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Abstract

Active consumers who engage in energy consumption, production, storage and provide
ancillary services in a dynamic and interactive manner will be an integral part of the future
grid. Firstly, this dissertation models and analyzes the interaction between active consumers
and aggregators with a specific focus on consumer actions in response to real-time electricity
pricing and the resulting impact on grid voltage. A unique prospect theory based consumer
behavior model is introduced. This model captures wide range of consumers each with
their individual preferences by modeling the interaction between the active consumers and
the aggregator as a Stackelberg game. However, unlike existing game theoretic efforts that
assume rational behavior of consumers, the prospect theory based models systematically
incorporate realistic consumer behavior including irrationality.

Secondly, this dissertation develops probabilistic voltage sensitivity analysis. In contrast
to prior approaches that limit themselves to economic aspects, the proposed techno-economic
perspective provides an understanding of the impact of large scale penetration of active
consumers on the physical grid. Most current studies are scenario-based, and derived results
are scenario specific. Determining the impact of spatially distributed active consumers with
temporally variable behavior requires investigation of a large number of scenarios, which
is computationally intractable using current iterative power flow algorithms. This work
provides a new analytical method of voltage sensitivity analysis that allows for stochastic
analysis of change in grid voltage due to change in consumer behavior (load and generation
choices). This work first derives an upper bound for change in voltage at a particular bus
due to change in power consumption at other buses in a radial distribution network. Next,
this bound is used to derive the probability distribution of change voltage at a bus due to

randomly changing power consumption/injection of random spatial distribution of the active



consumers. This upper bound is also used to develop an algorithmic approach to identify
the dominant influencer of voltage fluctuations in the power distribution system.

Thirdly, security and stability aspects of transactive energy market based power distribu-
tion system is investigated. Specifically, the impact of attacks on pricing/load signals on the
physical grid is quantified. This work models the interaction between real-time electricity
price and total energy demand in the form of a discrete time non-linear autonomous dynam-
ical system. Equilibrium electricity price and energy demand associated with this coupled
dynamical system is derived and conditions for bounded input bounded output (BIBO) sta-
bility are identified. Then, a BIBO stable algorithm to design real-time electricity pricing
scheme from a techno-economic perspective is developed. Finally, the impact of various level
of false data injection (FDI) attack on price of electricity, demand and distribution system
voltage is investigated. This dissertation shows that impact of FDI attack on electricity

prices is more severe than an attack on electricity demand.
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ancillary services in a dynamic and interactive manner will be an integral part of the future
grid. Firstly, this dissertation models and analyzes the interaction between active consumers
and aggregators with a specific focus on consumer actions in response to real-time electricity
pricing and the resulting impact on grid voltage. A unique prospect theory based consumer
behavior model is introduced. This model captures wide range of consumers each with
their individual preferences by modeling the interaction between the active consumers and
the aggregator as a Stackelberg game. However, unlike existing game theoretic efforts that
assume rational behavior of consumers, the prospect theory based models systematically
incorporate realistic consumer behavior including irrationality.

Secondly, this dissertation develops probabilistic voltage sensitivity analysis. In contrast
to prior approaches that limit themselves to economic aspects, the proposed techno-economic
perspective provides an understanding of the impact of large scale penetration of active
consumers on the physical grid. Most current studies are scenario-based, and derived results
are scenario specific. Determining the impact of spatially distributed active consumers with
temporally variable behavior requires investigation of a large number of scenarios, which
is computationally intractable using current iterative power flow algorithms. This work
provides a new analytical method of voltage sensitivity analysis that allows for stochastic
analysis of change in grid voltage due to change in consumer behavior (load and generation
choices). This work first derives an upper bound for change in voltage at a particular bus
due to change in power consumption at other buses in a radial distribution network. Next,
this bound is used to derive the probability distribution of change voltage at a bus due to
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consumers. This upper bound is also used to develop an algorithmic approach to identify
the dominant influencer of voltage fluctuations in the power distribution system.

Thirdly, security and stability aspects of transactive energy market based power distribu-
tion system is investigated. Specifically, the impact of attacks on pricing/load signals on the
physical grid is quantified. This work models the interaction between real-time electricity
price and total energy demand in the form of a discrete time non-linear autonomous dynam-
ical system. Equilibrium electricity price and energy demand associated with this coupled
dynamical system is derived and conditions for bounded input bounded output (BIBO) sta-
bility are identified. Then, a BIBO stable algorithm to design real-time electricity pricing
scheme from a techno-economic perspective is developed. Finally, the impact of various level
of false data injection (FDI) attack on price of electricity, demand and distribution system
voltage is investigated. This dissertation shows that impact of FDI attack on electricity

prices is more severe than an attack on electricity demand.
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Chapter 1

Introduction

The power and energy field has changed significantly over the last decade. Specifically,
renewable generation has increased multi-fold, new technologies for smart grid are being
implemented, and electric vehicles are gaining popularity. A smart power grid leverages
advances in sensing, communication, computing, and control to increase grid reliability,
resiliency, efficiency, and flexibility [1]. Integration of these technologies also allows higher
deployment of large and small-scale renewable energy resources. With incorporation of
renewable generation and “active consumers”, there will be continuing need for improvements
in the grid analysis, operation and planning tools in addition to changes in the operation
of electricity market in power distribution system. The most significant impact of these
changes is being felt at the consumer level. Understanding consumer behavior and developing
useful models will be one of the primary challenges in future smart grid. New generation of
appliances within the home are becoming smarter with load management and communication
capabilities. As a result of these advances, future consumers will be very different from those
today. It is expected that active consumers who engage in managing energy use, production,
storage and providing other ancillary services in a dynamic and interactive manner will be an
integral part of the future grid. There will be a continuing need to integrate cyber-physical
system (CPS) advances into the operation, control, and design of these systems. Therefore,

understanding, modeling and quantifying the impact of the active consumers under the



umbrella of cyber physical social and economic systems is an important and much needed
research thrust.

Historically, residential consumers have paid a fixed price for electricity regardless of the
time at which the consumption takes place. Some utilities have implemented time-of-use
and critical peak pricing on a limited basis [2, 3, 4, 5]. Real-time pricing of electricity for
the residential consumers has been tested for demand response, but wide scale implementa-
tion will require overcoming various technical and logistical challenges [6, 7] However, with
advances in communications and cyber technologies, these challenges can be addressed and
real-time pricing for consumers can become a reality. Hence, the biggest change the con-
sumers will see in the future is more engagement and ability to actively participate in the
Transactive Energy market [8, 9] Transactive Energy as defined by GridWise Alliance in a
December 2014 report is “The ability for consumers and end devices to buy and sell energy
and related services in a dynamic and interactive manner.” For an individual customer, it
will be impossible to keep track of various decisions that will be required in real-time as well
in the immediate future in a highly dynamic transactive energy market. Therefore, each
home is expected to be equipped with a home energy management system [10, 11, 12, 13, 14]
or a complex computer, which will use real-time price, real-time data on loads, generation,
energy storage, weather, and customer preferences to schedule different devices in homes.

Second major challenge is to understand the impact of multiple active consumer and re-
newable energy sources on the power distribution system. At the utility level, new dynamics
may emerge due to participation of new active customers in the market place that could
create conditions detrimental to reliability and resiliency of the power distribution system.
Analyzing impact of multiple active consumers changing their energy consumption in accor-
dance with renewable generational and forces of transactive energy market on distribution
grid voltage in a computationally efficient manner is a crucial aspect of this dissertation.
Currently, Monte-Carlo simulation based scenario analysis is primary tool to understand im-
pact of random fluctuations of renewable generation on the distribution grid voltage. Major
drawbacks of theses scenario based analysis are higher computational complexity and lack

of analytical insight. Higher computationally complexity of such scenario based analysis is a



major hurdle in implementation of true techno-economic analysis of the distribution system
and makes it simulation of a transactive energy system challenging. For example, one might
be interested in understanding impact of X% penetration of rooftop PVs in a distribution
system with N consumers or identifying most dominant influencer of voltage fluctuations for
a node experiencing low voltage problems in the power distribution system. In this example,
to answer question like “For given PV penetration is it possible to maintain the distribu-
tion system voltage within permissible limits without any control actions?” using traditional

scenario based analysis, one will have to follow two steps.

1. Create a system model with fixed location of PVs and run Newton-Raphson based

Monte-Carlo simulation to capture temporal variation on PV generation.
2. Repeat step-1 for all possible spatial distribution of PV generation.

Computational complexity of such scenario based analysis increases exponentially with the
size of the network.

Finally, analyzing impact of cyber attack on reliability and stability of power distribution
system is crucial. Future power distribution system with smart meters and advanced me-
tering infrastructure (AMI) will have bidirectional communication between active consumer
and aggregators. In the transactive energy framework, the price of electricity for the active
consumers decided by the aggregator and the energy consumption of the active consumers is
communicated over AMI. This information exchange between the aggregator and the active
consumers is prone of cyber attack. There is plethora of work done to design strategies to
prevent and detect such cyber attacks; however, no attack detection/prevention mechanism
is perfect. Therefore, it is crucial to understand impact of cyber attacks in presence of such
detection and prevention mechanism.

Based on these perspectives, we seek to address a few fundamental research questions in
this dissertation. These questions and the contributions of this dissertation to address them

are discussed in the following sections.
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Figure 1.1: Outline of the Dissertation
1.1 Research Questions

Question 1: How can we model different consumer types, capturing their preferences and
reactions to changes in electricity price? What modeling approaches can support power dis-
tribution systems (PDS) operation and can also aid in representing consumers in other CPS
domains?

Question 2: For a given penetration of active consumers, how can we approrimate the im-
pact of their actions on the distribution system voltage in a computationally efficient manner?

Question 3: How can we calculate impact of random power change caused by multiple re-



newable energy sources located at random spatial locations in the power distribution system?
Question 4: In the power distribution system where actions of multiple active consumers
cause random voltage fluctuations, how can we identify the dominant influencer of voltage
fluctuations?

Question 5: What are the cyber-security concerns in a power distribution system with ac-
tive consumers interacting with aggregators? For example, what is the impact of false data
injection attack on this system? What are some design guidelines for this transactive energy

market based power distribution system that ensures stability of a real-time pricing scheme?

1.2 Contributions of the Dissertation

To address research question 1, Chapter 3 of this dissertation proposes a Prospect Theory
based model of active consumers making subjective actions under uncertain price of elec-
tricity and analyzes the impact of their actions on the distribution grid voltage. Major

contributions of this chapter are listed below.

e This work models interaction between an aggregator and multiple active consumers
connected to a power distribution system as a Stackelberg leader-follower game, where

the aggregator acts as a leader and the active consumers are followers.

e A general model that efficiently captures consumers with varying preferences for elec-
tricity consumption is considered. For the first time, the subjective behavior of con-
sumers in response to variations in the price of electricity is modeled using the Prospect

Theory.

e Behavior of the aggregator is modeled by considering both technical and economic
aspects of grid operation. The economic goal of maximizing profit is integrated with
the technical goal of maintaining the grid voltage within permissible limits in the game

formulation.



e Actions of active consumers at the Nash equilibrium and its impact on the distribution

grid voltage is analyzed using simulations on the modified IEEE 69 bus test system.

e The difference between expected utility theory to the Prospect Theory formulations are
highlighted. Specifically the impact of lack of rationality on the physical grid voltage

and monetary payoffs for both the consumer and the aggregator is quantified.

More details related to this approach is in Chapter 3 and published in the following article:
[15]: K. Jhala, B. Natarajan, and A. Pahwa,“Prospect Theory based Active Consumer
Behavior Under Variable Electricity Pricing,” IEEE Transactions on Smart Grid, 2018. doi:
10.1109/TSG.2018.2810819.

A new probabilistic voltage sensitivity analysis (PVSA) approach is proposed to address
research questions 2 and 3. Chapter 4 and 5 of this dissertation proposes a stochastic method
of grid analysis that provides a probabilistic view of the system and presents the likelihood
of system voltage exceeding operational bounds. Major contributions of this work are listed

below.

e This work develops an analytical expression (Theorem 1) to compute the upper bound
of change in bus voltage due to change in power consumption at another bus in a radial
distribution network. The derived analytical expression is proven to abide by the law
of superposition, which enables us to study the effect of multiple active consumers
on distribution grid voltage. This upper-bound is verified using simulation results on

IEEE 69 bus test system. (chapter 4)

e A method to compute an upper bound on sensitivity matrix is demonstrated. The

proposed approach is computationally efficient.

e This work introduces a novel concept of probabilistic voltage sensitivity analysis (PVSA).
PVSA allows the calculation of probability distribution of voltage change due to ran-
dom change in real and reactive power consumption across different buses of distribu-

tion grid.



e PVSA for known/fixed and random spatial distribution of active consumers is devel-

oped in chapter 5.

e The proposed method is used to the analyze the aggregate effect of spatially distributed
active consumers on feeder voltage and determine that the probability of bus voltage
exceeding allowable values. Analytical results are validated using simulation results on

IEEE 69 bus test system.

More details on probabilistic voltage sensitivity analysis can be found in Chapters 4 and 5
and in the following articles:

[16]: K. Jhala, B. Natarajan and A. Pahwa, “Probabilistic Voltage Sensitivity Analysis
(PVSA)A Novel Approach to Quantify Impact of Active Consumers,” in IEEE Transac-
tions on Power Systems, vol. 33, no. 3, pp. 2518-2527, May 2018. doi: 10.1109/TP-
WRS.2017.2745411

[17]: K. Jhala, B. Natarajan and A. Pahwa, “Probabilistic Voltage Sensitivity Analysis
(PVSA) for Random Spatial Distribution of Active Consumers,” in 2018 IEEE Power En-
ergy Society Innovative Smart Grid Technologies Conference (ISGT), Feb 2018, pp. 1-5.

To address research question 4, chapter 6 of this dissertation introduces an analytical
method to identify the dominant influencer of the voltage fluctuations using various infor-

mation theoretic metrics.

e This work introduces the concept of the dominant influencer of the voltage fluctua-
tions in a radial power distribution system. The dominant influencer of the voltage
fluctuations at is the largest contributor of source of voltage change at the observation

node.

e A Monte-Carlo simulation based numerical method to identify the dominant influ-
encer of the voltage fluctuations is proposed, which is shown to be computationally

cumbersome.



e Various information theoretic indicators to identify the dominant influencer of the

voltage fluctuations are proposed.

e All the proposed indicators of the dominant influencer of the voltage fluctuations are
analytically derived and their effectiveness is tested using the IEEE 69 bus balanced

test system.

e [t is shown that differential entropy, Kullback-Leibler distance, and Frechet distance
are excellent and computationally efficient indicators of the dominant influencer of the

voltage fluctuations.

More detail of this work are discussed in chapter 6 and under review in the following article:
[18]: K. Jhala, B. Natarajan, and A. Pahwa, “Algorithmic Approach to Identify Dominant
Influencer of Voltage Fluctuations,” IEEE Transactions on Smart Grid (Under Review),
2018.

Finally, a novel control theoretic perspective is used to address search question 5. Chapter
7 of this dissertation discusses the impact of cyber attacks on stability and security of

transactive energy based power distribution system.

e This work models interaction between real-time electricity pricing and demand as a
discrete time non-linear autonomous dynamical system, where the aggregator decides
electricity price based on total demand and multiple active consumers decide their
consumption based on electricity prices. Based on this coupled dynamical system
model, equilibrium electricity price and demand is derived (Theorem 5 and 6) and
conditions for BIBO stability of the proposed system model are identified (Lemma 2
and 3)

e This work develops an algorithm to design a BIBO stable TE market based real-time
electricity price scheme that considers financial interests of the aggregator in addition

to system resiliency.



e The impact of FDI attack on price of electricity and demand is quantified. This paper
shows that impact of FDI attack on electricity prices is more severe than an attack on
electricity demand. The impact of FDI attack on real-time electricity prices, demand
and distribution system voltage is illustrated using simulation of an IEEE 69 bus test

system.

More details on this approach can be found in the following article:

[19]: K. Jhala, B. Natarajan, A. Pahwa, and H. Wu, “Security and Stability of Transac-
tive Energy Marked-based Power Distribution System,” IEEFE Transactions on Smart Grid
(Under Review), 2018.

1.3 Organization of the Dissertation

Rest of this dissertation is organized as following. Chapter 2, discuses related work in the
area of demand response, consumer modeling, traditional methods of sensitivity analysis
and cyber security of power distribution system. A prospect theory based model of irra-
tional active consumers is developed in chapter 3, which captures the behavior of the active
consumers with different socio-economic background and varying preferences for electricity
consumption. Chapter 4 develops an analytical method of voltage sensitivity analysis, which
is computationally efficient. Chapter 5 develops probabilistic voltage sensitivity analysis for
known and random spatial distribution of active consumers to analyze impact of multiple
active consumers on distribution grid voltage. Chapter 6 develops an algorithmic approach
to identify dominant influencer of voltage fluctuation. Chapter 7 analyzes stability and se-
curity of transactive energy market based power distribution system and develops criteria
for designing a bounded input bounded output (BIBO) stable real-time electricity pricing

scheme. Concluding remarks and future work is discussed in chapter 8. e



Chapter 2

Literature Review

This chapter discusses the related work in area of Demand response(DR), distributed gen-
eration(DG) management, consumer modeling, voltage sensitivity analysis, and security of

power distribution system.

2.1 Related Work on Demand Response

Over the past decade, there have been numerous efforts that have attempted to model,
manage and optimize participation of consumers in the power distribution system. These
efforts can be broadly classified into two classes: (1) demand response (DR) programs fo-
cusing only on load management; (2) demand response and distributed generation (DG)
management. The first dimension of the work relates to residential demand response, which
typically leverages price and generation forecasts to either shift or reduce load consumption
in order to maximize some utility function (e.g., energy costs [20]) under some constraints
(levels of comfort /convenience [21]). One approach is to implement direct load control where
a utility or an aggregator can remotely control certain loads in a household based on an a
priori agreement [22]. User privacy is the primary barrier for large scale implementation
of such direct load control methods. Alternately, smart pricing (e.g., critical peak pricing

(CPP), TOU pricing and real time pricing (RTP)) can be used to encourage consumers to

10



individually manage their loads [2]. A plethora of deterministic centralized and distributed
optimization [23], model predictive control [24], reinforcement learning [25] as well as game
theoretic methods [26] have been proposed to attack these problems. Recently, there have
been some efforts to systematically model uncertainties in this framework and implement

stochastic versions of optimization [27], and dynamic programming [28] methods.

2.2 Related Work on Consumer Modeling

There is a plethora of research in the area of smart buildings energy management systems.
Authors in [29] define a building management system that controls energy flow inside a
smart building with renewable energy sources and energy storage using a heuristic optimiza-
tion process. [30] reviews some of the technical opportunities provided by internet of things
in smart building management area. Authors in [31] build a building energy management
system including a grid-connected PV system and a storage system using the mixed-integer
linear programming framework for the purpose of optimizing scheduling of building elements
in order to achieve a pre-specified objective. In [32], an intelligent residential energy man-
agement system to reduce electricity bills for prosumers of smart residential buildings is
proposed, and its benefits are demonstrated through a case study.

Many of the prior efforts in the area of DR and DG management tend to take a user/home
centric approach. That is, the goal is to minimize energy costs for a home owner by scheduling
and reducing load and managing generation and storage [33, 34, 35, 36]. While this is an
essential step in understanding optimal actions for a consumer, it is important to note that
the consumer is not acting in isolation and the operational cost and stability of the grid is
dependent on the cumulative actions of multiple consumers. This aspect was brought out
in [26], where a demand side management scheme based on collaborative game theoretic
approach is proposed. The efforts within the control theory community that focuses on
modeling consumer behavior also rely on deterministic frameworks [37]. A data driven
approach to model consumers demand response behavior was presented in [38], where authors

hypothesize a long term steady behavior and short term dynamic response behavior. Since,
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the analysis was data based, the generality of this model is unclear. There have been many
game theoretic efforts to address some of the challenges in smart grid. All these efforts use
classical EUT assuming rational behavior of players [39, 40], which is not pragmatic. There
are few efforts that use the Prospect Theory to address some of the challenges in power
systems. Most of these efforts are limited to investigating the energy interactions between

micro-grids [41, 42].

2.3 Related Work on Voltage Sensitivity Analysis

There have been numerous efforts to solve issue of voltage control in distribution system
with distributed generation (DG) using sensitivity analysis based methods. These efforts
mainly use traditional methods of sensitivity analysis to address the issue of voltage control
[43, 44, 45, 46, 47]. Traditional methods of sensitivity analysis and drawbacks of such
methods are discussed in section 4.1. These traditional methods of sensitivity analysis do not
provide analytical insight into the underlying physics of the system and are computationally
complex. There is a limit body of work focused on developing analytical approximation of
voltage sensitivity [48, 49, 50, 51]. Unfortunately, most of these efforts are over simplistic and
their accuracy is not verified through numerical simulation of test systems. The problem
of voltage regulation in smart grid using reactive power control using sensitivity analysis
based approach is addressed in [48]. Similarly, authors in [49, 50, 51] proposes a sensitivity
analysis based algorithm to keep voltage within permitted limits by modifying active and
reactive power of DGs. A direct sensitivity analysis method is proposed in these papers
that gives voltage variation at given bus with respect to voltage at slack bus. However,
this method assumes voltage angle to be negligible and does not consider complex value of
voltage change. These papers do not provide any simulation result to verify the validity of
method. Therefore, an analytical framework for understanding and quantify the effect of
random active and reactive power perturbation on bus voltages is needed. Authors in [52]
present a probabilistic method that uses sensitivity analysis and smart meter measurements

for setting boundary values for distribution system operation indices. [52] assumes that
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real and reactive power consumption of homes is independent, which is not the case usually.
Secondarily, one of the key drawbacks of this work lies in its dependance on extensive Monte-
carlo (MC) simulation and data from smart meters to quantify the distribution of voltage
variation. This approach is not scalable for large distribution networks. Our proposed
analytical approximation aid in performing voltage sensitivity analysis in a scalable, low

complexity means.

