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 In the quest for an adaptable, dependable, and sustainable energy supply, the 

modern power grid necessitates a transformative upgrade towards 

intelligence. While substantial efforts have been devoted to envisioning and 

advancing smart power grids in the United States and Europe, the focus has 

predominantly centered on the distribution grid and demand-side 

management, leaving the holistic perspective of the transmission grid within 

the context of smart grids somewhat obscured. 

This paper proposes a distinct vision for the future of smart transmission 

grids, delineating their pivotal attributes. In this envisioned framework, each 

smart transmission grid emerges as a cohesive, integrated system comprising 

three interrelated smart components: smart control centers, smart 

transmission networks, and smart substations. The paper meticulously 

outlines the characteristics and functionalities of each of these three essential 

components, elucidating the enabling technologies necessary to realize their 

envisioned capabilities. 

By conceptualizing smart transmission grids as multifaceted systems driven 

by intelligent components, this vision underscores the potential for 

enhancing grid efficiency, reliability, and sustainability. Through the 

seamless integration of advanced control centers, transmission networks, and 

substations empowered by cutting-edge technologies, smart transmission 

grids aim to optimize grid operations, facilitate dynamic energy 

management, and foster resilience against emerging challenges and 

disruptions. 
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I. INTRODUCTION 

 

Smart transmission grids represent a forward-thinking 

vision and a comprehensive framework for 

modernizing and optimizing power transmission 

infrastructure. This holistic approach encompasses a 

range of cutting-edge technologies, strategies, and 

methodologies aimed at enhancing the efficiency, 

reliability, and sustainability of electricity 

transmission networks. The overarching goal of smart 

transmission grids is to revolutionize the way 

electricity is transmitted, distributed, and managed, 

paving the way for a more resilient and flexible 

energy ecosystem.  

At its core, the vision for smart transmission grids 

revolves around leveraging advanced sensing, 

monitoring, and control systems to enable real-time 

monitoring and management of grid assets and 

operations. By integrating intelligent sensors, 

communication networks, and data analytics 

capabilities, smart grids empower grid operators to 

anticipate, identify, and mitigate potential issues 

before they escalate into larger disruptions. This 

proactive approach not only enhances grid reliability 

but also reduces downtime, minimizes energy losses, 

and optimizes asset utilization. 

Furthermore, smart transmission grids prioritize 

interoperability and integration, facilitating seamless 

communication and coordination among various grid 

components, including substations, transformers, 

transmission lines, and renewable energy sources. 

This interconnectedness enables dynamic grid 

optimization, where grid operators can dynamically 

adjust transmission routes, voltages, and power flows 

to accommodate fluctuations in demand, supply, and 

generation patterns. Additionally, smart grids 

facilitate the seamless integration of renewable energy 

sources, such as solar and wind, by enabling 

bidirectional power flows and providing grid stability 

services. 

Moreover, smart transmission grids embrace 

resilience and adaptability as fundamental principles, 

with built-in redundancy, self-healing capabilities, 

and contingency plans to withstand and recover from 

potential disruptions, including natural disasters, 

cyberattacks, and equipment failures. Through 

advanced grid modeling, simulation, and predictive 

analytics, smart grids enable scenario analysis and risk 

assessment, allowing grid operators to proactively 

identify vulnerabilities and implement appropriate 

mitigation measures. 

In summary, the vision for smart transmission grids 

represents a paradigm shift in the way electricity is 

transmitted and managed, ushering in a new era of 

grid intelligence, resilience, and sustainability. By 

harnessing the power of advanced technologies and 

innovative strategies, smart grids offer a 

transformative pathway towards a more efficient, 

reliable, and resilient energy infrastructure. 

This paper outlines the challenges and requirements 

for future smart transmission grids, categorizing them 

into four key aspects. 

a) Environmental Challenges: Traditional electric 

power generation, being a major contributor to man-

made emissions, necessitates a shift to mitigate 

climate change. Furthermore, the depletion of fossil 

energy resources looms as a concern for the 

forthcoming decades. Natural disasters like hurricanes, 

earthquakes, and tornadoes pose significant risks to 

transmission grids, while available space for their 

expansion diminishes. 

b) Market/Customer Needs: The development of 

comprehensive system operation technologies and 

power market policies is imperative to uphold the 

transparency and autonomy of competitive markets. 

