‎9.5. Hourly cost for the DiG with different outcomes generated for the two 

uncertain parameters for (a) Approach I (base-case), (b) Approach III.A, and (c) 

Approach III.B. 
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It can be seen from Figure ‎9.5 (b) that Approach III.A is more sensitive to the 

uncertain parameters (compared to the base-case in Figure ‎9.5 (a)); however its variations 

are smaller. Furthermore, Figure ‎9.5 (c) reveals that the variations in the annual operation 

hours have negligible impact on the ownership cost (less than 1%) in Approach III.B. 

This is a significant improvement in the uncertainty analysis. 

Table ‎9.3. Ownership cost calculation fata for the DiG. 

Terms of analysis  
Approach 

I 

 
Approach III.A  Approach III.B 

Expected Cost ($/hour)  0.3042  0.3377  0.2644 

Risk Value ($/hour)  0.1113  0.1111  0.0869 

 

The expected ownership cost and risk value (i.e., standard deviation) for 

Approaches I, III.A, and III.B are calculated for the DiG using (‎9.11)-(‎9.13). The results 

are given in Table ‎9.3. Although the expected ownership cost is not meaningful in terms 

of uncertainty and risk analyses, it provides the hourly ownership cost which has to be 

included in the operational cost of the DiG. Alternatively, looking at the risk value 

associated with each Approach shows that Approach III.B has the lowest risk in the 

calculation in the presence of uncertainty. In other words, it basically shows that 

Approach III.B is significantly less risky (about 22% compared to Approach I), 

considering possible variations in the uncertain parameters, when calculating ownership 

cost. Therefore, it can be concluded that Approach III.B is the best method (among the 

four approaches) to calculate the ownership cost with high accuracy and lower risk 

associated with the two uncertainty sources. 

In the next section, the formulation of ownership cost for storage battery as 
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another DER in a MG setting is presented. 

Ownership Cost Formulation for Batteries 

Generally speaking, the proposed framework for ownership cost calculation can 

be applicable to other MG components, however sometimes slight modifications may be 

required to make the framework fit a specific DER. Specifically, one special modification 

is required when the useful lifetime of the device is expressed in something other than 

hours. For instance, battery useful lifetime is expressed as battery nominal charge life 

(A.h.). Therefore, it is essential to modify the equations to adapt them to batteries. This 

section covers such modifications needed to calculate the ownership cost of batteries. 

As it was discussed in the earlier sections, the useful lifetime of battery and its 

salvage value are required for depreciation cost calculation. The economic life of battery 

banks is the number of years (in terms of battery A.h.) for which costs are to be 

estimated. This is important, particularly for Approaches III.A and III.B, where the 

economic life of the battery bank with the required number of replacement(s) throughout 

the project lifetime should be considered. A battery has a finite lifespan which is 

quantified by summing together the entire A.h. discharged during each of its cycles to 

determine‎ a‎ cumulative‎ A.h.‎ capacity‎ for‎ the‎ battery’s‎ life.‎ The‎ total‎ charge‎ life‎ of‎ a‎

battery‎is‎calculated‎from‎manufacturer’s‎specifications‎as‎follows‎‎[9.14], ‎[9.18]: 

. .r r r rL D C   (‎9.16) 

where r  is the charge life of a battery (A.h.); rL  is its cycle lifetime at rated depth of 

discharge (DoD) and discharge current; rD  is the rated DoD; and rC  is the A.h. capacity 
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at rated discharge current. In reality, a battery is not always operated at its rated values, 

and it is well-known that the total A.h. through a battery during its effective lifetime is 

directly dependent upon the DoD during each cycle ‎‎[9.14], ‎‎[9.18]. Therefore, a 

relationship can be established between the cycle-to-cycle DoD and battery effective 

lifetime. The unified effects of DoD and discharge rate on battery lifespan can be 

expressed as follows ‎‎[9.18]: 

         
 

10
1

. . .

act

act rr

ract

DoD i
uu

DoD i DoDC

eff act DoDC i
d i d i e

 
  

   (‎9.17) 

where  effd i  is the effective A.h. discharge of the battery at discharge event i;  actd i  

is the actual discharged energy of the battery (A.h.); Cr is the battery A.h. capacity at 

rated discharge current; Cact is the actual battery capacity at each time interval;  actDoD i  

is the actual DoD at discharge event i (%); DoDr is the rated DoD (%) in event i; and u0 

and u1 are curve-fitting coefficients. All the equations for calculating the depreciation 

cost in each Approach are valid here as well. For example, to obtain the battery 

ownership cost using Approach III.B, (‎9.10) is modified to calculate the ownership cost 

per effective A.h. by estimating the annual accumulative discharged A.h. as follows: 

   
 .

. 1
1

jdepA h

III B

eff rep

each year

C
C i

d i NO
  

 
 

(‎9.18) 

The uncertainty and risk analyses for this situation can be achieved by following 

the steps given in the earlier sections. Note that appropriate DPDFs for a battery might be 

different from those given for DiG and are based on the annual usage and useful lifetime 

of the battery. 
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Simulation studies have been carried out for battery and yield similar results as 

for DiG, where Approach III.B was found to be the best model. 

Conclusion 

Cost-based operation of DERs and MGs, including their ownership costs, is 

inevitable in the smart grid era. This chapter proposes a general framework for ownership 

cost calculation considering uncertainty and risk associated with the calculations. Two 

new ownership cost calculation approaches are proposed and compared with two 

approaches from the literature. It is shown through a series of simulation studies that the 

new Approaches III.A and III.B yield very accurate results in comparison with the base-

case (Approach I), which is commonly used in the literature. In addition, a risk analysis 

of the proposed approaches shows that the proposed Approach III.B is 22% less risky 

compared to Approach I. It is also shown through sensitivity analysis that Approach III.B 

is more robust against the annual operation hour variations, unlike the other Approaches 

discussed. 

In general, the proposed ownership cost calculation framework can be utilized 

(with minor modifications) for different components of MGs. As an example, in addition 

to DiG, the proposed framework is modified and given for batteries. Simulation results 

for battery (not given in this chapter) also reached the same conclusion that Approach 

III.B is the most robust one. 
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Abstract 

Because of different technical and economic concerns, battery has become an 

inevitable part of a MG as well as the most expensive component. This further 

necessitates a real-time power management system to guarantee the healthy operation and 

maximum battery lifetime based on the net cost of energy. Therefore, this chapter 

attempts to present a real-time management framework for a grid-tied MG based on the 

lifetime and cost estimation of battery. In order to verify the effectiveness of the proposed 

framework, a grid-tied commercial MG, which includes wind turbine, solar PV panels 

and Li-Ion battery, is optimally sized by HOMER
®
. Then, dynamic model of different 

components have been developed in MATLAB/Simulink
®

 for real-time power 

management study. Finally, simulation studies have been carried out for a year with 

actual load demand, wind speed, ambient temperature, solar radiation, and time-based 

electricity tariff. Simulation results show that the proposed framework effectively extends 

the battery lifetime while slightly decreases the cost of energy for customer. 
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Nomenclature  

RL  Battery cycle life at rated DoD and discharge current. 

RD  DoD for which rated cycle life was determined. 

RC  Rated ampere-hour capacity at rated discharge. 

0u , 1u , and 2u  Coefficients of the DoD fitting function. 

D Actual DoD. 

AC  Actual capacity at discharge current. 

actd  Ampere-hour of the discharge event. 

T System operation time, day. 

AC Annualized Cost, $/year. 

RBC Rated Battery Capacity, kW. 

CC Capital Cost, $/kW. 

RC Replacement Cost, $/kW. 

SFF Sinking Fund Factor. 

CRF Capital Recovery Factor. 

O&MC Annual Operation and Maintenance Cost, $/kAh/year. 

f Inflation rate, %. 

i Actual interest rate. 

inom Nominal interest rate, %. 

NO. rep Number of Replacement of the battery, round (Yproj / Yrep). 
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Yproj Useful lifetime of the project, year. 

Yrep Useful lifetime of the battery calculated by BLE, year. 

PW Wind power, kW. 

PPV PV solar power, kW. 

Pgrid Scheduled power from the grid, kW. 

Pload Load demand, kW. 

SoC State of Charge of the battery, %. 

Introduction 

MG is an emerging technology which promises to achieve many simultaneous 

goals for power system stakeholders, from generator to consumer ‎[10.1]. Its framework 

offers a mean to capitalize on diverse energy sources in a decentralized way, while 

reducing the burden on the grid by generating power close to the consumer. Since MG 

with distributed generation (DG) systems fall within city load centers (<69 kVA) at 

electric utility substations, near feeders, within neighborhoods, and at industrial, 

commercial, and residential customer locations ‎[10.2], storage devices such as battery are 

necessary to: 

 Manage electric grid peak demand, 

 Improve reliability and outage mitigation, compensate for intermittent power 

generation from DGs, 

 Provide AS especially in islanded mode of operation, 

 Increase electric grid load factor and utilization via the smart grid. 

As a result, storage devices are the necessary components of MGs as a mean to 
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achieve high penetration of intermittent RES into the grid. According to ‎[10.2], the 

desired size of the energy storage device for distributed energy storage systems (DESS) 

application is 25-200 kW for single-phase and 25-75 kW for three-phase systems, and its 

duration and desired lifetime are 2-4 hours and 10-15 years, respectively. The desired 

values in the case of commercial and industrial (C&I) energy management are 50-1000 

kW in size, 3-4 hours duration, and 15 years lifetime ‎‎[10.2]. This way, different battery 

technologies, such as Lithium-Ion batteries, can be sought as promising candidates. 

The available power from RES, particularly wind turbine, is highly variable and 

somewhat random. Consequently, batteries in hybrid power systems, whether in DESS or 

C&I energy management applications, experience a very irregular pattern of charge and 

discharge cycles. On the other hand, it is well-known that battery useful lifetime depends 

on its discharge pattern. Therefore, managing discharge pattern is a promising approach 

for battery life maximization. Since one can say that maximum battery lifetime can be 

achieved when battery kept idle (i.e., the nominal lifetime), there should be a rational 

definition for maximum lifetime of the battery. In this chapter, this term is defined as the 

maximum battery lifetime by taking the cost of energy into consideration at each 

management interval. In other words, the maximizing battery lifetime is beneficial as 

long as the cost of the energy provided to the customer is minimum at the time of 

management. 

While most research has been focused on optimal sizing and unit commitment of 

such systems, few studies have dealt with real-time management of a hybrid energy 

system ‎[10.3]. To the best of our knowledge, maximizing battery lifetime considering 
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minimum cost of energy has not been addressed in the literature. This chapter attempts to 

introduce a management framework to achieve maximum battery lifetime based on 

battery life estimation and the price of energy. The proposed procedure is developed for 

the grid-tied MGs which include wind turbine and solar PV panels as generation assets 

and Li-Ion battery as storage device. The system is optimally designed using HOMER
®

 

with actual wind speed, solar irradiation, grid electricity price, and load demand data. 

