
ABSTRACT

DSOUZA, KEITH CECIL. A Methodology for Assessing the Adoption of New Devices in a
Distribution System with High Penetration DER. (Under the direction of Mesut Baran).

The penetration and proliferation of distributed energy resources (DER) or distributed

generation (DG) has been steadily increasing over the years. The rapid pace of technological

improvements accompanied by facilitation from the regulatory and administrative sides

have greatly contributed to this development – a considerable amount of DER has been

added to the distribution system, with even more planned to be added. However, DER espe-

cially at higher penetrations can cause numerous issues in the distribution system. Utilities

are racing to adopt new technologies to mitigate these issues; two new technologies that

stand out are the Dynamic VAR Compensator (DVC) and Power Electronic Voltage Regulator

(PEVR). Being new technologies, they present several research opportunities, especially

aimed at quantifying and maximizing their technical benefits, evaluating their impacts,

and assessing their economic benefits. These opportunities have been the motivation for

this dissertation.

Accordingly, Chapter.2 of this dissertation deals with identifying a comprehensive list

of benefits that can be obtained from a DVC. Further, an optimum placement, sizing,

and dispatch problem is formulated wherein the number of devices placed is treated as a

hyperparameter; the benefits defined earlier are treated as objectives to this optimization

problem. Additionally, a case considering simultaneous optimization of multiple objectives

is also considered. A three-phase distribution model is considered to accurately represent a

typical unbalanced distribution system. This problem formulation results in a Mixed Integer

Non-linear Programming (MINLP) problem, which is challenging to solve with analytic



approaches. Hence, a Pareto-genetic algorithm hybrid methodology is developed, that

combines the benefits of an evolutionary approach with the concept of Pareto Optimality.

Case studies are presented using two feeders to illustrate the proposed methodology for

each objective identified. The results show that some objectives appear to move in tandem

while others are in opposition, this greatly helps in reducing the complexity of the co-

optimization case. With this insight, a co-optimization case is explored to simultaneously

maximize several objectives. The results indicate that one or more DVCs can provide several

benefits to distribution systems with high penetration DER, including suppressing excessive

voltage variation, tap changes, voltage imbalance, and even being able to reduce system

losses. Some objectives result in starkly different optimum locations. Furthermore, when

the optimal dispatches (Volt/VAR curves) for some cases are compared, they reveal that the

standard Volt/VAR curve may not be optimal – or even detrimental – for some objectives;

some objectives require curves that are opposite to the standard Volt/VAR curve.

Chapter.3, looks at the second mitigation device, the PEVR. In this Chapter, a control

philosophy is first developed to coordinate the operation of a PEVR and the Step Voltage

Regulator (SVR) that it is augmented to. The proposed control strategy is then tested in

several case studies to identify the benefits that such devices can offer to distribution

systems, notably those with high penetration DER. The results indicate that the PEVR is

indeed a suitable device to mitigate some of the impacts wrought by high penetration

DER like excessive voltage regulator operations and voltage flicker, in fact, this device

considerably improves voltage regulation on a distribution system.

Chapters 2 and 3 looked at the benefits that these new voltage regulating devices can

offer. However, one key concern with devices like a DVC – being an active device capable

of injecting reactive power – is that they can interfere with a distribution system’s protec-



tion, especially when it comes to anti-islanding detection. Currently, field deployment of

such devices involves costly direct transfer trips over fibre optic communication. This is

warranted by current testing procedures prescribed by the prevalent standards (IEEE1547),

which is a conservative approach. Chapter.4 proposes an alternate methodology to test

such devices using actual distribution system modelling in a hardware-in-loop (HIL) test

bed. The result indicates that a DVC does not significantly impact a distribution system’s

protection system. A very low power mismatch across all three phases, that is sustained is

required to maintain an island. More importantly, the probability of sustaining such islands

based on a feeder’s actual load and PV profiles is insignificant, more so, no islands lasting

more than a few seconds could be sustained.

Having looked at the benefits and impacts, one important aspect for facilitating the

adoption of such devices remains, i.e. an economic assessment of their benefits. Tradi-

tional assessment methods that are utilized to assess DER installation utilize simplified

assumptions and discount the impacts on operational and maintenance costs; using such

methods would result in bleak value propositions for devices such as DVCs and PEVRs.

Hence, Chapter.5 provides a comprehensive list of economic benefits associated with the

cost of service. Subsequently, this chapter proposes an approach to correctly estimate a

distribution system’s operation when such devices are placed and accurately estimate the

cost of service impacts therein. A case study consisting of a planning horizon of several

years is utilized to illustrate the proposed methodology considering three DVC deployment

scenarios. The results reiterate that mitigating devices like DVCs not only improve a feeder’s

hosting capacity by reducing voltage-related impacts – which is the primary benefit that

utilities look at, but also reduce a distribution system’s operating and maintenance costs by

reducing the operation of mechanically switched devices as well as system losses.
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CHAPTER

1

INTRODUCTION

The penetration of Distributed Energy Resources (DER) has steadily increased over the years,

particularly due to the increased availability of cheaper technology [1, 2]. DERs also provide

a greener alternative to energy from fossil fuels which is the producer of greenhouse gases

responsible for global warming [3, 4]. Other bene�ts include providing power to inaccessible

remote locations – where the cost of energy is high, energy arbitrage – buying power at a

lower rate and selling it at a higher rate, demand reduction – which can lead to capacity

deferral and power loss reduction [5].

However, DER is not a silver bullet; uncontrolled DERs, especially at high penetrations,
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introduce a lot of issues, especially in distribution systems where they are installed (point

of interconnection) [6]. A summary of the issues caused by HPDER is placed in the next

section.

1.1 Issues Caused by High Penetration DER [6]

1. Overvoltage : Local pockets of high voltage might appear across the feeder, especially

during light loads at locations of high PV penetration. This can impact the life of

electrical equipment, causing premature failure, and also the unwanted tripping of

protection devices.

2. Increased Substation Voltage : In the absence of voltage regulators at the substation,

or even with regulators with insuf�cient headroom, there is a possibility for the

substation voltage to rise beyond permissible limits due to reverse power �ow.

3. Voltage Flicker : Variations in PV resulting from variations in insolation levels can

cause pulsations in a customer's voltage. There might be noticeable variations in the

illumination levels at the customer's premises. Industrial processes that depend on

stable voltage may also be affected. This variation is a lot slower than the frequency

of the power supply. The amount of permissible �icker is a great decider in the limit

of the PV power that can be connected to the distribution system.

4. Increased Step Voltage Regulator (SVR) switching : Varying insolation levels can

cause a signi�cant increase in the switching instances of voltage regulating equipment

i.e. capacitor banks, voltage regulators, tap changers etc. This could result in their

premature failure.
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5. Improper regulator functioning : If a PV system is connected immediately down-

stream of a voltage regulator with line drop compensation enabled, the regulator

will not sense the correct load current. This could result in lower than permissible

voltages at the end of the feeder.

6. Temporary over voltage : Load rejection and islanding can cause a temporary (a few

seconds to a few minutes) increase in the voltage in the sections adjacent to High

Penetration PV (HPPV). The PV system needs to act fast and trip in such a situation

to prevent damage to the connected equipment.

7. Transient over voltage : Very short duration (few milliseconds or less) voltage tran-

sients either caused by lightning or switching operations, especially when PV farms

are disconnected or brought online.

8. Voltage regulator runaway : High Penetration PV (HPPV) can cause signi�cant reverse

power �ows through voltage regulators. In such a scenario, the voltage regulator

may try to regulate the power �ow on the source side (if this mode is enabled). The

substation is a strong source and will not respond. The regulator will keep changing its

taps till it reaches its limits. This will result in higher or lower than permissible voltages

on the PV side of the regulator depending on which side the taps have changed.

9. Increased System losses : Reverse power �ow caused by HPPV can cause a signi�cant

increase in system losses, especially on downstream laterals, where the current may

exceed its earlier value when PVs were not present.

10. Overloading : PV at very high penetrations can result in overloading of the conductors,

during solar peak periods, especially in an ill-planned setup, on a downstream lateral.
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Having explored the issues caused by HPDER, we now look at new devices that are being

investigated in order to mitigate the issues caused by HPDER. One such technology is the

Dynamic VAR compensator (DVC); We will look at its basic functioning and bene�ts in the

rest of this chapter. Subsequently, we will also look at another device that is being explored

to address such issues, the Power Electronics Voltage Regulator (PEVR), covering its basic

functioning and bene�ts as well.

1.1.1 Dynamic VAR Compensator (DVC)

A DVC consists of three independently controlled stepless (Power electronic based) reactive

power injectors / absorbers. Unlike switched capacitors (and reactors), this device is able to

inject and absorb reactive power over a continuous range, independently on each phase.

A similar device i.e. a Static VAR Compensator (SVC) is used on transmission systems

to manage its voltage and compensate for reactive power losses, however, the advent of

HPDER, more so, the issues that come with it have led to an interest in its adoption on the

distribution system – which are generally unbalanced and can greatly bene�t from devices

like the DVC that possess independent phase control. A schematic diagram of an SVC for

one phase leg is shown in Fig.1.1. It consists of two anti-parallel power semiconductor

switches connected in series with an inductor and / or a capacitor. Some implementations

have only one set of switches, either over the inductor or the capacitor. Being a shunt device,

it can be installed without much modi�cation to the system.

The key bene�t of this device is its fast action, which is usually measured in terms of

cycles. This device can actively sense a system's voltage at the point of common coupling

(PCC) and inject remedial reactive power. Another key bene�t is its ability to inject corrective

reactive power to any phase, independent of the other. Currently, this type of device is being
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Figure 1.1 Schematic Diagram of a DVC - Single Phase

deployed onto the �eld using traditional Volt / VAR curves, an example of which is shown

in Fig. 1.2 – this mode is called the Volt / VAR mode. Other operating modes of this device

include constant powerfactor and constant reactive power modes. Some implementations

also have a time-based changeover of settings or schemes.

Figure 1.2 Typical DVC Volt / VAR settings
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1.1.2 Power Electronic Voltage Regulator (PEVR)

We now look at another notable device that is being used to mitigate the issues caused

by High Penetration DER (HPDER), i.e. a PEVR. This device was conceptualized by the

University of North Carolina at Charlotte (UNCC) as part of an industry-sponsored project

through CAPER. NC State/ FREEDM collaborated with UNCC to identify and quantify its

bene�ts on a distribution system.

Figure 1.3 SVR With PEVR Modi�cation

A PEVR is a device based on a conventional SVR. Fig.1.3 shows a conventional Step

Voltage Regulator (SVR) along with the PEVR additions shown in the red portion. The

unhighlighted portion in blue is part of the PEVR that is responsible for arcless tap changes

and is not relevant to the purpose of this study.