2.4 Related Work on Security and Stability

There are some efforts to investigate impact of cyber attack on smart grid. The possible
impacts of the FDI attack on power system have been reported in [53, 54]. A coordinated
attack by forcing system to an insecure or uneconomic state of operation can further lead to a
collapse if not detected in time as presented in [55]. Many methods have been reported in the
literature to alleviate FDI attacks in the smart grid. The defense techniques can be broadly
classified into two categories: (1) Protection-based defense, and (2) Detection-based de-
fense. As power grid covers a vast geographical area with hundreds and thousands of smart
meters/sensors, the cost of protecting all smart meters can be very high. A lightweight
watermarking technique is proposed to defend against the FDI attacks [56]. Authors in
[57] presented a strategy for detection of FDI attacks by reconfiguring the micro-grids dy-
namically and makes it impossible to organize a synchronized injection. [58] consider the
distributed load sharing problem of the microgrids operating in autonomous mode under
FDI. The impact of real time pricing attacks on the demand dynamics is quantified in [59].
[60] propose joint-transformation-based scheme to detect FDI attacks in real time using
Kullback-Leibler distance to find the difference between probability distributions obtained
from measurement variations. The smart meters can be protected by continuously monitor-
ing the measured data or by encrypting the measured data. Shortcomings of the protection
based defense are twofold; firstly, securing the critical set of measurements leads to decrease
in redundant trustworthy measurements; secondly, the assumption of making a completely

hack-proof smart sensor is unrealistic. Therefore, understanding dynamics and stability of
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electricity price and demand in addition to impact of a successful FDI attack in the TE
based distribution system is critical to answer questions like “What is the level of attack
the system can tolerate?” and “When does the system swing into instability or experience

voltage violations?”
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Chapter 3

Prospect Theory based Active
Consumer Behavior Under Variable

Electricity Pricing

Future power distribution with distributed renewable generation, electric vehicles and im-
plementation of new smart grid technologies will be very different from today. The most
significant impact of these changes is being felt at the consumer level. The biggest change
the consumers will see in the future is more engagement and ability to actively participate in
the Transactive Energy Market (TEM) [9]. As envisioned, large commercial, industrial cus-
tomers, and individual homeowners will be able to participate directly in markets set up by
the utility or by third party aggregators. For an individual customer, it will be impossible to
keep track of various decisions that will be required in real-time as well as in the immediate
future in a highly dynamic transactive energy market. Therefore, each home is expected to
be equipped with a home energy management system [10, 12, 13, 14] or a complex computer,
which will use real-time electricity price, real-time data on loads/generation, and customer
preferences to schedule different devices in homes. These efforts primarily focus on cost
saving for the consumer as discussed thoroughly in the next subsection. However, it is im-

portant to note that at the utility level, new dynamics may emerge due to participation of
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new active customers in the market place that could create conditions detrimental to reli-
ability and resiliency of the system. Utilities will have to implement appropriate controls
to keep the system stable and within bounds. High penetration of solar PV can also cause
technical issues as recently reported for Hawaii [61], where the utilities are refusing inter-
connection of additional rooftop PV systems due to operating issues. To address some of
these challenges it is important to integrate physical grid constraints and economic aspects
resulting in techno-economic analysis of the underlying grid.

With the anticipated growth in active consumers, modeling consumer behavior to chang-
ing price of electricity is a crucial aspect of this work. Although the most common reaction
for any consumer is to take actions which will save money, there are consumers who give
more importance to other factors such as environment and comfort. Frugal consumers are
typically more concerned about saving money at the cost of comfort and environment. Green
consumers give higher importance to the environment relative to money and comfort. On the
other hand, comfort maybe the most important aspect for affluent consumers. Additionally,
there may be consumers who do not care and thus they will not make any adjustments to
their power usage pattern based on pricing. Many prior efforts attempt to model consumer
actions in response to pricing within the framework of game theory.

Traditional game theory assumes that players in the game are rational and uninfluenced
by real-life perceptions. Most of game theoretic work in smart grid are based on assumption
that consumers make decisions according to their expected utility. However, real-life decision
making of consumers is influenced by their perceived subjectivity which cannot be explained
by expected utility theory (EUT). A Nobel Prize winning theory, Prospect Theory [62]
explains the fact that people usually over-weigh low probability bad outcomes and under-
weigh high probability favorite outcomes. This work uses the Prospect Theory to capture
subjective behavior of active consumers for uncertain price of electricity. A unique aspect
of this work is the modeling of a wide range of consumers and their behavior/response to

pricing using the Prospect Theory.
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Aggregator

Active Consumers (ACs)

Figure 3.1: System Model

3.1 System Model

The future power distribution systems will involve multiple active consumers interacting
with a third party aggregator as shown in Fig. 3.1. This work considers a scenario where
multiple active consumers that are part of the power distribution network have a contractual
agreement with a third party aggregator. The aggregator buys electricity in a day-ahead
wholesale market from the independent system operator (ISO) and sells it to consumers. Any
additional energy required is purchased in the real-time market. Based on the day-ahead
agreement that the aggregator makes with ISO, the aggregator decides the electricity pricing
to influence electricity consumption of active consumers. In addition to all financial trans-
actions, the aggregator is also responsible for maintaining the grid voltage within allowable
limits. In case of a voltage violation, the aggregator pays a penalty to the electric utility
company that owns the physical grid infrastructure. Therefore, the aggregator decides the

price of electricity that maximizes the profit while keeping voltages of distribution system
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within limits.

In a Transactive Energy Market, each active consumer can interact with the grid by
changing its energy consumption or by providing real power support from the local renewable
generation. In essence, each consumer chooses an action a;, which is power drawn from the
grid or power supplied back to the grid. The consumer’s choice of action a; is based on
its perceived payoff that is determined by the price of electricity. It should be noted that
the payoff could depend on more than a single metric. For example, the payoff for an
active consumer could depend on (1) cost of electricity; (2) comfort achieved by consuming
energy, and (3) impact of their action on the distribution grid voltage. Aggregation of
payoff metrics in the payoff vector to decide the optimal action would depend on the class to
which the consumer belongs. Goal of a comfort seeking consumer is to maximize the comfort
achieved by consuming energy. Some consumers may want to minimize the cost of electricity
consumption. Active consumers who consider the physical grid voltage while making their
decision want to keep the distribution grid voltage at the node of connection close to the
rated value. While at this point of time, a grid-conscious consumers may seem utopian, it
is interesting to model and consider the impact of such customers. One may expect such
consumer types in community owned microgrids where the social aspect of maintaining grid
constraints play an important role. In this work, it is assumed that a consumer connected to
node i of the distribution system knows i** diagonal element of the sensitivity matrix, which
is used to compute change in voltage at node i due to change in action of i** consumer.
Additionally, electricity prices would be communicated to consumers by the aggregator over
the cyber infrastructure. Price of electricity, which is decided by the aggregator, can take
values from a set p, where p = {p1, p2, - , pn}. However exact price of electricity is unknown
to consumers. The aggregator decides the probability distribution of electricity prices. Let

P be vector of probabilities given by:

P=[P(p=p),P(p=p2),- ,Plp=pa)]". (3.1)

Active consumers decide their energy consumption based on their perceived probability dis-
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w(p)

Figure 3.2: Probability weighting function w(p)

tribution of electricity prices. The Prospect Theory is used to understand decision making

of a subjective consumer under uncertainty.

3.2 Background: Expected Utility Theory vs Prospect

Theory

Traditional game theory assumes that players behave rationally while making decisions under
risk. Most game theoretic studies in the field of power system assume that player makes
decisions according to their expected utility. However, it is well known that people do
not behave rationally under uncertainty and their decisions are influenced by their real-life
perception. Traditional Expected Utility Theory (EUT) cannot explain deviations in player’s

actions due to end user subjectivity as illustrated by Allaiss paradox [62].

19



The Prospect Theory (PT) provides a user-centric view to address this issue by applying
probability weighting effect to transform objective probabilities of players into subjective
probabilities [62, 63]. The Nobel Prize winning theory explains the fact that people usu-
ally over-weigh low probability outcomes and under-weigh outcomes with moderate to high
probabilities, which the EUT fails to explain [62]. According to the PT, people use their
subjective probabilities (w(p)) rather than objective probabilities (p) to weight the values of
possible outcomes. This phenomenon is observed in many social science studies. Authors
in [63] propose an original form of probability weighting function based on experiments.
Although, there have been numerous efforts to mathematically model the subjectivity in hu-
man behavior, most of these models are mathematically complex, which makes them difficult
to use in real-life. Authors in [64] developed a new version of the Prospect Theory using cu-
mulative representation of uncertainty that captures risk aversion for gains and risk seeking
behavior for losses of high probability with in a low complexity analytical form. Therefore,

in this work the one proposed by Prelec in [64] is used and corresponds to

w(p) = exp(—(—logp)*),0 < a <1, (3.2)

where p is the objective probability and w(p) is the subjective probability. Here « is the
coefficient of rationality that reveals how a person’s subjective evaluation distorts the ob-
jective probabilities (P). Active consumers who are more rational have higher value for
coefficient of rationality («), whereas customers that are more subjective have lower «. Fig.
3.2 shows probability weighting function for « = 0.5 and o = 1.0, where « = 1 implies
that player is completely rational and behaves according to the EUT. Using the Prospect
Theory, this work develops a model of a general active consumer that may not behave ra-
tionally and makes subjective decisions. In the proposed system model, the home energy
management system makes real-time decisions on behalf of active consumers. Such devices
must be programmed according to consumer’s preferences. Different consumers can have
different preferences for energy consumption and their preference can be possibly irrational,

especially in the presence of uncertainty. For example, some consumers may be more risk
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taking while some may be more risk averse and this variability is captured in the Prospect
Theory based model. In either case, consumer preferences and their inherent irrationality
can be programmed into such smart home energy management system. Since devices merely
reflect consumer choices, they will not override any irrational choice made by a risk aware
consumer even if it contradicts an objective option. Interaction between the consumers and

the aggregator is modeled as a Stackelberg leader-follower game as discussed next.

3.2.1 Background: Stackelberg Leader-Follower Game

In game theory, Stackelberg leadership model is a strategic game in which the leader moves
first and then the followers move sequentially. In the power distribution system model
this corresponds to the following: the aggregator plays a mixed strategy first. The active
consumers observe mixed strategy of the aggregator and decide energy consumption that
maximizes their payoff function. Existence of the Stackelberg equilibrium is dependent
on the following assumptions: (1) the leader chooses the optimal strategy first and it is
irreversible, (2) the leader knows ex ante that the followers observe the strategy, and (3) the
followers have no means of committing to a non-Stackelberg follower action and the leader
knows this. In this scenario, it is assumed that the aggregator will play the optimal mixed
strategy estimating the best response action of the active consumers. The active consumers
will observe the mixed strategy played by the aggregator and play their best response action
under uncertain price of electricity. In this Stackelberg leader-follower game between the
consumers and the aggregator, the aggregator act as a leader that plays mixed strategy by
deciding probability distribution for electricity prices and the consumers are followers that
play pure strategy by deciding the power drawn or injected into the grid.

The proposed Prospect Theory based framework is general enough to be used for real-
time or day-ahead applications. The proposed game theoretic framework models behavior of
irrational active consumer for only one time instant, which can be used to model elasticity of
loads. However, it does not capture time dependent model of an active consumer’s behavior.

A time dependent model of active consumer behavior along with correlated load scheduling
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will be pursued as part of the future work which will capture shift in demands due to price

of electricity.

3.3 Active Consumer Modeling

Modeling different consumer types, capturing their preferences and reactions to changes in
electricity price and renewable generation is challenging. Consumers may belong to different
socioeconomic classes with different value or preference for electricity consumption. In the
Transactive Energy Market, the active consumers decide their energy consumption based on
price of electricity that they receive from the aggregator. Actions of consumers are based
on their perceived payoff. The payoff function could be composed of more than a single
objective. For example, in this work, the payoff function of an active consumer incorporates
three metrics corresponding to economics, comfort and environmental costs. The payoff

function for i** active consumer can be written as:
ui(ai, p) = Bilog(a; + R + 1) — pa; — v;(v(i) + S(4,1)(d; — a;) — 1)* (3.3)

where, a; is action of ith active consumer that represents energy purchased from the grid or
sold to the grid. R; is the amount of renewable generation available to the i** consumer, which
is known to the aggregator, and f; is the comfort coefficient to represent comfort seeking
level of a particular active consumer. Each active consumer gains some utility for consuming
electricity as per the energy gain function, which can be written as g; log(a; + R; + 1) [65].
The energy gain function of a consumer is an increasing function of a; with diminishing
returns. For instance, an active consumer consuming less energy benefits much more from
receiving additional unit of energy than the active consumer consuming higher energy. p is
the price of electricity that a consumer pays to the aggregator. The active consumer have
to pay pa; amount of money to the aggregator. v(i) is the distribution grid voltage at node
i, and d,; indicates previous action of the i*" active consumer when voltage at node i of the

distribution grid was v(i). S(i,4) is i diagonal element of the voltage sensitivity matrix, and
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~; is coefficient of grid awareness that indicates level of the 7" consumer’s concerns for the grid
voltage while taking action. Positive values of a; indicates that the active consumer is buying
energy from the grid and negative values of a; indicate that the active consumer is selling
energy back to the grid. a; > —R;, which implies that the active consumer cannot sell more
energy than produced by the renewable generation. Different consumers may give different
weightage to different metrics. Aggregation of these metrics into a single payoff function to
decide the optimal action would depend on the class to which the active consumer belongs.
For example, a highly comfort seeking consumer may have higher values of 8; compared to
a low comfort seeking consumer.

This work assumes that consumers can measure the distribution grid voltage at their
node of connection. However, information about voltage at nodes other than node ¢ is not
available to an active consumer not connected at node 7 of the distribution grid. An active
consumer connected to the i’® node in the distribution system is also assumed to know "
diagonal element of the sensitivity matrix, which can be used to compute change in voltage
at node i due to change in power at node 7. An analytical method to compute sensitivity
matrix is proposed in [16, 17], using which an active consumer can compute i** diagonal
element of the sensitivity matrix (S(i,4)). Goal of grid aware active consumers is to keep the
voltage at point of connection close to the rated value by adjusting electricity consumption
by minimizing v;(v(z) + S(i,7)(d; — a;) — 1)%

In this work, type of consumers are differentiated based on their comfort requirement,
price responsiveness and awareness towards grid voltage. The proposed framework is gen-
eral enough to accommodate size and elasticity of different types of consumers. So, other
categories/types of consumers (i.e. residential, commercial and industrial) can be seamlessly
integrated into the model. Since actions of such consumers will be primarily dictated by
their priorities/preferences, we use the comfort, price, and grid awareness categories to high-
light the efficiency of the proposed approach. For example, among residential consumers we
may have some who prefer to keep cost low while some may choose to pay higher cost to
maintain their comfort levels. Similarly among industrial consumers, grid stability might be

more important.
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Theorem 1. The payoff function of active consumer u;(a;, p) given by equation (3.3) is a

concave function of a;.

Proof. The payoff function for an active consumer is sum of following three terms: 1)
Bilog(a;+R;+1), 2) —pa;, and 3) —v;(v(1)+S(7,4)(d; —a;) —1)2. First term 3; log(a;+ R;+1)
is concave function of a; for 5; > 0 and a; > —R;. Second term is an affine function of a;,
and third term —v;(v(i) + S(i,4)(d; — a;) — 1)? is also concave function of a;. As sum of
concave functions is concave, payoff function for an active consumer shown in equation (3.3)

is concave function of a;. O

The electricity price, which is decided by the aggregator is unknown to the active con-
sumers. The active consumers observe the probability distribution of uncertain electricity
price and decide their action. The active consumers decides the optimal strategy based on
the perceived payoff. Equation (3.4) represent expected payoff of an active consumer ac-
cording to the EUT, whereas equation (3.5) shows perceived payoff of an active consumer

according to the Prospect Theory.

EYT =3 i, ) B(p = ) (3.4)

T = wlas o) (B0 = ) (35

Goal of the active consumers is to maximize their perceived payoff based on their subjective
probabilities, which is given by equation (3.5). Theorem 2 shows the best response action of

an active consumer.

Theorem 2. The best response action of an active consumer that maximizes its perceived

payoff is given by equation (3.6).

-2z
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(3.6)
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where,

x = —2vS(i,1)?, (3.7)
y = 2vS(i,4)(v(i) + S(i,i)d; — 1) — P — 2v,8(i,1)*(R; + 1) (3.8)
2= — P(Ri+1) +2vS(i,))(v(i) + S(i,4)d; — 1)(R; + 1) (3.9)

Proof. The perceived payoff of an active consumer for taking action a; for given mixed

strategy of the aggregator can be written by substituting equation (3.3) in (3.5):

j (3.10)
—;(v(i) + S(i,3) (d; — a;) — 1)*] w(P(p = p;))

The active consumers take an action that maximizes their perceived payoff II¥7. Let a} be

an optimal action of the active consumer given by:
af = argmax I} 7, (3.11)
a;

where a} is the optimal action of an active consumer that maximizes the perceived payoft.
The optimal action of an active consumer can be found by differentiating the perceived payoff

by action of the active consumer and equating it to zero.

oIIPT
aa,- =0
Bi 0 S (i 1) (i
Do laT Ry 2SEVE) (3.12)
j (3 (3

+8(i, 1) (di — a;) = D]w(P(p = p;)) = 0,
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Dividing with w(P(p = p;)) we wet
B 2 pw(PBlp = py))
ai+Ri+1 3 w(P(p=p;)) (3.13)

Let P be the perceived price of electricity defined as:

> piw(P(p = p;))

P = . (3.14
>, o ®p =) )
Substituting equation (3.14) into equation (3.13):
_ B P — 2v,8(i,4)(v(i) + S(i,4)(d; — a;) — 1) = 0. (3.15)
ai + R +1 ’ ’

Multiplying equation (3.15) with a; + R; + 1 and simplifying to standard quartic form, we

get
—2%$%@%?+P%NLQW@%+$LO®—1%—P

~238(i, )% (Rs + 1) a; + |8 = P(Ri +1) (3.16)
+27;S(i, i) (v(i) + S(4,4)d; — 1)(R; + 1) = 0

Solution of above quadratic equation corresponds to:

—2z
a; = 3.17
= (3.17)
where x,y and z are given by equation (3.7)(3.8) and (3.9). O

Although an individual active residential consumers may not cause or solve voltage vio-
lation in the distribution system due to relatively low value of energy consumption or gen-
eration, commutative actions of multiple active consumers with distributed energy sources
could cause voltage changes in the power distribution system, which would be detrimental
to all consumers. In the envisioned transactive energy system with consumer owned dis-

tributed generation, voltage violations can be avoided by raising consumer awareness about
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grid voltage and programming grid awareness into smart home energy management systems.
Additionally, large industrial consumers with large load/generation can make a significant
impact on voltage profile and may have to pay penalties for voltage violations. In such
scenarios, the active consumers may care about the grid voltage profile. This is especially
applicable for microgrid environment, where the distribution system is more prone to voltage
fluctuations. However, in this work, violations in the distribution system voltages are not
modeled as a hard constraint, which may results in infeasible solution. Although idea of
grid aware consumers may be futuristic at this point, this work demonstrates that one way
to solve voltage violation in the future smart grid is by the active consumer participation.
Further, this work assumes that the aggregator and the active consumers can calculate the
line voltage at the point of grid connection using smart meter data. This will allow the
active consumer to know the grid voltage. Based on the voltage information and location of
the household in the grid, an active consumer can compute value of S(z,7) using an analyt-
ical method of voltage sensitivity analysis proposed in [16, 17]. Further, this work assumes
that the aggregator has some method of estimating coefficient of rationality of the active
consumers. In practice, the aggregator can observe past responses of active consumers to
change in price of electricity and the distribution system voltages to estimate coefficient of
rationality a; and other behavioral parameters such as ; and ;. This can be done using re-
gression and curve fitting algorithms. There is a plethora of techniques available in the area
of machine learning to estimates the best response strategy of the active consumers. Exact
method of estimating such parameters is outside the scope of this research. We believe that
the advances in data analytic in the smart grid domain will make this feasible in the near
future. Based on estimated best response actions of all the active consumers, the aggregator

decides the optimal probability distribution of electricity prices that maximizes the payoff.

3.4 Behavior of the Aggregator

Goal of the aggregator is to maximize the monetary profit while improving voltage profile

of the power distribution grid. The aggregator purchases A kWh of energy from day-ahead
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market at cost pg, unit/kWh. Any additional energy is purchased in the real-time market
at pn unit/kWh. It is assumed that the aggregator knows best response action of all active
consumers. In other words, the aggregator is assumed to know (;,v;, R;,v,S,d; and the
coefficient of rationality for all the active consumers. The impact of lack of knowledge or
incorrect information about consumer behavior is analyzed in the results section. Let a be
a vector of the best response action of all the active consumers, & be a vector of previous
action of all the active consumers, v be a vector of the distribution grid voltage and S be

the sensitivity matrix. Payoff function of the aggregator can be written as:

ue = P pa™ — pg, A —0||v+S(a—a) — 1| — p(aT1 — A), (3.18)

where 1 is vector of all 1’s and 0 is the coefficient of grid awareness for the aggregator that
indicates how much the aggregator is committed to maintaining the physical grid voltage.
Here, P?paT1 indicates the total income of the aggregator from money charged to the active
consumers. Second term in equation (3.18), pg. A, is the amount that the aggregator pays to
the independent system operator (ISO) for buying bulk electricity in the day-ahead market.
Last term in equation (3.18), p.¢(aT1 — A), indicates the cost of additional energy purchased
from the real-time market. Finally, ||v+S(a—a)—1|| is the metric that indicates deviation of
the distribution grid voltage from the rated voltage. The aggregator decides the probability

distribution of electricity prices that maximizes (3.18).

Theorem 3. For 0.11 < P < 0.91, payoff function of an aggregator is a concave function
of P .

Proof. Payoff function of the aggregator is given by equation (3.18). From lemma 1, it can be
proven that the optimal action of an active consumer a; is a convex decreasing function of P
As sum of convex functions is convex, ai 1 is also a convex function of P for 0.11 <P < 0.91.