Since unit commitment problem is beyond the scope of this chapter, the scheduled grid 

power in real-time simulation is assumed to be equal to the grid power calculated by 

HOMER
®
. Then, dynamic model of each component for the system studied is developed 

in MATLAB/Simulink
®
. Different power management strategies are then implemented 

on the dynamic model of the MG with actual data for a year. Eventually, results from 

different management approaches are compared. 

The Proposed Real-Time Power Management Framework 

Batteries are usually equipped with a battery management system (BMS) which 

can be an electronic device that manages a rechargeable battery (cell or battery pack), by 

monitoring its state, calculating secondary data, reporting that data, protecting it, 

controlling its environment, and/or balancing it. However, there is no real-time 

supervisory power management system at the top level of MG to regulate battery 

discharge in order to maximize its lifetime. While battery is usually the most expensive 

part of such systems at the time of installation, and needs frequent replacement, a real-

time power management can be extremely helpful to guarantee the appropriate use of 

battery. Generally, real-time management strategy performs at a smaller time interval, 
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e.g., every few seconds or minutes. The results of such systems are the power sharing 

between the different generation and storage assets in a MG. 

It is well-known that PV and wind generation is almost free after installation 

because of no fuel cost. Thus, it is beneficial to use available power from wind and PV as 

much as possible. Therefore, the real-time power management problem will be limited to 

power sharing between battery and grid. Grid power is available at time-of-use rates, and 

is limited to a maximum of 40kW in this study. Possible explanations might be a weak 

distribution system, lack of enough generation, and/or low capacity of different 

equipment such as overhead lines and/or transformers. As it was mentioned earlier, the 

purchased power from the grid is scheduled a day ahead as unit commitment problem. In 

this chapter, we are not dealing with the unit commitment problem. Therefore, the 

scheduled power from the grid is considered as a known input parameter in the 

management system. It is also assumed that the battery will be charged only when excess 

wind and/or PV power is available. In other words, battery will not be charged by the 

power purchased from the grid. Replacement cost is the most effective factor in the CEB 

calculation. Based on the discharge pattern, batteries need to be replaced periodically to 

maintain system performance. Therefore, CEB is directly related to the battery aging 

which depends on its discharge pattern. As a result, the power management algorithm 

should decide upon the battery discharge pattern, associated lifetime, and cost. Since 

maximum battery lifetime occurs when battery is kept idle (which is not rational), a 

competing objective is required in the power management algorithm. In this study, final 

cost of energy is considered as the competing objective.  
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Figure ‎10.1. Block-diagram of the proposed management framework. 

A schematic block-diagram of the energy management unit (EMU) with different 

components of the system studied is shown in Figure ‎10.1. In order to calculate the cost 

of energy from the battery, it is required to calculate the number of its replacements 

during the lifetime of the project. As a result, it is required to estimate the battery lifetime 

based on its discharge pattern in the past. Therefore, the management strategy starts with 

the battery lifetime estimation, which is shown as Battery Life Estimator (BLE) unit in 

Figure ‎10.1. Then, the CEB will be estimated, in $/kWh. Finally, the decisions will be 

made based on the secondary management (SM) strategy between battery and grid. 

Different strategies can be developed in the SM procedure, such as the one defined in this 

chapter. 

Since the overall management system is responsible for both charging and 

discharging of the battery, the proposed framework is broken into two hierarchical steps 

as follows: 
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Figure ‎10.2. Schematic diagram for the proposed PM strategy. 

 Primary Management (PM): In this step, primary decisions about power flow 

between generation resources and the energy storage unit will be made based 

the available information from different generation assets, battery state of 

charge (SOC) and availability of the grid. This part of the management is 

shown in Figure ‎10.2. 

 • Secondary Management (SM): Whenever battery discharging or 

purchasing excess power from the grid is required, the decision will be made 

by the proposed strategy in the SM unit. The goal is to extend the battery 

lifetime based on the final price of energy for the customers. 
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Battery Lifetime Estimator, BLE 

In this section, the proposed BLE technique is described in details. Different 

techniques in literatures are developed for battery life estimation; however they fall 

within at least one of the shortcomings listed below for the purpose of this study: 

 Complicated and slow, e.g., ‎[10.4], ‎‎[10.7], 

 Need detailed information on the battery performance which usually is not 

available in battery datasheets, e.g., ‎[10.5], ‎[10.6], ‎‎[10.8]-‎[10.11], 

 Only appropriate for long estimation intervals (in the order of days or week) 

with significant error, e.g., ‎‎[10.7], ‎[10.10] 

 Valid only for certain type of batteries, e.g., ‎‎[10.5], ‎[10.6]. 

In this study, battery life estimation technique introduced in ‎[10.12]‎and ‎[10.13] is 

utilized. This technique is developed based on three premises which have been discussed 

in ‎[10.14]. In this technique, depths of discharge and rates of discharge are considered as 

major indicators for battery life estimation. Assuming the presence of temperature and 

humidity controls, the impact of battery temperature on its aging can be ignored. A 

significant feature of this technique is the fact that it works based on the battery 

performance and cycle life data provided by the manufacturer, and supplemented by a 

limited amount of empirical test data. This technique also eliminates the need for an 

electrochemical model of the battery ‎[10.12]. The three premises are as follows: 

Premise 1: Each cell has a finite life ‎‎[10.12]. It will reach the end of its useful life 

when the cumulative effective ampere-hours of individual effective ampere-hours 

corresponding to a series of discharge events equal the rated charge life of the cell. The 
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rated charge life is given as ‎‎[10.12]: 

R R R RL D C  . .  (‎10.1) 

Premise 2: The actual charge life of the cell is a function of the DoD. Therefore, 

the effective ampere-hour discharge in a given discharge event may be more or less than 

the actual discharge based on the actual DoD. In order to determine this functional 

relationship, the following function has been used to perform the best fit to the cell cycle 

life data vs. DoD ‎‎[10.12]: 

0u

R
2 1

R

D D
L u u 1

D D

   
          

.exp  (‎10.2) 

Different methods can be applied to perform the curve fitting. Two different 

methods have been used in this chapter including PSO ‎[10.3]‎and non-linear least square 

(NLLS) method from MATLAB
®
 curve fitting toolbox. It is shown in ‎[10.3] that PSO, as 

a heuristic optimization technique, is able to achieve optimal solution in a small fraction 

of a second. Also, NLLS is a popular regression method which has been used in ‎[10.12] 

and ‎‎[10.13]. The results of curve fitting are shown and compared in simulation results. 

Premise 3: The charge life of the cell, Γ, drops whenever the cell is discharged at 

a rate faster (higher discharge current) than the nominal rate. Furthermore, the reduction 

in life will have a close functional relationship to the observed reduction in ampere-hour 

capacity with increasing discharge rate ‎[10.12]. This effect can be expressed fairly 

accurately by the following two-parameter function: 

0v

R R
eff 1 act

A A

C C
d v 1 d

C C

    
      

    

.exp .  (‎10.3) 
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Since battery manufacturers typically conduct battery life testing at a single 

discharge rate, usually the rate for which the cell's rated capacity is given, enough data is 

not available to determine the parameters 0v  and 1v . Therefore, the effect of discharge 

rate will be estimated using a simplified form of Eq. (3) where 0v  is set equal to 1 and 1v  

is set to 0: 

R
eff act

A

C
d d

C

 
  

 
.  (‎10.4) 

In order to calculate AC  related to each discharge event, 1-D cubic spline 

interpolation has been applied in this study. Using (‎10.2) and (‎10.4), the effects of DoD 

and discharge rate are combined simply by multiplying the factors as follows ‎[10.12]: 

0u

A A R
eff 1 act

R R A

D D C
d u 1 d

D D C

      
        

      

.exp . .  (‎10.5) 

Equation (‎10.5) gives the effective discharge for a single discharge event. In order 

to estimate the lifetime of a battery which has been exposed to a series of discharge 

patterns, accumulative effective discharge is required. Finally, lifetime of the battery can 

be calculated as follows ‎[10.12]: 

R R R
time n

eff i

i 1

L D C
L T

d





 ,

. .
.  

(‎10.6) 

The procedure of battery life estimation is shown in Figure ‎10.3.  
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Figure ‎10.3. BLE model represented in a block-diagram.  

Calculation of Cost of Energy from Battery (CEB)  

The number of battery replacements over the lifetime of the project can be 

approximated from the battery life estimation. In this study, the following cost model is 

used to calculate the CEB ‎[10.15], ‎‎[10.16]. Note that the battery charging cost is set to 

zero since it will only be charged when excess PV and wind power is available. 

    
 
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 
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 (‎10.7) 

where, 
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The capital cost and O&MC of the battery are derived from ‎[10.2] and ‎[10.16], 

respectively. The capital cost of the battery varies based on its application ‎[10.2]. For 

commercial building in the range of 25-50 kWh, capital cost of the battery is estimated at 

$4240/kW in average (the actual price varies from $2800 to $5600/kW) ‎[10.2]. Since the 

capital cost includes cost of battery, power electronics, cost of installation, step-up 

transformer, smart-grid communication and controls, and grid interconnection to utility, 

the replacement cost is considered to be 60% of the capital cost ‎[10.2]. For O&MC, the 

capital cost approximately is $50/kAh/year ‎‎[10.16]. In this chapter, the nominal annual 

interest and inflation rates are assumed to be 3.5% and 1.5%, respectively. For ease of 

comparison, the cost of electricity from battery is calculated in $/kWh instead of $/year, 

as follows: 

AC
CEB

8760 RBC



  [$/kWh] (‎10.11) 

A graphical user interface (GUI) was developed to interactively examine the 

impacts of different parameters on the battery life estimation and its cost of operation, 

which is shown in Figure C.1. Different scenarios can be designed and compared on the 

same figures.  

Simulation Results 

In this section, simulation results for different parts of the proposed management 

framework are presented and discussed.  
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Figure ‎10.4. Cycle life vs. DoD for Intensium Flex High Energy Li-Ion battery, SAFT 

Company. 

Results of Curve Fitting and Interpolation 

 

In this study, the Intensium Flex High Energy Lithium-Ion battery pack from 

SAFT company is considered ‎‎[10.17]. The experimental life cycle data of the battery for 

different DoD is shown in Figure ‎10.4, measured by the company. 

Actual capacity of the battery in different discharge current can be determined by 

using the experimental data commonly given in battery specification. Table ‎10.1 shows 

the actual discharge current for different discharge time duration for the battery used in 

this study. 