A PEVR is essentially an SVR (Step Voltage Regulator) with a power electronics inverter

added to a tap changer to eliminate arcing while switching taps, and boosting / bucking the

voltage beyond the range of the SVR without the typical delay associated with a conventional
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SVR, the additional boost / buck range of a prototype is currently � 10% of the base rating

of the SVR. The quick response of this augmented device would be bene�cial towards

addressing fast changes in voltage due to DER (on cloudy days); �icker, as well as reducing

tap changes, with the added bene�t of �ner, “band-less” correction of system voltage. Due

to PV's variable nature, high penetration often wreaks havoc on mechanically switched

devices causing their premature failure [6]. A PEVR overcomes these issues by virtue of its

construction.

The fast voltage regulation as a result of its ability to perform fast tap changes, several

orders of magnitude faster than conventional SVRs would greatly bene�t distribution

systems with HPDER. The regulation speed for a PEVR is <30-50ms sustained vs >20

seconds sustained for an SVR. Additionally, this device is with the added bene�t of arcless

tap changes which reduces the wear and tear endured by this device during tap changes,

this is especially important in deployments with HPDER which can cause a sharp increase

in tap changes.

1.2 Current Scenario

As discussed earlier, the main lure of these devices is the advantages they offer over current

voltage regulation equipment like SVRs and Switched Capacitor Banks (SCBs). Existing

voltage regulating equipment are mechanically switched devices, and are not suitable for

implementation in circuits with high – especially uncontrolled – DER due to its variability

and intermittency [6]. HPDER can cause excessive swings in system voltage, correcting these

excursions using SVRs and SCBs results in higher than normal operations potentially leading

to premature failure. However, new technologies like the Dynamic VAR Compensator (DVC)
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and Power Electronic Voltage Regulator (PEVR) pose an interesting proposition and are

being evaluated for deployment in the market. In addition to being able to overcome

the limitations of these older voltage regulating devices, these devices can provide other

bene�ts [7–9].

In the case of a DVC, while it is an established device on the transmission system, its

adoption on distribution systems has been slow. There are limited studies [10–12] on DVCs'

optimum sizing and / or placement available to utility engineers looking to maximize the

bene�ts achievable with such devices installed on distribution systems. In fact, the studies

that exist either do not provide a comprehensive list of bene�ts that this device can provide

to a distribution system or make simpli�ed assumptions.

One of the challenges with adopting a DVC is determining an appropriate control

scheme, especially when trying to maximize its various bene�ts. The current approach

has been to use local control. However, such type of control does not result in maximum

utilization of DVCs bene�ts as the results will show. A recent work [13], highlights the use of

remote dispatch, but only considers improvements to the voltage pro�le of a distribution

system. The work in [14] presents a dispatch strategy for improving power losses, voltage

deviation and voltage collapse. However, these studies do not consider the other important

use cases for the DVC – voltage �icker reduction, reduction of excessive voltage regulator

operation, and voltage imbalance reduction. Also, neither of these methods uses a three-

phase power�ow model which is essential for accurate distribution system modelling, and

DVC bene�t assessment.

Another important challenge with DVC placement is determining the proper size and

location(s). There have been methods proposed for the placement of other devices such as

DGs. The majority of these methods employ analytical approaches [15–18], meta-heuristic
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methods [19–21], and a combination of them [22, 23]. These methods can be adopted for

DVC placement but they need revisions as they consider only balanced systems. For DVC

placement, a more detailed three-phase distribution system model is needed to account

for unbalanced system conditions and the per phase DVC operation. As such, the lacuna

in current literature provides an opportunity to identify and assess the bene�ts that such

devices can provide. Additionally, the development of a tool for the optimal placement,

sizing, and dispatch of such devices will be particularly useful to distribution planning

engineers looking to deploy such devices on their systems.

The PEVR is a newer device that is being researched and explored, and different imple-

mentations of it exist. As such due to its recent development, there has been no research

into quantifying the bene�ts that it can provide to distribution systems, especially those

with HPDER on them. This presents an opportunity to develop suitable control strategies

and evaluate the bene�ts that devices like these can provide.

The previous two sections covered their basic construction and operation. The literature

review, however, pointed to utilities being slow to adopt these devices due to a lack of studies

quantifying their bene�ts, and more importantly, the lack of tools for maximizing their

bene�ts. For utilities to adopt these new devices, a comprehensive methodology is needed

to assess their technical and economic bene�ts and impacts which are not well established

due to their relatively recent development.

Since both these devices are considered to be active devices capable of manipulating

active and reactive power, an additional avenue of interest would be their impact on dis-

tribution system protection. More and more utilities are evaluating and commissioning

microgrids and other utility-scale HPDER facilities. In order to maximize the bene�ts of

HPDER, utilities may want to deploy devices like a DVC. Due to concerns that these devices
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may interfere with the existing protection system – especially by sustaining unwanted is-

landing, they are currently provided with a direct transfer trip via �bre optic communication.

Such costly additional provisions greatly erode the value proposition of DVCs. Currently,

literature uses a lumped RLC model based on the IEEE 1547 std to test anti-islanding per-

formance, however, this approach is overly conservative. There is a need for a more realistic

methodology that uses actual distribution system conditions to test protection.

The assessment of technical bene�ts and impacts of such devices is only one part of

the story. There is a need to assess the economic impacts of such devices as well. The

�rst step of economic assessment involves identifying the affected or bene�ted operating

aspects of the distribution system. Typical assessments of DER involve levelizing the cost

of avoided energy (bene�t) after deducting the cost of installation and operation, over a

planning period. Such approaches only require load and PV generation data and do not

consider the impact of cost components related to the daily operation and maintenance of

a distribution system. Devices such as a DVC or a PEVR do not generate energy but provide

other services to the distribution system. Thus, the economic assessment of such devices

needs to simulate distribution system operation for the period assessment to correctly

estimate their bene�ts.

1.3 Scope of Dissertation

The gap highlighted in the previous section presents an opportunity to develop a method-

ology to (i) Identify and assess the technical bene�ts of devices like DVCs and PEVRs, (ii)

to optimally locate, size, and dispatch devices like DVCs considering three-phase distri-

bution system modelling, (iii) assess any potential impacts caused by these devices to the
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protection system, and (iv) assess the economic bene�ts that these devices can bring to a

distribution system.

Accordingly, this work �rst will assess DVCs for a wide variety of potential bene�ts and

also propose a methodology to �nd the optimal location, sizing, and dispatch to place such

devices on a distribution system for a variety of use cases.

Since a DVC is like a Static VAR Compensator(SVC)[24] and is generally used to boost / buck

the voltage and reduce the VAR requirement (and losses) on the distribution system, the po-

tential bene�ts being looked at are tap change reduction, voltage �icker reduction, voltage

imbalance reduction, voltage variation reduction, and voltage drop reduction. Chapter.2

takes us through the process of de�ning these metrics in terms of circuit parameters and

using them to optimally locate, size, and dispatch one or more DVCs.

In 3, we will take a more detailed look at the PEVR, utilizing a control strategy to coordi-

nate its operation with the SVR that it is �tted on, and �nally the bene�ts that a PEVR can

offer, especially in cases with HPDER,

While DVCs provide a host of bene�ts to the distribution system, they may also cause

interference in the system's protection system, potentially being able to sustain an island

as both these devices are active devices capable of injecting reactive power into the grid.

Normally, a tuned RLC circuit prescribed by the IEEE 1547.1 standard [25] is used to test

islanding protection schemes. However, the dynamic response of these devices (DVC and

PEVR) on a lumped RLC system may not be representative of their response on an actual

distribution system feeder. To address this challenge a study is conducted with a real feeder

in a hardware-in-loop setup to assess a DVC's impact on the protection system in presence

of High Penetration PV (HPPV). This study will serve as a template for further use by the

industry in performing such assessments as currently, the industry depends on the IEEE
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1547.1 standard. The details of this study are presented in Chapter.4.

The �nal chapter (Chapter.5) of this report proposes an assessment methodology to

evaluate the economic bene�t of such technologies. Devices like DVCs are used by utilities

to mitigate voltage issues caused by HPDERs; thus, improving a feeder's hosting capacity.

However, no attention is paid to the bene�ts that DVCs can have on a feeder's operating

and maintenance costs. This chapter will focus on the economics related to the impact on

the cost of service components due to DVC deployment.

To summarize, the work carried out aims to address the following challenges:

1. Identify a comprehensive list of technical bene�ts that a DVC can offer.

2. Develop a method to optimally locate, size, and dispatch new voltage regulating

devices like DVCs on a distribution system so as to maximize the bene�ts they offer.

3. Assess the technical bene�ts of new voltage regulating devices like PEVRs on a distri-

bution system.

4. Develop a method to assess the impacts of these new active devices on a distribution

system's protection system.

5. Identify the economic bene�ts that these new devices can provide to distribution

systems.

6. Develop a method to assess the economic bene�ts that such devices can offer.
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CHAPTER

2

METHODOLOGY TO ASSESS AND ADOPT

DVCS

Chapter.1 brie�y described the construction and working of a DVC, we will now look at the

bene�ts that this device can provide. A local utility implemented this device in one of their

feeders with two large PV farms, and was keen to explore and quantify the bene�ts and

impacts of this device as well as any implications on the protection system.

Discussion with their �eld engineers resulted in the following list of potential bene�ts:

1. Voltage Variation Reduction
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2. Tap Change Reduction

3. Voltage Flicker Reduction

4. Voltage Imbalance Reduction

5. System Loss Reduction

6. Voltage Pro�le Flattening / Voltage Drop Reduction

Given a DVCs fast response time, bene�ts 1-4 are the main bene�ts that a DVC can

provide; most utilities already have systems in place for loss reduction and voltage drop

reduction (conservation voltage reduction or voltage optimization). Based on the provided

list, each metric was de�ned in terms of circuit parameters and objective functions, which

are formulated in the following section, the nomenclature used in the formulae and the

rest of this chapter are presented in Table 2.1 and Table 2.2.