Enhancing customer satisfaction in electricity 

consumption entails providing high-quality, cost-

effective electricity options and granting customers 

greater autonomy in grid interaction. 

c) Infrastructure Challenges: Aging components and 

insufficient investment plague existing electricity 

transmission infrastructure. With mounting load 

demands, network congestion exacerbates, 

underscoring the need for swift online analysis tools, 
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wide-area monitoring, precise measurement, control, 

and robust protection mechanisms to enhance 

network reliability. 

d) Innovative Technologies: Emerging technologies 

such as new materials, advanced power electronics, 

and communication technologies hold promise for 

revolutionizing transmission grids. However, their 

maturity and commercial availability remain limited, 

compounded by existing grid limitations hindering 

seamless integration. 

While historical transmission grid innovation 

primarily stemmed from technological advancements, 

the contemporary power industry is undergoing a 

proactive modernization approach. Leveraging state-

of-the-art advancements in sensing, communications, 

control, computing, and information technology, the 

industry aims to address challenges more assertively. 

This shift towards intelligence-driven grid 

development has been encapsulated by terms such as 

"smart grid," alongside other terminologies like 

IntelliGrid, GridWise, and FutureGrid. 

The IntelliGrid initiative, spearheaded by the Electric 

Power Research Institution (EPRI), aims to establish 

the technical groundwork for a sophisticated power 

grid that seamlessly integrates electricity, 

communications, and computer control. The 

overarching goal is to achieve significant 

improvements in reliability, capacity, and customer 

service. This program offers methodologies, tools, and 

recommendations for open standards and 

requirement-based technologies, facilitating the 

implementation of advanced metering, distribution 

automation, demand response, and wide-area 

measurement. Ultimately, interoperability between 

cutting-edge technologies and the power system is 

envisioned. 

Similarly, the SmartGrids initiative, launched by the 

European Technology Platform (ETP) in 2005, 

envisions a joint framework for Europe's electricity 

networks beyond 2020. Key objectives include 

ensuring flexibility to accommodate customer 

demands, accessibility for network users and 

renewable energy sources, reliability for power supply 

security and quality, and economic efficiency for 

optimal energy management. 

In the United States, the Federal Smart Grid Task 

Force, established by the Department of Energy (DoE) 

under Title XIII of the Energy Independence and 

Security Act of 2007, envisions the creation of a 

modern electric system by 2030. This system is 

designed to deliver abundant, affordable, clean, 

efficient, and reliable electric power, anytime and 

anywhere. The development of a smart grid is 

expected not only to enhance grid reliability, 

efficiency, and security but also to contribute to the 

strategic goal of reducing carbon emissions. 

Substantial research and development efforts are 

underway in both industry and academia, addressing 

various aspects of smart grid technology and 

integration challenges. 

While existing efforts have predominantly focused on 

the distribution system and demand side, the 

comprehensive perspective of the entire transmission 

grid within the context of smart grids remains 

ambiguous. This paper presents a novel vision for 

future smart transmission grids, delineating their 

major characteristics and performance features to 

tackle emerging challenges. The proposed vision 

conceptualizes the power transmission grid as an 

integrated system comprising three interactive 

components: control centers, transmission networks, 

and substations. Each essential component is 

thoroughly considered within the framework of the 

smart grid. 

The subsequent sections of this paper will delve into 

the proposed smart transmission grid's general 

framework and key characteristics (Section II), 

followed by detailed discussions on the features and 

enabling technologies of its three functional 

components: smart control centers, smart 

transmission networks, and smart substations 

(Sections III to V). Finally, further discussions and 

conclusions will be provided in Section VI. 
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II. FRAMEWORK  AND  CHARACTERISTICS  OF  

SMART TRANSMISSION GRIDS 

The vision of a smart transmission grid, as depicted in 

Figure 1, arises from the pressing challenges and 

evolving needs faced by the existing transmission 

infrastructure. These challenges stem from 

environmental concerns, market dynamics, customer 

expectations, and infrastructural limitations. 