Table ‎10.1. Amperes on Discharge table for Intensium Flex High Energy Li-Ion battery, 

SAFT Company. 

 Duration (min) 

Rated Capacity 1 10 30 60 180 300 

45 A.h 197.92 131.25 75 40.62 14.17 9 
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Figure ‎10.5. Curve fitting results for two different methods. 

As mentioned in the earlier sections, curve fitting on the data provided in Figure 

‎10.4 is required to determine the coefficients of the function in (‎10.2). Figure ‎10.5 shows 

the curve fitting results using PSO and NLLS. 

The root mean square error (RMSE) of the curve fitting results is calculated for 

both methods as follows: 

2 2 2
1 2 nx x x

RMSE
n

  
  (‎10.12) 

where nx  is the error between data sample n and the value obtained by fitted curve. The 

RMSE was 0.124 and 3.509 for PSO and NLLS methods, respectively. It can be 

concluded from Figure ‎10.5 and the RMSE that the results from PSO are significantly 

accurate compared to those from NLLS method. As a result, the accuracy of the battery 

lifetime estimation will be improved which consequently enhances the cost of battery 

calculations. 
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Figure ‎10.6. Actual capacity of the battery at different discharge rates. 

As it was mentioned earlier, the actual discharge current has significant impact on 

the battery aging, where (‎10.4) is given to account for this impact. Equation (‎10.4) 

requires data interpolation at each specific discharge current using the experimental data 

given in the manufacturer datasheet (see Table ‎10.1). Interpolation results for the data 

given in Table ‎10.1 and a sample interpolated discharge current are shown in Figure ‎10.6. 

As expected, the actual capacity of the battery reduces when the discharge rates 

increases. Based on the theory explained in the earlier section, this effect exponentially 

increases for higher discharge rates, shown in Figure ‎10.6. 

 

BLE and CEB Test 

 

Unfortunately, there was no experimental data available for the battery discharge 

profile (discharge current magnitude and duration) to test the proposed BLE algorithm. 
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magnitude and duration for a day, given in Table ‎10.2. Then, similar discharge pattern is 

repeated for 100 days for the simulation study. The goal of this simulation is to show the 

impact of curve fitting algorithm on the battery life estimation and the resulting cost. In 

this simulation study, it is assumed that the primary management fully charges the battery 

after each discharge. Therefore, enough power is always available in the battery for 

discharge. Total discharge time of the battery is considered to be 165 minutes during a 

day, i.e., less than 3 hours. Different high power and energy pulses are included in the 

created discharge pattern. Also, the discharge current is always maintained below the 

critical value given in Table ‎10.2. 

The BLE algorithm has been simulated for different ratios of current magnitude 

and its time duration, given in Table ‎10.2, for both NLLS and PSO methods. In Figure 

‎10.7, results obtained from both NLLS and PSO are shown when the discharge current 

magnitude is scaled from 90% to 130% of the original values in Table ‎10.2, while the 

time duration is kept constant. It can be seen from Figure ‎10.7 that the estimated values 

from NLLS and PSO follow the same trend; however the estimated values are 

significantly different at each point. In other words, error in the BLE unit using NLLS 

approach can result in significant error in the CEB calculation. 

Table ‎10.2. The arbitrary discharge pattern created for a day. 

Time, min 1 1 1 2 2 3 4 4 5 

Current, A 100 150 130 120 110 30 40 40 50 

Time, min 5 5 10 11 11 20 20 30 30 

Current, A 90 80 60 20 50 60 70 50 65 
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Figure ‎10.7. The BLE calculations for different current magnitudes, obtained from the 

curve fitting using NLLS and PSO methods.  

For the discharge pattern given in Table ‎10.2, the corresponding CEB is 

calculated for both curve fitting methods used in this chapter, i.e., NLLS and PSO. The 

useful lifetime of the project is assumed to be 20 years in the simulation studies. The 

battery cell has rated capacity of 45 Ah at 48 V as the nominal voltage. The rated DoD is 

80% based on the information provided by the company ‎[10.17]. 

Figure ‎10.8 shows the CEB for different ratio of discharge current magnitudes. It 

can be seen that the CEB values obtained using PSO curve fitting method are 

significantly bigger than those obtained by NLLS method because of the difference in the 

estimated BLE in the two methods, shown in Figure ‎10.7. 

Also, another simulation study has been performed on the proposed BLE model. 

In this case, the current magnitude is remained constant and the time duration of each 

discharge event has been changed from 80% to 120%. Both NLLS and PSO curve fitting 

methods have been employed in separate simulation study. 
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Figure ‎10.8. The CEB for different discharge current magnitudes, obtained from the 

curve fitting results using NLLS and PSO methods. 

 

Figure ‎10.9. The BLE values for different time duration studies, obtained using NLLS 

and PSO curve fitting methods. 
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Figure ‎10.10. The calculated CEB for different discharging time durations obtained using 

NLLS and PSO curve fitting methods. 
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of NLLS method for curve fitting, i.e., Figure ‎10.5. 

In Figure ‎10.10, the CEB is shown when discharging current magnitude is 
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estimated CEB using PSO curve fitting method is higher than the ones from NLLS. 
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been optimally sized with HOMER
®
 considering the fact that the battery is not allowed to 

be charged by the grid. Also, the values for the power purchased from the grid in the 

output of the HOMER
®

 design are used as scheduled hourly power from grid in the 

dynamic simulations. In real-world applications, the day-ahead economic dispatch 

problem should be solved to obtain the scheduled hourly power from the grid. Since the 

day-ahead economic dispatch only works in hourly basis with predicted load demand and 

renewable power generation, generation and demand mismatch might occur in real-time 

operation. Here, the real-time power management is the only solution to avoid power 

mismatch and to maintain the system stability. The size of the MG component is 

calculated as follows: 

 Wind turbine: 20 kW 

 PV solar panels: 40 kW 

 Lithium-Ion battery: 38.8 kWh 

The grid-tied islanded MG configuration is shown in Figure ‎10.1. The battery 

specification is also given in Table ‎10.3. Actual minute-by-minute wind speed, solar 

irradiation, ambient temperature, and load demand data are used in this study. The load 

demand data is measured in a commercial building. The average load demand during a 

year, the peak load and load factor are 34.7 kW, 63.8 kW, and 0.546, respectively. In 

order to perform real-time power management, dynamic model of the MG component has 

been developed in MATLAB/Simulink. The time-based electricity tariffs are used in this 

study, which are given in Table ‎10.4. 
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Table ‎10.3. Intensium Flex High Energy Lithium-Ion battery specification. 

Nominal voltage of each pack, V 48 

Capacity (C/3), Ah 45 

Lifetime at +20 
o
C perm, year 20 

Lifetime at +40 
o
C, year >10 

Cycle life (80% DoD, 20 
o
C) 3000 

NO. of pack in series, and parallel 6, and 1 

 

Table ‎10.4. Cost of electricity from the grid. 

Peak Summer
1
 $0.16489 /kWh 

Part-Peak Summer
2
 $0.06595 /kWh 

Off-Peak Summer
3
 $0.03298 /kWh 

Part-Peak Winter
4
 $0.05334 /kWh 

Off-Peak Winter
5
 $0.03556 /kWh 

1 12:00 noon to 6:00 p.m. Monday through Friday (except holidays) 
2 (8:30 a.m. to 12:00 noon) AND (6:00 p.m. to 9:30 p.m.) Monday through Friday (except holidays) 
3 9:30 p.m. to 8:30 a.m. Monday through Friday AND All day Saturday, Sunday, and holidays 
4 8:30 a.m. to 9:30 p.m. Monday through Friday (except holidays) 
5 9:30 p.m. to 8:30 a.m. Monday through Friday (except holidays) AND All day Saturday, Sunday, and holidays 

According to the SM strategy in the proposed framework, three different cases 

can be recognized. In all cases, the decisions made by the management framework are 

updated every minute to determine the share of power between battery and the grid. The 

simulation has been carried out for a year for each scenario. 

CASE I. If the battery SoC is greater than 20% (since the rated DoD of the battery 

is 80% ‎‎[10.17]), the battery should provide the required power. Otherwise, the grid will 

provide the required power. 

CASE II. If the battery SoC is greater than 20% and the CEB is less than the cost 

of energy from the grid, the battery should meet the demand. Otherwise, the grid will 

provide the required power. 

CASE III. In this case, it is assumed that the battery cannot be discharged. 
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Therefore, required power will be purchased from the grid regardless of its cost. 

Different scenarios from those developed in this study can be defined within the 

SM block such as heuristic optimization-based methodologies. However, this is out of 

scope of this chapter. Note that in CASE III, the battery has not been used. Therefore, the 

CEB and its lifetime are not shown in results.  

In Figure ‎10.11, the battery life estimation for CASEs I and II is shown. In CASE 

I, the battery ages faster due to the more frequent usage. Therefore, it is expected to see a 

higher CEB in CASE I compared to CASE II, as shown in Figure ‎10.12. At the beginning 

of the estimation, fast fluctuations can be observed due to the lack of enough discharge 

information. However, the accuracy of the estimation improves gradually when time 

succeeds. There are several fluctuations in the battery after 50 days for CASE II because 

of replacement cost. More specifically, whenever the battery life estimation drops below 

20 years, replacement cost for at least one battery will be added to the energy cost. 

 

 

Figure ‎10.11. Battery life estimation for CASES I and II for a year of simulation. 
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Figure ‎10.12. The CEB per kWh in both CASEs for a year of simulation. 

The accumulative CEB based on the utilization of the battery for CASEs I and II 

are shown in Figure ‎10.13. The cost of energy is reduced in CASE II because of increase 
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CASE I is almost twice as the one in CASE II. These results show the effectiveness of the 

proposed management framework in extending the battery lifetime and reducing the cost 
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Table ‎10.5. Controlled power cost in each case and percentage of savings. 

 Battery payment, $ % of money saving 
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Figure ‎10.13. Accumulative cost of energy extracted from battery for both CASEs for a 

year of simulation. 
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Conclusion 

Storage devices are an inevitable part of any MG, where they are usually the most 

expensive component of MGs. In this chapter, a power management framework is 

proposed for a grid-tied MG with battery as storage device. The goal is to extend the 

battery life as well as to reduce the cost of the energy for the consumer. Simulation 

results show that both goals have been achieved through the proposed power 

management framework. 
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Abstract 

Power management is an essential tool for MG safe and economic operation, 

particularly in the islanded mode. In this chapter, a multi-timescale cost-effective power 

management algorithm is proposed for islanded MG operation targeting generation, 

storage, and demand management. Comprehensive dynamic modeling, cost, and emission 

calculations of the MG components are developed in this chapter to facilitate high 

accuracy‎ management.‎ While‎ the‎ MG’s‎ overall‎ power‎ management‎ and‎ operation‎ is‎

carried out every several minutes to hours, depending on the availability of the required 

data, simulation for highly dynamic devices (such as batteries and EWHs used for DR) 

are performed every minute. This structure allows accurate, scalable, and practical power 

management taking into consideration the intra-interval dynamics of battery and EWHs. 