Table 2.1 Nomenclature of objectives and sets

Objective Description
Pl o s s Total circuit power loss
Ps t Voltage �icker metric
V� Voltage imbalance metric
V� Voltage drop metric
V� Voltage variation metric
Sets Description
K Set of tap changers/ voltage regulators
L Set of all lines in the feeder
N Set of nodes in the network
� n Set of phases at node n
� l Set of phases on line l
I ma x Set of maximum normal current ratings for all lines
Qc ap Set of DVC capacities
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Table 2.2 Nomenclature of indices and other miscellaneous variables

Index Description
i , j Index for phases
k Index for tap changers / voltage regulators
l Index for lines
m ,n Index for nodes
� Index for time window
q Index for set of DVC capacities
Other Description
d i ,n (� ) Voltage shape factor on phase i at node n at time �
Vi ,n (t )=V i

n (t ) Voltage on phase i of node n at time t
I i ,l (t ) Current in phase i of line l at time t
P i

n (t ) Real power injection on phase i at node n at time t
Q i

n (t ) Reactive power injection on phase i at node n at time t
G i , j

m ,n Conductance from phase i and j from node m to n
B i , j

m ,n Susceptance from phase i and j from node m to n
� i , j

m ,n Angle difference from phase i and j from node m to n
Fi ,n (� ) Voltage change on phase i at node n at time �
	 i ,n (� ) Voltage change factor on phase i of node n at time �
� (t ) Penalty function associated with objectives at time t
t Variable for time
Va v g ,n (t ) Average voltage at node n at time t
� i Powerfactor angle on phase i of substation
T Time period of simulation
r l ,i Resistance of phase i of line l
z Number of DVC capacity options under consideration

2.1 Quanti�cation of Metrics

2.1.0.1 Voltage Variation

To quantify the voltage variation at a node (how much the voltage varies at a given node),

the metric adopted calculates the difference between the maximum and minimum voltage
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at each node over a period of time. By summing this metric over the nodes of the feeder, we

get the metric for the whole feeder.

V� =
TX

t =1

NX

n =1

X

i = � n

ma x (Vi ,n (t )) � min (Vi ,n (t )) (2.1)

2.1.0.2 Voltage Regulator Operations

Every time a voltage regulator moves its tap, it is counted as an operation. Hence, we simply

count the total number of tap operations that a voltage regulator makes over a period of

time to quantify this bene�t.

� =
TX

t =2

KX

k =1

j� k (t ) � � k (t � 1)j (2.2)

2.1.0.3 Voltage Flicker

The short-term �icker metric Ps t proposed by the IEEE standard 1453-2015 [26, 27] is

adopted. As per this standard, Ps t is calculated for each node on a phase basis at a given

loading condition as:

Ps t =

TX

t =10

NX

n =1

X

i = � n

3

v
u
t

P t
� = t � 9 	 i ,n (� )

10 (mins )
(2.3)

where,

	 i ,n (� ) = 2.3� (100� d i ,n (� ) � Fi ,n (� ))3

8i 2 � n ,8n 2 N
(2.4)
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where, d is the relative voltage change at � , and F is the shape factor of the voltage change

d . A comprehensive explanation about these terms can be found in [27].

2.1.0.4 Voltage Imbalance

Voltage imbalance at a node focuses on how different the phase voltages are. The metric

adopted looks at deviation of the phase voltages from the average phase voltage:

V� =

TX

t =1

NX

n =1

ma x (jVa v g ,n (t ) � Vi ,n (t )j)

Va v g ,n (t )

8i 2 � n

(2.5)

2.1.0.5 Voltage Pro�le / Voltage Drop

To quantify the voltage pro�le on a feeder during a loading condition, a metric that looks

at the difference between the maximum and minimum voltage across the circuit on a

per-phase basis is adopted:

V� =
TX

t =1

X

i = � n

ma x (Vi ,n (t )) � min (Vi ,n (t ))

8n 2 N

(2.6)
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2.1.0.6 Power Loss

Power Loss on a distribution feeder at a given loading condition can be calculated by

summing up the the power loss on each branch, and then summed up for a period of time:

Pl o s s =
TX

t =1

LX

l =1

X

i = � l

I 2
l ,i (t )r l ,i (2.7)

2.2 DVC Placement and Dispatch Method

The main bene�ts that a DVC could provide, introduced above, can be treated as objectives

to formulate the placement problem as an optimization problem.

2.2.1 Problem Formulation

Since the DVC bene�ts accrue over time, we need to consider a time period T (usually a

year) for proper estimation of the bene�ts, and use a detailed feeder model to include the

changing operating conditions on the feeder over the time period in the problem. If we take

one of the bene�ts as the main objective, then the problem can be formulated as follows:

min (o b j x ) = f (l o c a t i on ,numb e r ,s i z e o r c apa c i t y,d i spa t c h )

subject to the following constraints:
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2.2.1.1 Power�ow on each node the Feeder [28]

P i
m (t ) = V i

m (t )
NX

n =1

X

j = � n

V j
n (t )(G i , j

m ,n c o s� i , j
m ,n (t ) + B i , j

m ,n s in � i , j
m ,n (t ))

8m 2 N ,8i 2 � n , t = f 1,2, ...,T g

(2.8)

Q i
m (t ) = V i

m (t )
NX

n =1

X

j = � n

V j
n (t )(G i , j

m ,n s in � i , j
m ,n (t ) + B i , j

m ,n c o s� i , j
m ,n (t ))

8m 2 N ,8i 2 � n , t = f 1,2, ...,T g

(2.9)

2.2.1.2 Voltage limits

Voltages on the feeder are desired to remain within acceptable limits:

0.95� Vi ,n (t ) � 1.05, 8i 2 � n ,8n 2 N , t = f 1,2, ...,T g (2.10)

2.2.1.3 Substation powerfactor limit

Since a DVC injects (or absorbs) reactive power, it is possible that it can push excessive re-

active power at the substation. This is avoided by limiting the powerfactor at the substation

as:

� 0.98� c o s(� i )(t ) � 0.95, i = f 1,2,3g, t = f 1,2, ...,T g (2.11)

where, the negative sign implies a leading powerfactor and a positive sign indicates a lagging

power factor.
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2.2.1.4 Line loading limit

To make sure that a DVC will not cause overloading on the lines, current limits are enforced

by:

I l ,i (t ) � I ma x l , 8l 2 L,8i 2 � l , t = f 1,2, ...,T g (2.12)

2.2.2 Proposed Method

The DVC problem introduced above is a mixed integer non-linear programming (MINLP)

problem, as the main decision variables are mixed – the location and size of the DVC are

integer, while its Q injection is continuous – and all the functions are non-linear. MINLP

problems can be hard to solve and many numerical methods are only locally optimal [29].

While heuristic techniques have been shown to work well with MINLP problems [21,

30], solving multi-objective optimization problems encounters another roadblock. The

general approach for such problems is to monetize the objective and the cost of device and

co-optimize for the reduction in the target objective (say cost of power loss) and cost of

device over a planning period. However, from the equations of the objectives de�ned in

Section II-B, it is clear that all but power loss cannot be easily monetized. This presents a

unique problem in handling quantities that scale differently.

The traditional approach is to use a weighting factor across the objective and cost of

device(s) and to optimize this resultant sum. This method has known drawbacks such as

(i) the optimal solution distribution is not uniform, (ii) optimal solutions in non-convex

regions are not detected. The latter is more serious as it results in omission of part of the

unconstrained solution space [31, 32].
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The solution is to use heuristic methods like genetic algorithms or other evolutionary

programming techniques in combination with Pareto frontiers to get non-dominated

solutions, as these methods do not suffer from the aforementioned drawbacks and have

been used successfully to solve similar problems [33]. It is worth noting that approaches

such as this do not yield one single solution but rather provide all solutions along the

Pareto front; some approaches use evolutionary algorithms with a weighting factor [23],

the demerits of which are already discussed.

2.3 Genetic Algorithms

Genetic Algorithms are a type of evolutionary programming technique that are used to

generate solutions to optimization and search problems. They are based on biologically in-

spired functions like crossover, survival of the �ttest, and mutation. An in-depth discussion

on genetic algorithms can be found in [34], while a general overview may be found in [35,

36]. This section will provide a summary of the important aspects of GAs that are relevant

to our problem, reviewing each step of the process.

2.3.1 Encoding a genome

Any optimization problem involving GAs need to �rst be coded into a synthetic genome.

This process essentially converts an optimization problems decision / control variables into

a string of formatted data, i.e., arrays, vectors or matrices. There is no restriction on the

type of variables, continuous values, binary values, integers, alpha-numeric values can

all be incorporated into a genome. Since all genomes are formatted in exactly the same

manner, it allows for easy operations between them, this property is essential to carry out
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functions like crossover.

2.3.2 Initialization

A population of consisting of a wide range of genomes must be created as a precursor

solution, these are generally referred to as parent. The size of this population would depend

on the nature of the problem. Oftentimes, this population is generated randomly, this

allows for an exhaustive sweep of all possible solutions in the search space. However, this

approach tends to increase the computations time. An alternate approach is to generate

solutions in areas where an optimal solution would be likely, this process is called seeding.

This requires some prior knowledge on the type of problem and its solution space.

2.3.3 Fitness Evaluation (Selection)

Fitness evaluation or selection is the process of generating solutions or objective values with

each parent's genome. While this process is perfunctory, the number of �tness evaluations

(or function calls) of an ill de�ned GA can rise exponentially; thus, greatly affecting the

algorithms solution speed and tractability. Several approaches exist for reducing the number

of function calls, the most common being keeping track of existing (and historic) objective

values, especially when computation of objectives is time intensive. Once all the parents

have been evaluated, then a section of the population that is un�t (objective value in

contravention ranking to desired goal) is culled. This process ensures that only population

with good genes are able to generate offspring (children) and propagate good genes through

successive generations. There is a possibility to quickly converge to local optima if the initial

population is not spread suf�ciently well.
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2.3.4 Crossover

The process of passing on desirable traits to successive generations is called crossover.

There exists several different types of modes of crossover; applicability of these modes

generally depends on the type of encoding present. A list of some typically used crossover

and their applicability is stated below:

1. Binary Crossovers: As the name suggests, this type of crossover is generally used for

genes that contain binary values. Several methods exits for this type of crossover, i.e.,

single point crossover, multi-point crossover, shuf�e etc.

(a) Single point crossover: For parents with genome ( x ) and ( y ) consisting for four

genes [x1, x2, x3, x4] and [y1, y2, y3, y4] respectively, a single point crossover

involves generating offspring by mixing the genes between two parents, parti-

tioning the parents at a randomly generated single point. e.g. child xy =[ y1, x2,

x3, x4] or [y1, y2, x3, x4], etc.

(b) Multi-point crossover: In multi-point crossover, multiple crossover points are

randomly generated to partition parents into several segment for crossing over,

e.g. xy=[ x1, y2, y3, x4].

(c) Shuf�e Crossover: In shuf�e crossover, both parents genes are shuf�ed in the

same order followed by performing a single or multi-point crossover.