The first term of equation (3.18), PTpaT1 is a concave function of P as it is product of
a linearly increasing function of P (P”p) and a convex decreasing function of P (a1). The

second term of equation (3.18), —p4,A is a constant. As convex function of a convex function
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is convex, —@||v + S(a — a) — 1] is a concave function of P. From lemma 1, it can be shown
that —p,+(aT1 — A) is a concave function of P as p,; and A are constant. Summation of

concave functions is concave leading to Theorem 3.

The optimal mixed strategy of the aggregator corresponds to (3.19)
P* = arg Max U, (3.19)

which can be found numerically. Based on estimated best response of the active consumers,
the aggregator decides the optimal probability distribution of electricity prices that maximize
the aggregator’s objective function, which is the Stackelberg equilibrium strategy of the
aggregator. In a highly dynamic transactive energy market, electricity prices changes in
real-time. In the proposed system model, the aggregator can determine the distribution
for price of electricity (based on estimated response) and announce mixed strategy to the
active consumers. This probability distribution for electricity price can be treated as the
preliminary handshake process that establishes equilibrium electricity prices. The aggregator
will decide and announce the actual price of electricity based on the equilibrium probability
distribution. = The active consumers observe the aggregator’s mixed strategy and decide
their optimal response based on their perceived probability distribution. This leader follower
game results in a Stackelberg equilibrium where all the active consumers and the aggregator
are playing their optimal strategy. Change in the Stackelberg equilibrium with change in
consumer type and rationality and their impact on physical grid voltage is investigated in

the next section.

3.5 Simulation and Results

To investigate the Stackelberg equilibrium of the proposed system, we use a modified IEEE
69 bus system as shown in Fig. 3.3. A scenario is considered where four type of active

consumers exist in the distribution grid. Type-A active consumers are highly comfort-seeking
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Type A Consumers
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Type B Consumers
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51 52 66 67 68 69
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I T 1 TypeD Consumers
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Figure 3.3: Consumer Types and location on IEEE 69 bus test system

Table 3.1: Consumer Types

Consumer Type I} v
A - Highly comfort-seeking and grid aware | 0.85 | 1
B - Comfort-seeking and grid aware 0.75 | 1
C - Comfort-seeking and grid unaware 0.75 |0
D - Low comfort-seeking and grid aware 0.40 | 1

and consider grid voltage while making decisions. Type-B active consumers are relatively
low comfort-seeking and are also grid aware. Type-C active consumers have the same level
of comfort requirement as type-B active consumers but they do not consider physical grid
voltage while making decisions, and type-D active consumers are the least comfort-seeking
with the lowest value of 8. Table 3.1 summarizes the type of active consumers and their value
of 8 and . In order to maintain fairness of weights, values of # and ~ are normalized using
weight fairness model proposed in [66]. Fig. 3.3 shows location of different kind of active
consumers in the distribution grid. There are no active consumers connected to bus 1 to 3.
Note that the modeling and analysis approach is general and is applicable to other scenarios
as well. For simplicity in interpretation, renewable generation for each active consumer (R;)

is set at 10 kWh. The price of electricity can take one of the following values: (1) 0.1
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Figure 3.4: Stackelberg equilibrium and corresponding voltage level

unit/kWh; (2) 0.5 unit/kWh, and (3)1.0 unit/kWh (p = {0.1,0.5,1.0}). For this case, the
optimal mixed strategy of the aggregator at the Stackelberg equilibrium is shown in Table
3.2. Actions of a consumer in response to the optimal mixed strategy of the aggregator
are shown in Fig. 3.4(a) and corresponding distribution grid voltage levels are shown in
Fig. 3.4(b). From Fig. 3.4(a) it can be seen that energy consumptions of type-A active
consumers are much higher compare to the other active consumers because of higher value

of 3;. On the contrary, type-D active consumers which are low comfort-seeking prefer to sell
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Table 3.2: Stackelberg equilibrium strategy of the aggregator
Price of electricity (p) | 0.1 | 0.5 | 1.0
Probability P(p) 0.16 | 0.18 | 0.66

some of the renewable generation back to the grid in order to make more money resulting it
negative values of a;. Voltages at bus 28 to 35 are higher than 1 p.u. because of the active
consumers injecting power into the grid. Although all type-B active consumers have same
value of § and ~, their actions are different because they adjust their energy consumption
in accordance with physical grid voltage as shown in Fig. 3.4(a). On the other side, actions
of all type-C consumers are the same as they do not consider physical grid voltage while
making their decisions. The best response action of an active consumers can be computed
using analytical expression provided by Theorem 2, which can be computed quickly. For
the aggregator, computation of the optimal mixed strategy requires estimation of the best
response strategy of all the active consumers. Although the exact computational complexity
of such estimation can vary based on the exact method used, this step has to be performed
only once and does not have to be done in real-time. Once the best response action of all
the active consumers is estimated, the optimal mixed strategy of the aggregator P* can be
computed numerically as unconstrained convex optimization problem. Computation time to
calculate the Stackelberg equilibrium for the IEEE 69 bus distribution system is 1.81 second.
The TEEE 69 bus distribution system is used in this work, which is adequate to demonstrate
the methodology presented in this work.

Fig. 3.5 shows change in consumer action with rationality level of the active consumer.
An active consumer is considered with § = 0.65, v = 1, R; = 10kWh located at node
16 of the IEEE 69 bus test system. In this scenario price of electricity can take only two
values 0.1(unit/kWh) and 0.5(unit/kWh) (p = {0.1,0.5}). The curve with triangle markers
represents a case where P(p = 0.1) = 0.8 and P(p = 0.5) = 0.2, and the expected value
of price of electricity is 0.18 unit. It can be observed that the active consumers with lower
rationality are more risk averse when expected price of electricity is low. Curve with diamond

marker represent a case where P(p = 0.1) = 0.2 and P(p = 0.5) = 0.8, with the expected
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Figure 3.5: Change in active consumer action with coefficient of rationality

value of price of electricity of 0.42 unit. The active consumers with lower rationality are
more risk taking when expected price of electricity is high for lower values of a.

Fig. 3.6 shows change in the aggregator profit and number of voltage violations at the
Stackelberg equilibrium for different coefficient of rationality of the active consumers. Here,
it is assumed that all the active consumers have same coefficient of rationality and the
aggregator is assumed to know it. From Fig. 3.6(a) it can be seen that the aggregator’s
monetary profit decreases as the active consumers become more rational. This implies that
the aggregator can exploit irrational behavior of the active consumers.  Grid aware the
active consumers modify their power based on voltage at the point of connection. However,
the profit of the aggregator depends on how the active consumers respond to changes in
electricity prices. Therefore, the profit of the aggregator does not change significantly based
on grid awareness of consumers. Fig. 3.6(b) shows number of voltage violations at the
Stackelberg equilibrium for different coefficient of rationality, when the active consumers
have high coefficient of grid awareness (7 = 1) and when the active consumers are grid
unaware (v = 0). It can be seen from Fig. 3.6(b) that number of voltage violations are less

when the active consumers are grid aware. Fig. 3.6(b) also shows that number of voltage
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Figure 3.6: (a) Change in the aggregator profit at equilibrium with coefficient of rationality
(b) Corresponding number of voltage violations

violations decrease as consumers behave more rationally.

To highlight difference between the EUT and the Prospect Theory models, we consider
two different scenarios and observe action of the active consumers for each case. In case one,
the support set for price of electricity is p = {0.1,0.5, 1.0} and for the second case support set
for price of electricity is p = {0.5,0.7,1.0}. In both the scenarios expected price of electricity

is kept the same to 0.9 unit/kWh. All other parameters are kept the same in both cases.
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Figure 3.7: Change in consumer behavior with change in reference price level

According to the EUT, the action of the active consumers should be the same in both cases,
which is not the case in reality. When the active consumers are not completely rational,
their actions differ in both cases as shown in Fig. 3.7. Fig. 3.7(a) and 3.7(b) show actions
of all the active consumers when coefficient of rationality for all the active consumers are set
to 0.5 and 0.9 respectively. From Fig. 3.7(a), it can be observed that actions of the active
consumers are very different for these scenarios when the active consumers are relatively less

rational (o = 0.5); however, actions of the active consumers are almost the same for both

scenarios as they are highly rational (o = 0.9) as shown in Fig. 3.7(b).
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Figure 3.8: Active consumer actions for different coefficient of rationality

The active consumers with different levels of rationality take different actions under the
same probability distribution of electricity price. A scenario is considered when there is an
error in the aggregator’s estimate of coefficient of rationality («). The aggregator decides
the optimal mixed strategy assuming a; = 0.7 for all the active consumers. However, actual
coefficient of rationality for the active consumers is different. In this scenario, values of
£ =10.85 and v = 1 are assumed to be known to the aggregator. Sample space for the price
of electricity is {0.1,0.5,1.0} and the optimal mixed strategy of the aggregator is {0.16, 0.18,
0.66} assuming o = 0.7. Fig. 3.8 shows response of the active consumers for a given mixed
strategy of the aggregator. Expected response of the active consumers by the aggregator is
represented by curve with triangle markers, which corresponds to the case where o« = 0.7 for
all the active consumers. If coefficient of rationality for all the active consumers is 0.6 or 0.8,
actual response of the active consumers is represented by curve with diamond and hexagram
markers respectively. This shows that incorrect estimation of coefficient of rationality can
result in actions different from actions expected from the consumers.

Number of physical voltage violations can be reduced when the active consumers do
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Figure 3.9: Change in number of voltage violation at equilibrium with

consider physical voltage while taking actions. To observe change in number of voltage
violations with ~, a scenario is considered where o = 0.8 and 8 = 0.85 for all the consumers.
Fig. 3.9 shows change in number of voltage violation for different values of v. As value of ~

increases number of voltage violations decrease.

3.6 Summary

This chapter develops a Prospect Theory based realistic model of the active consumers with
varied preferences for electricity consumption and different levels of rationality. The inter-
action between the active consumers and the aggregator is modeled as a Stackelberg leader-
follower game from a techno-economic perspective by including physical grid constraints in
terms of voltage violation within the analysis. The interaction between the active consumers
and the aggregator is analyzed using simulations on the IEEE 69 bus test system. Impact
of consumer actions and irrationality on physical grid voltage and the aggregator payoff is

quantified using simulation.
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Chapter 4

Analytical Method of Voltage

Sensitivity Analysis

After developing model of active consumer in last chapter, in the next two chapters we will
develop probabilistic voltage sensitivity analysis - an analytical tool to investigate impact of
large scale penetration of active consumers on distribution system voltage. The power grid
will no longer be only a delivery mechanism for electricity after the introduction of active
consumers and increasing penetration of renewable generation. These installations will inject
current back into the grid, thereby affecting the voltage profile of the distribution network.
Analyzing the impact of large-scale penetration of active consumers on the voltage profile
will be critical for distribution grid operational planning.

Sensitivity analysis studies change in voltage at a given bus in a distribution system as
a function of change in active and reactive power at another bus in the network. Current
methods of sensitivity analysis uses numerical methods to compute sensitivity matrix. For
example, the sensitivity matrix is usually calculated by perturb and observe method or from
inverse of Jacobian matrix used in power flow calculations[67]. Such traditional methods do
not provide analytical insight on the impact of change in power consumption at one bus on
voltage at other nodes. Most of these studies are simulation based [68, 69, 70]. Random

behavior of spatially distributed multiple active consumers can cause random fluctuations in
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voltage of distribution network. Traditional method of sensitivity analysis cannot be used to
derive the probability distribution of voltage change at any given node in the network. This
work aims to help grid operators prepare for the future modernized grid by introducing an
analytical method for voltage sensitivity analysis, leading to new insights on the impact of

active consumers on grid operations.

4.1 Background: Traditional Methods of Voltage Sen-
sitivity Analysis

Consider a power distribution network with N buses. Let P; and (); be real and reactive
power consumption at bus 7. Change in real or reactive power consumption at any bus in
the network results in change in voltage magnitude |AVj| and change in angle of voltage
Af; at bus j. Sensitivity matrix is a 2N x 2N matrix indicating bus voltage sensitivity in
power distribution network due to variations of active and reactive power. Two traditional
methods of sensitivity analysis are the Newton-Raphson load flow method and the perturb-
and-observe method. The Newton-Raphson load flow algorithm is an iterative approach to
calculate network bus voltages. Conventionally, the sensitivity matrix is readily obtained
from the inverse of the standard Jacobian matrix J used in the Newton-Raphson load-flow

technique [71]. The updated equation for the algorithm is:

Ab, AP,
AD, AP,
=J! : (4.1)
AlVal
\V2T AQ2
AV,
T | AQn
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AHI/VT' is fractional change in voltage at bus n. It must

where A#,, is change in phase and
be noted that bus one is not included in calculation as bus one is typically considered to
be the substation set at stable voltage of 10 per unit. AP,, and AQ,, are the real and
reactive power injected at bus m. Once the load flow solution converges, the Jacobian matrix
specifies the sensitivities of P, and Q,, with respect to |V},| and 6,, for the current state of

the system. That is, the Jacobian matrix J corresponds to:

-8P OP: OP: OP: 1
90, o, | |Velama Val gz
Jll : J12 :

OPy, 0P, 0Py, P,
oQ oQ o0Q oQ
0, a0, | [Valaa Vol 37,
J21 : J22 :

) 0Q 9Qn )
a0, ao. | Vel Valgrar

The Newton-Raphson method is convenient when the Jacobian of the Newton-Raphson
load-flow algorithm is accessible, which is not the case always. Many software packages do not
allow users to access Jacobian matrix. An alternative method to perform sensitivity analysis
is the “perturb-and-observe” approach. This method relies on making small perturbation in
complex bus power consumption and measuring the impact on bus voltages of the system
[67]. This approach is less efficient because it recomputes the entire network state for any
minor changes within the network, making the method slow and computationally complex.

To summarize, existing methods of sensitivity analysis are based on iterative algorithms
with significant computational complexity. The Jacobian matrix obtained from the Newton-
Raphson method is valid only for a specific state of the system and must be recomputed
for major changes in the network state. None of the described methods allow straightfor-
ward analytical computation of voltage change at a particular bus as function of complex
power injection at another bus in the network. This hampers the investigation of scenarios
where one might encounter stochastic behavior of active consumers, power generated etc.

Current methods of sensitivity analysis uses numerical methods to compute the sensitivity
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matrix. Value of sensitivity matrix computed using such method is valid for given state of
the system, and it do not provide any analytical insight into effect of grid state on values
of sensitivity matrix. For example, sensitivity matrix computed using such method do not
provide information about effect of grid voltage on values of sensitivity matrix. Any proba-
bilistic analysis done using such method is valid for given state of the system only. In a case
where state of the distribution system is random, i.e. voltages at actor nodes is random, we
need analytical method of sensitivity analysis to derive probability distribution of voltage
change. Section 4.2 provides a computationally efficient analytical method of computing an

element-wise upper bound on the sensitivity matrix.

4.2 Analytical Method for Sensitivity Analysis

Change in power consumption at any node causes change in voltage at all nodes in a dis-
tribution system. In this dissertation, terms node and bus are used interchangeably. Nodes
that change their power consumption are referred to as actor nodes, and node where change
in voltage is examined is referred to as an observation node. This section develops an an-
alytical upper bound for voltage change at an observation node (AV,) due to change in
complex power at an actor node (AS,) in a radial distribution network. It is assumed that
the source bus acts like a slack bus. In other words, voltage at the substation is assumed
to be constant at all times irrespective of changes in network power consumption. This
work assumes a constant power model for loads in the power flow. When an actor node
(a) changes its complex power consumption from S, to S, + AS,, voltage at observation
node changes from V, to V, + AV,,. Here AV, is change in complex voltage at observation
node o due to change in complex power at actor node a. For now, let’s assume that power

consumption at all other nodes is unchanged.

Theorem 4. For a radial power distribution network, change in voltage at an observation
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Figure 4.1: [llustration of shared conductor between two nodes

node due to change in power consumption of an actor node is upper bounded by

ASaZoa
Ve

a

AVvoa S - (43)

where V* is complex conjugate of voltage at the actor node; and Z,, is impedance of shared

line between observation node o and actor node a from the source node, as illustrated in Fig.

(4.1) with the red line.

Proof. Voltage at an observation node can be expressed in terms of difference between voltage
at source node and sum of voltage drop across all edges between observation node and source
node. Let &, be a set of edges between source node and observation node. Using Kirchhoft’s

voltage law (KVL), voltage at node o can be written as:

V,=V,=> V&, (4.4)

8680

where V¢ is voltage drop across edge e. Let I, be current flowing though edge e and Z, be
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impedance of edge e. In LV distribution networks, value of shunt impedance in very small
and is usually ignored as standard practice [48]. According to KCL voltage at node o can

be written in terms of line current and line impedance as follows:

Vo=V,= Y LZ (4.5)

ecé,
Let S,, be complex power consumption/injection at node n, and V* be complex conjugate of
voltage at node n. Total current flowing through edge e can be written as > . 5—3, where
N, is the set of all nodes n for which edge e is between node n and source node. Power
from source node to all nodes in the set N, flows though edge e. Therefore, change in power

consumption at nodes n € N, results in change in current flowing through edge e. Now

voltage at observation node can be written as

VO:VS—Z@; ‘f)z (4.6)

e€y
N, is the set of all nodes n for which e is between node n and source node. Now if power
consumption of all nodes change from S,, to S/, then voltage at all nodes will change from
V. to V! and so voltage at observation node will change to V. Changed voltage (V) at the

observation node due to changed power consumption of multiple nodes can be written as:

V;’zvs—Z(Z 5) Ze, (4.7)

e€€, \neN, ™

where S/, = S, + AS,, and V! = V,, + AV, are changed power consumption and changed
voltage of node n, respectively. The effective voltage change at observation node can be

written as: AV, = V! — V,. From equation (4.6) and (4.7), change in observation node
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voltage can be expressed as:

S, s
ZXLZ = E ‘Cj) Ze — E ( Vx*> Ze
ec, \neN, e, \neNe
S, Sn+AS,
= - 23
2 Vi Vit AV;) ‘ (4:8)
ec€, \neNe

B Z SpAVE — AS,V* 7
(Vi) (Vi+AVE) ) 7°

ec€, \neNe

For practical purpose it is reasonable to assume that change in voltage is small compared to
the actual node voltage. Therefore, it is reasonable to assume that AV*/V*(V* + AVF) — 0
as AV << V¥(V* + AV). Voltage change at observation node represented by equation

(4.8) can be approximated as;

—AS,
AV~ Y (Z W) Z,. (4.9)

e€€o \neNe
Equation (4.9) holds for cases with more than one actors nodes. Here only one actor node is
changing its power consumption; therefore, AS,, is zero for all nodes except one particular
actor node a. Let €, be a set of all edges between actor node and source node. When actor
node a changes power consumption, current flowing though edges changes for all edges that
belongs to set &,, and voltage drop across edges changes only for edges that belongs to subset

EoNE&,.

—AS,
A‘/;)a = Z (Z m) Ze

ec€oNEy neEN, (410)
_ oy AR, as

a Vit AVE TS VE R AV T

6680m8a

where Z,, = > Z, is impedance of the shared line between node o and a from the

e€€oNEq

source node. Equation (4.10) can be written in term of real and imaginary values as follows.

(APaRoa - AQaXoaxVar + AVJa) (APaXoa + AQaRoa)(VZ + szzia)
(Vi + AVE)? + (Vi + AV,)? (Vo + AV + (Vi+ AVL)E |7
(4.11)

AV, = -
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where V" and V! are real and imaginary values of voltage at actor node respectively. For
positive values of AP, (increase in power consumption or decrease in power injection), AV”
is negative. For negative values of AP, (decrease in power consumption or increase in power
injection), AV is positive. In a power distribution network, voltage angle relative to source
node is usually very small making V! and AV, very small. Under this assumption, real part

of voltage change can be upper bounded by following equation.

(APaRoa - AQaXoa>vr (APaXoa + ACQCLAROCL)VW;‘|
AVT < — : & , <0, 4.12
L5 [y VT (Vo 412)
Similarly, imaginary part of voltage change can be written as:
AV = [BPXout AQuon) (Vi + AVi)  (APRon + AQuXo) Vi + AV)] 1o
o (Vi + AV + (Vi 4+ AV))? (Vi + AV + (Vi+AVH2 |70

For positive values of AQ, and AP, (increase in power consumption or decrease in power
injection), AV is negative as value of V! and AV is very small. For negative values of AP,
and AQ, (decrease in power consumption or increase in power injection), AV is positive;
therefore,

(APaXoa + AQaRoa)V;z (APaRoa + AQaXoa)‘g

el N (7 177y i (775 17 il RN

Therefore upper bound on complex voltage change can be written as follows.

AS, AS,
B < SPug 41
Vit AV S Ty e 1)
Hence
Ny a0

]

Here, inequality sign for complex number indicates upper bound on real and imaginary

values. This notation is used throughout in the dissertation. From equation (4.16), it is
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observed that change in voltage at an observation node o due to change in complex power
at an actor node a depends on the change in power consumption or injection, value of
complex voltage at actor node and location of both nodes that eventually decides Z,,. After
calculating the upper bound on voltage change due to one actor node, effect of multiple actor

nodes on observation node voltage is given by the following lemma.

Lemma 1. Superposition Law: If A is a set of actor nodes in the network, effective
change in complex voltage at the observation node o due to the cumulative effect of all actor

nodes is bounded by equation (4.17).

AS,Z
AV, < S — 4.17
<D v (417)
acA
where A is set of all actor nodes.
Proof. Consider a generic network with multiple actor nodes ay, as, -+ ,ar,ar11,-+ ;a4 €

A and a generic observation node o as shown in Fig. 4.2. In this network, all actor nodes
are ordered in a way that set €, N &, has the least number of elements (edges) and sets

E,=¢€ Né, toé N &, all have the same and highest number of elements (edges), as

ar+1 ar+ M

represented mathematically in equation (4.18) and graphically in Fig. 4.2. In other words,
in a distribution network, length of shared line between actor node a; and observation node
o from source node is smallest and length of shared line between actor nodes a1 to apy

and observation node o from source node is highest.