Two different ON/OFF strategies for EWH control are also proposed for DR application. 

Then, the power management algorithm is implemented using the two different DR 

strategies and the results are compared with the no-DR case. Actual solar irradiation, 

temperature, non-EWH load demand, and hot water consumption data are employed in 

the simulation studies. The simulation results for the MG studied show the effectiveness 
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of‎the‎proposed‎algorithm‎to‎reduce‎both‎MG’s‎cost‎and‎emission 

Introduction 

According‎to‎the‎DOE’s‎ list‎of‎ five‎ fundamental‎ technologies‎that‎will‎drive‎the‎

smart grid ‎‎[12.1],‎“advanced‎control‎methods‎to‎observe‎essential‎components‎ for‎rapid‎

diagnosis‎ and‎ precise‎ solutions‎ to‎ events”‎ is‎ envisioned‎ as‎ one‎ of‎ the‎ most‎ critical‎

apparatus for successful implementation of smart grid. Given the complexity of the smart 

grid implementation, MGs have emerged as a bridging technology to pave the way to the 

smart grid ‎[12.2]. The key to wider recognition and employment of MGs is innovative 

power management strategy ‎[12.3]. 

In general, real-time MG management is classified into energy and power 

management. The energy management algorithms deal with monitoring and operation of 

a complex system of electrical, thermal, and mechanical components with emphasis on 

desired and longer term outcomes. However, the objective of power management is to 

affect the instantaneous operational conditions towards certain desired parameters ‎‎[12.4]-

‎[12.11]. From a general perspective, both power and energy management refer to control 

actions that are based on particular objectives. 

MG management algorithms can be divided into centralized ‎[12.4]-‎‎[12.9]‎ and 

decentralized architecture ‎[12.10], ‎[12.11]. Structurally, MGs can be operated in grid-tied 

‎‎[12.4], ‎[12.7], ‎‎[12.9]-‎‎[12.11], islanded ‎‎[12.5], ‎[12.6], or a combination of both modes, 

e.g., ‎[12.8]; each of the above modes has certain requirements to be fulfilled. This chapter 

focuses on the design, modeling, and proposing a comprehensive cost-effective multi-

timescale power management algorithm for an islanded MG that operates independently 
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in a remote area. In islanded MGs, AS is provided using storage and DR to compensate 

renewable generation and load demand variability. The MG components include a DiG, 

solar PV panels, and storage batteries, which are commonly available for residential 

applications. 

Although the DR is foreseen to‎ be‎ an‎ essential‎ part‎ of‎ MGs’‎ cost-effective 

operation, some literature on power management do not include the DR in their proposed 

algorithm, e.g. ‎[12.6]-‎[12.8], and others consider generic load for DR, e.g. ‎[12.5], 

‎[12.10], ‎‎[12.11]. However, in this study, the DR is implemented with EWHs for which a 

dynamic model with actual hot water consumption data is used. Two different ON/OFF 

control algorithms (called DR.A and DR.B) are introduced and implemented to provide 

the required increase or decrease in load at the time needed. 

Moreover, the multi-timescale structure of the proposed algorithm allows two 

different simulation intervals for MG components based on their dynamic behavior and 

the available data. This way, simulation interval of highly dynamic components (e.g., 

battery and EWHs) will be decoupled from those of the available load and generation 

data, which might be available with different intervals (e.g., 20 minutes or 1 hour). This 

way, the flexibility and accuracy of the algorithm will be increased, which can result in 

faster control. 

Although a rule-based algorithm may not be ideal for grid-tied and plug-and-play 

operation on MGs, they are ideal in real-world applications, in particular for rural areas 

with minimum computational burden. The multi-timescale structure, the cost-effective 

operation, the DR application, and detailed dynamic modeling of MG components 
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(including emission production, cost of operation, and efficiency) are the major 

contributions of this study. MATLAB
®
 GUIs were developed to easily scale and modify 

the proposed MG structure and simulation time interval as well as to observe the MG 

performance through a monitoring GUI during the simulation. The GUIs are given in 

Appendix D.  

MG Design and Modeling 

In the following sub-sections, MG design and dynamic modeling are presented for 

the‎ MG’s‎ components,‎ including‎ solar‎ PV,‎ diesel‎ generator‎ (DiG),‎ storage,‎ and‎ EWH‎

loads.   

 

MG Design  

 

The proposed islanded MG (Figure ‎12.1) is designed for a residential 

neighborhood including 100 houses. The residential units are assumed to have EWHs, 

which are used as candidates for the DR (when needed) to provide AS for the MG. 

Optimal MG design (unit sizing) is carried out using HOMER
®
 ‎[12.12]. Actual minute-

by-minute residential load data, recorded for a single house between 2006 to 2010, has 

been used ‎[12.13]. The data has been scaled up to represent power consumption of 100 

houses. Actual solar irradiation and ambient temperature have also been used ‎[12.9]. It is 

assumed that all PV arrays experience similar solar irradiation and ambient temperature. 

The optimized component sizes for the application obtained from HOMER are: 570 kW 

of PV, 350 kW of DiG, and 840 kWh of battery. 
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Figure ‎12.1. Schematic diagram of the MG configuration. 

MG Dynamic Model 

 

Dynamic modeling of the MG components is an essential part of this chapter for 

the proposed multi-timescale structure to perform accurate simulation and decisions 

making. In this sub-section, dynamic model of each component will be briefly explained 

in addition to the cost and emission calculations that were applied for each component. 

 

PV Model. In this chapter, a dynamic mathematical model of PV, ‎‎[12.14], is 

used where the PV operating point is calculated based on solar irradiation and ambient 

temperature. An actual grid wattage PV module from SunPower Corporation (SPR-200-

BLK) which is suitable for residential applications was selected for modeling ‎[12.15]. 

The maximum power point (MMP) of the PV module at different solar irradiation and 

ambient temperatures is obtained using the first derivative of the module instantaneous 

power‎with‎respect‎to‎the‎module’s‎voltage.‎In‎order‎to‎avoid‎solving‎numerical‎nonlinear‎

equation in each iteration, the MPP corresponding to different common solar irradiation 

levels and ambient temperature were calculated and stored in a 2-D lookup table for 

future use in the power management algorithms (PMA). This procedure simplifies the 
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implementation of the proposed PMA. A 100-W/m
2
 solar irradiation interval and 3ºC 

temperature interval is used in the 2-D lookup table. These intervals are small enough for 

precise linear approximation between two neighboring sample points. This has been 

verified through sensitivity analyses for different solar irradiation values and ambient 

temperatures, which are not given in this chapter. 

Since the PV system is connected to the MG through DC/DC and DC/AC 

converters, the efficiency of converters has also been modeled as a function of the 

normalized input power ‎[12.7].‎ Since‎ converters’‎ efficiency‎ drops‎ rapidly‎ for‎ small‎

loading, a deadband of 5% of the module nominal power (i.e., 200 W) was considered for 

PV operation. 

In addition to the dynamic model of the MG components, their accurate 

operational cost calculation is also essential for an accurate PMA. The operational cost is 

commonly divided into ownership and operating costs ‎[12.16]. In order to calculate the 

ownership cost of MG components, a general framework considering uncertainty and risk 

analyses was used, which has been proposed in Chapter 9. However, no ownership cost is 

considered for the PV system because PV modules usually last for 20-25 years, equal or 

more than the 20-year project lifetime assumed. Therefore, no replacement cost is 

required throughout the project lifetime. Also, PV operating cost (which only comprises 

maintenance cost) is very cheap, less than 0.005 $/kWh ‎‎[12.18]. Therefore, it is 

reasonable to consider PV power as negative load to extract its maximum available 

power at any time. 

 

DiG Model. Since DiGs are equipped with electronic speed governor and 
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automatic voltage regulator (AVR), their dynamic behavior is not a concern as long as 

the simulation interval does not go below one minute. The DiG selected for this study is 

rated at 350 kW (CumminsOnan Commercial DFEG-C350D6 diesel genset) with 1.5 and 

2.1 seconds recovery time for voltage and frequency after 100% load changes, 

respectively ‎[12.19]. In addition, DiGs have incredibly fast cold startup time (about 10 

seconds for DiGs smaller than 1000 kW) ‎[12.20]. Therefore, the DiG modeling for this 

study is limited to its cost and emission calculations. Fuel consumption data for the DiG 

studies are given in Table ‎12.1. It should be noted that DiGs are usually responsible to 

establish frequency in an islanded MG, which requires the DiG to operate in standby 

mode at all times. Therefore, the DiG will consume a minimum amount of fuel (15 

L/hour) at no load. 

Based on the approach reported in ‎[12.17], the ownership cost for the DiG under 

consideration is calculated as $1.6018/hour. The DiG operating cost consists of fuel cost, 

cost of other regularly replaceable components, and overhaul costs. Fuel consumption 

data for a variety of DiGs ranging from 6 to 2260 kW are compiled and modeled in 

‎‎[12.10], and is utilized in HOMER
®
 ‎‎[12.12]. However, employing a similar linear model 

for the DiG studied does not show an acceptable fit to the data given in Table ‎12.1.  

Table ‎12.1. Actual fuel consumption for the DiG studied ‎[12.19]. 

Model C350D6 No load 25% load 50% load 75% load 100% load 

Fuel Consumption (L/hour) 15 30.2 50.4 72 96 

 

A quadratic polynomial curve fitting (‎12.1) is tried on the data using 

MATLAB/Curve Fitting toolbox ‎[12.21], and it gives an excellent fit to the data: 
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      2. 0.0001773P 0.1709P 14.67DiG fuel DiG DiGF i C i i    (‎12.1) 

where  PDG i  is the DiG operating power level (kW) at interval i; and Cfuel is the cost of 

diesel which is $0.97/L in this study. Comparison of the two methods (i.e., linear vs. 

quadratic curves) yields substantial differences which can result in erroneous fuel and 

cost calculations which can result in a series of incorrect decisions for the MG operation. 

Maintenance cost is another component‎of‎DiG’s‎operating‎cost‎which‎has‎been‎

ignored in some studies, e.g. ‎[12.22]. Since the non-fuel operating cost data was not 

available for the specific DiG studied, the non-fuel operating cost data for 1-10 MW 

DiGs reported by EPRI, ‎[12.23], is utilized. The total maintenance cost (i.e., operating 

cost less fuel cost) is approximated as $75.44/kW-installed by looking at the 20-year net 

present value of costs ‎[12.23]. Therefore, annual maintenance cost of the 350-kW DiG 

used in this study can be approximated as $1320/year. This cost is for all maintenance 

levels and overhaul of the DiG used. 