2. Linear Crossovers: This type of crossover is used when genes can take continuous

values, the most common type of linear crossover is the arithmetic crossover. Another

popular type of linear crossover is the BLX- � cross over. Suitable modi�cations can

be made to linear crossovers to convert them to integer crossover.
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(a) Arithmetic Crossover: Arithmetic crossover involves using a randomly generated

value � between 0 and 1 to create offspring as follows:

c1 = p1 � � + p2 � (1 � � ) (2.13)

c2 = p2 � � + p1 � (1 � � ) (2.14)

(b) BLX-� : The blended - alpha crossover J. Schaffer and I Eshelman in 1992, the

formulation is given by :

C = (min (p1,p2) � (1 � � ),ma x (p1,p2) � (1+ � )) (2.15)

Where a child c is a randomly drawn from set C. As the formulation illustrates,

with this type of crossover is is possible to have offspring whose real valued

genes lie outside the range of values posses ed by the parent. The value of � can

be varied to promote further exploration of the solution space.

If genomes are coded which a mixed array of binary, integer, and / or continuous values,

then such problem would require a mixed array of crossovers, each dealing with its respec-

tive part of a genome. The process of crossover is performed with two parents at a time,

sometimes drawn at random, while otherwise from a sorted list. This process culminates

when all parents have been used up to create offspring, effectively returning the population

size to its initialized value. Some approaches reduce the population size by a factors of 2

after every several generations to reduce the computation overhead.
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2.3.5 Mutation

Mutation is considered essential to biological processes as it introduces genes that may not

have otherwise been produced through general reproduction; thus, introducing diversity to

a species. As such, mutations could either be bene�cial or detrimental to a species. The same

is true for GAs. Mutation helps explore solution spaces which would have not been explored

with regular crossover functions. This especially helps in getting out of local optima. Care

must be taken to reduce to extent of mutation subjected to the population, values up to 5%

are generally used. If this value is increased, then the ef�cacy of the algorithm is dif�cult to

ascertain, i.e., the solution could be due to mutation even with an ill-de�ned GA.

2.3.6 Other Considerations

While genetic algorithms are a powerful tool, a common criticism is that they are computa-

tionally and time intensive and can sometimes quickly converge to local optima. There are

several ways to accelerate genetic algorithms the list below presents some of them:

1. Saving historical objectives : Since a GA involves repeatedly computing objective values

for large populations, storing historic solutions can help avoid unnecessary objective

computation. If penalty functions are part of the objective then these values can be

stored and updated separately in lieu of computing the entire objective.

2. Educated Initialization : As mentioned earlier, the initial population plays a big part in

how fast a GA can converge. Complex objective function with warped solution spaces

can greatly bene�t from educated initialization. However, it must be emphasized

that overly speci�c guess can prevent proper exploration of the solution space, often

leading to GAs that converge quickly to local optima.
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3. Crossover Choice: Crossovers like BLX-� that expand the potential range of an off-

spring's traits beyond what its parents posses is particularly helpful in getting out

of local optima. However, care must be taken to restrict the value of � to reasonable

values to prevent eradication of the parents genome.

Additionally, mutation, as described in the previous subsection helps in introducing

new genes, i.e., getting out of local optima

Having looked at how GAs are formulated and executed, we now look at Pareto optimality

and its special features that lend themselves well to GAs.

2.4 Pareto Optimality [37]

Pareto ef�ciency or Pareto optimality is a condition where no individual criterion can

be improved without making at least one individual worse. The concept is named after

Vilfredo Pareto, an Italian civil engineer and economist, he used this concept in his work

on economic ef�ciency and income distribution.

Pareto optimality is a fundamental concept in the �eld of optimization. In single ob-

jective optimization problems, the Pareto optimal solution is a single unique solution. In

multi-objective optimisation several single objectives to be optimised simultaneously. The

multi-objective optimisation looks for a set of alternatives that represents the Pareto opti-

mal solution. In brief, a Pareto optimal solution may be de�ned as a set of solutions in the

solution space de�ning a boundary beyond which none of the objectives can be improved

without sacri�cing at least one of the other objectives. The mathematical de�nition is

presented later in this chapter.
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The concepts of multi-objective optimisation problems and the Pareto optimality so-

lution can be clari�ed as by Fig. 2.1, each choice of parameter values results in a feasible

solution in the solution space The entire set of permissible solutions obtained by exploring

all acceptable values of the parameters into the solution space produces some volume in

that space. In general, the majority of these feasible solutions will not be optimal. Thus,

a feasible solution exists where it is an improvement in at least one objective while being

at least as good in all other objectives. A solution which is Superior when the value of a

given objective function can only be improved at the expense of at least one other objective,

graphically this is shown in Fig. 2.2

Figure 2.1 Feasible solutions space.[37]

The list below provides a summary of Pareto optimality.

1. Given an initial solution, a Pareto improvement is a new solution where some entities

will improve, and no entities will lose.

2. A solution is called Pareto dominated if there exists a possible Pareto improvement.

3. A solution is called Pareto optimal or Pareto ef�cient if no change could lead to
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Figure 2.2 Pareto optimal curve from solution space in Fig. 2.1 [37]

improved objective values for some entities without some other entities experience a

loss or, equivalently, if there is no possibility for further Pareto improvement.

4. The Pareto front (also called Pareto frontier or Pareto set) is the set of all Pareto ef�cient

situations.

2.4.1 De�nitions [38]

Mathematically, Pareto optimality and its related attributes can be de�ned as follows:

2.4.1.1 Pareto Optimality

A solution x � 2 
 is Pareto optimal if 8x 2 
 and I = f 1,2, ...,M geither 8m 2 I we have

Om (x ) = Om (x � ) or there is at least one m 2 I such that Om (x ) > Om (x � ). The de�nition of

Pareto optimality states that is Pareto optimal if no feasible vector x exists which would

improve some objectives without causing a simultaneous worsening in at least one other

one.
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2.4.1.2 Pareto Dominance

A solution u = (u 1,u 2,u 3, ....u n ) is said to dominate another solution v = (v1, v2, v3, ....vn )

(denoted by O(u ) � O(v )) if and only if O(u ) is partially less than O(v ) . In other words,

8m 2 f 1,2, ...,M gwe have Om (u ) � Om (v ) and 9m 2 f 1,2, ...,M g, where Om (u ) < Om (v ).

2.4.1.3 Pareto Optimal Set

For a given multi-objective optimization problem O(x ), the Pareto optimal set is P � = f x 2


 j>x 02 
 ,O(x 0) � O(x )g.

2.4.1.4 Pareto Optimal Front

For a given multiobjective optimization problem O(x ) and its Pareto optimal set P � , the

Pareto front is P F � = f O(x ), x 2 P � g.

When solving a multi-objective optimization problem, the aim is to �nd not one, but

the set of solutions representing the best possible trade-offs among the objectives, i.e., the

so-called Pareto optimal set

Approaches have been developed that combine the bene�ts of genetic algorithms with

Pareto optimality. Such approaches, cluster solutions into Pareto fronts or frontiers and

cull population from frontiers that are dominated. Thus with every successive generation,

the remaining population gets traits that that are offer equal trade offs between competing

objectives.

The �nal problem to address is a method to select one objective among multiple com-

peting objectives on a Pareto frontier.
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2.4.2 Proposal for �nding best solution

By de�nition, all solutions on a Pareto front must represent some trade-off, any improve-

ment along one objective must be accompanied by a reduction in the other objectives.

Thus, along the Pareto front, there will exist one solution per objective that is the individual

best solution for that objective. We can construct a hypothetical best solution S� that is

composed of all the individual best objectives. We call this an in�exion point. While this so-

lution may not be feasible, it represents an ideal solution made up of all the best individual

solutions. If we were to normalize the axes by the minimum value of each objective (best

solution), and calculate the distance ( L 2 norm) of each normalized solution from S� , then

the solution with the shortest distance to S� is posited to have the best compromise to the

ideal solution. Fig. 2.3, illustrates the results of the proposed method for a trade-off with

two objectives.

2.4.3 Proposed Placement Method

There are many parameters that affect the placement, size, and dispatch of DVC(s) on a

feeder, such as the type of feeder (urban versus rural), PV penetration level, load distribution

on the feeder, and the other Volt / VAR devices on the feeder[39–41]. The methodology

proposed considers the operation of the feeder over the time period of a year. To keep the

simulation burden manageable, four sample weeks, one week for each of the four seasons –

winter, spring, summer, and fall, has been used. These sample weeks also represent the

four combinations of load and PV, i.e. high load and low PV, low load and high PV, high load

and high PV, and low load and low PV, respectively. The time-interval of the data considered

is 1-min.
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Figure 2.3 Pareto front consisting of two competing objectives, ideal solution, and best solution

To get maximum bene�ts from a DVC, it needs to be properly dispatched (determine Q

injection for it) periodically. Hence, this dispatching is included in the proposed method.

Also, note that as more DVCs are placed on a system the higher the overall bene�ts will

be. Hence, we take the number of DVCs to be placed as a hyperparameter and solve the

placement problem by increasing the DVCs, one by one – place 1 DVC, 2 DVCs, and 3 DVCs

etc. This allows a planning engineer to make a compromise between the bene�ts DVCs will

provide and the associated DVC cost.

The genetic based method involves �rstly the design of the genome and it is shown

in Fig. 2.4. As the �gure shows, a genome contains the location (node where DVC is to

be placed) , DVC capacity at this location, and the DVC reactive power dispatch pro-

�le / sequence. In case of multiple DVCs, this genome is replicated for each additional

DVC.

31



Figure 2.4 Genome considered for GA

Accordingly, the optimal placement, dispatch, and size for a given number of DVCs can

be found using the proposed methodology as follows:

Step 1: Initialization: Initialize x number of parent genomes. Each individual parent genome

is initialized as follows:

a) Bus Location: Randomly distributed integers between 1 to N .

b) Capacity: Randomly distributed integers from 1 to z, where each number is

associated with a capacity option.

c) Phase A, B, C:Randomly distributed numbers between -1 and 1. This is multi-

plied by the capacity generated to give the phase-wise dispatch.

d) The above genome is repeated for every additional DVC to be placed.

Step 2: Fitness Evaluation: In order to select the best parents, their �tness needs to be

evaluated. The following steps are performed:

a) Run load �ow for each parent to calculate the desired objective(s).

b) Generate a vector vp r f for each parent such that:

vp r f = [Obj(1), ..., Obj(n), Total installed DVC Capacity or Cost ].

This formulation permits the use of one or more objectives.
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c) Group the results into Pareto fronts, starting from the non-dominated front,

until all vectors are classi�ed.

d) Eliminate the bottom (dominated) 50% of the parent population.

Step 3: New Population: Make new population from the remaining healthy population by

repeating the following steps:

a) Crossover Process:Select two parents at a time e.g. g P1 and g P2 at random and

peform the following:

i) For Bus Location use arithmetic crossover with a randomly generated � 1.