’8111 M 80’ < |8a2 N E:0| <-- < ’8(1L N 80'
(4.18)

<NEapoy NEol = €0y, NES=---=1E NEols

ar+1 ar+2 ar+M

since |€,, N &, is the cardinality of set £,, N E,. Let’s divide the set &, into L + 1 smaller

subsets as follows:

€0 =(EoN€ay) U (€0 N (Ea = E€ay)) U+ U (&N (Eapiy — Eay))
ar+1 (4.19)
= U EoN(€a — Eapy)
=1
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Figure 4.2: Fxample of a network with multiple actor nodes

since €, N (€, — Eq,_,) = ¢ for a; = ap1o or greater as E,NE, = E,N E,,_,. Using this we

can rewrite equation (4.9) as

L+1 —ASn
AV=>. D, (Z V+—AV) 7 (4.20)

=1 e€€oNéy nENe
—€oN&qi—1

We can reorder equation (4.20) as

a4+ M —AS
DD (V*+AV*)Z

n=ai e€&,NEp

ar+M —AS
- el L 7/ 4.21
> (vrave) (421)

_Z (V*+AV*) Zoa
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Using same argument presented in theorem 1, we can write

AV, <) (_‘%S) Zoa

oA (4.22)
= Z A‘/:Ja
acA
]

Inequality sign shown in equation (4.22) shows upper bound on real and imaginary values
of voltage change. This lemma proves that the proposed analytical method represented by

equation (4.17) holds the law of superposition.

4.3 Simulation and Results

This section verifies the derived analytical bound via simulation of the IEEE 69 bus test
system. The nominal voltage of test system is 12.66 kV. As a benchmark, results from
the proposed approach are compared to results of an existing sensitivity analysis method
that uses the Newton-Raphson iterative method to compute the sensitivity matrix. ITEEE
69 bus radial distribution test system shown in Fig. 4.3 is used as a test network. Fig.
4.4 shows change in voltage at bus 27 as function of change in real power consumption
at node 27. Values of APs; is varied from —250 kW to +250 kW, where negative values
of AP,; represents decrease in power consumption or increase in injection of power into
the grid and similarly positive values of AP,; represents increase in power consumption or
reduction in power injection. The solid line in Fig. 4.4 shows values of AVa; computed
using proposed analytical method and dashed line shows values computed using existing
Newton-Raphson based iterative sensitivity analysis method. Proposed analytical method
of sensitivity analysis provides a good approximation of change in voltage near point of
operation, which can be seen in Fig. 4.4. Fig. 4.4 shows that change in voltage calculated
from proposed method is approximately equal to actual AV for |[AP| < 125 kW, which is

very large value of change in power consumption for distribution system. Fig. 4.5 shows an
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Figure 4.3: IEEE 69 bus test system

example when power injection of node 25 is increased by 1 kW and voltage change at all
nodes are computed using the proposed approach and the newton-raphson based sensitivity
analysis. Here x-axis indicates the node number and y-axis shows magnitude of voltage
change at that node. Fig. 4.5 shows that voltage change computed via proposed method
is always higher in magnitude compared to results obtained using the existing sensitivity
analysis method, which is also supported by equation (4.3).  Similarly, Fig. 4.6 shows
another example of change in network voltage when power injection of node 15 is increased
by 1 kW. These results also illustrates the tightness of the bound in (4.3). From Fig. 4.4
it can be seen that proposed upper bound is tight for smaller value of AV, especially for
|AV,| < 0.05 per unit. For operational planing, the quick calculation can provide upper

bound on voltage change in distribution system.
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Figure 4.4: Change in node voltage Vs. Change in power consumption
4.4 Computation of Sensitivity Matrix

The analytical equation derived in theorem 1 can be used to compute the element-wise upper
bound on a sensitivity matrix. Change in voltage magnitude and angle at a particular bus

due to change in power consumption at any bus can be expressed as

AB 20 200 |AP
= |9F @ , (4.23)
ov. 00
AV |5F aq] |A€

where the upper bound on values of the sensitivity matrix can be calculated using following

analytical relationships,

aeo — Z ASGZOQ — 4 ZOQ ,
oF, L Vax [ ag,—1 Vax
00 [AS, 7, | 17,

o — 4 a oa — 4 oa
Q. | Vax | AS,=i |:Va* ] ’
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Sensitivity matrices calculated using traditional methods are valid only for small per-
turbations in state of the system. If system state changes significantly, a sensitivity matrix
must be recomputed, which is computationally complex. Proposed analytical method of
sensitivity analysis provides an approximation of the sensitivity matrix for a given state
of the system. However, the proposed upper-bound is still valid when state of the system
changes significantly. Furthermore, proposed method is computationally efficient than clas-
sical load-flow method. Computation time to calculate sensitivity matrix for IEEE 69 bus
distribution system using classical load-flow method is 4.52 second. However, computing

sensitivity matrix using proposed analytical method takes only 0.58 seconds.
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Figure 4.6: Voltage change at all nodes due to 1 kW power injection at node 21 and 42
4.5 Summary

This chapter proposes an analytical method to compute an upper bound on change in network
voltage at a given node as a function of change in complex power consumption at another
node and proves that the proposed analytical result follows the law of superposition. This
method is then used to compute an upper bound for the sensitivity matrix elements in
a computationally efficient manner. Effect of multiple active consumers on voltage at an

observation node is studied using this analytical method.
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Chapter 5

Stochastic Voltage Sensitivity

Analysis

The analytical approach to voltage sensitivity analysis developed in chapter 4 can be used
to investigate impact of random change in power drawn/injected due to multiple spatially
distributed active consumers on distribution grid voltage. Current scenario-based analysis
to examine the effect of random spatial penetration of active consumers and spatiotemporal
variation of generation across the network is not scalable due to computational intractability.
For example, investigating the effect of a rooftop photovoltaic (PV) located at a random
location in the network on voltage of a distribution system with N buses typically involves
two steps. First, a system model is developed assuming a fixed PV location, and an iterative
power flow algorithm for all random solar generation values is executed. This step that tries
to capture the temporal variation of PV generations is computationally expensive. Secondly,
the first stage simulation is repeated for all spatial distributions of PV locations to determine
worst, case or average effect on voltage. Together, the computational cost of such scenario
based analysis is large and grows with the size of the distribution system. The impact of the
actions of a single active consumer on voltage at other nodes of the network can be perceived
in the context of sensitivity analysis.

The main interest of this work is in understanding the impact of higher levels of PV
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penetration. Historical data available today do not give us enough information regarding
change in voltage due to higher levels of PV penetrations. A purely data driven approach at
this stage is therefore not feasible. The proposed method of probabilistic voltage sensitivity
analysis (PVSA) can be used for planning purposes to evaluate effect of future PV penetra-
tion in distribution systems. This method can be further refined in the future as and when

relevant data becomes available.

5.1 Probabilistic Voltage Sensitivity Analysis

One application of the analytical method voltage sensitivity analysis developed in chapter
4 is to analyze the effect of multiple active consumers on the feeder voltage. Economically
inspired actions of active consumers have an impact on the physical system. Consumer
behavior is random which makes impact of these behavioral changes on feeder voltage also
random. For example, the grid operator may want to know probability of voltage change
being greater than allowable limit, P(|]AV,| > 0.05p.u.), when there are arbitrary number
of active consumers with PVs at arbitrary known/random locations in distribution grid.
Therefore, it is important to derive the probability distribution of magnitude of voltage
change at any node in the given distribution system. This section investigates the effect
of spatially distributed active consumers on distribution system voltage. Here every active
consumer acts like an actor node. The change in complex voltage at an observation node
due to change in energy consumption of an actor node (equation 4.3) can be written in term
of real and imaginary components:

AV, = AV +iAV}

oa’

(5.1)
where,

1
AV = — A (AP, (Rpq cosl, — X sinb,) — AQu(Roqsin b, + X4 cos6,)) , (5.2)
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and

1

A‘/oia = -
Val

(AQ4(Rpq co80, — Xoasinb,) + AP, (Roqsinf, + X, cosb,)) . (5.3)
From superposition law (Lemma 1), change in voltage at an observation node due to cumu-
lative effect of multiple spatially distributed actor nodes can be written as sum of change in

voltage at the observation node due to every actor node.

AV, =Y AV, =) AVy +i) AV, (5.4)

Behavior of an active consumer can be modeled as random variable. In this work, change
in real and reactive power consumption of an active consumer is modeled as zero mean
Gaussian random variable. Now let us define AS = [AP, -+ ,AP,, AQ, -+ ,AQ,|" as
Gaussian random vector with mean g = 0 and covariance matrix 3. Value of covariance
matrix 3 can be estimated in practice based on a number of factors. Variance of change in
real and reactive power can be estimated based on size of home, size of connected renewable
generation and type of generation. Renewable energy sources such as PV and wind genera-
tion are random and spatially correlated. Effect of geographical proximity of such renewable
generation is captured by the off-diagonal elements of the covariance matrix. Exact method
to calculate covariance matrix is out of the scope of this research. The goal of this work is

to derive the probability distribution of magnitude of change in observation node voltage.

5.2 Probability Distribution of Voltage Change due to

Known Active Consumer Location

In this section, we will look at a case where location of all the active consumers is known.

Method to compute distribution of [AV,|? is shown below using following steps:
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1. Define ¥, and compute vectors C, and C;

o2 -+ cov(pn,pl) cov(ql,pl) --- cov(qn,pl)
covipl,pn) --- o2 cov(ql,pn) --- cov(gn,pn
N 2 (a1, pm) (qn, ) .
covipl,ql) --- cov(pn,ql) 031 -+« cov(gn,pl)
covipl,qn) --- cov(pn,qn) cov(ql,qn) --- agn

Values of variance and covariance depends on size of network and size of house connected to
a bus. For homes that do not have PVs, values of variance can be set to zero. In this work,
we assume that network topology is known. Therefore, value of complex bus voltage and
line impedance are assumed to be known. Let us define two vectors C, and C; as follows.

Values of C,. and C; can be computed using following equation.

_ Ro1c0801—Xo1 506,
Vil

_ Roncosbn—Xonsinbn,

[Val
C, = , (5.6)
R,18in01+X,1 cos 01
Vil

Ry sin 0, +X oy cos O,
[Vl

and

__ Ro18in614+X01 cos b1
Vil

_ Ronsin 0y, +Xon cosbn

Ci= ! : (5.7)

_ Ro1cos01—Xo1 8in 6
Vil

_ Roncosbn—Xonsinby,
[Vl
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2. Compute distribution of AV and AV

Real and Imaginary part of change in voltage at an observation node can be written as
weighted sum of elements of vector AS as depicted by equation (5.8) and (5.9). Weighted sum
of Gaussian random variables are normally distributed. Therefore, probability distribution

of AV and AV} can be derived as follows.
AVy =Y AV = CTAS ~ N(0,CIC,) (5.8)
AV} =3 AV, = CTAS ~ N(0, CF=Cy) (5.9)

3. Define bi-variate normal vector AVO

Covariance between AV and AV} can be written cov (AV, AV?) = CYEC;. Therefore,

the change in real and imaginary part of voltage change will be a bi-variate normal vector,

ie.
S PAN 4
AV, = ~N(0,%,) (5.10)
AVy
where,
CrsC, Crxc;
1= (5.11)
CIsc; Cr=c;

The relationship between AV, and |AV,|* corresponds to,

2 2
AV, = + = AV, |,

> AV,

> AV,

where ||AV,|| is 2-norm of AV,

57



4. Perform decorrelation operation

Covariance matrix of AV, (X1) is not diagonal and can be diagonalized by eigenvalue
decomposition as:

¥ = QAQT = A = diag{)\, X2} = QTX,Q,

where, A is diagonal matrix whose diagonal elements are eigenvalues of ¥; and i** column of
Q is the corresponding eigenvector, such that QTQ = QQT = I. This decorrelation opera-
tion involves the transformation of AV, using QT, i.e., Y = QTAV,. Therefore, the norm

of Y can be written as:
Y] = YTY = AV, QTQAV, = AV, AV, = AV,

5. Find distribution of |Y||?

As AV, is Gaussian random vector, Y is also Gaussian random vector with co-variance
matrix A. ||Y]|? is sum of square of Gaussian random variables and have following values of

mean and variance.

mean(HY||2) = A\ + X\, and var(||YH2) = 2()\% + )\3)

Weighted sum of chi-square random variables can be approximated by gamma distribu-
tion [72]. Shape (k) and scale (#) parameters of such Gamma approximation can be cal-
culated to match first two moments of ||Y||? such that k0 = E[||Y]|?] and k6% = var(||Y||?).
Once distribution of ||Y]|? is known, which is same as distribution of |AV,|?, one can find

probability of |AV,| > a.
B(AV)| > a) = PAV, > o2) = / FUYI k)Y ]2, (5.12)

where f(+) is probability density function of gamma random variable. Algorithm 1 summa-

rizes procedure to compute probability density function of |AV,|2.
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Algorithm 1 Derivation of probability distribution for |AV,|?
Define ¥, and compute vectors C, and C;

Compute distribution of AV and AV}

Define bi-variate normal vector AVO

Perform decorrelation operation
Find distribution of ||Y?

The result in equation (5.12) is quite useful in practice. For example, information about
probability distributions of voltage change at all nodes can be used to identify most vul-
nerable node in the distribution system for a given penetration of active consumers. This
result will have grid operators to plan the system better and find most vulnerable point
from voltage violation perspective. Proposed method of PVSA can be applied for distri-
bution system with voltage regulators and tap changing substation transformers with little
modification. Voltage regulators and substation transformers with on load tap changing can
been seen as corrective control action. Proposed approach of PVSA is a precursor to any
control actions. The step type voltage regulator takes an incoming voltage that will vary
with load conditions and maintain a constant output voltage. In this case, we can consider
down-stream distribution system connected to voltage regulator as an independent network
and perform PVSA for the smaller network. To analyze up-stream distribution system, we
can consider voltage regulator as a single node representing cumulative load of down-stream
network. Proposed analytical method of sensitivity analysis does not change due to on load
tap changing transformer. Sensitivity matrix has to be recomputed using proposed method
every time transformer changes its tap setting because change in substation voltage changes

the voltage at all the nodes in the network.

5.2.1 Verification using Simulation

In order to test the proposed probability distribution of |AV,|?, we use the IEEE 69 bus
single phase system shown in Fig. 4.3. The nominal voltage of test system in 12.66 kV.
In this simulation, actual distribution of |AV,|? is obtained using Newton-Raphson based

sensitivity analysis method, and theoretical distribution is obtained using method proposed
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in section 5.1. A scenario is considered where all even number of nodes have an active
consumer. All active consumers change their power consumption randomly. Change in power
consumptions of active consumers can be correlated. This correlation exist because change
in power consumption depends on change in price of electricity or change in solar generation
in area. The covariance matrix > is user defined and the ¥ used in this simulation is given
below. Values of variance may depend on size of home, and correlation coefficient may depend
on geographical proximity. For simulation setup, a banded structure of covariance matrix
is used to capture correlation between change in renewable generation between neighboring
nodes. However, the actual structure of covariance matrix depends on topology of the
network. It is important to note that proposed approach is quite general and can be applied
to other covariance structures as well. In this simulation change in real and reactive power
consumption is modeled as a Gaussian random variable. For nodes with active consumers,
variance of change in real power (AP) is set to 10 kW and variance of change in reactive
power AQ is set to 2 kvar. For nodes that does not represent an active consumer, variance
of AP and AQ is set to zero. In covariance matrix, off diagonal elements represents
covariance between random variables, which is given by following expression. Cov(x,y) =
Py var(z)var(y) , where p,, is correlation coefficient. Correlation co-efficient between
AP’s for different actor nodes (p(P;, P;), where ¢, j are only even numbers) is set to 0.2.
Correlation coefficient between AP and AQ is set as —0.1. For example, covariance between
AP, and AP, cov(p2, p4) = 0.2¢/10 * 10. For simplicity of demonstration, all PVs are set to
have same variance; however, depending upon size and location of PVs, values of variance

and correlation coefficient can be different for different nodes.
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To obtain actual distribution of |AV,|?, power consumptions of all nodes with active
consumers are changed randomly and change in voltage at a particular node is calculated
using Newton-Raphson based sensitivity analysis method. This is repeated 100,000 times.
Scaled histogram of |AV,|? is plotted as solid line in Fig. 5.3. To compute the theoretical
distribution, value of vectors C, and C; is calculated from actual values from network. X;
can be calculated based on 3, C, and C; using equation (5.11), which is eventually used to

find @ and A, which are as follows.

7.4030 2.6427
> = : (5.14)

2.6427 1.5647

0.3536  —0.9331 0.5462 0
Q= A = (5.15)
—0.9331 —0.3596 0 8.4216
We can calculate mean and variance of ||Y]|? as: E[|Y||?] = 8.93,and var(||Y']|?) = 140.09.
This information is used to find shape and scale parameter of gamma distribution. ||Y]|? ~
['(k,0), where k = 0.57 and 6 = 15.69. Fig. 5.3, shows actual probability distribution of

|AVy7|? and theoretical PDF of Gamma random variable with shape and scale parameters

approximated using shown method. It can be seen that proposed approximated distribution
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Figure 5.1: Probability Distribution of |AVay|?

is very close to the actual distribution demonstrating the effectiveness of the proposed PVSA.

To test robustness of the proposed PVSA, a scenario is considered where physical pa-
rameters of the network are uncertain. For example, line impedance of distribution system
changes with temperature. To test the impact of this temperature dependent uncertainty
of line impedance on grid voltage, a scenario is considered where the line impedances are
modeled as correlated Gaussian random variables with mean value provided by IEEE 69-bus
test system and variance equal to 20% of average line impedance. The correlation coefficient
which captures temperature dependent correlation of line impedance is set to 0.5. Fig 5.2
shows probability distribution of [AV|? for this scenario. From this figure, it can be seen
that proposed PVSA is robust to temperature induced uncertainty in line impedances as

PDF for this case is very close to the theoretical PDF obtained by proposed method.
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Figure 5.2: PDF of |AVy;|* with uncertainty in line impedance
5.3 Probability Distribution of Voltage Change due to

Random Spatial Distribution of Active Consumers

Another application of the proposed analytical method of sensitivity analysis is to analyze
the effect of random spatial distribution of multiple active consumers on the feeder voltages.
Line voltage of network is always kept within permissible limits; therefore, it is reasonable
to assume V, ~ 1£0°. Based on this assumption equation (5.2) and (5.3) can be rewritten

as:

A‘/otz = - (APaRoa - AQaXoa) ; (516)

AVE = — (AQuRou + AP X,0) - (5.17)
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To represent random behavior of an active consumer change in real and reactive power
of an active consumer is modeled as zero mean Gaussian random variable. Therefore, vector

T . . . . :
[AP,AQ)]" is defined as zero mean Gaussian random vector with covariance matrix shown

below:
AP, 0 o2 PpqOp0
~N , P P (5.18)
AQ, 0 PpqTp0yq 03

Here, off diagonal elements of the covariance matrix represent correlation between real and
reactive power of an active consumer; and p,, is correlation coefficient between AP, and
AQ,. Impedance of a shared line between a given observation node (o) and a random actor
node can be modeled as correlated random variable. For a given observation node, mean,
variance and covariance of R,, and X,, can be estimated based on actual line impedance
data. Let ug, and py, indicate sample mean of R,, and X,,. Similarly, 012%0 and 03(0 denote
sample variance of R,, and X,,; and pgx indicate the correlation coefficient between R,,
and X,,. The goal of this work is to derive probability distribution of the complex voltage
change at an observation node due to random power change of active consumers located at
random nodes. Probability distribution for real and imaginary components of the voltage
change (AV" and AV!) due to random spatial distribution of multiple active consumers

can be derived using following algorithm:

Algorithm 2 Derivation of probability distribution for real and imaginary components of
the voltage change due to random spatial distribution of multiple active consumers

1: Calculate mean and variance of AV and AV},

. Calculate covariance between AV and AV},
T

2
3: Calculate covariance between AVO(aii) and AVO(;;)
4

. Calculate mean and variance between AV and AV}

1. Calculate mean and variance of AV and AV},

Change in complex power at node a (AS,) and impedance of shared line between node o and

a (Zo,) are mutually independent. Therefore, real and imaginary components of the voltage
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change are zero mean random variable as shown in (5.19) and (5.20)
mean(AV) ) = —E[AP,,Rou] + E[AQ 0 Xoa] = 0, (5.19)

mean(AV.) = —E[AQuqRoa] — E[AP,,X,4] = 0. (5.20)

In order to compute variance of real and imaginary components of the voltage change,

covariance between two term of (5.16) and (5.17) needs to be computed as:

COV(APoaRom AC)oa)(oa) = E[APoaAQoaRoaXoa]
= E[ApoaAQoa]E[RoaXoa] (52]‘)

= PpqOpTqPRXORoT X0,

COV(AQOOLRO(M APOaXo(z) - E[AQOGAPOCLROaXOa]
= B[APwAQual E[Row Xl (5.22)

= PpqOpTqPRXO R0 Xos

Now, variance of real and imaginary components of the voltage change can be written as:
Var<A‘/()7;) = 0'5(0'?%0 + M?%o) + Uz?(Ug(o + /Jtho) - ppquaquXO-ROO-XO (523>

Var(AV:)ia) = 02(012%0 + :u?%o) + U;(U_?(o + IU_QXO) + PpgOp0gPRXORoOXo (524>
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2. Calculate covariance between AV and AV}

As mean of real and imaginary part of complex voltage change is zero, covariance between

AV! and AV can be calculated as:

Cov(AV,,

oa’

A‘/Oia) - E[A‘/OCZA‘/O?;&] - E[A‘/OCZ]E[A‘/OI(Z]
- E [(_ApoaRoa + AQOGXOQ)(_AQO(ZRO(Z - APoaXoa>]
= E[ApoaAQoa]E[Rga] - E[AQza]E[RoaXoa]

(5.25)
+ E[AP2]E[RouXoa] — E[APuAQoa] E[X2]

= (pquPUQ>(UI2%o - O-g(o + /L?%o - M?X'o)

+ (012’ B 0-3)(pRXO-RoO-Xo + ,URO/LXO),

Consider a scenario where multiple active consumers are spatially distributed in the grid.

