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ABSTRACT

SHYAMAL PATEL. Data-driven control and optimal management of electric
distribution grid with high penetration of distributed energy resources (DERs) based
on spectral clustering. (Under the direction of DR. SUKUMAR KAMALASADAN)

Motivated by the government’s clean energy targets, the penetration of Distributed

Energy Resources (DER) is increasing. These DERs interconnections bring the added

generation and storage capacity at the distribution level. Also, with the increasing

implementation of smart inverters and Advanced Distribution Management Systems

(ADMS), the flexibility of the DERs can be leveraged to solve the distribution grid

issues like abnormal voltages, intermittencies, and thermal overloads. The proposed

work focuses on the development of a robust distributed control architecture to control

and optimally manage the load and PV variations using energy storage by creating the

virtual clusters of the distribution grid. The approach is based on a spectral clustering

distributed control methdology that partition the grid into manageable clusters. The

cluster of the distribution grid represents a good balance of local load and DER

generation. An approach for reactive power to voltage sensitivity is also proposed for

voltage regulation purposes at the cluster level based on the grid measurements. The

cluster configurations adapt to accommodate the varying grid topology or changing

load and DER generation. For the distribution grids receiving the set-points at the

substation level for management of transmission power flow, an Alternating Direction

Methods of Multipliers (ADMM) based optimization is proposed to share the area set-

points among the clusters based on the state of charge of each cluster. The controllable

assets of each cluster (BESS) are managed through model predictive control. The

improvement in the grid resiliency is demonstrated through the implementation of

the complete framework to support the loads on the healthy part of the grid without

interruptions during the contingency/outage scenarios on the distribution grid.
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PREFACE

If you decide to have an introduction page, your introduction text would go here.

Depending on the discipline or the requirements of the student’s advisory commit-

tee, an Introduction may be included as a preliminary page.



CHAPTER 1: INTRODUCTION

There is an increasing trend in power outages and the impact of the power outages

in the U.S. (Figure. 1.1). For example, it has been reported that more than 10 million

customers were affected due to power outages between 2003 and 2012 [1]. According to

Fig. 1.2, the majority of outages are weather-related. Between 2003 to 2012, weather-

related events were responsible for 80% of the major outages in the U.S. [2] [1]. On the

other hand, no significant increase in the frequency of hurricanes is observed during

the specified period indicating that, with the aging grid infrastructure, increasing size

and complexity of the power grid, the resiliency of the same is being compromised

(Figure. 1.3).

In addition to the conventional causes of a power outage, cyber-threats and cyber-

attacks are emerging challenges that compromise the power grid’s reliability. Digiti-

zation of the power grid makes the power grid more vulnerable to cyber threats. For

instance, including a more significant number of digital and smart devices in the grid

has introduced a higher number of Internet Protocol (IP) based access points. These

access points, if not adequately secured, act as a gateway for the cyber-attacks [3] [4].

At the same time, increasing adaptation of distributed energy resources (DERs)

such as solar photovoltaics and batteries have introduced new technology options for

energy resilience (Fig. 1.4). Renewable energy portfolios back growth in renewable

energy and goals set by more than half of US states (Fig. 1.6). In addition to the

same, many US utilities are targeting 100% clean energy generation. On the other

hand, there is no significant increase in the overall energy consumption of US Fig.

1.5. With the current trends, the distribution grids would soon become self-sufficient

to host the critical load demand during a power outage. In addition to the same,
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Figure 1.1: Number of major outages (1992-2011)

compared to conventional power backup options, DERs (primarily PV and BESS)

have a lower carbon footprint.

The organization of the chapter is as follows. Section II presents the major problems

faced by critical loads. Section III presents the conventional load support approaches.

Section IV discusses the clean-energy alternatives for providing power backup. Section

V illustrates the effects of increasing DER interconnections on the power quality of

the distribution grid. Section VI presents the additional planning challenges for DER

interconnections on the distribution grid. Section VII discusses the possibilities for

critical load management using DERs. Section VII summarizes the conclusion and
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Figure 1.2: Common causes of major power outages (1992-2012)

Figure 1.3: Hurricane faced by US (1999-2018)
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Figure 1.4: Forecasted growth of DERs

Figure 1.5: Power consumption by consumer category

future work.