This lambda will be the same for each generation. The resultant value will

be rounded to the nearest integer; recall that each integer is associated

with a bus location.

ii) For Capacity use arithmetic crossover, with a randomly generated � 2. This

lambda will be the same for each generation. The resultant value will be

rounded to the nearest integer; recall each integer is associated with a

capacity value.

iii) For Phase A, B, Cuse BLX-� crossover with � = 0.1, but capped to (-1,1).

iv) Pick the next two parents randomly and repeat process till all parents

have undergone crossover.

b) Mutation: Select 5% of the new population at random to undergo mutation.

For each selected member of the population, discard values and generate new

population similar to the initialization step.

Step 4: Convergence check:With the new population repeat step 2 and step 3 till conver-
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gence criteria is breached. The convergence criteria may be de�ned by a maximum

number of generations or a de�ned change in best objectives.

Step 5: Best solution selection: From the �nal results, identify the non-dominated (best)

Pareto front and perform the following steps to identify the best solution:

a) Identify the best (lowest) individuals from the vectors vp r f of all non-dominated

solutions. Consider this solution to be the hypothetical best solution S� .

b) Normalize all results by their best solution identi�ed in the previous step.

c) Calculate the distance ( L 2 norm) between all normalized non-dominated

solutions to S� .

d) The solution with the shortest distance to the hypothetical best solution is

considered the solution with the best trade-off.

While the algorithm described above follows the basic template of a genetic algorithm,

a few key modi�cations make it particularly adept at solving the problem described in

Section III-A. These include Step 2(c) and 2(d). Sorting objectives into Pareto fronts and

eliminating the bottom 50% of the population results in propagation of desirable traits to

each successive generations[33].

Another important highlight of this method is Step 5. As previously stated, most multi-

objective optimization problems either use a weighted vector to combine multiple objec-

tives, or consider all the solutions in the Pareto frontier of the �nal iteration to be of equal

optimality. Step 5, illustrates a novel approach to select the optimal result from a group

of non-dominated solutions. This approach �nds the solution – from the non-dominated

solutions – that is nearest to an ideal best solution considering the individual best solution

of all objectives under consideration.
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A couple of methods have been employed to greatly reduce the computational burden

of this method:

1. Storing Historic Objectives: Since every generation involves evaluating the �tness

value of each genome of the entire population with updated penalty functions values,

the objective functions of those genomes that are carried forward from previous

generations are saved and only the penalty function values are recomputed. This

reduces the number of function calls by 50% for the method proposed.

2. Educated Initialization: Based on a several cases run with genomes that were initial-

ized purely random values, it was found that most solutions resulted in dispatches that

matched or was an inversion of the shape of the local real, reactive, or apparent power

�ow at the point of common coupling. This provides a unique opportunity to seed

some of the initial parents genomes with a scaled (and sometimes inverted) version

of the local real, reactive, or apparent real power to help in quicker convergence.

3. Tapered Generation Structure: In order to ensure proper exploration of the entire sam-

ple space, the initial generation cover all available nodes of the feeder with multiple

dispatch options, some of which have been generated by the technique mentioned in

the previous item. After say 100 generations, those genomes which are not deemed �t

in the selection process are culled. Thus, genomes that contain locations (or a combi-

nation) of locations that are un�t or unproductive for the given objective are given a

chance to �ourish during initialization but are eliminated. Further generations are

limited to only half of the current generations' limit. This process repeats every 100

generations till only 80 genomes are retained in the population till convergence or

the �nal generation is reached.
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2.4.4 Heatmaps

While single solution optimal results are helpful, they do not provide any additional insights

into siting trends on a particular feeder. In order to provide useful insights, heatmaps can

be generated for each objective. The placement, sizing, and dispatch algorithm cab be

modi�ed to evaluate the results of entire distribution system by eliminating optimum

solutions (locations) from the solution space and rerunning the optimization algorithm

for this reduced solution space. Each successive step will require a shorter amount of time

than the previous step as the solution space reduces. However, it must be noted that such

an operation is very time intensive. A distribution planning engineer may be interested in

only the top 5% or 10% optimum locations – comparatively this process will not consume

as much time and offer at least some insights into the feeder.

2.5 Case Study

A case study is set up in order to illustrate the methodology proposed in the previous

section.

2.5.1 Case Setup

A test feeder, namely the 123 node system and an actual distribution feeder of a local utility

were used for the purpose of this study. The overall results for the optimum location, as well

as the results presented in the tables use the load and PV pro�les in Fig.2.5 and 2.6; however,

for some results a reduced sample of one day of each season is used to for illustration

purposes.

36



Figure 2.5 Load Pro�les Used for Study

Figure 2.6 PV Pro�les Used for Study

The data resolution is chosen to be 1-minute by adding noise to the existing data. A

key assumption made is that the four seasons are weighted equally in the result i.e. a year

comprises of equal portions of each season.

For these feeders, the placement of one, two, or three DVCs is considered. The capacity

of the DVCs is either 500kVAR or 1000kVAR, i.e. 166.67kVAR or 333.33kVAR per phase. Since

the DVC is a three phase device, only nodes with three phases are considered as acceptable

locations, shown in bold lines for the IEEE 123 node feeder, the WCGB feeder contains only

three phase laterals since it is a reduced feeder, hence, all locations are feasible. Any existing

capacitor banks have been disabled for the purpose of this study. However, capacitor
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locations are shown even if the capacitors are disabled.
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2.5.2 IEEE 123 Node Feeder

This feeder is rated at 4.16kV and has an Load Tap Changer(LTC) at the substation and 3

Line Voltage Regulator(LVRs) (blue circles). This feeder can host higher PV, hence one 5MW

PV placed near the substation, the PV farm is placed at node 54.

Figure 2.7 IEEE 123 Node Feeder[42]
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2.5.3 WCGB Feeder

This feeder is rated at 12.47kV and has an Load Tap Changer(LTC) at the substation and one

Line Voltage Regulator in the latter half of the feeder. This feeder has two 5MW PV farms

placed on it. Its layout is shown in Fig. 2.8

Figure 2.8 Actual distribution feeder of a local utility, amber star denotes location of LVR

2.6 Results

The results of the two feeders, the IEEE 123 Node and WCGB feeder are �rst presented for

individual objectives, followed by the results for the co-optimization case. Additionally,

results that contain heatmaps may be read in conjunction with the key explained below.
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2.6.1 Key for Heatmap

The blue cube indicates substation (source), red cubes indicate loads, black tetrahedrons

indicate transformers, pink tetrahedrons imply voltage regulators, green cylinders indicate

capacitor banks, yellow spheres indicate location of PVs, and the black cone indicates best

location for objective.

For the gradient, the red indicates the best location progressively changing to yellow for

less optimal locations, to blue for the least optimal location. Black indicates that no feasible

objective could be computed at that location due to violation of voltage constraints. The

plots shown have a before and after case. The before case is the base case. The after case is

with the optimally placed (and dispatched) DVC in the circuit. The plots shared are only for

the optimal case
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2.6.2 Case 1: Utility Scale PV - IEEE 123 Node Feeder with 5MW PV

2.6.2.1 Reduction of Voltage Variation (at each node)

The optimal locations and sizes for one, two, and three DVCs for voltage variation mini-

mization are shown in Table 2.3, along with all the objectives, before and after optimization.

Note that while the objectives were earlier de�ned as a summation, the results in the table

are shown in terms of a more easily understandable maximum value, only power loss and

tap changes are presented as a sum.

Table 2.3 Summary of Voltage Variation Optimization for IEEE 123 Node Feeder

Number of Devices 1 2 3
Locations (Bus Location) 97 197, 77 51, 72, 101

Capacity (kVAR) 1000 1000, 500 1000, 500,
500

Max Voltage Variation
(Volts)

Before 3.90 3.90 3.90
After 3.31 2.85 2.80

Total Tap Change
(Nos)

Before 149 149 149
After 133 189 52

Max Flicker
(Pst)

Before 0.22 0.22 0.22
After 0.11 0.10 0.09

Max Imbalance
(Volts)

Before 2.18 2.18 2.18
After 1.90 1.83 2.04

Max Voltage Drop
(Volts)

Before 7.85 7.85 7.85
After 6.87 6.36 5.93

Total Power Loss
(kWh)

Before 11,703 11,703 11,703
After 10,517 10,886 9,742

These results when seen in combination with the feeder layout in Fig. 2.7 can provide

some useful insights. The best location for a single DVC is node 97, which is around the
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region of heavy load. For two DVCs, both optimum locations are in the latter part of the

feeder. For three DVCs, two are placed in the latter portion of the feeder while one is placed

in the upper lateral. These placements cover the main three phase regions of this feeder

and appear reasonable. The reduction in voltage variation is also accompanied by a similar

and consistent improvement in other metrics, namely tap changes, voltage �icker, voltage

drop, and power loss. Voltage imbalance on the other hand, is reduced for single and dual

deployment of DVCs but increases when three devices are deployed.

Fig. 2.9 shows the phase-wise reduction in voltage variation across the feeder with one

DVC, two DVCs, and three DVCs for phase B. The extent of reduction is considerable, both

in the maximum value (range) and the median value. In Fig. 2.9, the introduction of one

DVC appears to reduce the maximum variation, and to a lesser extent, reduce the median

value of voltage variation. The bene�t of multiple DVCs is clearly evident in this �gure.

While one DVC is only able to reduce the maximum and median value, additional DVCs

reduce also the lower range of this distribution, seen by the reduction in the �rst quartile

value, especially for three DVCs. While DVCs bene�t all three phase, only phase B results

are shown for easy comparison.

Fig. 2.10 shows the heatmap for optimal regions of the feeder when 1 DVC is deployed.

We see that regions around the backbone of this feeder from the substation to the tail end

are optimal zones, with the best zones being downstream of the tap changer and PV farm.

The location where this feeder would otherwise have had a three phase capacitor is also a

good region for DVC placement. Note that while for the results described earlier only three

phase laterals were considered, for this case all node locations were considered to elicit

any trends in the optimum location in this feeder. Expectedly, locations far away from the

backbone are sub-optimal.
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Figure 2.9 Phase B voltage variation for base case and cases with 1, 2, and 3 DVCs.