There is no emission data provided for this specific 350-kW DiG. However, a 

survey has been carried out for the smaller size (e.g., 10 kW) DiGs used in residential 

applications on military bases from the manufacturer of the DiG used in this study 

‎‎[12.24]. In this reference, several experiments are carried out on three different 10-kW 

DiGs from the same company, and CO2, CO, Ethylene, NO2, NO, and hydrocarbon (HC) 

production are reported. Since CO and CO2 typically account for more than 99% of the 

carbon emitted in engine exhaust ‎‎[12.24], the emission production ( DGEM ) is 

categorized into CO2 and non-CO2 emissions, i.e., non-CO2 emissions are combined to 

simplify the overall emission equation. A fifth-order polynomial is found to be a good fit 
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for the data as follows: 

       

   

5 4 3

1 2 3

2

4 5 6

. . .

. .

j j j j

DiG DiG DiG DiG

j j j

DiG DiG

EM i a P i a P i a P i

a P i a P i a

  

  
 (‎12.2) 

where j is the type of emission at interval i. Coefficients for the emission types are given 

in Table ‎12.2. For the 350-kW DiG studied, all values are linearly scaled up by 

multiplying by 35. 

The total cost of emission, which is a function of fuel consumption, can be 

calculated as follows: 

     
0.832

. .
1000

j j j

DiG DiG DiGC i C EM i F i   (‎12.3) 

where jC  is the damage cost (externality cost) of pollutant j, and 0.832
1000

 is the conversion 

factor for 1kg of fuel gr

liter kg
 . The damage costs of CO2 is estimated as $0.014/kg in ‎[12.25]. 

The cost for non-CO2 pollutants is taken from ‎[12.26], which is estimated at $4.2/kg 

pollutant (total hydrocarbon) since they are the most dangerous pollutant for living 

organs health. The DiG efficiency can be calculated as follows ‎‎[12.10]: 

 

 

3600

.

DiGout
DiG

in DiG c

P iP

P F i E



   (‎12.4) 

where Ec is the diesel energy density (35000 kJ/L). The efficiency values for the linear 

and quadratic fuel consumption functions are shown in Figure ‎12.2. The significant 

difference between the two curves can be due to the two different methods for fuel 

consumption calculation. 
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Figure ‎12.2. The overall efficiency of the DiG based on input and output energy. 

Table ‎12.2. Curve-fitted coefficients of the functions for emission production. 

Type 1

ja  2

ja  3

ja  4

ja  5

ja  6

ja  

CO2 1.511 -35.47 290.1 -1011 1519 1422 

Non-CO2 -0.01859 0.4579 -4.128 17.959 -43.776 105.9 

 

 

Battery Model. In this chapter, a commonly used valve-regulated lead-acid 

(VRLA) battery dynamic model, described in ‎[12.27], is used which later has also been 

adapted for power/energy management studies in ‎‎[12.28]. The VRLA model is slightly 

modified for this chapter to work based on its output power instead of voltage. 

Instantaneous power, voltage, current, state of charge (SOC), internal temperature, and 

efficiency are important parameters of the battery which are monitored and calculated by 

the model developed in every one minute interval. 
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100% 0%State of Charge (SOC)

Upper SOC limit, SOCmax=0.9

Lower marginal limit, SOCmin=0.3

Reserve limit = 0.2

Lower SOC limit = 0.15

 

Figure ‎12.3. Classification and operational framework for battery SOC limits ‎[12.30]. 

Battery operational cost, which consists of ownership and operating costs, is also 

considered in this study. The battery ownership cost ($1.1815/Ampere-hour in this study) 

is calculated based on uncertainty and risk analyses, reported in Chapter 9 and in ‎[12.17]. 

Since the battery does not consume fuel and does not experience moving and mechanical 

parts, its operating cost is treated as a percentage of the total investment cost (1%-2.5%) 

‎[12.29]. 

Battery safe operation control is a complicated task in a MG and is essential for 

its optimal operation. A thorough study of the battery chemical reactions is given in 

‎‎[12.30], where, the general battery operation framework is given as in Figure ‎12.3. A 

similar principle is utilized for the battery operation in this study. 

 

EWH Model. Residential EWHs are utilized as the DR medium in this study. 

The dynamic model of a single EWH used in this study is similar to the one in ‎‎[12.31]. 

Similar EWH model were also used in ‎[12.32], ‎[12.33], where the water temperature is 

allowed to rise to 160 ºF. The thermostatic-controlled valve is utilized in the model to 

assure safe hot water temperature for the household to avoid scalding and burning. No 

cost‎ is‎considered‎ for‎DR‎since‎customers’‎hot‎water‎temperature‎will‎not‎go‎beyond‎a‎
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pre-defined limit (i.e., customers’‎ quality‎ of‎ service‎ (QoS)‎ is‎ always‎ considered‎ as‎ the‎

highest priority and will not be violated). This procedure utilizes any excess available 

energy in the residential EWHs, when available. 

Figure ‎12.4 shows a flowchart diagram of the simulation environment developed 

for this study in MATLAB
®
. At each management interval, the following information (as 

shown in Figure ‎12.4) are given as input to the simulation environment: hot water flow 

rate and water temperature of each EWH, ambient temperature and solar irradiation for 

PV system, nominal DiG capacity, non-EWH load demand, battery SOC, voltage, and 

temperature from the last interval, and power step value, P . P  is used in each interval 

to calculate the maximum amount of power to charge the battery (or to discharge from 

the battery).  
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Figure ‎12.4. Flowchart diagram of the MG simulation environment developed for this 

study. 
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As shown in Figure ‎12.4, the data will be pre-processed or directly transmitted to 

the PMA to calculate the operating points of the MG components. Finally, power/energy, 

cost and emission will be calculated. 

A MATLAB
®
-based graphical user interface (GUI) is developed to attain all the 

required data for the simulation (Figure D.1 in Appendix D). The GUI allows great 

flexibility and scalability of the MG for further investigation with different parameters 

and sizes. Finally, a second GUI is developed to show the real-time simulation results at 

each interval (Figure D.2 in Appendix D). At the end of the simulation, a summary of the 

final results appears. This GUI also makes the plotting of the different system parameters 

very easy. 

The Proposed Power Management Algorithm 

MGs often comprise fixed and variable generation, storage, and load within a 

restricted geographical area. Therefore, it is essential to have a real-time management 

system to assign appropriate setpoints to different components, to protect them from 

operating outside their safe region, and to manage generation, storage and demand. 

Numerous objectives have been proposed for MG real-time power management ‎[12.34]. 

However, desired objectives may be different from one MG to another, system 

operators/owners choose the objectives that best fit their MG topology (grid-tied or 

islanded) to meet their need. In this section, the design of the multi-timescale rule-based 

power management algorithm for cost-effective operation of the designed MG is 

explained. 

Multi-timescale power management based on pre-defined rules can be an 
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effective tool for MG operation as long as the number and size of the available 

components and their dynamic behavior are known to the operator. One major advantage 

of the rule-based PMA is that they are incredibly fast and computationally efficient 

compared to the power management algorithms with optimization techniques, 

particularly in real-time applications. It is because the fact that the decision-making 

process is already designed based on all possible scenarios using prior knowledge about 

the system. Additionally, rule-based PMAs are easy to implement in real-world 

applications, particularly for islanded MGs in remote areas. In addition, the multi-

timescale simulation and management structure, proposed in this study, helps to increase 

the simulation speed with higher accuracy by choosing different simulation intervals 

based‎ on‎ the‎ components’‎ requirements.‎ Moreover,‎ the‎ proposed‎ rule-based algorithm 

targets least cost of the MG operation using least expensive components when possible. 

Rule-based algorithms become less applicable and effective in MGs with many devices 

and objectives or MG with features such as plug-and-play operation.   

The proposed PMA shown in Figure ‎12.4 is expanded in Figure ‎12.5. As shown 

in the figure, the battery and EWHs simulations are carried out in one-minute intervals 

(i.e., heavy gray area), while the rest of the simulation (light gray area) is performed in a 

pre-defined interval, which can be minutes to hours. A description of the input 

parameters to the PMA is given in Appendix E.1.  

For the non-EWH load demand data, which is available every minute in this 

chapter, the average power is calculated and utilized for the length of the management 

interval. Using all the input parameters shown in Figure ‎12.5, the PMA unit computes the 
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operating point of each MG component. Here, three different rules can be identified in 

Figure ‎12.5 which are clarified as follows: 
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Figure ‎12.5. Schematic diagram for the proposed multi timescale rule-based power 

management algorithm. 
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RULE I (Right Column in Figure ‎12.5)  

 

In this rule, the total load demand is less than the available PV power in the 

interval ahead, i.e., 
maxtot

L PVP P , where 
tot EWH nonEWH

L L LP P P  . Therefore, the excess power, 

i.e. 
maxsch tot

BATT L PVP P P  , can be stored in the battery if the battery SOC is less than the pre-

defined maximum value. The proposed strategy is given in Algorithm 1 of Appendix 

E.2. Note that battery simulation is performed every minute, regardless of the length of 

the management interval, to increase the accuracy and better observation of the battery 

performance. The one-minute simulation interval helps to accurately calculate maximum 

charging power in the battery considering the minute-by-minute battery dynamic and its 

nonlinear behavior. The HVFlag is a variable in the battery model that shows the battery 

overvoltage or equivalently battery maximum SOC violation, or battery maximum 

charging power. In RULE I, the battery will be utilized before the DR because a higher 

battery SOC results in a higher battery lifetime. If the battery is not able to store all the 

excess PV power, the maximum possible power will be calculated based on the first inner 

loop shown in the right column in Figure ‎12.5. Based on the convention used in this 

chapter, battery is in charging mode when the power is negative ( 0sch

BATTP  ), and it is in 

discharging mode when power is positive ( 0sch

BATTP  ). The battery charging algorithm is 

given in Appendix E.2. Finally, the operating point of the battery for the interval ahead 

can be obtained, given as 
 ,BATT t t T

P


. Since the battery will be charged only by excess 

PV generation, no cost is assigned to the battery operation in the charging mode. 

If excess PV power is still available (i.e., 
 ,

0excess

PV t t T
P


 ), the status of EWHs 



329 

 

 

 

(as DR resource) will be examined to store the excess power in the form of heat energy. 