From Lemma 1, effective change in voltage at the observation node can be written as:
N N
AVy =Y AVS, and AV =) AV, (5.26)
a=1 a=1

where N is the number of active consumers which is assumed to be known. Change in
complex power of various active consumers can be modeled as correlated Gaussian random
variables. For two different active consumers located at nodes al and a2, p, indicates cor-
relation coefficient between AF,; and APF,;. Similarly, p, indicates correlation coefficient
between AQ,; and AQ,s. Effect of geographical proximity of renewable generations is cap-
tured by p, and p,. Exact method to calculate covariance matrix is out of the scope of this

research.
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3. Calculate covariance between AVO(;ii) and AV

Covariance between real and imaginary component of complex voltage change caused by two

different active consumers located at actor node al and a2 can be calculated as:

Cov(AV,) ,, AV

oal’ oa2

) = E(AVI,AV",) — E[AV],

oal oa2 oal

JE[AV0
= E((APalRoal - A62(11)(0(11)(A]D(LQRan - AQaQXan)

= E[APaIAPaQ]E[Roal]E[Ran] - E[APIHAQUQ]
(5.27)

E[Roal]E[XoaQ] - E[AQalAPaQ]E[Xoal]E[Ran]
+ E[AQal AQa2]E[Xoa1]E[X0a2]

= Ppgzﬂ?%o — 2(Ppg0p0q) Rolb X0 + qufgl&o

Cov(AVE | AV

oal> oa2

)= EB(AV! AV}

oal oa2

) — E[AV]

oal

JE[AV 4]

= E((AQa1 Roa1 + APa1 Xoa1 ) (AQua Roaz + APas Xos)

= FIAQu1AQuE[Roa1) E[Roas] + E[AQu1 AP,s] (5.28)
E[Roan1]E[Xoaz] + E[AP1 AQu2] E[Xoa1| B[ Roq]

+ E[APalAPa2]E[Xoal]E[XOCLQ]

= anglﬁ%!o + 2(Ppg0p0 ) Rol X0 + ppafnu_ZXo

4. Calculate mean and variance between AV and AV}

Mean of sum of zero mean random variables is zero. Therefore, from (5.19) and (5.20) it can
be shown that mean of AV and AV is zero. Variance of real and imaginary components

of voltage change can be written as:

N
Var() ~AVS) = N Var(V,) +2 ) Cov(AV,;, AVY)
a=1 1<J
N
Var() ~AV,,) = N Var(V,,) +2 ) Cov(AV), AVy)
a=1 1<j
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From central limit theorem, AV and AV} converge to normal distribution as number of ac-
tive consumers increases. This information about probability distributions of voltage change
at all nodes can be used to identify most vulnerable node in the distribution system for a
given penetration of active consumers. This result will help grid operators to plan the system
better and find the most vulnerable node from voltage violation perspective. The proposed

method of PVSA is verified using simulation in the next section.

5.3.1 Verification Using Simulation

In order to test the proposed probability distribution of real and imaginary part of the
voltage change, the IEEE 69 bus balanced system is used as shown in Fig. 4.3. The nominal
voltage of the test system is 12.66 kV. In this simulation, the actual distribution of real and
imaginary part of the voltage change is obtained using Newton-Raphson based sensitivity
analysis method, and the theoretical distribution is obtained using the proposed method of
PVSA. A scenario is considered where 15 active consumers are located at random location
in the distribution system. All active consumers change their power randomly. Changes in
complex power of active consumers can be correlated. This correlation exist because change
in power depends on change in price of electricity or change in solar generation in the area.
Values of the correlation coefficients p,, p, and p,, are user defined and are set to 0.2, 0.2,
and —0.1, respectively. Values of change in real and reactive power variance may depend on
the size of the home; and value of the correlation coefficient may depend on the geographical
proximity of PVs. In this simulation, change in real and reactive power is modeled as
Gaussian random variable. For nodes with active consumers, the variance of change in real
power (AP) is set to 10 kW and the variance of change in reactive power AQ is set to 2
kvar. Fig. 5.3 shows actual probability distribution of real and imaginary components of the
voltage change at node 27 and theoretical PDF of the Gaussian random variable with mean
and variance approximated using the proposed method. Mean and variance of resistance
between a random actor node and node 27 is 19.48 and 756.08 ?; and mean and variance of

reactance between a random actor node and node 27 is 7.82 and 93.17 2, which is calculated
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Figure 5.3: PDF of AVy. and AV,

from data of the IEEE 69 bus test system. Value of correlation coefficient between resistance
and reactance is 0.99. However, depending upon size and location of active consumers, these
values can be different for different nodes.

To obtain actual distribution of AVy, and AV,., powers of all nodes with active con-
sumers are changed randomly and change in voltage at a particular node is calculated using
Newton-Raphson based sensitivity analysis method. This is repeated 100, 000 times. Scaled
histogram of AVy. and AVj; is plotted as solid line in Fig. 5.3. A theoretical distribution
of real and imaginary value of the voltage change is presented by dashed line in Fig. 5.3.
It can be seen that distribution calculated using the proposed method is very close to the

actual distribution, which demonstrates the effectiveness of the proposed PVSA.
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5.4 Summary

In this chapter, an analytical method to compute an upper bound on change in network
voltage at a given node as function of change in complex powers of other nodes to study
effect of multiple active consumers on voltage at an observation node is introduced. Real
and imaginary part of voltage change due to random behavior of multiple active consumers
with spatially random distribution can be approximated by the normal distribution. This
method can be used for planing of distribution system to compute probability of voltage

limit violation at a given node on the network.
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Chapter 6

Dominant Influencer of Voltage

Fluctuations

This chapter uses analytical method of voltage sensitivity analysis developed in chapter 4
to identify the dominant influencer of voltage fluctuations in a analytical and computation-
ally efficient manner. Due increasing penetration of residential renewable generation in the
power distribution system, power drawn/injected by active consumers is random and causes
random fluctuations in distribution system voltage. These voltage fluctuations might cause
voltage violations at multiple nodes in the power distribution system. Therefore, a control
mechanism is needed to maintain the distribution system voltage within permissible limits.
There are multiple ways of designing voltage control mechanism (i.e., (1) Using real-time
electricity prices as an incentive to change consumer actions, or (2) installing voltage regu-
lators or capacitor at optimal locations in the power distribution system). Implementation
of these control mechanism requires identifying the dominant influencer source of voltage

fluctuation.
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6.1 Background

The dominant influencer source of voltage fluctuations at an observation node is the largest
contributor of voltage fluctuations at the observation node. An actor node can be dominant
influencer of voltage fluctuation at an observation node due to: 1) location of the actor node
in the distribution system and 2) size of the renewable generation connected at the actor
node which impacts the variance of random change in power drawn/injected by that node.
Goal of this work is to identify the dominant influencer of voltage fluctuation in a com-
putationally efficient manner. Currently, simulation based scenario analysis is the primary
planning tool to identify the dominant influencer of voltage fluctuations. In order to identify

the dominant influencer source of voltage fluctuations one must take following steps:

1. Compute variance of voltage change at the observation node due to all actor nodes: To
compute variance of voltage change at the observation node using current simulation
based scenario analysis, one must run hundreds of thousands of scenarios of Newton-
Raphson based load flow algorithm to capture temporal variation in the renewable

generations, which is computationally cumbersome.

2. Calculate reduction in variance of voltage change at the observation node for each actor
node by setting power drawn/injected by that actor node as constant: This can be done

by setting variance of change in power drawn/injected by the actor nodes as zero.

3. Actor node that results in highest reduction in variance of voltage change at the ob-
servation node is the dominant influencer sources of the voltage fluctuations at the

observation node.

Computational complexity of such simulation based scenario analysis increases significantly
with size of the network. This chapter investigates various information theoretic matrices
to identify the dominant influencer sources of the voltage fluctuations in a computationally

efficient manner, which can be used in real-time applications.
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6.2 Differential Entropy Indicator

Differential entropy of a continuous random variable is a measure of the uncertainty of the
random variable. Differential entropy of voltage change at the observation node due to
change in power at an actor node is an excellent indicator of dominant influencer of voltage
fluctuations. This section uses analytical method of voltage sensitivity analysis proposed in
chapter 4 to compute differential entropy of voltage change at the observation node due to

change in power at the actor nodes.

Proposition 1. Actor node that maximizes the differential entropy of voltage change at the

observation node (H(AV,,)) is the dominant influencer source of voltage fluctuation (DIy ).

DIy = argmax H(AV,,), (6.1)

where AV,, is change in complex voltage at an observation node (0) due to change in complex
power at an actor node (a).

This section presents an analytical method of identifying the dominant influencer source
of voltage fluctuation based on differential entropy. Let AS, be change in complex power at
the actor node (a). According to theorem 4, change in complex voltage at an observation

node (o) due to change in power at an actor node (AV,,) is given by:

_ ASaZoa

A‘/Oa S T b
Vi

(6.2)

where V* is complex conjugate of voltage at the actor node; and Z,, is impedance of shared
line between observation node o and actor node a from the source node, as illustrated in Fig.
(4.1) with the red line. Change in voltage at an observation node due to change in power at
an actor nodes can be written in terms of real and imaginary components:

AV,, = AV +iAV]

oa’

(6.3)
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where,

1
AV> = —m (AP, (Roq cosl, — Xpasinb,) — AQu(Roq sin b, + X, cosb,,)) (6.4)
and
, 1
AV = —— (AQu (R cos 0y — Xogsinb,) + AP, (Ryq sind, + X, cosb,)) (6.5)

Vil

Here R,, and X,, are resistance and reactance of shared line between observation node o
and actor node a from the source node. |V,| and AQ), are magnitude and angle of complex
voltage at the actor node. Real and imaginary part of voltage change at an observation node

due to change in power at an actor node can be rewritten as:

AV = CoeAP, — D,y AQ, (6.6)
AVE = Dy AP, + CouAQ, (6.7)
where
R,,sinf, + X,, cosb,
Coa = — (6.8)
Vel
D, - R, cos Ha“; |Xoa sind, (6.9)

Here, C,, and D,, are constants and depends on distribution system voltage and location
of actor and observation node. Change in real and reactive power at an actor node can be
modeled as zero mean Gaussian random vector as (6.10) with covariance matrix given by

equation (6.11).

AP,
AS, = ~ N (0,Zas,), (6.10)

AQa
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where

o2 cov(AP,, AQ,
Yas, = Bl ( )| (6.11)

cov(AP,, AQ,) 00,

Real and imaginary part of the voltage change at an observation node due to change in power
at an actor node are weighted sum of correlated Gaussian random variables as shown in
equation (6.6) and (6.7). Weighted sum of correlated Gaussian random variables is normally
distributed. Therefore, real and imaginary part of voltage change at an observation node
due to change in power at an actor node can be written as Gaussian random vector as shown

in equation (6.12) with covariance matrix given by (6.13).

AVg,
Avoa — ~ N (0, EAVoa) (612)
AV,
where,
oxyr cov(AV!  AVE
S AV = AV ( o (6.13)
cov(AVE  AVE) TRy
where,
O'QAV’I‘ JAP 02 JAQ ga - ZCoaDoaCOV<APa7 AQQ), (614)
Tavi. = 0a@,Con + 0Ap, Dy + 2C00Doacov (AP, AQ,), (6.15)
and,
cov(AV,,, AV,,) = E[AV,, AV, ]
= E[(A-Paooa - AQGDOG)(AQGCOG + APaDaa)] (616)

= cov(AF,, AQa)(Csa - Dga) + (O-ZP,L - UQAQQ)(CoaDoa)

Differential entropy of voltage change at an observation node due to change in complex power
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at an actor node (AV,,) can be written as:
1
H(AVoa) = 5 In((27€)*|Zava,|) (6.17)

Differential entropy of voltage change can be used to find the dominant influencer source of

voltage fluctuations.

6.3 Joint Differential Entropy Indicator

Joint differential entropy (H(AV,, AV,,)) between change in complex voltage at the obser-
vation node due change in power at an actor node a (AV,,) and change in complex voltage
at the observation node due to change in power at all actors nodes in the power distribution
system (AV}) is another potential indicator of dominant influencer of voltage fluctuations.
Analytical method of voltage sensitivity analysis proposed in chapter 4 can be used to com-
pute joint differential entropy of voltage change at the observation node due to change in

power at the actor nodes.

Proposition 2. Actor node that maximizes the joint differential entropy of voltage change at

the observation node (H(AV,, AV,,)) is the dominant influencer source of voltage fluctuation

(DIy ).

DI,y = argmax H(AV,, AV,,), (6.18)

where AV,, is change in complex voltage at an observation node (o) due to change in complex
power at an actor node (a), and AV, is change in voltage at the observation node due to
cumulative actions of all active consumers.

This sections presents an analytical method of identifying the dominant influencer of
voltage fluctuations based on joint differential entropy. Let AS be a vector of change in real
and reactive power changes at all nodes in the power distribution system defined by equation

(6.19). AS can be modeled as zero mean Gaussian random vector with covariance matrix
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defined by equation (6.20).

AP
APy
AS = ~N(0,X) (6.19)
AQ,
_AQN_
where
OAp, <o+ cov(AP,APy) cov(AP,AQy) -+ cov(AP, AQy)
5 cov(APy,APy) --- O2APN cov(APyN,AQ1) -+ cov(APy,AQN)
cov(AQy, AP) -+ cov(AQq, APy) 030, <o cov(AQy, AQw)
COV(AQN, Apl) ce COV(AC)N7 APN) COV(AQN, AQl) te O'ZQN

(6.20)
According to lemma 1, change in voltage at an observation node (0) due to change in
power at multiple actor nodes can be upper bounded by equation (6.21) and written in terms

of real and imaginary components.

N

AV, = AV] +iAV; <Y A5
i=1

v

)

(6.21)

Real and imaginary part of voltage change at the observation node can be written as weighted
sum of Gaussian random variables and are normally distributed as shown in equation (6.22-

6.23).

AV = CETAS ~ N(0,CETxCY) (6.22)
AV = CTAS ~ N(0,CTECE) (6.23)
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where

C _ Ro1c0801—Xo1sin 61
ol Vi
C N _RONCOSQN—XON Sin@N
o \%
Cr = = Vvl : (6.24)
-D Ro1 8in 01+ X1 cos 61
ol \V1|
i XN cos b
-D RonsinOn+Xon N
| oN_ VNl
and _ - B -
_ Ro18in614+Xo1 cos 01
Dol Vi
D N _ RonsinOn+X,n cosOn
ci=| "= Vi (6.25)
o — = . . .
C _ Ro1c0801—X,18in6,
ol \V1|
_ RoncosOn—Xonsinfy
_CON_ i VNl

Let AV, be vector of real and imaginary part of voltage change defined by equation (6.26).
AV, can be written as bivariate Gaussian random vector with covariance matrix defined by

equation (6.27)

AV?
AV, = ~N(0,Zav,). (6.26)
AVy

Cr’TsCry Ci'zcr
Yav, = (6.27)
cr'scr oty

where

cov(V), VZ) = CETEC;” (6.28)

In order to calculate join differential entropy between AV,, and AV,, we can write a vector

of real and imaginary components of AV,, and AV, as Gaussian random vector shown in
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equations (6.29) and (6.30).

AV,
AV,
- N(O, Evoa,vo) (629)
AVT
AV
Ay, cov(AVS,, AVL,)  cov(AVL, AVZ) cov(AVL, AVY)
S cov(AVL AVL) Ay cov(AV,, AV)) cov(AV,, AV;)
Voa,VO: oa
cov(AVS, AV))  cov(AV), AVY)  CETECE CrI'Cy
cov(AVS, AV))  cov(AV, AV))  CITECH CrTRCy
(6.30)

Elements of covariance matrix (6.30) are derived in Appendix B. Joint differential entropy
between AV,, and AV,, can be written as:
1
H(AVO, AVoa) = 5 ln((27r6)4|2AV03AV0| (631)

Joint differential entropy of voltage change can be used to find the dominant influencer

source of voltage fluctuations.

6.4 Kullback-Leibler Distance Indicator

Kullback-Leibler (KL) distance or relative entropy is a measure of distance between two
distributions. KL divergence between two multivariate normal distributions (Ny and Np) of

dimension k£ with means (19 and ) and covariance matrices (2o and ;) is given by:

b))
tr (ZIIE()) + (,ul - ,uo)TEfl(ul — ,uo) —k+1In | 1| . (632)

DKL<N0||N1) - |EO|

| —

KL distance between change in complex voltage at the observation node due change in power

at an actor node a (AV,,) and change in complex voltage at the observation node due to
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change in power at all actor nodes (AV,) is another potential indicator of the dominant

influencer of voltage fluctuations.

Proposition 3. Actor node that minimizes the Kullback-Leibler distance between AV, and

AV, is the dominant influencer source of voltage fluctuation (DIkp,).

DIKL = arg min DKL(VoaHAVo)a (633)
As AV, and AV,, are zero mean bi-variate Gaussian random vector, KL distance between
AV, and AV,, can be computed using equation (6.34).

X Av,|

1
DKL(VoaHAVO) = 5 tr <EZ]VOEAVoa) — 2+ In (634)

X avea|
where ¥ av,, and Xav, are covariances of AV,, and AV, given by equations (6.13) and

(6.27) respectively. Here, tr(-) indicates trace of the matrix.

6.5 Frechet Distance Indicator

Another potential indicator similarity between two distributions. Frechet distance between
two multivariate normal distributions (N and N;) with means (1o and 1) and covariance

matrices (3o and Xq) is given by

N

di—v(N@,Nl) = ’,UO - M]_’Z + tr 20 + 21 - 2(2021) ] . (635)

Frechet distance between AV,, and AV, is another potential indicator of the dominant

influencer of the voltage fluctuations.

Proposition 4. Actor node that minimizes the Frechet distance between AV, and AV,, is

the dominant influencer source of the voltage fluctuation (Dlrp).

Dlpp = argmin d2(Voa, AV,), (6.36)
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As AV, and AV, are zero mean bi-variate Gaussian random vector, Frechet distance between

AV, and AV,, can be computed using equation (6.37).

N[

d%(Voa, AVO) =1tr EAVO + EAVoa — Q(EAVOEAV03> (637)

where ¥ av,, and Xav, are covariances of AV, and AV, given by equations (6.13) and

(6.27) respectively. Here, tr(-) indicates trace of the matrix.

6.6 Mutual Information Indicator

Mutual information between two random variable is a measure of the amount of information
that one random variable contains about the other random variable. Mutual information
(I(AV,; AV,,)) between AV,, and AV, is another potential indicator of dominant influencer

of voltage fluctuations.

Proposition 5. Actor node that maximizes the joint mutual information between AV, and

AV, is the dominant influencer source of the voltage fluctuation (DIyy).

DIy = argmax [(AVy; AV,,), (6.38)

Mutual information between two bi-variate random vectors AV, and AV, can be computed

using equation (6.39).

I(AV,; AV,,) = H(AV,) + H(AV,,) — H(AV,, AV,,) (6.39)
where
1
H(AV,) = 3 In((27e)*|Zav, ), (6.40)
1
H(AV,,) = 5 In((2me)?|Zav,,|), (6.41)
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and H(AV,, AV,,) is given by equation (6.31). Validity of proposed metrics as an indicator
of the dominant influencer of the voltage fluctuation is tested using simulation in the next

section.

6.7 Simulation and Results

To order to test effectiveness of proposed metrics as an indicators of the dominant influencer
of the voltage fluctuation, the IEEE 69 bus balanced system is used as shown in Fig. 4.3.
The nominal voltage of the test system is 12.66 kV. A scenario is created where there are
active consumers with renewable generation at every even numbered nodes of the IEEE 69
bus system. Active consumers with three different sizes of rooftop PVs are considered in
this simulation. Change in real and reactive power at actor nodes is modeled as zero mean
Gaussian random vector. Mean and variance of real and reactive power change of all three

kind of active consumers and their locations are given by equations (6.42), (6.43) and (6.44).

AP, 0 1 —0.0447

AS; = ~N , Vi€ {2,8,14,20,- -} (6.42)
AQ; 0| |-0.0447 0.2
AP, 0 2 —0.0894

AS; = ~N Vi€ {4,10,16,22,- -} (6.43)
AQ; 0| |-0.0894 04
AP, 0 3 —0.1342

AS; = ~N , Vi€ {6,12,18,24,---}  (6.44)
AQ; 0| |-0.1342 0.6

Changes in complex power of active consumers are correlated. Values of correlation coeffi-

cients p,, pq, Ppq are set to 0.2, 0.2 and —0.1. This correlation exist because change in power

82



is effected by environmental factors like changes in the price of electricity and changes in the
solar generation in the area.

In order to identify true dominant influencer of voltage fluctuations a Monte-Carlo simu-
lation is conducted as explained in section 6.1. First, variance of change in voltage magnitude
at node 27 due to actions of all active consumers of the IEEE 69 bus distribution system
is computed using simulation of 100,000 scenarios. The reduction in variance of change in
voltage magnitude is computed by setting X ag, to zero for each active consumers sequen-
tially. The dominant influencer of the voltage fluctuations is the node that results in highest
reduction in variance of voltage change at node 27 when variance of real and reactive power

change at that node is set to zero.

DI = arg max [var(A|V,]) — var(A|V,[)], (6.45)

where var(Al|V,|) is variance of change in voltage magnitude due to all actor nodes and
var(A|V,~*|) is variance change in voltage magnitude due to all actor nodes except for the
actor node a. List of nodes and caused reduction in variance of voltage change at node 27 is
presented in Table 6.2. From Table 6.2 it can be seen that node 24 is the dominant influencer
source of voltage fluctuation at node 27. This is because of high variance of power change
and proximity of node 24 to node 27 in IEEE 69 bus test system. Computation time for
this scenario analysis is 22, 389.63 seconds. Here negative values of reduction in variance is
because of small sample size of number of Monte-Carlo simulations performed for this case.
To obtain more accurate results more number of scenarios must be simulated which will
increase computational time significantly.