Figure 2.10 Optimum Location Heatmap for Voltage Variation Reduction with 1 DVC
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2.6.2.2 Reduction of Line Voltage Regulator and Load Tap Changer tap operations

Table 2.4 presents the locations, sizes, and objective function statistics for tap change

minimization. We see that reducing one objective results in minimization of other objectives

Table 2.4 Summary of Tap Change Optimization for IEEE 123 Node Feeder

Number of Devices 1 2 3
Locations (Bus Location) 23 64, 57 48, 63, 100

Capacity (kVAR) 1000 1000, 1000 1000, 500,
1000

Max Voltage Variation
(Volts)

Before 3.90 3.90 3.90
After 3.87 3.08 3.07

Total Tap Change
(Nos)

Before 149 149 149
After 95 64 39

Max Flicker
(Pst)

Before 0.22 0.22 0.22
After 0.22 0.06 0.06

Max Imbalance
(Volts)

Before 2.18 2.18 2.18
After 1.22 2.17 1.86

Max Voltage Drop
(Volts)

Before 7.85 7.85 7.85
After 7.57 6.34 6.13

Total Power Loss
(kWh)

Before 11,703 11,703 11,703
After 10,737 9,768 9,454

as well, i.e., voltage variation, �icker, voltage drop, and losses. Voltage Imbalance does

not show a consistent reduction. The locations are spread out across the feeder similar to

voltage variation minimization. Optimizing for voltage �icker also resulted in a similar trend

– reducing one "voltage metric" other than voltage imbalance, results in a commensurate

reduction in the rest of them.

From the results in the Fig. 2.11 and 2.12 for a sample day, we see a reduction in taps -

LTC (23 to 4) and LVR (25 to 16) when one DVC is added to the feeder.
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Figure 2.11 Tap Changes (LTC) vs time for one sample day, before and after placing 1 DVC

Figure 2.12 Tap Changes (LVR) vs time for one sample day, before and after placing 1 DVC
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Fig. 2.13 shows the heatmap for suitable locations when 1 DVC is to be deployed. When

we compare this �gure to the previous heatmap (Fig. 2.10, it is clear that different objectives

results in noticeably differently optimum locations, implying that DVCs at a particular

location may not be able to maximize multiple bene�ts without some form of compromise.

Figure 2.13 Optimum Location Heatmap for Tap Change Reduction with 1 DVC

2.6.2.3 Reduction of Voltage Flicker

The optimal locations and sizes for one, two, and three DVCs for voltage �icker minimization

are shown in Table 2.5, along with the statistics on all objectives. Optimally sizing, locating,

and dispatching one DVC results in a 50% reduction in that case's Ps t value. Location 79 is

in the latter half of the feeder, after the line voltage regulator. Further additions results in a

deployment spread across the feeder to the upper lateral and downstream after the three
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phase LVR. Despite these successive additions of DVCs, there appears to be no signi�cant

reduction in the maximum value of voltage �icker. While we see a consistent reduction in

Table 2.5 Summary of Voltage Flicker Optimization for IEEE 123 Node Feeder

Number of Devices 1 2 3
Locations (Bus Location) 79 18, 82 98, 44, 53

Capacity (kVAR) 500 500, 500 500, 500
500

Max Voltage Variation
(Volts)

Before 3.90 3.90 3.90
After 3.79 3.82 3.58

Total Tap Change
(Nos)

Before 149 149 149
After 125 126 119

Max Flicker
(Pst)

Before 0.22 0.22 0.22
After 0.11 0.11 0.08

Max Imbalance
(Volts)

Before 2.18 2.18 2.18
After 1.45 0.85 0.97

Max Voltage Drop
(Volts)

Before 7.85 7.85 7.85
After 7.56 7.38 6.87

Total Power Loss
(kWh)

Before 11,703 11,703 11,703
After 11,365 10,870 11,241

voltage based metrics, power loss actually increase form the case with 2 DVCs. Looking at

Fig. 2.14 we can see that adding one DVC greatly reduces the maximum voltage �icker in

the feeder across all phases. While adding the second DVC does not reduce the maximum

�icker value across the feeder, we can see from Fig. 2.15 that the maximum �icker value of

the other phases improves considerably.

2.6.2.4 Reduction of Voltage Imbalance on the Feeder

The optimal locations and sizes for one, two, and three DVCs for voltage imbalance mini-

mization are shown in Table 2.6, along with the statistics on all objectives.

48



Figure 2.14 Max voltage �icker distribution before and after 1 DVC is added

Figure 2.15 Max voltage �icker distribution before and after 2 DVC is added

Similar to the previous cases, the optimal locations are either on the upper lateral or

around the latter half of the feeder. Across all the number of devices, we see a reduction

in the voltage imbalance metric. However, unlike the previous two cases reducing voltage

imbalance is not accompanied by a consistent or monotonic reduction in other matrices.

Voltage variation, tap changes, and voltage �icker statistics show an increase for the case

with two DVCs while voltage drop initially shows a reduction and then an increase. Power

loss on the other hand exhibits an increase when compared to the base case for one and

49



Table 2.6 Summary of Voltage Imbalance Optimization for IEEE 123 Node Feeder

Number of Devices 1 2 3
Locations (Bus Location) 56 50, 152 56, 28, 76

Capacity (kVAR) 1000 1000, 500 1000, 500
500

Max Voltage Variation
(Volts)

Before 3.90 3.90 3.90
After 3.75 3.54 3.83

Total Tap Change
(Nos)

Before 149 149 149
After 138 142 64

Max Flicker
(Pst)

Before 0.22 0.22 0.22
After 0.14 0.25 0.20

Max Imbalance
(Volts)

Before 2.18 2.18 2.18
After 0.98 0.85 0.84

Max Voltage Drop
(Volts)

Before 7.85 7.85 7.85
After 7.07 7.05 7.55

Total Power Loss
(kWh)

Before 11,703 11,703 11,703
After 12,712 12,163 10,559

Figure 2.16 Max Voltage Imbalance comparison between base case and cases with 1, 2, and 3
DVCs respectively
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two DVC deployment but reduces for the case with three DVCs.

Looking at the spread of maximum voltage imbalance for the simulation period, Fig. 2.16

shows that one DVC greatly reduces the maximum voltage imbalance in the feeder. Adding

two DVCs to the feeder does not yield such a drastic decrease when compared with the

one DVC case. This trend continues when three DVCs are placed. For voltage imbalance

mitigation purposes, adding one DVC seems to yield the most bene�ts per device added.

2.6.2.5 Flattening the Voltage Pro�le or Reducing Voltage Drop

The optimal location and size for one, two, and three DVCs for voltage drop minimization

are shown in Table 2.7, along with the statistics of the other objectives. The best location for

a single DVC to be installed is downstream after the line voltage regulator. The locations for

two DVC deployment are also after the line voltage regulator. Considering that this location

will be able to compensate for most of the feeder's sag, two DVCs in this general region

would be helpful considering the region around the PV would result in a voltage rise. In the

scenario with three DVCs, one location is on the upper lateral, one is near the feeder end, and

the other two are after the LVR. From Table 2.7, it is clear that this increasing deployment

scenarios yield increasing bene�ts. The other objectives seem to be also impacted by

optimization for voltage, there is an initial reduction which continues when two devices are

installed. However, when three devices are installed, despite a reduction in circuit power

loss, most of the other metrics increase in their value when compared to the case wherein

two DVCs are deployed.
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Table 2.7 Summary of Power Loss Optimization for IEEE 123 Node Feeder

Number of Devices 1 2 3
Locations (Bus Location) 97 79, 76 97, 72, 53

Capacity (kVAR) 500 500, 500 500, 500,
500

Max Voltage Variation
(Volts)

Before 3.90 3.90 3.90
After 3.45 3.21 2.91

Total Tap Change
(Nos)

Before 149 149 149
After 133 120 49

Max Flicker
(Pst)

Before 0.22 0.22 0.22
After 0.18 0.18 0.11

Max Imbalance
(Volts)

Before 2.18 2.18 2.18
After 1.89 3.02 2.06

Max Voltage Drop
(Volts)

Before 7.85 7.85 7.85
After 6.87 6.52 6.42

Total Power Loss
(kWh)

Before 11,703 11,703 11,703
After 10,547 9,997 9,771

2.6.2.6 Power Loss Reduction

The optimal location and size for one, two, and three DVCs for circuit loss minimization

are shown in Table 2.8, along with the statistics of the other objectives. The best location

for a single DVC to be installed is in the upper three phase lateral. The locations for two

DVC deployment are after the line voltage regulator, and in fact, one location (91) is where

the feeder normally has a capacitor bank.

In the scenario with three DVCs, one location is on the upper lateral, one is near the

feeder end, while the �nal one is in the middle of the feeder towards the load center. From

Table 2.8, it is clear that this increasing deployment scenarios yield increasing bene�ts. The

other objectives seem to be also impacted by optimization for circuit losses, there is an

initial reduction which continues when two devices are installed. However, when three
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Table 2.8 Summary of Power Loss Optimization for IEEE 123 Node Feeder

Number of Devices 1 2 3
Locations (Bus Location) 42 101, 91 48, 63, 100

Capacity (kVAR) 500 500, 500 500, 500,
500

Max Voltage Variation
(Volts)

Before 3.90 3.90 3.90
After 4.12 3.08 3.75

Total Tap Change
(Nos)

Before 149 149 149
After 126 100 115

Max Flicker
(Pst)

Before 0.22 0.22 0.22
After 0.64 0.17 0.23

Max Imbalance
(Volts)

Before 2.18 2.18 2.18
After 2.16 1.90 1.99

Max Voltage Drop
(Volts)

Before 7.85 7.85 7.85
After 7.57 6.34 7.57

Total Power Loss
(kWh)

Before 11,703 11,703 11,703
After 10,958 9,997 9,685

devices are installed, despite a reduction in circuit power loss, most of the other metrics

increase in their value when compared to the case wherein two DVCs are deployed.

It is important to note that the results in Table 2.7 to those in Table 2.4, that while the

results in the latter are better than the former despite not explicitly optimizing for power

loss reduction. A closer look at the capacities of the DVCs that are dispatched in each

case allude to the reason; the case for tap change minimization results in DVCs with a net

capacity of 2500kVAR, while this case results in a net DVC capacity of 1500kVAR. The reason

for a lower capacity result for this case is due to the relative bene�t obtained from adding 3

DVCs – 1500kVAR results in a 19% reduction in power loss, whereas 2500kVAR appears to

reduce power loss by 17%, i.e., the second result would not be Pareto optimal.

Fig. 2.17 shows the time series circuit loss in kW (kW x t) across four sample days to

illustrate the bene�ts of different levels of DVC deployment. The zoomed in portions of the
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Figure 2.17 Loss reduction for four sample days before and after DVC deployment

plot show the relative reduction of the circuit power loss of each case with respect to the

default case (before DVC) and each other. While DVCs are generally used to mitigate voltage

issues caused by large PV farms, high penetration of PV causes a sharp increase in power

loss during the middle of each respective day, which is clearly visible in Fig. 2.17. This result

highlights the bene�t of DVCs in reducing power losses caused by large PV farms, which is

not its standard use case.
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2.6.3 Case 2: WCGB Feeder with two 5MW PVs

We now look at optimum placement, sizing, and dispatch of three DVC options on an actual

distribution feeder provided by a local utility.