Similar to the battery, this part of the simulation will also be carried out every minute 

regardless of the management interval. The DR strategies are designed to fulfill two 

important conditions: 1) the increase in EWHs power should not exceed the excess PV 

power available at each interval, 2) no more than the pre-specified number of EWHs are 

allowed to be on simultaneously to control peak power. These conditions assure that the 

EWHs accurately participate in the DR implementation. The proposed DR strategy is 

given in Algorithm 2 of Appendix E.3. Based on the same principles mentioned in 

Algorithm 2, two different ON/OFF control strategies (explained below) are proposed, 

where‎in‎both‎cases‎the‎customers’‎quality‎of‎service‎(QoS)‎has‎the‎highest‎priority: 

DR.A: In this case, upper and lower hot water temperature setpoint remain 

between 120-160 ºF throughout the day. 

DR.B: In this case, a dynamic structure for the upper setpoint for hot water 

temperature is considered. While the lower setpoint remains at 120 ºF throughout the day 

for all EWHs, the upper setpoint remains at 130 ºF unless there is excess PV power. In 

that case, the hot water temperature upper setpoint will be elevated to 160 ºF. In DR.A 

and DR.B when the water temperature goes above 130 ºF, the outflowing hot water will 

be mixed with an appropriate amount of cool water by a thermostatic mixing valve 

(TMV) prior to use to avoid scalding. Details of the calculations are explained in ‎‎[12.32] 

and ‎‎[12.33]. The difference between the two cases (i.e., DR.A and DR.B) is significant, 

as will be shown in the simulation results. 

In the rare cases when there is excess PV power and the battery and EWHs are 
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fully charged, the excess energy needs to be curtailed using PEIs in the PV system, or 

dissipates in a dump load. 

 

RULE II (Middle Column in Figure ‎12.5) 

 

In this rule, the total load demand is less than the available PV power plus the 

DiG nominal power in the interval ahead, i.e.,  max maxtot

L PV DiGP P P  . As shown in Figure 

‎12.5, the battery is idle. However in order to guarantee the cost-effective operation in the 

proposed PMA, the DR strategy is used to decrease the required power from the DiG, as 

much as possible. Then, the remaining load demand will be provided by the DiG as much 

as needed, i.e., 
 

max

,

tot ctrl

L PV EWH DiG t t T
P P P P


   , where 

ctrl

EWHP  is the amount of power 

provided by the DR strategy. In this study, the DiG is operated in the standby mode, 

where it consumes some fuel even at no load. As a result, the total operational cost will 

be cheaper if the DiG is utilized before the battery. This way, the cost-effective operation 

of the MG will be achieved, and the MG cost of operation will be equal to the DiG 

operational cost. As a result of the DiG operation, its emissions and damage costs will 

also be calculated in this rule. 

 

RULE III (Left Column in Figure ‎12.5) 

 

In this rule, the total load demand is higher than the total of available PV power 

and the nominal power of the DiG in the interval ahead; i.e.,  max maxtot

L PV DiGP P P  . 

Therefore, the battery and DR should be utilized to meet the remaining load demand. 

Since there is no cost associated with DR in the MG, it is beneficial to perform the DR 

strategy before the battery. Therefore, the DR procedure will be executed to provide load 
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reduction as much as possible in order to avoid large and random load interruption in the 

MG. The DR procedure in this rule is similar to the one explained in Algorithm 2 

(Appendix E.3) except that the EWHs will be sorted in ascending order based on their hot 

water temperatures. The two limiting conditions given for the DR in RULE I are also valid 

in this rule. It should be noted that the ON/OFF commands for the EWHs will be 

overridden in both of the DR algorithms if the hot water temperature goes beyond the 

pre-defined upper and lower limits. One-minute simulations will always be carried out 

for the EWHs in this rule. 

If there is still undelivered load demand after the DR procedure completed, the 

battery will be discharged to meet the remaining load demand. In this case, if the battery 

SOC is higher than the minimum ( minSOC ), the maximum derivable energy from the 

battery will be calculated for the interval ahead using the inner loop in the left column in 

Figure ‎12.5. For this purpose, a similar procedure to the one in Algorithm 1 (Appendix 

E.2) is developed in Algorithm 3 (Appendix E.4) for the battery discharging, except that 

the discharged power is positive based on the power flow convention defined in this 

study. In addition, LVFlag is used instead of the HVFlag, which is introduced in the 

battery model to show the low-voltage status of the battery, or equivalently to show if the 

battery SOC goes below the pre-defined minimum value, or if the pre-defined 

discharging power limit is violated. High accuracy in the battery model is guaranteed by 

the one-minute simulation to capture the inherited nonlinearity in the battery model. In 

rare cases that the battery and the DR cannot meet the shortage in generation, the partial 

undelivered load in the MG will be realized, which has to be shed. In this rule, MG 
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operational cost will be computed as the sum of DiG cost and the battery cost in the 

discharging mode. 

Simulation Results and Discussion 

In order to show the effectiveness and applicability of the proposed multi-

timescale rule-based power management algorithm, simulation studies using actual data 

are carried out for the MG presented in Figure ‎12.1. Based on the availability and the 

type of DR mechanism, three different management algorithms (namely no-DR, DR.A, 

and DR.B) are simulated and their results are compared. The precision of the calculations 

is chosen to be 1 W; i.e., all the calculations and actual data are rounded towards 1 W, 

which is a reasonable assumption for real-world applications. 

Since the actual one-minute load data used in this study was measured for only 

one house, the load demand data for 100 houses is generated by normal random 

distribution with average of 0.1 kW and standard deviation of 0.2, as shown in Figure 

‎12.6. The different characteristics of the load demand data (e.g., peak hours and annual 

energy consumption) match the numbers given in ‎[12.35]. For simulation intervals larger 

than one minute, the average load demand data is used. In addition to the non-EWH load 

data, hot water flow-rate for each customer is also required for the EWHs model. These 

data are calculated from the real set of average residential EWH daily demand available 

in ‎‎[12.36] with the method explained in ‎[12.33]. Since there was only average hot water 

demand available in ‎[12.36], a normal distribution with an average temperature of 125 ºF 

and standard deviation of 5 ºF are employed to generate the data for 100 customers; the 

results are shown in Figure ‎12.7 for all houses. 
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Figure ‎12.6. Minute-by-minute active non-EWH load demand (winter weekday) for 100 

houses ‎[12.13]. 

 

Figure ‎12.7. Hot water consumption for 100 houses in the MG, winter weekday. 
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Figure ‎12.8. Temperature and solar irradiation for a non-cloudy weekday in the winter 

‎[12.9]. 

The actual temperature and solar irradiation data, employed in this study, are 

shown in Figure ‎12.8 for a weekday in the winter. It is assumed that all PV modules 

experience similar ambient temperature and solar irradiation level. 

Three different simulations are performed with DR.A, DR.B, and without DR 

(No-DR) to show the effectiveness of the proposed PMAs with DR. For all simulation 

studies, the power management is updated every 20 minutes, and the simulation is 

performed for 24 hours. Additionally, the DiG is operated in standby mode for the three 

cases. The simulation results are reported in Table ‎12.3 for the MG presented in Figure 

‎12.1. 

In the remainder of this section, the effect of PMAs with DR.A and DR.B on the 

performance of the MG and its component is compared with the No-DR PMA, based on 

the results given in Table ‎12.3. 
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Table ‎12.3. Simulation results of the MG operation for the three PMAs for 24 hours. 

PMAs  No-DR  DR.A  DR.B 

PV       

Total generation, kWh  1325.171  1631.8417  1749.3663 

Unused energy, kWh  508.4457  201.775  84.2503 

Average efficiency, %  89.0605  89.7931  89.855 

DiG       

Total generation, kWh  3187.408  2981.8243  2876.8337 

Fuel Consumption, L  1044.8309  996.173  971.1315 

Average efficiency, %  23.0945  22.0459  22.0328 

Battery       

Discharge, kWh  242.645  179.2043  203.1227 

Charge, kWh  445.2683  440.8677  480.9853 

Average efficiency, %  92.4503  92.9302  91.1408 

MG Emission       

Total CO2, kg  1661.7  1632.4  1603.7 

Total Non-CO2, kg  53.4  51.0  49.9 

Total damage cost, $  38.2105  37.1239  36.4132 

Total load, kWh  4309.9557  4352.0027  4348.3373 

Total undelivered load, kWh  20.7687  7.1467  8.112 

Total MG operation cost, $  1339.3116  1245.8123  1238.1705 

 

Solar PV Panel 

 

It can be seen from Table ‎12.3 that the PV power utilization is increased by 

23.1% and 32.0% in the DR.A and DR.B algorithms, respectively, compared to the No-

DR. This is because of employing the DR in the management algorithm. When the 

EWHs’‎upper‎thermostat‎setpoint‎ is‎ increased to 160 ºF, a large amount of heat storage 

capacity is provided by the EWHs hot water tanks. The percentage of increase is less in 

the DR.A algorithm compared to the DR.B algorithm because the upper thermostat 

setpoint in the DR.A is set to 160 ºF for the whole day. This way, less free capacity in the 

hot water tanks will be available when excess PV generation is available in the middle of 

the day. The increase in power extraction from the PV also resulted in slightly higher 
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efficiency of the PV unit due to higher efficiency of the converters. 

 

DiG 

 

According to Table ‎12.3, in the PMAs with DR.A and DR.B, the total generated 

energy by the DiG is decreased by 6.45% and 9.74% and the total fuel consumption 

decreased by 4.66% and 7.05%, respectively. Since the DiG fuel consumption is a 

nonlinear function of its output power, the percent reduction in the total generated power 

by the DiG is not equal to its corresponding total fuel consumption for the two PMAs. 

Storing the excess PV generation as hot water using the DR strategies (which results in 

less power consumption by the EWHs in the hours ahead) as well as reducing EWHs 

power consumption during power shortage are the two major reasons for the reduction in 

the DiG generation. However, the average efficiency of the DiG is slightly decreased in 

the DR.A and DR.B algorithms compared to the No-DR algorithm. This is because the 

utilization of the DR decreases the need for the DiG power and as a result, the DiG 

operates in the lower range of its rated power where its efficiency is lower, as shown in 

Figure ‎12.2. 

 

Battery 

 

The battery discharging is decreased by 26.14% and 16.29% in DR.A and DR.B, 

respectively, compared to the No-DR case. This is because using any excess PV 

generation to preheat water in EWHs decreases the energy required by the EWHs during 

high demand hours. Therefore, less energy from the battery is required to meet the load 

demand. In general, any reduction in the battery discharging reduces the MG operational 
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cost, increases battery lifetime, and provides more storage for unexpected loss of PV 

power and load variations. The battery SOC for the three simulation cases is shown for 

one day in Figure ‎12.9. The battery discharging starts around 7:30 AM in the DR.B 

algorithm. Since the upper thermostat setpoint in the DR.B algorithm is set to 130 ºF 

during normal condition (i.e., during the time of no excess PV generation availability), 

and because the DR is employed more often, as given in RULE II, more EWHs will turn 

on early in the morning during first peak period (approximately 7:30-9:00 AM), as shown 

in Figure ‎12.7. This way, the PV and the DiG cannot meet the total load demand, so the 

battery is discharged to provide the remaining load demand. The hot water temperature 

for all households is shown in Figure ‎12.10 (a) and (b) for the DR.A and DR.B PMAs. It 

can be seen that at around 7:30 AM, hot water temperatures for most of EWHs reach to 

about 143 ºF in the PMA with DR.A, and the EWHs stay off during the morning peak 

hours. However during this peak demand period, the hot water temperature in the 

majority of the EWHs go below 125 ºF in the DR.B PMA, where some of the EWHs turn 

on resulting in more demand from the EWHs during the morning peak hours. 