To test proposition 1 and effectiveness of differential entropy as an indicator of the dom-
inant influencer of voltage fluctuations, differential entropy of complex voltage change at
node 27 due to each actor nodes H(AVaz,) is computed using equation (6.17). Table 6.3
lists differential entropy of AVaz, for all actor nodes in order of maximum to minimum
differential entropy. From table 6.3 it can be seen that we can estimate top 11 dominant

influencer nodes of voltage fluctuations with reasonable accuracy using differential entropy as
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Table 6.1: Dominant Influencer of Voltage Fluctuation

Indicator Metric Dominant Influencer Node | Computation Time (s)
Monte-Carlo based simulation | 24 22389.63

Differential entropy 24 0.66

Joint differential entropy 18 0.71

KL distance 24 0.68

Frechet distance 24 0.70

a measure. Computation time of calculating the dominant influencer of voltage fluctuation
using differential entropy is 0.62 second, which is a significant improvement over Monte-Carlo
simulation based scenario analysis.

To test proposition 2 and test effectiveness of joint differential entropy as an indicator
of the dominant influencer of voltage fluctuations, joint differential entropy between AVs;
and AVsz, due to all active consumers is computed using equation (6.31). Table 6.4 lists
joint differential entropy for all actor nodes in order of maximum to minimum differential
entropy. From table 6.4, it can be seen that joint differential entropy can be used to estimate
the dominant influencer of the voltage fluctuations with fair accuracy. Computation time to
calculate the dominant influencer of the voltage fluctuation using joint differential entropy
is 0.71 second. Performance of the joint differential entropy as an indicator of the dominant
influencer of voltage fluctuation is inferior to differential entropy both in term of accuracy
and computation time.

Similar simulation is done to investigate effectiveness of Kullback-Leibler distance, Frechet
distance and mutual information as an indicator of the dominant influencer of voltage fluc-
tuations. Table 6.3 lists Kullback-Leibler Distance for all actor nodes in order of minimum
to maximum KL Distance. Similarly, Table 6.5 lists Frechet distance for all actor nodes in
order of minimum to maximum distance. From Tables 6.3 and 6.5, it can be seen that KL
distance and Frechet distance estimate the dominant influencer of the voltage fluctuations
with fair accuracy. However, mutual information fails to identify the dominant influencer
of voltage fluctuations. Computation time of calculating the dominant influencer of voltage

fluctuation using all theses metrics is less then one second. Table 6.1 shows the dominant

84



influencer of voltage fluctuation using all the proposed metrics and their computation time.

6.8 Summary

This chapter introduces concept of the dominant influencer of voltage fluctuations and inves-
tigates various information theoretic metrics to analytically identify the dominant influencer
of voltage fluctuations at the observation node in the power distribution system. First, all
the candidate metrics are analytically derived. Then, accuracy and computational efficiency
these metrics are verified using IEEE 69 bus test system. It is shown that differential en-
tropy of voltage change at the observation node due to change in power at an actor node
is an excellent indicator of the dominant influencer of voltage fluctuation. Proposed ana-
lytical method of identifying the dominant influencer of voltage fluctuation is shown to be

computationally efficient.
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Table 6.2: Numerical Dominant Influencer of the Voltage Fluctuation
Rank | Node | Reduction in Variance (x107p.u.?)

1 24 0.2992
2 18 0.2199
3 22 0.2027
4 16 0.1680
) 26 0.1659
6 20 0.1284
7 12 0.1135
8 14 0.0966
9 66 0.0495

10 68 0.0483
11 10 0.0334
12 02 0.0217
13 6 0.0183
14 62 0.0156
15 o4 0.0152
16 64 0.0127
17 60 0.0116
18 8 0.0094
19 20 0.0077
20 26 0.0077
21 58 0.0066
22 40 -0.0037
23 48 -0.0038

24 4 -0.0042
25 42 -0.0047
26 2 -0.0051

27 32 -0.0063
28 34 -0.0132
29 36 -0.0136
30 30 -0.0137
31 28 -0.0156
32 46 -0.0158
33 44 -0.0159
34 38 -0.0185
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Table 6.3: Differential Entropy and Kullback-Leibler Divergence Indicator

Rank | Node | H(AV,,) nats | Dk(Vo||AVea)
1 24 6.8934 1.1064
2 18 6.4968 1.4478
3 22 6.3536 1.5761
4 26 6.0498 1.8543
5 16 5.9688 1.9295
6 20 5.5602 2.3158
7 14 4.8065 3.0452
8 12 4.7565 3.0941
9 66 4.1377 3.7012
10 68 3.6579 4.1711
11 10 3.5318 4.2937
12 60 2.7004 5.0730
13 o4 2.7004 5.0730
14 64 2.2957 5.4096
15 58 2.2957 5.4096
16 92 2.1860 5.4921
17 62 1.6070 0.8406
18 o6 1.6070 5.8406
19 8 1.4984 5.8879
20 6 1.0408 6.0284
21 2 -0.6160 6.1454
22 44 -0.6160 6.1454
23 38 -0.6160 6.1454
24 32 -0.6160 6.1454
25 46 -0.6160 6.1454
26 40 -0.6160 6.1454
27 34 -0.6160 6.1454
28 28 -0.6160 6.1454
29 42 -0.6160 6.1454
30 36 -0.6160 6.1454
31 30 -0.6160 6.1454
32 20 -0.6160 6.1454
33 4 -0.6160 6.1454
34 48 -0.6160 6.1454
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Table 6.4: Joint Differential Entropy Indicator
Rank | Node | H(AV,, AV,,) nats

1 18 14.8608
2 22 14.8148
3 24 14.6642
4 26 14.6394
) 16 14.5745
6 20 14.2546
7 14 13.5760
8 12 13.5239
9 66 12.9335

10 68 12.4691
11 10 12.3437
12 60 11.5207
13 o4 11.5207
14 64 11.1189
15 58 11.1189
16 o2 11.0096
17 62 10.4295
18 o6 10.4295

19 8 10.3198
20 6 9.8521
21 2 5.7673

22 44 5.7673
23 38 5.7673
24 32 2.7673
25 46 2.7673
26 40 5.7673
27 34 5.7673
28 28 5.7673
29 42 2.7673
30 36 D.7673
31 30 5.7673
32 20 5.7673
33 4 5.7673
34 48 5.7673
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Table 6.5: Frechet Distance Indicator
Rank [ Node | d%(Vea, AV,)

1 24 819.1
2 18 948.0
3 22 990.8
4 26 1074.8
) 16 1095.4
6 20 1191.2
7 14 1330.4
8 12 1337.9
9 66 1420.7

10 68 1470.9
11 10 1482.1
12 o4 1542.3
13 60 1542.3
14 o8 1564.1
15 64 1564.1
16 92 1569.3
17 o6 1592.8
18 62 1592.8

19 8 1596.5
20 6 1610.3
21 48 1662.8
22 4 1662.9

23 50 1663.0
24 30 1663.1
25 36 1663.1
26 42 1663.1
27 28 1663.1
28 34 1663.1
29 40 1663.1
30 46 1663.1
31 32 1663.1
32 38 1663.1
33 44 1663.1
34 2 1663.2
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Chapter 7

Security and Stability of Transactive
Energy Market-based Smart Power

Distribution System

After developing model of the active consumers and analyzing impact of their actions on
distribution grid voltage, this chapter investigates impact of the false data injection attack
on operation of the transactive energy market based power distribution system. Since future
power systems with active consumers will be more complex, there will be a continuing need
to consider cyber-physical system (CPS) perspective in the operation, control, and design of
these systems. Therefore, understanding, modeling and quantifying the security and stability
of smart power distribution system driven by transactive energy market forces is critical.
Allowing consumers to actively participate in energy transactions poses risks to the grid
itself. A number of possible factors are: 1) consumers gaming the system to gain unfair
financial advantages, 2) consumer activities that destabilize the grid and cause potential
hazardous conditions, and 3) tampering with smart metering devices and commit some type
of fraud [73]. All these threats need to be analyzed taking into account the roles of the
players and their incentives. Analyzing stability and security of transactive energy market

based power distribution system is a crucial aspect of this work. In recent years, cyber
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security has been become a significant concern to modern power system due to the prevalent
application of information technologies. In a successful false data injection (FDI) attack, an
attacker compromises measurements from grid sensors in such a way that undetected errors
are introduced into estimates of system parameters such as electricity price, total energy
demand, and bus voltages. Evading detection by commonly employed residue-based bad
data detection tests, FDI attacks are capable of severely threatening power system security
[74]. Moreover, weaknesses in cyber security can also threaten the stability of the distribution

system voltage due to the deep integration of the physical and cyber system [75, 76].

7.1 Dynamics of Electricity Prices and Demand

Consider a model of future power distribution system with multiple active consumers with
possible renewable generation and multiple third party aggregators.Here, each aggregator is
expected to be in a contractual agreement with a subset of consumers. In this contractual
agreement, the aggregator decides real-time price of electricity and communicates it to active
consumers over a communication infrastructure. For example, AMI serves as a conduit
for bidirectional information exchange between an active consumer and their aggregator.
Active consumers receive real-time electricity prices and decide their electricity consumption
based on price of electricity at a given time. Information about electricity consumptions of
consumers is communicated back to the aggregator. This work focuses only on the interaction
between a single aggregator and active consumers that are in contractual agreement with
the aggregator of interest. That is ,the aggregator can only interact and communicate with
their contracted consumers and do not have information about energy consumption of other
active consumers.

Let N = {1,2,--- ,n} denote the set of active consumers that are served by the aggre-
gator of interest; and E,(t) be the energy consumed by n'* active consumer at time ¢. The
aggregator receives this information though AMI resulting in a vector of energy consump-
tions denoted as: E(t) = [Ei(t), Ea(t), -, En(t)]. The total energy demand D(t) for the

aggregator at time ¢ can be computed as: D(t) = E()71. Based on total demand at time ¢,
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Figure 7.1: System Model
the aggregator decides the price of electricity for time t + 1 as [77]

Here P(t) is the real-time price of electricity at time ¢, oy > 0 is the base electricity price in
dollars and «; > 0 is the incremental price of electricity in $/kWh. Value of ap and oy are
decided by the aggregator. It is expected that the aggregator will increase/decrease price of

electricity as demand increases/decreases. Criteria for selecting a favorable value of o and
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oy is discussed in section 7.2.2.
Real-time electricity prices decided by the aggregator are communicated to all the ac-
tive consumers that are in contract with the aggregator. Active consumers may alter their
electricity consumption behavior in response to changes in electricity prices. Consumers are
expected to increase their electricity consumption as electricity prices decrease and decrease
their electricity consumption as price of electricity increases. Different class of consumers
may behave differently in response to changes in electricity prices. There have been various
efforts to model electricity consumption behavior of active consumers within a transactive
energy market [15, 35]. Trrespective of exact model of consumer behavior, the total demand
of electricity (D(t)) for the aggregator at time ¢ can be estimated as a function of electricity
prices as
B B

Plt) (1)

D(t) = By + (7.2)

where 3y, f1 and Py are coefficients of demand elasticity that can be estimated based on
historical data related to change in total demand in response to changes in electricity prices

as discussed next (in section 7.1.1).

7.1.1 Estimation of 5y, 51, and [

Let D,, denote the total demand when price of electricity is P,,. With availability of m
data points, the value of demand coefficients can be estimated using a simple least square

approach, i.e.,

f o
0
; | D
Bi| = (ATA)TTAT ) (7.3)
2
Dy,
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where,

1 PPt
1 Pt Py

1 Pt P2

Here BO, Bl, and 52 are estimated values of coefficients of demand elasticity. Although
availability of such data may seem a bit presumptuous at present, with broader implemen-
tation of smart-grid/transactive energy market, more data is expected to be available in
the future. This will enable a more accurate estimation of coefficients of demand elasticity.
Proposed model of total demand vs electricity price is general enough and can be used to

estimate wide range of load models by selecting different values of § parameters.

7.2 Equilibrium and Stability Analysis

As seen in equation (7.1) and (7.2), demand dynamics impacts electricity pricing dynamics
and vice versa. Therefore, obvious question to ask in this interactive transactive energy
market is the following: What are the stable equilibrium electricity price and demand? The
interaction between aggregator and multiple active consumers and dynamics of the electricity
price and the demand can be modeled as discrete time non-linear autonomous (no forcing
input) control system with the electricity price or the total demand as state variables of the

system.

Pt +1)=a¢+aify+ % + g;%). (7.5)
D(t+1)=p5o+ i P (7.6)

+ .
(%)) + OélD(t> (O./O + Oélp(t))Q
This non-linear autonomous system have equilibrium price of electricity and equilibrium

demand. This section compute equilibrium price and demand of the proposed system model
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and establishes conditions for stability of the equilibrium point.

7.2.1 Equilibrium and Stability of Electricity Prices:

Theorem 5. The equilibrium price of electricity (P*) for the discrete time non-linear au-

tonomous dynamical system in (7.5) and (7.6) is given by:

1 Apg
= bp+Cp+ — 7.7
P 5 ( p+ Cp + Cr ) ; (7.7)
where
\3/ Api + /AD, — 47D,
C’[) - )
Apo = by — 3cp, (7:8)
Apl = Qb% — 9b'pC73 + 27d7>,
and
bp = —ag + a1,
cp = —ay i, (7’9)

dp = —a 3.

Proof. From equation (7.1) and (7.2), state dynamics of the discrete time autonomous control

system can be written in terms of electricity prices as

P(t—i—l) :()éo—f—Oélﬁo—i-%—i‘;;—i;. (710)

Let f(P(t)) denote the price state dynamic function defined as:

f(P(@):=P(t+1)—P(t)

. a1f1 | 1P (7.11)
=ap + o1 fo + Pl + P2) P(t)

Let P* be the equilibrium electricity price of the system. At the state of equilibrium P(t +
1)=P(t)=P" = f(P*)=0.
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(0% (0%
Oéo*"OélﬂO‘i‘ 161 + 1B2

ot g P =0 (7.12)

P —(ag + a1f)P? = piP* — a1y = 0 (7.13)

Solutions of the cubic equation (7.13) can be calculated analytically via equations (7.7)

- (7.9) O

The cubic equation given in (7.13) has three solutions resulting in three equilibrium
points. Therefore its important to establish conditions for stability of the equilibrium point.

Here, the notion of BIBO (bounded input bounded output) stability is considered.

Lemma 2. The set of BIBO stable equilibrium price of electricity (Bp) for the discrete time

non-linear autonomous dynamical system in (7.5) and (7.6) is given by:

f(P) - f(P")

Bp— (P | -2
p={P[-2< D _pr

<0} (7.14)

Proof. Let f'(P*) be the slope of f(P) at the equilibrium point. The trajectory of electricity
price diverges away from equilibrium when f’(P*) is greater than zero at equilibrium. The
trajectory converges towards the equilibrium point without oscillations when f’(P*) is less
than zero and greater than —1 at equilibrium. The trajectory converges towards the equilib-
rium point with oscillation when f’(P*) is less than —1 and greater than —2 at equilibrium.
The trajectory diverges away from the equilibrium point with oscillation when f’(P*) is less
than —2 at equilibrium. Therefore, the equilibrium point is stable if:
df (P)

P

Differentiating equation (7.11):

04151 2CY152

—2< _73*2(75) o P3(t)

~1<0 (7.16)
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The stable equilibrium point is BIBO stable for set of P that satisfy following conditions:

f(P)—= f(P*) > =2(P —P"),YP > P~ (7.17)
f(P)— f(P*) < =2(P —P"),VP < P~ (7.18)
—-2< % <0,VP (7.19)

Therefore, the BIBO stable set of electricity prices (Bp) is the set of electricity prices that

satisfy equation (7.19). O

The equilibrium and stability of electricity prices depends on values of coefficients of
demand elasticity, no-load and incremental electricity prices. Although values of coefficients
of demand elasticity can be estimated based on consumer behavior, aggregator can choose
favorable values of no-load and incremental electricity prices in order to achieve desired

equilibrium price of electricity and ensuring a higher level of stability.

7.2.2 Selection of oy, and oy

In proposed system model, values of no load electricity price (ag) and incremental electric-
ity price « are decided by the aggregator based on economic factors, stability criteria and
engineering judgment. Steps for deciding good values of ay, a; are given by algorithm 3 and

criteria to consider are described.

Algorithm 3 Selection of «yp, and oy
1: Select the desired equilibrium price of electricity (P*)
2: Select favorable value of f'(P*)
3: Calculate value of incremental electricity price a;
4: Calculate value of no-load electricity price ag

1. Select the desired equilibrium price of electricity (P*):
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Value of equilibrium price of electricity is selected based on the total demand at a
given electricity price. Value of total demand at for given price of electricity can be
evaluated using a curve of total demand vs price of electricity obtained using historical
data. Fig. 7.2 shows an example curve of total demand vs price of electricity obtained

from active consumer behavior model introduced in [15]

. Select the slope of price dynamics at equilibrium f/(P*)

Once value of equilibrium electricity price and total demand is established, value of
no load electricity price (ag) and incremental electricity price (a;) can be calculated
based on the selected value of f’ using equation (7.20). Equilibrium price of electricity
is positive (P* > 0, and value of 51 > 0 and B2 > 0) as total demand decreases as price
of electricity increases. Slope of price dynamics (f'(P*)) at equilibrium must be less
than or equal to —1 as incremental price of electricity must be non negative (o > 0).
From equation (7.9) it can be concluded that —2 < f/(P*) < —1. Value of incremental
electricity price is zero (a; = 0) when f’ = —1. This results in the largest set of BIBO
stable electricity price and lower oscillations in demand and pricing. From an economic
perspective higher value of «; is desirable, which results in lower value of f’ resulting
in smaller set of BIBO stable electricity prices and greater price/demand oscillations.
Therefore, selecting a favorable value of f'(P*) is a tradeoff between one that results

in a more stable system and one with higher value of incremental electricity price.

. Calculate value of incremental electricity price ay

Based on value of f’(P*), incremental price of electricity can be computed as,

(f'(P*) + 1)P*
BrP* + 20,

(7.20)

o] = —
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4. Calculate value of no-load electricity price ay

Based on value of ag, a; and P*, value of no load electricity price ag can be calculated

as follows:

w=-—a1f— - — 55 —F (7.21)

7.2.3 Equilibrium and Stability of Total Demand

Theorem 6. The equilibrium demand of electricity (D*) for the discrete time non-linear

autonomous dynamical system in (7.5) and (7.6) is given by:

1 Apo
D= — (b C — 7.22
3 ( p+ Cp + o ) , ( )
where,
{,/ Apy + /AL, — AL,
CD = )
2
7.23
Apy = b3, — 3apcp, (7.23)
ADl = Qb% — 9a'DbDCD + 27a%d7_),
and
ap = a%,
bp = —(a%ﬁo - 2040041)a
(7.24)
cp = — (200018 + a1 B — af),

dp = —(043/30 + apfr + Pa).

Proof. From equations (7.1) and (7.2), state dynamics of the discrete time autonomous

control system can be written in terms of electricity demand as
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A Ba

D(t+1)= o+ o0+ 0y D(D) + (o0 + DD (7.25)
Let g(D(t)) be demand dynamic function defined as:
o(D(0) =y + — 2 = D) (7.20)

a0+ D) | (0o + D)’

Let D(t)* be the equilibrium demand of the system. At the equilibrium demand D(t+1) =
D(t) =D(t)" = g(D*) = 0.

B . B2
[67) + Q(lp* (O./() -+ Ole*)Q

Bo + —D"=0 (7.27)

60(060 + (XID*>2 + Bl (Oéo + OéllD*) + ﬁg — D* (Oéo =+ (361,D>k)2 = O (728)

(X?D*S — (Oé%ﬁo — 20{00{1)1)*2 — (20&00[1ﬁ0 + Oélﬁl — Oég)D* (7 29)

- (04350 + g+ P2) =0

Solutions of the cubic equation (7.29) can be calculated analytically using equations (7.22)

- (7.24) O

The cubic equation in (7.29) has three solutions resulting in three equilibrium points.
Therefore its important to establish conditions for stability of the equilibrium point. Once

again, the notion of BIBO stability is invoked.

Lemma 3. The set of BIBO stable equilibrium demand of electricity (Bp) for the discrete

time non-linear autonomous dynamical system in (7.5) and (7.6) is given by:

9(D) —9(D*)

Bp—{D| -2
p=A{PI 2<%

<0} (7.30)

Proof. Let ¢'(D*) be the slope of g(D) at the equilibrium point. The trajectory of electricity

demand diverges away from equilibrium when ¢'(D*) is greater than zero at equilibrium.
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The trajectory converges towards the equilibrium point without oscillation when ¢'(D*)
is less than zero and greater than —1 at equilibrium. The trajectory converges towards
the equilibrium point with oscillation when ¢'(D*) is less than —1 and greater than —2 at
equilibrium. The trajectory diverges away from the equilibrium point with oscillation when
¢'(D*) is less than —2 at equilibrium. Therefore, the equilibrium point is stable if:

dg(D)

D*

Differentiating equation (7.26):

—a1 —2a1 3

—-2<
(g + a1D*)?2 (g + ayD*)3

—1<—1 (7.32)

The stable equilibrium point is BIBO stable for set of D that satisfy following condition:

¢(D) — ¢(D*) > —2(D — D*),¥D > D* (7.33)
¢(D) — ¢(D*) < —2(D — D*),¥D < D* (7.34)
o< % <0,¥D (7.35)

Therefore, BIBO stable set of total demand is the set D that satisfies equation (7.35). [

After analyzing the equilibrium and stability conditions for given discrete time non-linear

autonomous control system, impact of FDI attacks on distribution system can be analyzed.