2.6.3.1 Reduction of Voltage Variation (at each node)

Since this is does not have any signi�cant laterals, most of the optimum locations are on

main backbone. Each additional DVC deployed reduces the maximum voltage variation,

however, the incremental bene�t tapers with every addition. The locations, capacity, and

results of one, two, and three DVC deployment is placed in Table 2.9. Similar to the result in

the earlier feeder, reducing voltage variation also results in a reduction in the other voltage

based metrics. There appears to be no consistent trend in the voltage imbalance metric.

Table 2.9 Summary of Voltage Variation Optimization for WCGB Feeder

Number of Devices 1 2 3
Locations (Bus Location) 123 122, 118 115, 131, 79

Capacity (kVAR) 1000 500, 1000 500, 1000,
500

Max Voltage Variation
Volts)

Before 3.88 3.88 3.88
After 1.85 1.79 1.77

Total Tap Change
(Nos)

Before 299 299 299
After 80 79 75

Max Flicker
(Pst)

Before 0.21 0.21 0.21
After 0.17 0.16 0.16

Max Imbalance
(Volts)

Before 0.741 0.741 0.741
After 0.614 0.715 0.683

Max Voltage Drop
(Volts)

Before 6.51 6.51 6.51
After 6.22 6.14 6.11

Total Power Loss
(kWh)

Before 467,057 467,057 467,057
After 434,809 428,597 426,675
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Fig. 2.18 shows the optimum locations for the placement of 1 DVC on this feeder with

the aim of reducing voltage variation. We see that suitable locations are around the regions

of the second PV farm as well as some regions at the end of the feeder.

Figure 2.18 Optimum Location Heatmap for Voltage Variation Reduction with 1 DVC

2.6.3.2 Reduction of Line Voltage Regulator and Load Tap Changer tap operations

The results for tap change optimization for this feeder are placed in Table 2.10. Compared

to the �rst feeder, in this case, we see a considerable reduction in tap changes, to the point

where additional DVCs do result in any increased bene�t; the IEEE 123 Node feeder had

voltage regulators on different laterals, wheras this feeder has one LTC and one LVR, that

are along the same path. Thus, one DVC is above to in�uence the voltage drop across both

devices. Also, similar to the other cases, improvement in one voltage based metric results
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in a reduction in other voltage based metrics. Voltage imbalance, while reduced from the

base case value does not show any coherent trend. Noticeably, power losses have sharply

increased. This is due to the large PV farms already causing signi�cant reverse power�ow,

any increase in reactive power, while within the limits of the conductors will cause an

increase in losses for cases other than when power loss is optimized.

Table 2.10 Summary of Tap Change Optimization for WCGB Feeder

Number of Devices 1 2 3
Locations (Bus Location) 97 122, 118 67, 122, 97

Capacity (kVAR) 1000 500, 500 500, 500,
500

Max Voltage Variation
Volts)

Before 3.88 3.88 3.88
After 2.33 2.12 2.08

Total Tap Change
(Nos)

Before 299 299 299
After 29 27 25

Max Flicker
(Pst)

Before 0.21 0.21 0.21
After 0.10 0.10 0.10

Max Imbalance
(Volts)

Before 0.741 0.741 0.741
After 0.319 0.425 0.512

Max Voltage Drop
(Volts)

Before 6.51 6.51 6.51
After 6.35 6.28 6.11

Total Power Loss
(kWh)

Before 467,057 467,057 467,057
After 556,894 524,973 527,178

2.6.3.3 Reduction of Voltage Flicker

The results for voltage �icker optimization are placed in Table 2.11. The general trend of

voltage metric moving in lockstep holds true here as well. Power losses marginally increase

for the case with three DVCs. Voltage imbalance does not show a consistent trend, but
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has reduced from its base case value. The addition of just one 1000kVAR DVC is able to

considerably reduce the voltage �icker on this feeder. Subsequent additions of DVCs do

not yield any sensible reduction in the maximum voltage �icker value. However, some

improvement in other voltage metrics is noticed.

Table 2.11 Summary of Voltage Flicker Optimization for WCGB Feeder

Number of Devices 1 2 3
Locations (Bus Location) 123 122, 118 115, 131, 79

Capacity (kVAR) 1000 500, 500 500, 500,
500

Max Voltage Variation
Volts)

Before 3.88 3.88 3.88
After 2.22 2.14 2.11

Total Tap Change
(Nos)

Before 299 299 299
After 36 33 32

Max Flicker
(Pst)

Before 0.21 0.21 0.21
After 0.07 0.07 0.06

Max Imbalance
(Volts)

Before 0.741 0.741 0.741
After 0.314 0.417 0.354

Max Voltage Drop
(Volts)

Before 6.51 6.51 6.51
After 6.49 6.42 6.38

Total Power Loss
(kWh)

Before 467,057 467,057 467,057
After 432,486 438,075 470,674
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2.6.3.4 Reduction of Voltage Imbalance on the Feeder

We now look at the results of voltage imbalance optimization that are presented in Table

2.12. From our earlier discussion, we have seen that voltage imbalance does not appear

to be affected in a coherent manner when other objectives are optimized; some metric

decrease, but then increase when an additional DVC is deployed. Power loss increases

from the base case when voltage imbalance is optimized. Unlike some earlier cases, there

appears to be some tangible bene�t when going from the case with only one DVC to two

DVCs.

Table 2.12 Summary of Voltage Imbalance Optimization for WCGB Feeder

Number of Devices 1 2 3
Locations (Bus Location) 99 99, 118 38, 80, 118

Capacity (kVAR) 1000 500, 500 500, 500,
500

Max Voltage Variation
Volts)

Before 3.88 3.88 3.88
After 2.30 2.22 2.80

Total Tap Change
(Nos)

Before 299 299 299
After 87 85 89

Max Flicker
(Pst)

Before 0.21 0.21 0.21
After 0.11 0.09 0.08

Max Imbalance
(Volts)

Before 0.741 0.741 0.741
After 0.118 0.097 0.091

Max Voltage Drop
(Volts)

Before 6.51 6.51 6.51
After 6.14 6.04 6.01

Total Power Loss
(kWh)

Before 467,057 467,057 467,057
After 507,891 506,746 512,620

Fig. 2.19 shows the optimum locations for the placement of 1 DVC on this feeder with

the aim of reducing voltage imbalance. The best locations for this deployment appear at
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the end of this feeder; regions around both PV farms appear to be some of the worst places

to site a DVC for this objective. Also, these results are in stark contrast with the heatmap

for voltage variation reduction, highlighting the need for planners to have access to such

heatmaps in addition to single point optimization values.

Figure 2.19 Optimum Location Heatmap for Voltage Imbalance Reduction with 1 DVC

Additional heatmaps for other objectives can be found in Appendix A.
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2.6.3.5 Flattening the Voltage Pro�le or Reducing Voltage Drop

The results for voltage pro�le optimization on this feeder is placed in Table 2.13. Improve-

ment in the voltage pro�le of the feeder is accompanied by a reduction in other voltage

metrics. Power loss, however, follows the opposite trend – it increases with each additional

DVC deployed. Expected, voltage imbalance does not show a coherent trend. One common

trend seen on this feeder is that the addition of the �rst DVC brings the most bene�ts , every

subsequent DVC yield marginally lower bene�ts.

Table 2.13 Summary of Voltage Drop Optimization for WCFB Feeder

Number of Devices 1 2 3
Locations (Bus Location) 134 38, 118 38, 123, 118

Capacity (kVAR) 1000 500, 500 500, 500,
500

Max Voltage Variation
Volts)

Before 3.88 3.88 3.88
After 2.99 2.84 2.71

Total Tap Change
(Nos)

Before 299 299 299
After 102 93 84

Max Flicker
(Pst)

Before 0.21 0.21 0.21
After 0.10 0.09 0.08

Max Imbalance
(Volts)

Before 0.741 0.741 0.741
After 0.335 0.417 0.391

Max Voltage Drop
(Volts)

Before 6.51 6.51 6.51
After 6.01 5.94 5.88

Total Power Loss
(kWh)

Before 467,057 467,057 467,057
After 404,678 420,872 435,745
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2.6.3.6 Power Loss Reduction

Finally, we come to power loss reduction. While this is generally not a use case for such

devices, the results for the IEEE 123 node feeder are promising. The results for power loss

optimization are shown in Table 2.14. The results for this feeder also show that DVCs can

be a great tool for power loss reduction in feeder with high penetration PV, in absence of

any other voltage optimization equipment.

Table 2.14 Summary of Power loss Optimization for WCFB Feeder

Number of Devices 1 2 3
Locations (Bus Location) 87 87, 53 87, 81, 99

Capacity (kVAR) 1000 500, 500 500, 500,
500

Max Voltage Variation
Volts)

Before 3.88 3.88 3.88
After 3.07 2.94 2.88

Total Tap Change
(Nos)

Before 299 299 299
After 116 101 94

Max Flicker
(Pst)

Before 0.21 0.21 0.21
After 0.10 0.09 0.08

Max Imbalance
(Volts)

Before 0.741 0.741 0.741
After 0.353 0.387 0.407

Max Voltage Drop
(Volts)

Before 6.51 6.51 6.51
After 6.11 6.07 5.95

Total Power Loss
(kWh)

Before 467,057 467,057 467,057
After 404,678 402,712 400,487
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2.6.4 Co-optmization with multiple objectives

As evident from several results earlier, voltage based metrics like voltage variation, voltage

�icker, voltage drop, tap changes move in tandem; when one of these objectives is optimized

all the other objectives experience a monotonic increase simultaneously. This behavior

can be utilized, to reduce the complexity of co-optimization problems. One voltage metric,

voltage imbalance, and power loss are chosen for the co-optimization case. Accordingly

based on the solution methodology proposed in the earlier chapters, additional objectives

are added to vp r f . The results for each feeder are presented below.

2.6.4.1 Case 1: Utility Scale PV - IEEE 123 Node Feeder with 5MW PV

The results for co-optimization between the aforementioned three objectives for DVC

deployment on the IEEE 123 node feeder are placed in table Table 2.15.

When comparing the results in Table 2.15 to those for the individual optimization cases

for this feeder, its clear that the co-optimization case does not yield the most bene�ts when

compared to each individual case. However, the proposed methodology is able to optimally,

place, size, and dispatch each DVC such that all objectives monotonically decrease. Also,

based on earlier results, reduction of voltage variation is accompanied by a reduction in

voltage �icker, voltage drop, and tap changes, proving useful in reducing the complexity of

such co-optimization problems.