1.1 Background and Motivation

Currently, the power grids face challenges in terms of resiliency and power quality.

The increasing penetration of the renewable energy resources tied with the storage

capacities provides the flexibility of controlling the generated energy and the resulting

net load. Also, increasing penetration of Electric Vehicles with bi-directional charging

capabilities and distributed generation may provide an opportunity to address the

resiliency issues of the power grid locally. This section provides a detailed description

of the challenges in terms of grid resiliency and power quality.
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Table 1.1: US utility clean energy targets

Utility Target deadline States served
Avista 2045 WA, ID, OR
Duke Energy 2050 OH, KY, TN,

NC, SC
Green Mountain Power 2025 VT
Idaho Power 2045 ID, OR
Public Service Co.
of New Mexico 2040 NM
Xcel Energy 2050 MN, MI, WI,

ND, SD, CO,
TX, NM

Figure 1.6: Renewable energy portfolios and goals for US states

1.1.1 Resiliency related challenges

Interruptions in power systems are the primary factors affecting the distribution

grid resiliency. The interruptions can be broadly classified into Momentary Interrup-

tions and Sustained Interruptions based on the duration.

1.1.1.1 Momentary Interruptions

According to IEEE Std 1159 (2019) [5], a momentary interruption occurs when the

supply voltage decreases to less than 0.1 pu for less than 1 min. The primary causes

of interruptions in the distribution grid are power system faults, equipment failures,
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transient faults, and control malfunctions. Reclosures detect and clear these faults by

series of close-open operations [6]. Sensitive equipment are vulnerable to momentary

faults. Induction machines can experience negative torque and transients during mo-

mentary interruptions [7]. Electronic loads are sensitive to voltage re-strikes. Voltage

spikes during the restoration by reclosure can damage digital devices. Momentary

interruptions of longer duration are more severe since reclosure is struggling to clear

out the fault. After predefined number of reclosing operations, the reclosure opens

up, and interruption becomes sustained bu nature. [8].

1.1.1.2 Sustained interruptions

According to IEEE Std 1159 (2019) [5], a momentary interruption occurs when

the supply voltage decreases to less than 0.1 pu for less than 1 min. The primary

causes of interruptions in the distribution grid are power system faults, equipment

failures, transient faults, and control malfunctions. Reclosures detect and clear these

faults by a series of close-open operations [6]. Sensitive equipments are vulnerable

to momentary faults. Induction machines can experience negative torque and tran-

sients during momentary interruptions [7]. Electronic loads are sensitive to voltage

re-strikes. Voltage spikes during the restoration by reclosure can damage digital de-

vices. Momentary interruptions of longer duration are more severe since reclosure is

struggling to clear out the fault. After a predefined number of reclosing operations,

the reclosure opens up, and interruption becomes sustained by nature. [8].

Hospitals are considered to be the most critical loads. According to [9], in 2012, dur-

ing the mid-Atlantic storms, around 30% of dialysis centers were impacted by power

outages. REf. [10] analyzes the economic impact of power outages in the US. The

overall economic impact is distributed among electricity consumers’ residential, com-

mercial, and industrial classes. Commercial loads account for the maximum economic

impact of 72% because of power outages. Industrial loads account for 26% of the total

economic impact, whereas residential loads account for less than 2% of the total. The
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analysis, however, does not quantify the psychological and physiological impact of

power outages. The study also claims that the frequency of interruptions affects the

economic loss more than the duration of the interruption. The short-term/momentary

interruptions account for 67%, whereas sustained interruptions contributed 33% to-

wards the total economic loss.

1.1.2 Power Quality

Poor power quality is an indication of a potential power outage. Also, if the quality

issues are not rectified locally before having a critical load connected to the distribu-

tion grid, it may affect the performance or even damage the sensitive loads. Power

quality issues on the distribution grid can be classified into the following.

1.1.2.1 Momentary voltage issues

Industrial loads are more sensitive to abnormal voltage-related problems. Failures

due to such disturbances may create a high impact on production costs. Depending

on the period and magnitude of voltage fluctuations, they can primarily be classified

as follows.