Addressing these demands necessitates the 

transformation of the current transmission grid into a 

smarter, more adaptive system, leveraging the rapid 

advancements in technology. In this paper, we 

articulate a roadmap for research and development, 

outlining the key smart features that will define the 

future transmission grid: digitalization, flexibility, 

intelligence, resilience, sustainability, and 

customization. 

A. Digitalization: 

The cornerstone of the smart transmission grid is its 

digital platform, facilitating swift and dependable 

sensing, communication, computation, control, 

protection, visualization, and maintenance across the 

entire transmission network. This platform will 

enable seamless integration with other smart features 

while providing user-friendly interfaces for enhanced 

situational awareness and error tolerance. 

B. Flexibility: 

Flexibility is inherent in the future smart transmission 

grid, encompassing expandability for accommodating 

diverse generation technologies, adaptability to 

various environments, multiple control strategies for 

decentralized control, and seamless compatibility 

with evolving market operations. 

C. Intelligence: 

Intelligent technologies and human expertise will be 

integrated into the smart transmission grid, enabling 

self-awareness of system operations, self-healing 

capabilities to enhance security, and real-time analysis 

for dynamic network control. 

D. Resiliency: 

The smart transmission grid will exhibit robust 

resiliency, capable of delivering electricity securely 

and reliably even in the face of external or internal 

disruptions. Fast self-healing mechanisms and 

dynamic reconfiguration will mitigate the impact of 

attacks, natural disasters, or component failures. 

E. Sustainability: 

Sustainability lies at the core of the smart 

transmission grid, focusing on sufficiency, efficiency, 

and environmental responsibility. This entails 

meeting growing electricity demand through 

affordable alternative energy resources, enhancing 

energy savings, and deploying innovative 

technologies with minimal environmental impact. 

F. Customization: 

The design of the smart transmission grid will be 

tailored to meet operator and customer needs without 

sacrificing functionality or interoperability. It will 

offer customers a range of energy consumption 

options while fostering transparency and competition 

in the power market. 

To realize these smart features, enabling technologies 

such as new materials, advanced power electronics, 

sensing and measurement, communications, 

computing, and intelligent systems will be pivotal. 

These technologies will be discussed in detail in 

conjunction with the components of smart control 

centers, smart transmission networks, and smart 

substations in subsequent sections. 

 

III.  SMART CONTROL CENTERS 

 

The future smart control centers build upon the 

foundation of existing control centers, which were 

developed nearly half a century ago. This section 

delves into the anticipated new functionalities of 

future control centers, including 

monitoring/visualization, analytical capabilities, and 

controllability. Additionally, it discusses the 

interaction with the electricity market, although this 

paper focuses solely on the control centers' functions. 

A. Monitoring/Visualization 

Current monitoring systems in control centers rely on 

state estimators, utilizing data collected through 
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SCADA systems and remote terminal units (RTUs). In 

contrast, future control centers will derive system-

level information from state measurement modules 

based on phasor measurement units (PMUs). PMU-

based state measurement is expected to be more 

efficient and robust, as synchronized phasor signals 

provide accurate state variables, particularly voltage 

angles. Present state estimation, by comparison, 

requires additional processing time and is less robust 

due to the lack of synchronized data from RTUs, 

necessitating topology checks and bad data detection. 

Existing visualization technology typically displays 

system configurations using one-line diagrams, but 

these diagrams often lack precise geographic 

information. Moreover, they typically depict only 

buses within the control area, along with some 

boundary buses. In the future, results from state 

measurement will be integrated with a wide-area 

geographical information system (GIS) for 

visualization in control center screens. This wide-area 

GIS will cover extensive regions, including the 

control center's service territory, interconnected areas, 

and possibly the entire Eastern Interconnect or 

WECC system, enhancing situational awareness and 

preventing improper operations due to incomplete 

knowledge of neighboring systems. 

With future visualization and monitoring 

technologies encompassing broader scopes, increased 

information exchange will be necessary. Current 

interarea communication technologies employ a mix 

of obsolete and modern technologies such as 

telephone lines, wireless, microwave, and fiber optics. 