In addition, it can be seen from Figure ‎12.9 that the battery discharging occurs 

approximately during 17:00 to18:30 and 21:00 to 22:30 for the No-DR case, while the 

battery is idle for the other two PMAs. This is because the EWHs could not store hot 

water during off-peak hours because of the 130 ºF upper thermostat setpoint. Therefore, 

some of the EWHs will be turned on during the second daily peak hours which increase 

the need for power. This way, the battery will be discharged to compensate the shortage 

in generation. 
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Due to the early battery discharge in the DR.B PMA, the accumulative battery 

charging energy at the end of the day is more than the other PMAs. As shown in Figure 

‎12.10 (b), the EWHs hot water temperature increase toward 160 ºF during the excess PV 

generation hours (approximately during 12:00-15:00 hours.) This causes all the EWHs to 

be off during the second daily peak hours (approximately 16:30-21:00), which is the main 

reason for lower battery discharging in DR.A and DR.B compared to the No-DR case, 

shown in Figure ‎12.9. Although the average efficiency of the battery is decreased when 

the DR is used, the average battery SOC for a day of simulation did not change 

significantly for the three PMAs. The average battery SOC is 63.8%, 64.0%, and 63.3% 

for No-DR, DR.A, and DR.B, respectively. 

 

 

Figure ‎12.9. Battery SOC for the proposed management systems, with and without DR. 
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(a) 

 
(b) 

Figure ‎12.10. The hot water temperature for all household in (a) DR.A, and (b) DR.B 

PMAs.  

MG Emission 

 

As expected, the total MG emission is reduced because of the DiG generation 

reduction when the DR strategies are used. The reduction in CO2 and non-CO2 emissions 

for the DR.A and the DR.B compared to the No-DR PMA are tabulated in Table ‎12.4. 
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1.8% and 3.5% reduction for CO2 emission as well as 4.5% and 6.6% reduction in non-

CO2 emissions are observed for the DR.A and DR.B, respectively, compared to the No-

DR case. This results in 2.8% and 4.7% reduction in total damage cost for DR.A and 

DR.B, respectively, compared to the No-DR case. 

Table ‎12.4. Reduction in CO2 and non-CO2 emissions in the DR.A and DR.B PMAs. 

PMAs  DR.A  DR.B 

Decrease in CO2 emissions  1.8%  3.5% 

Decrease in non-CO2 emissions  4.5%  6.6% 

 

 

Total Undelivered Load 

 

Although for the size of the MG studied, the total undelivered power for the No-

DR PMA is negligible (less than 0.5% compared to the total load demand), this value is 

reduced by 65.6% and 60.9% for the DR.A and DR.B PMAs, respectively. Undelivered 

power occurs when the total reduction‎ in‎generation,‎storage,‎and‎EWHs’‎power‎ is‎ less‎

than the sum of the non-EWH load demand and the power demand of the EWHs that are 

forced to be on. For the DR.A and DR.B PMAs, undelivered load demand occurred during 

16:40-17:00 (1.659 kW and 1.329 kW for DR.A and DR.B, respectively) and during 

17:40-18:00 (19.781 kW and 22.998 kW for DR.A and DR.B, respectively). According to 

Figure ‎12.10, during these periods all EWHs are off, and the DR cannot be used to avoid 

undelivered load demand. 

 

Total MG Operational Cost 

 

As given in Table ‎12.3, the total MG operational cost is reduced by 6.98% and 

7.55% for the DR.A and DR.B PMAs, respectively, compared to the No-DR PMA. It is 
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because of the fact that when the DR strategies are employed, the DiG output energy and 

the battery discharge decrease. These reductions in energy demand have resulted in 

noticeable cost reduction in the MG operation. 

Conclusion 

In this chapter, a rule-based multi-timescale cost-effective power management 

algorithm, is proposed to effectively include generation, storage, and the DR within the 

same management framework. The MG design and dynamic modeling are briefly 

discussed, and the power management algorithm is presented. Two different EWH DR 

strategies (DR.A and DR.B) are proposed and compared with the No-DR case. Simulation 

results showed that incorporating the DR in the management algorithm increased the PV 

power utilization; decreased the DiG total generation, its fuel consumption and 

emissions; increased the battery average SOC; and decreased the total undelivered load in 

the MG. As a result, the MG operational costs are decreased remarkably when the DR is 

employed in the PMA. 

Each of the DR strategies has certain advantages over the other; the choice of 

which one to use depends on the specific circumstances and is to be made by the 

owner/operator of the MG. DR.A is a better approach when the average efficiency of the 

DiG and battery, and the undelivered load demand are important. On the other hand, 

DR.B is better in terms of the MG operational cost, PV power utilization, and the total 

MG emissions. It should be noted that the proposed PMAs need to be modified to 

accommodate other variable generation sources (such as wind) according to their variable 

nature, as was done in this chapter for solar PV. 
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CHAPTER 13 

 

 

CONCLUSIONS 

This dissertation made an attempt to address the necessity and complexity of 

regulation services in the smart grid and MGs in the presence of variable RES generation 

using real-time DR. Different studies and models are developed to first show the impacts 

of variable RES on the frequency and voltage of the power grid in the transmission and 

distribution systems. Then, different heuristic and optimal real-time DR approaches are 

proposed to remedy this impact. Additionally, real-time power management of grid-tied 

and islanded MGs are investigated, considering simultaneous generation, storage, and DR 

management. Extensive dynamic models of different generation, storage, and load are 

developed in MATLAB
®

/Simulink and m-files for different part of the dissertation. The 

following conclusions can be drawn from the work reported in the dissertation: 

1. As it is presented in Chapter 1, MGs are promising technology to achieve the 

smart grid goals. However, effective and wide application of MGs relies on appropriate 

control methodologies, especially for cost-effective management of assets and regulation 

services. 

2. High penetration of variable RES generation can have negative impact on the 

frequency and voltage behavior of the power grid which results in severe stability issues, 

as shown in Chapters 2 to 4. This impact is more visible and severe in the islanded MGs. 

Distributing the RES generation in a large geographical area, if possible, may be helpful 

but cannot be an effective solution for this problem. 

3. In order to effectively evaluate the application of real-time DR for regulation 
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services, and to compare their effectiveness against traditional methods (such as AGC), a 

simulation framework is required. This framework is developed in Chapters 2 and 4 to 

integrate a simple model of the grid along with traditional regulation services, i.e., SGM. 

The proposed simulation framework can easily be extended to power system of any size 

and utilized in similar studies.  

4. At the transmission level, where large wind farms are expected to be 

implemented, real-time DR seems to be inevitable. However, there is not a single 

comprehensive tool to include DR for evaluation and controller design. In order to fill 

this gap, the well-known LFC model is enhanced in Chapters 6 and 7 with a real-time DR 

control loop considering DR communication delay. To make the proposed model more 

effective and real, an electricity market structure is adapted and the model is extended to 

multi-area power system with multiple Gencos and Lagcos in each area. This model is an 

effective tool for DR performance evaluation and controller design at the transmission 

level.  

5. In order to compensate inherent variations of RES generation, it is shown that 

real-time DR can be very effective to maintain balance between generation and demand 

in Chapters 2 to 8 for distribution and transmission systems. Despite the delay existing in 

the communication with DR resources, these approaches are still a better solution to the 

frequency and voltage issues, particularly in the islanded MGs. An innovative real-time 

DR algorithm is proposed for islanded MG applications which not only provide 

regulation services to the MG, but also guarantees the minimum load manipulation, 

which is an important criterion for successful implementation of DR programs. Based on 
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our best knowledge, this algorithm was the first of its own at the time. Simulation results 

show that the proposed control algorithm can also be effective for up to 300 msec of DR 

communication delay. The proposed control algorithm will significantly impact the 

application of real-time DR in the islanded MGs, and will motivate smart grid developers 

to implement MGs.  

6. Customer participation and utilities investment on the required infrastructure 

play important roles in successful DR programs implementation. Therefore, cost-

effective operation of the DR programs can considerably be useful to this end. As a 

result, an optimal real-time DR approach is developed in Chapter 5 by adapting the PJM 

regulation market in this dissertation. Simulation results show that not only the frequency 

and voltage regulation is significantly improved using the proposed technique compared 

to the traditional spinning and non-spinning reserves, but also proved that DR can 

provide more cost-effective regulation services for the utilities. Additionally, it is shown 

that the utilization of DR for regulation services can decrease system power losses. Both 

of the above results can be effective in reducing the price of electricity for customers. 

This significant achievement can broaden the acceptance of the DR amongst customers 

and utilities at the same time. 

7. Application of real-time DR is not only limited to islanded MGs. Aggregated 

responsive load can participate in the regulation services at the transmission level as well. 

To show this, a controller is developed in Chapter 8 using aggregated EWHs model to 

provide regulation services in a transmission system with large penetration of wind 

generation. The proposed method not only provide more than 75% of the required 
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balancing reserve, but also decrease operational cost for both the utilities and customers 

simultaneously‎without‎affecting‎customers’‎QoS.‎It‎can‎also be effective in shifting load 

from on-peak hours to the off-peak periods. This method can motivate customers to 

participate in the DR programs, and utilities to develop effective DR programs and to 

implement the required infrastructure for DR.  

8. Despite the communication delay existing in the DR, it is shown in Chapters 3 

to 7 that the DR resources can provide faster regulation services (i.e., faster up and down 

ramping regulation) compared to the traditional spinning and non-spinning reserves. It 

results in faster frequency regulation in islanded MGs equipped with real-time DR 

compared to the AGC method. This is another motivation, besides economic, for the 

utilities to develop effective DR programs and to implement the required infrastructure.  

9. As mentioned earlier, cost-effective operation of islanded MGs is very 

important to broaden MGs acceptance and utilization in the power system. Therefore, 

effective approach for cost calculation finds a central role in this regard. To the best of 

our knowledge, there is no comprehensive model for ownership cost calculation (as one 

of the two costs associated with the MG component cost calculations) considering the 

uncertainties and risk in the calculation. An attempt is made to bridge this gap with the 

proposed ownership cost calculation method, presented in Chapter 9, to determine this 

cost for DERs in uncertain conditions. The proposed general approach can be utilized for 

different types of DERs and storage units. The effectiveness of the proposed methods is 

shown through different simulation studies. 