• Sag: A voltage sag can be defined as a decrease in RMS voltage (between 0.1

to 0.9 pu) or current at the power frequency for durations from 0.5 cycles to

1 minute [5]. The voltage sags are generally caused by switching heavy load,

an inrush while starting large motors, or a fault on the adjacent feeder until

it is cleared, resulting in a voltage drop at the substation bus. The impact of

voltage sag depends on the duration of the sag and sensitivity of the critical

load on voltage sag [11]. The sensitive equipment includes adjustable speed

drive controls, PLCs, motor starters, and control relays. Voltage sag is the

most severe power quality problem faced by industrial customers. Voltage sag

is a common reason for malfunctioning in production plants. [12]

• Swell: A voltage sag can be defined as an increase in RMS voltage (between 1.1
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to 1.2 pu) or current at the power frequency for durations from 0.5 cycles to 1

minute [5]. The voltage swells are generally caused by switching off a heavy load,

switching on the capacitor banks, or single phase-ground faults. Voltage swell

is less severe than voltage sag because they are less common in the distribution

system. The voltage swell may result in control delay, tripping, overheating and

many times complete damage to electrical/electronic equipment [13].

• Flicker Flicker is a random or continuous voltage variation of voltage within

the acceptable range of 0.95 to 1.05 pu [5]. As the name indicates, the human

eye can perceive these voltage variations in the form of variations in lamp il-

lumination intensity. Any load with significant periodic variations in reactive

power consumption can cause voltage fluctuations. Flicker is also experienced

because of high variation in DER output. IEEE Std 1453-2015 [14] discusses

the standard practice for analyzing the flicker on power systems. Flicker maybe

a concerning issue for critical loads using incandescent bulbs. However, with

the increasing use of led/energy-efficient lighting systems, the issues concerning

flicker may decrease in the future. [15].

1.1.2.2 Sustained voltage issues

Regulators or tap-changing transformers and capacitors primarily provide voltage

regulation at the distribution level. As per the ANSI standard, the voltage throughout

the distribution grid should remain within the range of 0.95 to 1.05 pu [16]. If

voltage regulating infrastructure is inadequate or malfunctioning, the violation of

voltage operating limits may occur. Depending on the voltage magnitude, the voltage

violation is categorized as follows-

• Overvoltage: An overvoltage is an RMS increase in ac voltage greater than 1.05

pu for a duration longer than 1 min. Overvoltage conditions are normally caused

by poor distribution grid voltage regulation or mal-functioning voltage regula-
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tors. Sustained overvoltage situations affect the insulation of the connected

equipment. Also, the current drawn into the equipment increases resulting in

additional heating of the equipment/devices. [13].

• Undervoltage: An undervoltage is an RMS decrease in ac voltage lesser than

0.95 pu for a duration longer than 1 min. Undervoltage conditions can occur in

a distribution grid with high demand. This increases the current from the feeder

head and the grid losses. Loads at the feeder end are more susceptible to the

under-voltage scenarios because of higher voltage drop. [13]. Since the torque

in the induction motor depends on the stator voltage, the loads running on the

induction motor (eq. HVAC) are affected by undervoltage scenario. Prolonged

undervoltage may also lead to overheating of the motor because of higher than

rated current intake.

1.1.2.3 Frequency issues

Power frequency variations are the power system’s fundamental frequency deviation

from its specified nominal value (60 Hz). The steady-state power system frequency is

directly related to the rotational/synchronous speed of the generators on the system.

Frequency is an indicator of the power grid’s balance of generation and demand. The

magnitude of the frequency shift and its duration depends on the load characteristics

and the response of the generation system to load changes. Small, instantaneous fre-

quency changes occur almost continuously due to load switching, etc. These changes

are limited to the local distribution zone of the grid. High variations on the power

grid frequency are caused by sudden switching of significant generation sources be-

cause of fault, outage/disconnection of major load center from the power grid, and

fault on a weak system. Islanded distribution systems that are relatively weak can

have higher frequency variations due to low inertia. Motor loads are more sensitive

to frequency variations. High-frequency variations would make the motor run faster