In the future, communication channels are expected 

to be more dedicated, potentially utilizing fiber optic 

networks with quality of service (QoS) 

implementation, necessitating unified protocols for 

improved communication among different control 

areas. 

Utilizing state variables from state measurement and 

GIS data, real-time display of system stability 

measures becomes desirable. Present technology 

typically displays voltage magnitude and local 

frequency. However, as voltage collapse becomes a 

recurring threat and frequency stability gains 

importance, true indicators of voltage stability margin 

and frequency changes are needed for better 

monitoring. Implementing these new monitoring 

technologies alongside wide-area GIS data will enable 

real-time display of voltage stability margin and 

frequency waves on actual maps, aiding operators in 

identifying potential issues during real-time operation. 

An advanced alarming system is another noteworthy 

technology. Present systems typically provide 

alarming signals without prioritization. Future control 

centers should provide the root cause of potential 

problems, enabling operators to conduct closer 

monitoring and expedite problem resolution. 

 

IV. CONCLUSION 

 

The future of smart control centers envisions a 

paradigm shift from traditional models to 

technologically advanced systems capable of meeting 

the evolving demands of the power grid. This section 

explores the anticipated enhancements in 

monitoring/visualization, analytical capabilities, 

controllability, and their integration with the 

evolving electricity market landscape. 

A. Monitoring/Visualization 

Present-day control centers rely on state estimators 

fueled by data from SCADA systems and remote 

terminal units (RTUs). However, the future control 

centers are poised to transition towards utilizing state-

of-the-art phasor measurement units (PMUs) for 

enhanced system monitoring. PMU-based state 

measurements promise greater efficiency and 

robustness, providing synchronized phasor signals for 

accurate determination of system variables, notably 

voltage angles. This advancement is expected to 

streamline the monitoring process and improve 

overall system reliability. 

In terms of visualization, existing technology 

primarily employs one-line diagrams that lack precise 

geographic context and often depict only a limited 
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subset of system buses. Future control centers will 

leverage wide-area geographical information systems 

(GIS) to provide comprehensive visual representations 

of the entire grid, extending beyond control area 

boundaries. Integrating state measurement data with 

GIS will enhance situational awareness, allowing 

operators to make informed decisions and mitigate 

risks across a broader operational scope. 

Furthermore, future visualization technologies will 

facilitate real-time display of critical system stability 

measures, such as voltage stability margin and 

frequency changes. By incorporating advanced 

monitoring capabilities alongside wide-area GIS data, 

operators will gain insights into potential grid 

disturbances and proactively address emerging 

challenges, thereby ensuring grid stability and 

resilience. 

B. Analytical Capabilities 

In addition to monitoring, smart control centers will 

boast advanced analytical capabilities to enable 

predictive maintenance, fault detection, and optimal 

grid operation. Machine learning algorithms and data 

analytics tools will be employed to analyze vast 

amounts of operational data in real-time, identifying 

patterns and anomalies to preemptively address 

potential issues. These analytical insights will 

empower operators to optimize grid performance, 

minimize downtime, and enhance overall system 

reliability. 

C. Controllability 

Future control centers will exhibit enhanced 

controllability through the integration of advanced 

control algorithms and real-time grid monitoring. 

Decentralized control schemes will enable seamless 

coordination between substations and control centers, 

ensuring efficient power flow management and rapid 

response to grid disturbances. Additionally, intelligent 

automation technologies will facilitate self-healing 

capabilities, allowing the grid to dynamically 

reconfigure in response to disruptions and restore 

service with minimal intervention. 

D. Integration with Electricity Market 

The evolving electricity market landscape necessitates 

close integration between smart control centers and 

market operations. While this paper focuses primarily 

on control center functionalities, future developments 

will explore synergies between grid control and 

market mechanisms to optimize grid operation, 

facilitate demand response, and ensure equitable 

access to electricity resources. By aligning grid 

management strategies with market dynamics, smart 

control centers will play a pivotal role in fostering a 

more resilient, efficient, and sustainable energy 

ecosystem. 
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