7.3 Impact of Cyber Attack

Any smart power distribution system with smart meters and communication infrastructure is
prone to cyber attacks. An attacker can manipulate electricity prices communicated over the
cyber infrastructure or compromise a subset of smart meters altering their measurements.
Such cyber attacks may have impacts on electricity prices, energy consumption of active

consumers and distribution system voltage. Additionally, impact of such attack can last
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for multiple time periods even when the system is attacked during only one time period.
In case of an attack on electricity demand information, the attacker can manipulate energy
consumption measurements of multiple active consumers that results in incorrect calculation
of total demand resulting in change in electricity prices in future time periods. In case of
an attack on electricity pricing, the attacker can manipulate price of electricity at any given
time. In response to the change in price of electricity active consumers may adjust their
energy consumption resulting in a change in electricity demand, which eventually may result
in changed price of electricity in future time periods. Due to mutual coupling between
electricity price and demand, a cyber attack on electricity price information impacts the
total demand and vice versa. Let f)(t) denote the manipulated demand of electricity at time
t, and ep(t) = D(t) — D(t) be the error in total demand at time ¢. Similarly, let P(¢) denote
the manipulated electricity price at time ¢, and ep(t) = P(t) —P(t) be the error in electricity

price at time t. Change in demand at time ¢ (D(¢)) results in change in price of electricity

at time t 4+ 1 as illustrated by the relationship,
P(t+1) = ag+ ayD(t). (7.36)

Similarly, change in the electricity price at time ¢ (P(t)) results in change in the demand at

time t as

B Ba

D(t) = fBo + % + 752(15)'

(7.37)

Error in electricity price at time ¢t + 1 can be written in terms of error in total demand at

time ¢ as:

ep(t+1) = ap + a1 (D(t) + en(t)) — ap + a1 D(t) (7.38)
ep(t+1) = arep(t) (7.39)

Similarly error in total demand at time ¢ can be written in terms of error in electricity price

at time ¢t as:
—Biep(t) L B2PM)er(t) + ep(t))
P)(P(t) +ep(t))  P()(P() +ep(t))?

ep(t) = (7.40)
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Equation (7.39) and (7.40) are error propagation dynamics of the system. Equation (7.39)
indicates that lower value of oy results in lower propagation of the error to future time
periods. When there is error introduced in price or demand, system will asymptotically
come back to the stable equilibrium point. However, before coming to stable state system
will oscillate around the the stable state, the which causes oscillations in price of electricity,
demand and network voltage. The higher the magnitude of the error, higher the impact.
However, when introduced error is large enough to push the state out of BIBO stable region

the the system will suffer higher degree of damage.

7.4 Simulation and Results

The dynamics, stability and impact of cyber attacks on proposed transactive energy market
based power distribution system is analyzed using simulations on the modified IEEE 69 bus
balanced test system as shown in Fig. 4.3. The nominal voltage of the test system is 12.66
kV. In this simulation setup one active consumer is assumed to be located at each node of the
IEEE 69 bus test system. Model of active consumers proposed in [15] is used to mimic energy
consumption behavior of active consumers. For simplicity of demonstration, a scenario is
considered where all the active consumers in the distribution system are in contractual
agreement with a single aggregator. Additionally, all active consumers are assumed to be
identical with coefficient of comfort 0.65 and 10 kWh of renewable generation [15]. Active
consumers do not consider distribution grid voltage while making their energy consumption
decision. However, the proposed system model is valid for more general case where multiple
aggregators operate within a single distribution system with active consumers that have
varying preferences for electricity consumption.

Values of coefficients of demand elasticity (fy, 1, f2) are estimated using curve of total
demand vs normalized electricity pricing obtained using model of active consumer behavior
proposed in [15] and shown in Fig. 7.2. In order to obtain the curve of total demand vs
normalized electricity pricing, price of electricity is varied from 0.1 to 1.0 normalized cost unit

(ncu) and energy consumption of all active consumers is observed. Total demand for given
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Figure 7.2: Change in total demand with respect to price of electricity

price of electricity is sum of individual energy consumption of all active consumers. From
Fig. 7.2, it can be seen that as price of electricity increases, total demand decreases. For
extremely high values of electricity price, the total demand becomes negative as consumers
start selling their renewable generation back to the grid. To estimate the coefficients of
demand elasticity, 10 sample data points of demand curve are used as shown by black stars
in Fig. 7.2. Values of demand elasticity [y, 81, and (3, are obtained using least square method
illustrated in section 7.1.1. Computed values are: By = —759kWh, 5; = 690ncu kWh and
By = 3.37 x 10~ "ncu®?kWh. Estimated curve of the total demand vs normalized price of
electricity is shown by red dashed line in Fig. 7.2. Although, this work uses model of active
consumer behavior proposed in [15] to obtain curve of total demand vs price of electricity
as more data become available values of coefficients of demand elasticity can be estimated

using actual historical data. Regardless of the data source, proposed system model is general
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Figure 7.3: Price and Demand Dynamic function

enough to accommodate various types of active consumer models.

After obtaining values of coefficients of demand elasticity, no-load and incremental price
of electricity is calculated using algorithm 3. The equilibrium price of electricity is chosen as
0.6 ncu, which results in equilibrium demand of 391 kWh. Slope of price dynamic function
at point of equilibrium (f’(P*)) is chosen as —1.3. Based on P* = 0.6 and f'(P*) = —1.3,
calculated values of no-load and incremental price of electricity using algorithm 3 are ag =
0.54 ncu and a; = 1.56 x 107" ncu/kWh. Based on these values of coefficients of demand

elasticity and coefficients of electricity prices, Fig. 7.3(a) shows the plot of price dynamics
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Figure 7.4: Impact of cyber attack on electricity price for different values of f'(P*)

and Fig. 7.3(b) shows the plot of demand dynamics using a solid blue line. Red dashed line
in both figures are lines of slope —2 passing through point of equilibrium. From Fig. 7.3(a)
it can be seen that the set of BIBO stable electricity prices (Bp) is [0.18,1.0]. In case of a
cyber attack, when error introduced in price of electricity at time ¢ (ep(t)) is large enough
to create a scenario where P ¢ Bp, error in price of electricity at time ¢ + 1 will be higher
than error in price of electricity at time ¢ (ep(t + 1) > ep(t)).

Lower f’(P*) results in higher value of a4, which makes price of electricity more respon-
sive to changes in total load. However, higher f’(P*) also results in higher fluctuations in
electricity prices, demand and voltage in case of cyber attack. Fig. 7.4 shows fluctuations
in normalized price of electricity when price of electricity is reduced by 10% at time period
t = 4 for three different values of f'(P*). It shows that when the value of f'(P*) is low,
oscillations in price of electricity have higher magnitude and they last longer compared to
the case when f/(P*) is higher. These oscillations in price of electricity results in oscilla-
tions in energy consumption of active consumers, which results in oscillations in distribution

system voltage. Fig. 7.5 shows voltage at node 20 of the IEEE 69 bus test system. It can
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Figure 7.5: Impact of cyber attack on voltage at node 20 for different values of f'(P*)

be seen that magnitude of voltage fluctuation is highest for the lowest value of f’(P*), and
magnitude of voltage fluctuation is low for higher f/(P*) (i.e. -1.1).

Choice of f'(P*) also impacts number of violations in the distribution system voltage.
Fig. 7.6 shows number of voltage violation over time for different values of f’(P*) when
electricity price is externally reduced by 10%. From Fig. 7.6 it can be seen that number of
voltage violations increase as f’(P*) decreases. Number of voltage violations are minimum
when f/'(P*) = 1. When f/'(P*) = 1 value of oy = 0; therefore, error introduced in electricity
price does not result in oscillations of electricity prices, demand and voltage in future time
periods. All voltage violations observed in this case occurs in the same time period as
error in the electricity price is introduced. Lower values of f'(P*) creates oscillations in
electricity price, demand and voltage in case of cyber attack. For lower values of f'(P*),
number of violations are higher due to sustained oscillations in electricity prices that results
in sustained oscillations in total demand causing higher number of voltage violation. All
additional voltage violations in these cases occur in future time periods.

To analyze impact of cyber attacks on distribution system voltage, a scenario is considered

where errors of different values is introduced in electricity pricing signal and total number of
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voltage violations in the network are observed. Fig. 7.7 shows number of voltage violations
over time due vs error introduced in electricity pricing (ep(t)). Here, negative values of
error indicates that price of electricity is artificially reduced resulting in increased power
drawn by active consumers that eventually results in higher number of voltage violations.
Positive values of error indicates that the electricity price is artificially increased resulting
in reduced energy consumption. Positive values of ep(t) do not result in large number of
voltage violations as power injection capacity of active consumers is limited by the amount
of available renewable generation. However, positive error results in oscillations in electricity
prices resulting in reduced price of electricity in the next time period which leads to higher
power drawn by active consumers and higher number of voltage violations.

A false data injection (FDI) attack on a transactive energy market (TEM) based smart
power distribution system can be engineered by manipulating electricity price or hacking
a subset of smart meters and manipulating energy consumption information of active con-
sumers. Fig. 7.8(a) shows impact of cyber attack on electricity prices, and Fig. 7.8(b) shows

impact of cyber attack on total demand. In Fig. 7.8, red dotted curve with triangle marker
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Figure 7.7: Number of voltage violation over time with error in electricity pricing

represents a case where demand of electricity is reduced by 20% at time ¢ = 3, and blue
solid curve represents a case where price of electricity is decreased by 20% at time ¢ = 4.
From Fig. 7.8, it can be seen that attack on price of electricity can cause more fluctuation
in demand and prices that can result in higher voltage violations. In order to engineer FDI
attack on total demand with significant impact on the grid, one may have to hack a large
number of smart meters and introduce error in smart meter data in a coordinated manner,
which could be challenging. Such carefully design FDI attack on demand will have lower
impact on the system compare to an attack on electricity prices which requires manipulation
of only one parameter. This indicates that security and integrity of electricity pricing signal

is much more critical.
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Figure 7.8: Dynamics of price and demand due to error in electricity price and demand

7.5 Summary

This paper builds on a discrete time non-linear autonomous control system model to capture
the iteration and dynamics of electricity prices and total demand in a transactive energy
market based power distribution system. The conditions for equilibrium and stability of
electricity price and demand are derived and used to develop an algorithm to design a stable
real-time electricity pricing scheme. Impact of false data injection attack on this transactive

energy based power distribution system is studied, and dynamics of electricity price, demand
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and distribution system voltage is analyzed using simulations on the IEEE 69 bus test system.
This work shows that an FDI attack on electricity price can have a much more severe impact
on the power distribution system compared to an FDI attack on demand. Therefore, more
resources should be spend for developing new security mechanisms to protect electricity

pricing signal from a cyber-attack.
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Chapter 8

Conclusions and Future Work

This concluding chapter summarizes the contributions of this dissertation and discusses

future research directions.

8.1 Conclusions

This dissertation addresses the fundamental questions in areas of (1) active consumer model-
ing, (2) analyzing impact of renewable generation on distribution system, and (3) impact of
cyber attack on the power distribution system in order to enable transactive energy market.

Firstly, this dissertation develops a Prospect Theory based model of the active consumer
behavior in response to changes in the real-time price of electricity with varied preferences for
electricity consumption and different levels of rationality. The interaction between the ag-
gregator and the active consumers is modeled as a Stackelberg leader-follower game. Unlike
previous efforts this dissertation considers this interaction from a techno-economic perspec-
tive by including physical grid constraints in terms of voltage violation within the analysis.
This work analyzes the impact of consumer actions and irrationality on distribution system
voltage and the aggregator profit using simulation of IEEE 69 bus test system.

After developing model of consumer behavior, this dissertation develops analytical tools

for grid analysis. First, an analytical method of voltage sensitivity analysis is developed
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that provides an upper bound on change in the distribution system voltage at a given bus
as a function of change in complex power at another bus due to actions of multiple active
consumers. This method can be used to compute an upper bound on the voltage sensitivity
matrix elements in a computationally efficient manner. Then, this analytical method of
voltage sensitivity analysis is used to develop the probabilistic voltage sensitivity analysis
(PVSA) for known and random spatial distribution of active consumers. Change in voltage
magnitude due to multiple active consumers located at known places in the network changing
their power randomly can be approximated by Gamma distribution. Additionally, real and
imaginary part of voltage change due to random behavior of multiple active consumers
with spatially random distribution can be approximated by the normal distribution. This
method can be extremely valuable for distribution system operators and planning as it
helps to compute the probability of voltage limit violation at a given node on the network
with random penetration of active consumers. Next, proposed analytical method of voltage
sensitivity analysis is used to investigate various infromation theoretic metrics to identify
the dominant influencer of voltage fluctuations. This work shows that differential entropy,
Kullback-Leibler Distance and Frechet Distance are excellent indicators of the dominant
influencer of the voltage fluctuations. Validity and effectiveness of proposed metrics to
identify the dominant influencer of the voltage fluctuations is shown to be computationally
efficient. All the theoretical results have been validated via simulation on IEEE 69 bus test
systems.

Finally, this dissertation models this transactive energy market based power distribution
system as a discrete time non-linear autonomous dynamical system and capture the iteration
and dynamics of electricity prices and total demand. The equilibrium and stability conditions
of electricity price and demand for this system are derived and used to develop an algorithm
to design a stable real-time electricity pricing scheme. Impact of the false data injection
attack on the transactive energy market based power distribution system is studied, and
dynamics of electricity price, demand and distribution system voltage is analyzed using
simulations on the IEEE 69 bus test system. Results show that the false data injection

attack on electricity price can have a much more severe impact on the power distribution
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system compared to the false data injection attack attack on demand. Therefore, more
resources should be spend for developing new security mechanisms to protect electricity

pricing signal from a cyber-attack.

8.2 Future Work

This section present possible future directions in areas of consumer modeling, analyzing im-
pact of renewable generation and cyber attacks on the power distribution system. Extensions

to the work presented in this dissertation are following:

e The prospect theory based model of active consumer behavior developed in chapter
3 assumes that changes in the real-time price of electricity at a given time does not
affect future actions of the active consumers. However, this model does not capture
impact of flexible and delayed loads (i.e., washer/dryer, electric vehicles). Developing
a time dependent model of the active consumer behavior along with correlated load

scheduling can be pursued in the future.

e Chapter 4 of this dissertation develops an analytical method of voltage sensitivity
analysis for the balanced three phase power distribution system assuming constant
power model of loads. This analysis can be extended for an unbalanced three phase
power distribution system with various types of load models (i.e., constant current and

constant impedance loads).

e Chapter 5 develops the probabilistic voltage sensitivity analysis (PVSA) for known
and random spatial distribution of multiple active consumers in balanced three phase
power distribution system. This analysis can be extended to a general three phase

unbalanced distribution network with a variety of load models including hybrid loads.

e Change in the power drawn/injected by the active consumers located at a specific node
of the distribution system causes change in the line losses in the power distribution sys-

tem. Future work in this area involves development of the probabilistic loss sensitivity
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analysis (PLSA) by developing an analytical method of loss sensitivity analysis for the

unbalanced three phase power distribution system with a variety of load models.

Proposed probabilistic sensitivity analysis of voltage and losses can be used in associa-
tion with traditional load flow algorithms to enable more practical and computationally
efficient hybrid control. Such hybrid control can be helpful in understanding the stress
points in a transactive energy market based power distribution system and developing

optimal corrective control strategies.

The dominant influencer model of Chapter 6 can also be extended to a general three
phase unbalanced distribution system with a variety of load models. Proposed domi-
nant influencer model can be used to identify the most vulnerable nodes in the network

and create vulnerability rank database for all nodes of the power distribution system.

Chapter 7 of this dissertation assumes that the price of electricity can take any value.
This work can be extended to analysis of security and stability of multi-tiered pricing

structure with a stochastic model of consumer.

115



Bibliography

“The smart grid: An introduction,” US DOFE Publication, 2008.

A. Faruqui and S. George, “Quantifying customer response to dynamic pricing,”
The Electricity Journal, vol. 18, mno. 4, pp. 53-63, 2005. [Online|. Available:
https://EconPapers.repec.org/RePEc:eee:jelect:v:18:y:2005:1:4:p:53-63

A. Faruqui, “Breaking out of the bubble,” Public Utilities Fortnightly, pp. 46-51, march
2007.

A. Faruqui and R. Hledik, “The impact of dynamic pricing on westar energy,” Smart

Grid and Energy Storage Roundtable, Topeka-Kansas, 20009.

A. Faruqui and S. Sergici, “Household response to dynamic pricing of electricity:
a survey of 15 experiments,” Journal of Regulatory Economics, vol. 38, no. 2, pp.

193-225, Oct 2010. [Online]. Available: https://doi.org/10.1007/s11149-010-9127-y

S. E. Widergren, A. Somani, K. Subbarao, C. Marinovici, J. Fuller, J. Hammerstrom,
and D. Chassin, “Aep ohio gridsmart demonstration project real-time pricing demon-

stration analysis,” PNNL-23192, Department of Energy, February 2014.

S. Widergren, C. Marinovici, J. Fuller, K. Subbarao, D. Chassin, and A. Somani, “Cus-
tomer engagement in aep gridsmart residential transactive system,” Transactive Energy

Conference, December 2014.

“The future of the grid: Evolving to meet americas needs,” GridWise Alliance, Decem-

ber 2014.

“Gridwise transactive energy framework version 1.0,” The Grid Wise Architecture Coun-

cil, January 2015.

116


https://EconPapers.repec.org/RePEc:eee:jelect:v:18:y:2005:i:4:p:53-63
https://doi.org/10.1007/s11149-010-9127-y

[10]

[11]

[12]

[13]

[14]

[18]

R. B. Jr, J. Romanowiz, and C. Staples, “Energy management and home automation

system,” US Patent 5,544,036, 1996.

M. Inoue, T. Higuma, Y. Ito, N. Kushiro, and H. Kubota, “Network architecture
for home energy management system,” IEEE Transactions on Consumer Electronics,

vol. 49, no. 3, pp. 606-613, Aug 2003.

M. Kuzlu, M. Pipattanasomporn, and S. Rahman, “Hardware demonstration of a home
energy management system for demand response applications,” IEEE Transactions on

Smart Grid, vol. 3, no. 4, pp. 1704-1711, Dec 2012.

M. Pipattanasomporn, M. Kuzlu, and S. Rahman, “An algorithm for intelligent home
energy management and demand response analysis,” IEEE Transactions on Smart Grid,

vol. 3, no. 4, pp. 2166-2173, Dec 2012.

M. A. A. Pedrasa, T. D. Spooner, and 1. F. MacGill, “Coordinated scheduling of res-
idential distributed energy resources to optimize smart home energy services,” IFEFE

Transactions on Smart Grid, vol. 1, no. 2, pp. 134-143, Sept 2010.

K. Jhala, B. Natarajan, and A. Pahwa, “Prospect theory based active consumer behavior

under variable electricity pricing,” IFEE Transactions on Smart Grid, pp. 1-1, 2018.

——, “Probabilistic voltage sensitivity analysis (pvsa) - a novel approach to quantify
impact of active consumers,” IEEFE Transactions on Power Systems, vol. PP, no. 99,

pp- 1-1, 2017.

——, “Probabilistic voltage sensitivity analysis (pvsa) for random spatial distribution
of active consumers,” in 2018 IEEE Power Energy Society Innovative Smart Grid Tech-
nologies Conference (ISGT), Feb 2018, pp. 1-5.

K. Jhala, B. Natarajan, A. Pahwa, and H. Wu, “Identifying the dominant influencer of

voltage fluctuations,” IEEE Transactions on Power Systems (Under review), 2018.

117



[19]

[20]

[21]

[22]

[23]

[25]

[26]

[27]

——, “Security and stability of transactive energy market-based power distribution

system,” IEEE Transactions on Smart Grid (Under review), 2018.

S. Salinas, M. Li, and P. Li, “Multi-objective optimal energy consumption scheduling
in smart grids,” IFEFE Transactions on Smart Grid, vol. 4, no. 1, pp. 341-348, March
2013.

S. Althaher, P. Mancarella, and J. Mutale, “Automated demand response from home
energy management system under dynamic pricing and power and comfort constraints,”

IEEE Transactions on Smart Grid, vol. 6, no. 4, pp. 1874-1883, July 2015.

C. Chen, J. Wang, and S. Kishore, “A distributed direct load control approach for large-
scale residential demand response,” IEEFE Transactions on Power Systems, vol. 29, no. 5,

pp. 2219-2228. Sept 2014.

A. H. Mohsenian-Rad and A. Leon-Garcia, “Optimal residential load control with price
prediction in real-time electricity pricing environments,” IEEE Transactions on Smart

Grid, vol. 1, no. 2, pp. 120-133, Sept 2010.

E. Vrettos, K. Lai, F. Oldewurtel, and G. Andersson, “Predictive control of buildings
for demand response with dynamic day-ahead and real-time prices,” in 2013 Furopean

Control Conference (ECC), July 2013, pp. 2527-2534.

7. Wen, D. ONeill, and H. Maei, “Optimal demand response using device-based rein-
forcement learning,” IFEFE Transactions on Smart Grid, vol. 6, no. 5, pp. 2312-2324,
Sept 2015.

A. H. Mohsenian-Rad, V. W. S. Wong, J. Jatskevich, R. Schober, and A. Leon-Garcia,
“Autonomous demand-side management based on game-theoretic energy consumption

scheduling for the future smart grid,” IFEE Transactions on Smart Grid, vol. 1, no. 3,

pp- 320-331, Dec 2010.

Z. Chen, L. Wu, and Y. Fu, “Real-time price-based demand response management

118



28]

[29]

[31]

[32]

[33]

for residential appliances via stochastic optimization and robust optimization,” IFEFE

Transactions on Smart Grid, vol. 3, no. 4, pp. 1822-1831, Dec 2012.

D. Eryilmaz, T. Smith, S. Dhople, E. Wilson, and J. Schmitt, “Demand response for
industrial-scale energy users in midwest iso: A dynamic programming approach for

curtailing energy use,” in 2014 IEEE PES T D Conference and Ezxposition, April 2014,

pp. 1-4.

D. Arnone, V. Croce, G. Patern, A. Rossi, S. Emma, R. Miceli, and A. O. D. Tommaso,
“Energy management of multi-carrier smart buildings for integrating local renewable

energy systems,” in 2016 IEEE International Conference on Renewable Energy Research

and Applications (ICRERA), Nov 2016, pp. 845-850.

D. Minoli, K. Sohraby, and B. Occhiogrosso, “lot considerations, requirements, and ar-
chitectures for smart buildings x2014;energy optimization and next-generation building
management systems,” IFEFE Internet of Things Journal, vol. 4, no. 1, pp. 269-283, Feb
2017.