10. Real-time power management is a vital tool for any grid-tied and islanded 
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MG. While centralized and decentralized algorithms have their own advantages and 

shortcomings, different central rule-based and optimal power management algorithms for 

different MGs are developed in Chapters 10 to 12. Different generation, storage, and load 

dynamic modeling has been done in these chapters to provide appropriate simulation 

environment for different simulation studies. Also, different objectives are considered in 

the proposed algorithms. The innovation of the proposed algorithms can be summarized 

as simultaneous generation, storage, and DR management, suitability of specific loads for 

DR management, guaranteed optimality of the solutions for both rule-based and optimal 

algorithms, battery lifetime maximization, and finding the solutions in real-time. 

Simulation results show the effectiveness of the proposed algorithms in reducing MG 

operational cost, extending battery lifetime, and the effectiveness of real-time DR 

applications.  

This dissertation tried to address a significant challenge of smart grid and MG to 

employ large penetration of variable RES. It is shown that the impact of large penetration 

of variable RES can be smoothed using appropriate real-time DR algorithms. 

Additionally, it is shown that the proposed real-time algorithms can be beneficial for both 

customers and utilities at the transmission and distribution levels and can be effective in 

real-time power management algorithms developed to guarantee optimal operation of the 

MGs.  
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APPENDIX B 

 

 

SUS-MATRICES FOR THE LFC-DR MODEL DEVELOPED FOR MULTI-AREA 

POWER SYSTEM WITH MULTIPLE GENCOS AND LAGCOS 

 



 

 

 

 

Sub-matrices for the system matrix (i.e., matrix Ai in (‎7.5) and (‎7.6)) can be calculated for any multi-area power system with 

multiple Gencos and Lagcos as below: 

11 12

1

1
1 12 2 0 0

2 2,
2 0 0 0 0 0

i

i i

N i ii i

ij

j
j i n generation units

D

H H
H H

T



   
      
              
              


  , 

,1

2 2 2 2

,1 1

,1 ,1

21 22

,,

2 2 2 2

, ,

1
0

1
0

. 1 1

0 0

,

11
00

.

1 10 0

g i

n n

g i i

t i t i

i i

g nig ni ni

n n

t ni t ni

T

T R

T T

TT R

T T

  

  

   
  

     
          
       
       
                              

   

0

0

 



 

3 3 11 5 20 3 3 11 5 20

,1 ,1 ,1 , , ,13

30 105 945 30 105 945
0 0 0 0

2 . 2 2 . 2 2 . 2 2 . 2 2 . 2 2 . 2

0 0 0 0 0 0 0 0 0 0

i d i i d i i d i i d mi i d mi i d mi

m load aggregators

H T H T H T H T H T H T

   
        
   
      



 
 
 
 
 
 
 

     23 2 5 31 5 2 32 5 2, ,i n m i m i m n    0 0 0  

 

 

3
9
5

 



 

 

 

 

2 5 3 8 4 14 5 17

,1 ,1 ,1 ,1 ,1

5 5 5 5

33

2 5 3 8 4 14 5 17

, , , , ,

5 5 5 5

30 105 105 945 945

2 2 2 2

128 0 0 0 0

0 64 0 0 0

0 0 32 0 0

0 0 0 16 0

30 105 105 945 945

2 2 2 2

128 0 0

d i d i d i d i d i

m m

i

d mi d mi d mi d mi d mi

m m

T T T T T

T T T T T

  

  

     
    
 
 
 
 
 
 
  



    

   

0

0



0 0

0 64 0 0 0

0 0 32 0 0

0 0 0 16 0

 
 
 
 
 
 
 
 
 
 
 
  
  
  
  
  
  
  
  
    

 

Also, the sub-matrices required to calculate the control input matrix (i.e., matrix Bi in (‎7.5) and (‎7.6)) are as follows: 
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The disturbance matrix (i.e., matrix Γi in(‎7.5) and (‎7.6)) can be computed for any multi-area power system as follows: 
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APPENDIX C 

 

 

BATTERY LIFE ESTIMATION AND OPERATIONAL 

COST CALCULATION GUI 
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APPENDIX D 

 

 

MULTI-TIMESCALE POWER MANAGEMENT GUIs  
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INPUT DESCRIPTION, ALGORITHMS, AND PSEUDO-CODES 
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APPENDIX E.1 

 

Different input parameters to the PMA are defined as follows: 

 

max

,PV t t T
P



: Maximum PV available power for the interval ahead (i.e., t to t T  ), 

calculated‎by‎“PV‎dynamic‎model”‎module,‎shown‎in‎Figure ‎12.4.  

 

max

,DiG t t T
P



: Nominal capacity of the DiG unit. PDiG is a constant throughout Chapter 12,  

but it can change in different time intervals.  

t
SOC : The latest value of the battery SOC. 

 ,t t T
P


 : is used in each interval to calculate the maximum amount of power to charge  

the battery (or to discharge from the battery). 

 ,stat t t T
EWH


:‎EWHs’‎primary‎ON/OFF‎status‎calculated‎by‎“EWH‎dynamic‎model”‎

module, shown in Figure ‎12.4, based on the actual hot water flow rate at the beginning of  

the simulation for each interval.  

 ,

EWH

L t t T
P



: Load demand from the EWHs for t to t T   interval, calculated by 

“EWH‎dynamic‎model”‎module. 

 ,

nonEWH

L t t T
P



: Non-EWH load demand for t to t T   interval. 
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APPENDIX E.2 

 

Battery charging algorithm (Algorithm 1) developed in Chapter 12 is given in pseudo-

code style as follows. Required input parameters are also introduced. 

Algorithm 1. BATTERY CHARGING 

Required: Battery SOC, internal voltage and temperature at the end of the last interval, 

step power change ( P ), battery scheduled power (
sch

BATTP ), and simulation interval ( T

). 

1:  
ch sch

BATT BATTP P   

2:   HVFlag = BattModel
†
( , , , ,ch

BATT t
P SOC V T T ) 

3:   While (HVFlag = 0) & ( 0ch

BATTP  ) do 

4:      
ch ch

BATT BATTP P P    

5:       HVFlag = BattModel( , , , ,ch

BATT t
P SOC V T T ) 

6:   End While 

7:   If (HVFlag = 1) & ( 0ch

BATTP  ) then 

8:       
 ,

ch

BATT BATTt t T
P P


 ;

 ,

excess sch ch

PV BATT BATTt t T
P P P


  ; 

9:   Else 

10:     
 ,

0BATT t t T
P


 ;       

 ,

excess sch

PV BATTt t T
P P


 ; 

11:  End If 
†‎
“BattModel”‎is‎the‎dynamic‎model of the battery developed in MATLAB® m-file. 
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APPENDIX E.3 

 

EWHs ON/OFF algorithm (Algorithm 2) developed in Chapter 12 is given in pseudo-

code style as follows. Required input parameters are also introduced. 

Algorithm 2. EWHS ON/OFF CONTROL ALGORITHM
*
 

Required: PV excess power (
excess

PVP ), EWHs consumption and status (
t T

iS 
) for the 

interval ahead and at the end of the last interval, number of EWHs ( EWHNO ), and 

simulation interval ( T ). 

1:  , 1on excess

DR PVP P t    

2:   For (t < T ) do 

3:     Ind=sort
†
( ; 1,...,i EWHt

T i NO ,‘descending’) 

4:     calculate
, ( )total orig

EWHP t , 

5:     While (i < EWHNO ) do 

6:          If (
1i t

T


> 
max

iT ) then   0iS t   

7:          Else If (
1i t

T


< 
min

iT ) then   1iS t   

8:          Else  

9:                If (  iS t = 0), then  iS t = 1 

10:                  temp = sum(  ; 1,...,i EWHS t i NO ) 

11:                  calculate 
,new ( )total

EWHP t  

11:                  If (temp > Maxon) || 

                           ((
,new ( )total

EWHP t -
, ( )total orig

EWHP t ) > 
on

DRP ), then 

12:                         iS t = 0; break; 

13:                  End If 

14:              End If 

15:           End If 

16:           Data=EWHModel( , ,i i i t
S T F ) 

17:          1i i   

18:     End While 

19:     1t t   

20:  End For 

21:   
 

,new ,

,
( ) ( )excess excess total total orig

PV PV EWH EWH
t t T

P P P t P t


    



407 

 

 

 

†
 “sort”‎is‎the‎sorting‎algorithm‎in‎MATLAB

®
. 

 “EWHModel”‎is‎the‎dynamic‎model‎of‎the‎single‎EWH‎developed in MATLAB
®
 m-file. 

*
 Required modifications for Algorithm 2 in RULE III for reduction in the EWHs consumption: 

    1:  , 1off undelivered

DR LoadP P t    

    3:     Ind=sort
†
( ; 1,...,i EWHt

T i NO ,‘ascending’) 

    9:                If (  iS t = 1), then  iS t = 0 

  11:                  If (temp > Maxoff) || 

                           ((
,new ( )total

EWHP t -
, ( )total orig

EWHP t ) > 
off

DRP ), then 

  12:                         iS t = 1; break; 

  21:   
 

,new ,

,
( ) ( )undelivered undelivered total total orig

Load Load EWH EWH
t t T

P P P t P t


    
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APPENDIX E.4 

 

Battery discharging algorithm (Algorithm 3) developed in Chapter 12 is given in pseudo-

code style as follows. Required input parameters are also introduced. 

Algorithm 3. BATTERY DISCHARGING 

Required: Battery SOC, internal voltage and temperature at the end of the last interval, 

step power change ( P ), battery scheduled power (
sch

BATTP ), and simulation interval ( T

). 

1:  
dis sch

BATT BATTP P   

2:   LVFlag = BattModel
†
( , , , ,dis

BATT t
P SOC V T T ) 

3:   While (LVFlag = 0) & ( 0dis

BATTP  ) do 

4:      
dis dis

BATT BATTP P P    

5:       LVFlag = BattModel( , , , ,dis

BATT t
P SOC V T T ) 

6:   End While 

7:   If (LVFlag = 1) & ( 0dis

BATTP  ) then 

8:       
 ,

dis

BATT BATTt t T
P P


 ;

 ,

undelivered sch dis

Load BATT BATTt t T
P P P


  ; 

9:   Else 

10:     
 ,

0BATT t t T
P


 ;       

 ,

undelivered sch

Load BATTt t T
P P


 ; 

11:  End If 
†
 “BattModel”‎is‎the‎dynamic‎model‎of‎the‎battery‎developed in MATLAB

®
 m-file. 
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