Y. Wang, Y. Xu, Z. Dong, and W. Zhang, “Multi-stage planning and economic analysis
of intelligent energy management system in a smart building,” in 10th International
Conference on Advances in Power System Control, Operation Management (APSCOM
2015), Nov 2015, pp. 1-6.

S. L. Arun and M. P. Selvan, “Intelligent residential energy management system for
dynamic demand response in smart buildings,” IEFE Systems Journal, vol. PP, no. 99,

pp. 1-12, 2017.

K. Jhala, B. Natarajan, A. Pahwa, and L. Erickson, “Coordinated electric vehicle charg-
ing solutions using renewable energy sources,” in 2014 IEEE Symposium on Computa-

tional Intelligence Applications in Smart Grid (CIASG), Dec 2014, pp. 1-6.

——, “Coordinated electric vehicle charging for commercial parking lot with renewable

energy sources,” Flectric Power Components and Systems, vol. 45, no. 03, pp.

119



[35]

[38]

[39]

[41]

344-353, 2017. [Online]. Available: http://www.tandfonline.com/doi/abs/10.1080/
15325008.2016.1248253

——, “Real-time differential pricing scheme for active consumers with electric vehicles,”
FElectric Power Components and Systems, vol. 45, no. 14, pp. 1487-1497, 2017. [Online].
Available: https://doi.org/10.1080/15325008.2017.1362074

K. Jhala, “Coordinated electric vehicle charging with renewable energy sources,”
Master’s Thesis, Department of FElectrical and Computer Engineering, Kansas State
University, Aug 2015. [Online|]. Available: http://krex k-state.edu/dspace/handle/
2097/19767

I. O. Volkova, M. V. Gubko, and E. A. Salnikova, “Active consumer:
Optimization problems of power consumption and self-generation,” Automation
and Remote Control, vol. 75, mno. 3, pp. 551-562, 2014. [Online]. Available:
http://dx.doi.org/10.1134/50005117914030114

S. Ghosh, X. A. Sun, and X. Zhang, “Consumer profiling for demand response programs
in smart grids,” in IEEE PES Innovative Smart Grid Technologies, May 2012, pp. 1-6.

N. Zhang, Y. Yan, S. Xu, and W. Su, “Game-theory-based electricity market clearing
mechanisms for an open and transactive distribution grid,” in 2015 IEEE Power Enerqgy

Society General Meeting, July 2015, pp. 1-5.

N. Zhang, Y. Yan, and W. Su, “A game-theoretic economic operation of
residential distribution system with high participation of distributed -electricity
prosumers,” Applied Energy, vol. 154, pp. 471 — 479, 2015. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0306261915006212

L. Xiao, N. B. Mandayam, and H. V. Poor, “Prospect theoretic analysis of energy
exchange among microgrids,” IEEE Transactions on Smart Grid, vol. 6, no. 1, pp.

63-72, Jan 2015.

120


http://www.tandfonline.com/doi/abs/10.1080/15325008.2016.1248253
http://www.tandfonline.com/doi/abs/10.1080/15325008.2016.1248253
https://doi.org/10.1080/15325008.2017.1362074
http://krex.k-state.edu/dspace/handle/2097/19767
http://krex.k-state.edu/dspace/handle/2097/19767
http://dx.doi.org/10.1134/S0005117914030114
http://www.sciencedirect.com/science/article/pii/S0306261915006212

[42]

[43]

[44]

[45]

[47]

Y. Wang, W. Saad, N. B. Mandayam, and H. V. Poor, “Integrating energy storage into
the smart grid: A prospect theoretic approach,” in 2014 IEEFE International Conference
on Acoustics, Speech and Signal Processing (ICASSP), May 2014, pp. 7779-7783.

R. Aghatehrani and R. Kavasseri, “Sensitivity-analysis-based sliding mode control for
voltage regulation in microgrids,” IEEE Transactions on Sustainable Energy, vol. 4,

no. 1, pp. 50-57, Jan 2013.

R. Aghatehrani and A. Golnas, “Reactive power control of photovoltaic systems based
on the voltage sensitivity analysis,” in 2012 IEEE Power and Energy Society General
Meeting, July 2012, pp. 1-5.

S. Weckx, R. DHulst, and J. Driesen, “Voltage sensitivity analysis of a laboratory
distribution grid with incomplete data,” IFEFE Transactions on Smart Grid, vol. 6,
no. 3, pp. 1271-1280, May 2015.

Q. Zhou and J. W. Bialek, “Generation curtailment to manage voltage constraints in
distribution networks,” IET Generation, Transmission Distribution, vol. 1, no. 3, pp.

492-498, May 2007.

G. Valverde and T. V. Cutsem, “Model predictive control of voltages in active distri-
bution networks,” IEEE Transactions on Smart Grid, vol. 4, no. 4, pp. 2152-2161, Dec
2013.

M. Brenna, E. Berardinis, F. Foiadelli, G. Sapienza, and D. Zaninelli, “Voltage control

9

in smart grids: An approach based on sensitivity theory,” in Journal of Electromagnetic

Analysis and Applications, vol. 2, no. 80, August 2010, pp. 467-447.

B. B. Zad, J. Lobry, and F. Valle, “A centralized approach for voltage control of mv
distribution systems using dgs power control and a direct sensitivity analysis method,”

in 2016 IEEFE International Energy Conference (ENERGYCON), April 2016, pp. 1-6.

B. B. Zad, H. Hasanvand, J. Lobry, and F. Valle, “Optimal reactive power
control of {DGs} for voltage regulation of {MV} distribution systems using

121



[51]

[52]

[56]

[57]

sensitivity analysis method and {PSO} algorithm,” International Journal of Electrical
Power and FEnergy Systems, vol. 68, pp. 52 — 60, 2015. [Online|. Available:
http://www.sciencedirect.com/science/article/pii/S014206151400773X

B. B. Zad, J. Lobry, F. Vallee, and H. Hasanvand, “Optimal reactive power control
of dgs for voltage regulation of mv distribution systems considering thermal limit of
the system branches,” in Power System Technology (POWERCON), 2014 International
Conference on, Oct 2014, pp. 2951-2958.

V. Klonari, B. B. Zad, J. Lobry, and F. Valle, “Application of voltage sensitivity analysis
in a probabilistic context for characterizing low voltage network operation,” in 2016
International Conference on Probabilistic Methods Applied to Power Systems (PMAPS),
Oct 2016, pp. 1-7.

A. A. Cardenas, S. Amin, and S. Sastry, “Secure control: Towards survivable cyber-
physical systems,” in 2008 The 28th International Conference on Distributed Computing
Systems Workshops, June 2008, pp. 495-500.

Y. Liu, P. Ning, and M. K. Reiter, “False data injection attacks against state
estimation in electric power grids,” in Proceedings of the 16th ACM Conference on
Computer and Communications Security, ser. CCS '09. New York, NY, USA: ACM,
2009, pp. 21-32. [Online]. Available: http://doi.acm.org/10.1145/1653662.1653666

Y. Yuan, Z. Li, and K. Ren, “Quantitative analysis of load redistribution attacks in
power systems,” [EEFE Transactions on Parallel and Distributed Systems, vol. 23, no. 9,

pp. 1731-1738, Sept 2012.

S. Bhattarai, L. Ge, and W. Yu, “A novel architecture against false data injection
attacks in smart grid,” in 2012 IEEE International Conference on Communications

(ICC), June 2012, pp. 907-911.

M. Talebi, C. Li, and Z. Qu, “Enhanced protection against false data injection by

122


http://www.sciencedirect.com/science/article/pii/S014206151400773X
http://doi.acm.org/10.1145/1653662.1653666

[58]

[60]

[61]

[62]

[65]

dynamically changing information structure of microgrids,” in 2012 IEEE 7th Sensor
Array and Multichannel Signal Processing Workshop (SAM), June 2012, pp. 393-396.

H. Zhang, W. Meng, J. Qi, X. Wang, and W. X. Zheng, “Distributed load sharing
under false data injection attack in inverter-based microgrid,” IEEFE Transactions on

Industrial Electronics, vol. PP, no. 99, pp. 1-1, 2018.

H. S. Karimi, K. Jhala, and B. Natarajan, “Stochastic hybrid modeling and analysis of
real-time pricing response attack in distribution system,” in 2018 IEEE North American

Power Symposium (NAPS), Sep 2018, pp. 1-6.

S. K. Singh, K. Khanna, R. Bose, B. K. Panigrahi, and A. Joshi, “Joint-transformation-
based detection of false data injection attacks in smart grid,” IFEE Transactions on

Industrial Informatics, vol. 14, no. 1, pp. 89-97, Jan 2018.

D. Cardwell, “Solar power battle puts hawaii at forefront of worldwide changes,” New

York Times, April 2015.

D. Kahneman and A. Tversky, “Prospect theory: An analysis of decision under
risk,”  Econometrica, vol. 47, mno. 2, pp. 263-291, 1979. [Online]. Available:
http://www.jstor.org/stable/1914185

A. Tversky and D. Kahneman, “Advances in prospect theory: Cumulative

2

representation of uncertainty,” Journal of Risk and Uncertainty, vol. 5, no. 4, pp.

297-323, 1992. [Online]. Available: http://dx.doi.org/10.1007/BF00122574

D. Prelec, “The probability weighting function,” FEconometrica, vol. 66, no. 3, pp.
497-528, 1998. [Online|. Available: http://EconPapers.repec.org/RePEc:ecm:emetrp:v:
66:y:1998:1:3:p:497-528

M. N. Faqiry and S. Das, “A budget balanced energy distribution mechanism among
consumers and prosumers in microgrid,” in 2016 IEEE International Conference on

Internet of Things (iThings), Dec 2016, pp. 516-520.

123


http://www.jstor.org/stable/1914185
http://dx.doi.org/10.1007/BF00122574
http://EconPapers.repec.org/RePEc:ecm:emetrp:v:66:y:1998:i:3:p:497-528
http://EconPapers.repec.org/RePEc:ecm:emetrp:v:66:y:1998:i:3:p:497-528

[66]

[68]

[70]

[71]

[73]

L. Akter and B. Natarajan, “Modeling fairness in resource allocation for secondary
users in a competitive cognitive radio network,” in 2010 Wireless Telecommunications

Symposium (WTS), April 2010, pp. 1-6.

F. Tamp and P. Ciufo, “A sensitivity analysis toolkit for the simplification of mv distri-
bution network voltage management,” Smart Grid, IEEE Transactions on, vol. 5, no. 2,

pp. 559-568, March 2014.

R. Broderick, J. Quiroz, M. Reno, A. Ellis, J. Smith, and R. Durgan, “Time series power
flow analysis for distribution connected pv generation,” in Sandia National Laboratories,

Jan 2013, pp. 1-62.

D. Parmar and L. Yao, “Impact of unbalanced penetration of single phase grid connected
photovoltaic generators on distribution network,” in Universities’ Power Engineering

Conference (UPEC), Proceedings of 2011 46th International, Sept 2011, pp. 1-8.

R. Tonkoski, D. Turcotte, and T. H. M. EL-Fouly, “Impact of high pv penetration
on voltage profiles in residential neighborhoods,” IEEE Transactions on Sustainable

Energy, vol. 3, no. 3, pp. 518-527, July 2012.

R. Aghatehrani and A. Golnas, “Reactive power control of photovoltaic systems based
on the voltage sensitivity analysis,” in Power and Energy Society General Meeting, 2012

IEFE, July 2012, pp. 1-5.

L.-L. Chuang and Y.-S. Shih, “Approximated distributions of the weighted
sum of correlated chi-squared random variables,” Journal of Statistical Planning
and Inference, vol. 142, mno. 2, pp. 457 — 472, 2012. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0378375811003156

Y. Liu, P. Ning, and M. K. Reiter, “False data injection attacks against state estimation
in electric power grids,” ACM Trans. Inf. Syst. Secur., vol. 14, no. 1, pp. 13:1-13:33,
Jun. 2011. [Online|. Available: http://doi.acm.org/10.1145/1952982.1952995

124


http://www.sciencedirect.com/science/article/pii/S0378375811003156
http://doi.acm.org/10.1145/1952982.1952995

[74]

[77]

G. Liang, J. Zhao, F. Luo, S. R. Weller, and Z. Y. Dong, “A review of false data
injection attacks against modern power systems,” IEEE Transactions on Smart Grid,

vol. 8, no. 4, pp. 1630-1638, July 2017.

O. Kosut, L. Jia, R. J. Thomas, and L. Tong, “Malicious data attacks on the smart
grid,” IEEFE Transactions on Smart Grid, vol. 2, no. 4, pp. 645-658, Dec 2011.

A. Teixeira, S. Amin, H. Sandberg, K. H. Johansson, and S. S. Sastry, “Cyber security
analysis of state estimators in electric power systems,” in 49th IEEE Conference on

Decision and Control (CDC), Dec 2010, pp. 5991-5998.

P. H. Divshali, B. J. Choi, and H. Liang, “Multi-agent transactive energy management
system considering high levels of renewable energy source and electric vehicles,” IET

Generation, Transmission Distribution, vol. 11, no. 15, pp. 3713-3721, 2017.

125



Appendix A

Concavity Analysis

Lemma 4. Optimal action of an active consumer af, given by equation (3.6), is convex

decreasing function of P.

Proof. Numerator of equation (3.6) is linear and decreasing function of P. Denominator of

(3.6) is y — \/y? — 4xz, where z,y, and z are given by equation (A.1), (A.2), and (A.3). Here

y is linear and decreasing function of P; and \/m is convex and decreasing function

of P, which is proved in lemma 8. As reciprocal of a positive convex function is convex
1

(see Lemma 5), it can be shown that y_\/ﬁ is convex and increasing function of P and

product of such two functions is concave (Lemma 6).

r = —27S(i,i)?, (A1)

y = 2v,S(i,1)(v(i) + S(i,i)d; — 1) — P — 27;S(i,1)*(R; + 1) (A.2)
2= B — P(R; + 1) + 2vS(i,1)(v(i) + S(i,1)d; — 1)(R; + 1) (A.3)
O

Lemma 5. Reciprocal of a positive convex function is convet.
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Proof. Consider function f : D — R where domain of the function is convex. Let f(z) > 0

be a positive convex function. In order to prove that reciprocal of f(x), F(x) =

f(@)

L_ s

convex, let us investigate conditions under which F'(x) is convex. For F(z) to be convex, by

definition of convexity:

FQu + (1= A)y) < AF(@) + (1- NF(y),
for all z,y € D and X € [0,1]. Replacing F by %:

1 SEPUNUERY

fOr+ (=N = f@) | )

Multiplying on right hand side,

1 <MW

which can be simplified as following.

AL = N[f*() + f2W)]
f(@)f(y)

+ X+ (1=N2>1

AL =NfA(@) + )]+ IV + 1 =) = 1] f(2)f(y) > 0

(A.5)

(A.6)

(A7)

(A.8)

(A.9)

Here, [A2+(1—=X)?—1] = —2X\(1—\); therefore, equation above can be rewritten as following.

[f*(@) + F* ()] = 2f(2) f(y) > 0,

[f*(@) = ()" = 0.
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This condition is always true. Therefore, sufficient condition for a reciprocal of a convex

function to be convex is that f(z) > 0

]

Lemma 6. Product of two convex functions F(x) = g(x)h(z) is concave if g(x) is non-

decreasing and h(x) is non-increasing function.

From the definition of concavity, function F(z) is concave if

AF(x)+ (1 =N F(y) < F(\x + (1= Ny).

Replacing F(z) = g(x)h(x) into equation (A.12), it can be rewritten as:

Ag(x)h(z) + (1 = Ng(y)h(y) <g(Az + (1 = N)y)

h(Az + (1 — N)y).

Now h(z) and g(x) are convex; therefore,

gz + (1= Ny) < Ag(z) + (1 = N)g(y),

and

h(Az + (1 — Ny) < Ar(z) + (1 = MhA(y).

Substituting equation (A.14) and (A.15) into equation (A.13),

Ag(w)h(x) + (1 = N)g(y)h(y) <[Ag(z) + (1 = N)g(y)]

[A(z) + (1 = A)h(y)]-

Equation (A.16) can be simplied further as following:

AL = N[g(x)h(z) + g(y)h(y) — g(x)h(y) — g(y)h(z)] <0

(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)



Equation (A.18) shows that product of two convex functions is concave if one function is

convex and non-increasing and other is convex non-decreasing.
Lemma 7. Square of a concave function F(z) = f(x)* is conver.

Proof. From the definition of convexity, function F'(z) is convex if

AF(z) + (1= ANF(y) > F(Az + (1 = A)y)

Substituting F(z) = f*(x),

A (@) @)+ (=N fy)f(y) > POz + (1= Ny)

M(@)f(@) + (1= f@)fy) — M)+ 1= )" >0

ML= 2)f2 (@) + M1 =22 (y) = 2MA = N f(2) f(y) > 0

@)+ fP(y) —2f(2) fy) =0

[f(z) = f(y)] = 0

(A.19)

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)

Equation (A.24) is always true; therefore, square of a concave function is always convex.

]

Lemma 8. Action of an active consumer that mazimizes its perceived payoff given by equa-

tion (3.6).

Vy? —4xz,

(A.25)

where, x,y, and z is given by equation (A.1), (A.2), and (A.3) is convex and increasing

function of P.
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Proof. Let b = y? — 4xz. Therefore,

Vb= ([Q%S(i,z‘)(v(i) 4 S(i,4)d; — 1 — S(i,i)(R; + 1))]> + P?
— 4P~;S(i, 1) (v (i) + S(i,i)d; — 1 — S(i, 1) (R; + 1)) + 87:S(i, 1) (A.26)

6, — PR+ 1) + 28(,)(v(0) + (0. ) — (R + 1))

Taking first and second order derivative:

N (A.27)
oP 2 9P
2 2 2
O oLz O Lo (8?> (A.28)
op? 2 op2 4 opP
5; = P[2 — 4%S(i,i)(v(i) + S(i,1)d; — 1 + S(i,4)(R; + 1))] = 0 (A.29)
o = [2 —4v;S(4,4)(v(i) + S(i,i)a; — 1+ S(i,i)(R; +1))] > 0 (A.30)

Therefore, 88—];\/5 > 0. From this it can be proved that /y?> — 4z z is convex non-decreasing

function function. ]
Lemma 9. 0||v + S(ad — a) — 1| is convez function of P

Proof. According to lemma 4, a is convex function of P. As convex function of convex

function is convex, 6||v + S(a — a) — 1|| is convex function of P O
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Appendix B

Covariance Matrix X INTNT

2
O- A VDTG,

cov(AVT

oa?’

3VoaVo =
cov(AV)

oa’

cov(AV)

oa’

AV,,)
AVJ)
AVy)

_Avoz_
AVg,
=N(0,%v,.v,)
NG
| AV)
cov(AV, AVL) cov(AVE, AV)
oAvi cov(AV,,, AVY)
cov(AVE  AVT) crrCr
cov(AVE  AVY) CrTyCr
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cov(AV)

oa’

AV;)
cov(AV?

oa’ A‘/OZ)
CrTECr

crTxCr

(B.1)

(B.2)



where o3y, , O'AVZ , and cov(AV! AV ) is given by equations (6.14-6.16) and

oa?

cov(AV], AV,,) = E[AVIAV,] — E[AVIIE[AV]

= E[AVIAV])
B N

= E|AV,, <Z AVO*;)
| =1

N
=E|) AV;AV,

= E[AVIAVI]+ E Z AVIAVT

z#a

= var(AV) ) + Z cov(AV,, AV ),

o)

z;éa

COV(AVZa A‘/oia) = E[AVZAVZI] - E[A‘/;]E[A‘/Za]

= E[AV,AV,]
B N

=F A‘/oia (Z AVZz)
L i=1

[ N
=E Z A‘/oiiAv;ia

= E[AVEAVI]+ E Z AVEAVE
z;éa
= var(AV.) + ZCOV AVL AV,

z;éa
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COV(AVZ’ A‘/ZCL) - E[A‘/OTAVZCJ - E[AVZ]E[AVZA

:EMWAW}
= E |AVL (ZA >

=5 ZA%@AV:’a
=1

(B.5)

N

= E[AVLAVL+E | Y AVIAV,
=1
i;ﬁa

= cov(AVI AVE) + ZCOV AVE AVEY,

oa? o)

zséa
cov(AV,, AV,,) = E[AV;AV, ] — E[AV,]E[AV,,]

= BE[AVIAV]]
= E|AV! (ZA )

=LK Z AVLAVS,

(B.6)

E[AVLAVI |+ E ZAV@AVO’;
z;éa

o)

= cov(AVL AVI) + Zcov (AVE AV,
z;éa
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Where

and

cov(AVg, AVR) = E[AVL AV — E[AVELE[AV)]
= E[(APiCo1 — AQ1Dp1)(APCor — AQ2 D)
= CpCoaE[APIAPR,| + Dy Doy EIAQ1AQ,]
— Co1 Do EIAPIAQs] — Coa Do E[AP,AQ |
= Cp1Co2cov(AP, APy) + Dy Dyacov(AQ1, AQs)

— Co1Dpacov (AP, AQ2) — CoaDyicov(APy, AQy),

cov(AV,,, AVy,) = E[AV, AVy,] — E[AVE[AV,,)]
= E[(AP1 Dy + AQ1Co1)(APyDyo + AQ2C0)]
= D1 Doy EJAP,APy] + Ci Coy EIAQ1AQs)]
+ D1 Coa E[APIAQ2] + Do Coi E[AP,AQ |
= D1 Dyacov(AP, APy) + Cy Coacov(AQ, AQ>)

+ DolcogCOV(A.Pl, AQQ) + DOQCOICOV(APQ, AQl),

cov(AVyy, AVy,) = E[AVLAVy] — E[AVEIAV,]
= E[(AP,Cy; — AQ1Dg1 (AP, Dy + AQoClo)]
= Oy Dy E[AP APy — Dy Con E[AQ1 AQs)]
+ C1Co EIAPLAQ;] — Dy Doy EJAP,AQ,]
= Cp1 Dpacov(AP, APy) — Dy Coacov(AQq, AQs)

+ 001002COV(AP1, AQQ) — D02D01COV<AP27 AQ1>
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