2.6.4.2 Case 2: WCGB Feeder with two 5MW PVs

The results for this case also illustrate that the proposed methodology is able to identify

a suitable compromise between competing objectives. In earlier cases there would be a
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Table 2.15 Summary of Co-optimization between voltage variation, voltage imbalance, and
power loss for IEEE 123 node feeder

Number of Devices 1 2 3
Locations (Bus Location) 29 78, 52 50, 62, 108

Capacity (kVAR) 1000 500, 1000
500, 500,

500
Max Voltage Variation

(Volts)
Before 3.90 3.90 3.90
After 3.79 2.91 2.94

Total Tap Change
(Nos)

Before 149 149 149
After 102 79 40

Max Flicker
(Pst)

Before 0.22 0.22 0.22
After 0.19 0.20 0.04

Max Imbalance
(Volts)

Before 2.18 2.18 2.18
After 1.15 0.86 0.85

Max Voltage Drop
(Volts)

Before 7.85 7.85 7.85
After 7.57 6.83 6.33

Total Power Loss
(kWh)

Before 11,703 11,703 11,703
After 11,058 10,048 9,720

sharp increase in power losses when some voltage metrics were optimized. However, in

this case we see that there is no increase in power loss despite observing gains in the other

metrics.

2.6.5 Pareto Frontier for co-optimization

Having looked at the summary, we now look at the Pareto frontier for the case with one

DVC, co-optimizing for voltage variation, voltage imbalance, and power loss for the IEEE

123 Node Feeder, in Fig. 2.20. Note that the �gure is zoomed in to have a better view of

the individual solutions which would have been otherwise clumped together. Additionally,

since all the solutions had the same resulting DVC capacity – the fourth axes on the Pareto

front – it could be eliminated for a more understandable 3D representation. It is clear

64



A similar co-optimization is performed for the WCGB feeder, the results of which are
presented in Table 2.16.

Table 2.16 Summary of Co-optimization between voltage variation, voltage imbalance, and
power loss for WCGB feeder

Number of Devices 1 2 3
Locations (Bus Location) 159 159, 97 87, 81, 122

Capacity (kVAR) 1000 1000, 500 500, 1000,
500

Max Voltage Variation
(Volts)

Before 3.88 3.88 3.88
After 2.22 2.18 2.11

Total Tap Change
(Nos)

Before 299 299 299
After 30 28 27

Max Flicker
(Pst)

Before 0.21 0.21 0.21
After 0.11 0.11 0.10

Max Imbalance
(Volts)

Before 0.741 0.741 0.741
After 0.402 0.391 0.387

Max Voltage Drop
(Volts)

Before 6.51 6.51 6.51
After 6.40 6.37 6.31

Total Power Loss
(kWh)

Before 467,057 467,057 467,057
After 452,002 443,157 436,914

for this �gure that the proposed method effectively chooses the solution closest to the

in�ection point (ideal best solution), considering the non-dominated solutions in the �nal

solution set.

It must be pointed out that the cases simulated consider all objectives to have equal

importance, however, it is possible to modify this method to prioritize / deprioritize certain

objectives if such a need arises.

2.6.6 DVC Dispatch

We now take a closer look at the optimal dispatch for some of the above cases. The relation-

ship between the VAR injection of the DVC for each phase vs the voltage on that phase for
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Figure 2.20 Non-dominated solutions (blue), ideal best solution S� (red), best solution (black
cross)

some objectives is presented in the �gures below.

Figure 2.21 Phase-wise dispatch for voltage variation reduction

Fig. 2.21 shows the Volt-VAR scatter plot for location 51 when three DVCs are deployed to

reduce voltage variation. This DVC operates primarily in the capacitive zone, i.e., it injects

reactive power. Also interesting to note is that when compared to the conventional Volt-VAR

curve, the slope of these relationships are not the same, ranging from moderate for phase A

and C, to more vertical for phase B. This strongly implies that the standard Volt-VAR curve

is not suitable for such deployment, conversely using the standard curve may result in
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reduced bene�ts.

Figure 2.22 Phase-wise dispatch for co-optimization of voltage variation, power loss, and voltage
imbalance

Fig. 2.22 shows the Volt-VAR scatter plot for the DVC at node 63 for the case with three

DVCs being deployed to minimize power loss, voltage imbalance, and voltage variation

simultaneously. The slope of dispatch is opposite to that of the standard Volt-VAR curve,

and the DVC operates mainly in the inductive region, absorbing reactive VARs. Given that

node 63 is in close proximity to the large PV farm, the DVC at node 63 would try to suppress

any voltage excursions caused by the PV farm, by absorbing VARs like an inductor, while

not hampering the other objectives considered.

While not ideal, most utilities employ standard Volt-VAR curves with midpoint shifting

when deploying such devices since the data bandwidth requirements of continuously

modifying the dispatch of such devices may overload their networks. However, as the

above results have shown, conventional deployment with the standard Volt-VAR curve may

not be suitable, even possibly detrimental to some of the objectives considered. Thus, to

maximize the bene�ts obtained from DVCs, it is imperative to perform planning studies

with methodologies like the ones proposed in this dissertation to �nd the correct Volt-VAR

relationship for a given objective.
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2.7 Additional discussion on Method and Results

2.7.1 Convergence of GA

Since evolutionary algorithms do no have a mathematical proof of convergence, there is no

way to establish if the problem has truly converged to the global minima. The commonly

adopted trade-off is to repeatedly run the algorithm for the same problem several times,

and consider the the average value of these runs.

For the results presented above, the worst value of each objective for �ve runs of the

same problem was considered to be the optimal value. It was noted that the results from

multiple runs still results in the same optimum locations, or at the most, a node around the

immediate vicinity of the previous results. The dispatches were also considerably similar.

2.7.2 Interdependence of objective metrics

As discussed in prior sections, improving any one of the objective metrics improves other

voltage based metrics as well. While it was beyond the scope of this thesis to analytically

study the objectives interdependence, some preliminary comparisons were made that

showed that the voltage based objectives moved with some relation to the other metrics

throughout the time series.

2.7.3 Uniqueness of optimal solution

The issue of uniqueness of solution was explored for the problem discussed in this disserta-

tion. Generally planning problems in power systems – especially on distribution systems –

do not have multiple optimal solutions. Additionally due to the discrete nature of the size
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and location decision variables, the existence of multiple locations and sizes that yield

the same results is unlikely. However, the dispatch on each phase is a continuous variable,

which is turn is partly affected by the dispatch on the other phases due to the mutual cou-

pling that exists between them. This can create a situation where different dispatches result

in the same objective. Further analytical analysis is required to study this phenomenon.

2.7.4 First regulation zone and impact

As discussed in the case study, the system considered in this dissertation consisted of PV

farms only in the �rst regulation zone as this is the typically implemented scheme in most

utilities. The question arises regarding the validity of the results for other schemes, i.e.,

distributed PV or PV at other location of the feeder. A few sample cases were run that

emulated different PV placement scenarios. It was found that the method worked well for

these cases as well.

2.8 Conclusions and Observations

This work identi�es a comprehensive set of bene�ts that can be obtained from DVCs on

distribution systems. It then proposes a multi-objective based placement method to deter-

mine the proper placement and sizing of a given number of DVCs that will maximize the set

of bene�ts considered. The proposed method is unique in that a genetic based method is

tailored to obtain the Pareto-front solutions, as well as the solution that represent the best

compromise. This work also shows that in order to maximize the bene�ts, a dispatching

scheme that can handle multiple objectives is needed. The case study clearly illustrates

that such a dispatching scheme achieves multiple bene�ts from the DVCs.
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Finally, the following observations can be made from the case study:

1. The optimum placement (place and size) of DVCs for each objective / bene�t is differ-

ent.

2. Dispatching a DVC to optimize any one of the voltage metrics (except voltage imbal-

ance), improves the others.

3. Dispatching for a voltage based metric or voltage imbalance tends to have inconsis-

tent impacts on the other metrics.

4. To maximize the DVC bene�ts, only three competing metrics – voltage variation,

power loss, and voltage imbalance– need to be considered. The results show that this

provides an good trade-off between the objectives considered while also improving

other voltage based metrics.

5. Using the standard Volt-VAR curve for DVC control may not be suitable to maximize

DVC bene�ts. Instead, planning studies need to be conducted using the proposed

methodology to ascertain the best Volt-VAR dispatch pro�les for a given objective,

location and size.
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CHAPTER

3

ASSESSMENT OF POWER ELECTRONICS

VOLTAGE REGULATOR

We now look at the other notable device that is being used to mitigate the issues caused by

High Penetration DER (HPDER), i.e. PEVR. Since we have already looked at its construction,

we will now look at how its functioning compares to that of an SVR.

An SVR consists of a transformer with two windings referred to as primary and secondary

windings. The secondary windings contain a number of taps (usually 17) that permit a

bucking / boosting of the primary side voltage (normally � 10%). The is a setpoint and a
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deadband that govern the operation of this device. The deadband is set to between 2 to 3

volts (on a 120V base).

An SVR operates in the following manner:

1. If voltage is within the deadband do nothing

2. If voltage is out of the deadband for a time greater than the control delay:

(a) Change tap position so as to bring voltage back within the deadband

(b) If voltage is still outside the deadband, change tap position again – after a delay

due to the mechanical components of the SVR

(c) Repeat (b) till voltage is within the deadband.

A PEVR consists of a power electronics based recti�er-inverter that is fed through a tertiary

winding on the existing SVR, coupled to the output via a current transformer. The additional

components help the PEVR regulate the voltage in a continuous manner rather than in

discrete steps like an SVR. Also, the PEVR adds to the SVR's buck/ boost capabilities as it

can regulate the voltage irrespective of the SVR's limits.

3.1 Control Philosophy

The PEVR continuously monitors the downstream terminal voltage and injects voltage in

phase/ out of phase in order to boost / buck the terminal voltage. The control philosophy is

as follows:

1. If the monitored voltage is out of band:

(a) Inject appropriate corrective voltage
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(b) If inverter is at capacity

i. SVR steps in to correct voltage (follows normal SVR control mentioned

earlier)
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3.2 Case Study

In order to quantify the bene�ts of this device, a simulink model is created to emulate

its functioning. This model is placed on the IEEE 34 node test feeder whose operation is

simulated over a span of 4 sample weeks – winter, spring, summer, and fall – with and

without PV. These weeks represent the four terminal conditions experienced with PV i.e.

high load and load PV, low load and high PV, high load and high PV, and low load and low

PV.

3.2.1 IEEE 34 Node Feeder

This feeder pictured below (Fig. 3.1), is rated 24.9kV and it has an Load Tap Changer (LTC)

at the substation and two Line Voltage Regulators or LVRs (blue circles). Two PV farms of

equal capacity placed on this feeder at node 848 and 840.

Figure 3.1 IEEE 34 Node Feeder with Regulator Locations [43]

We perform a case study with the following scenarios to study the bene�ts of the PEVR:
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1. SVR with no PV and 30% PV

2. PEVR with no PV and 30% PV

The sample load and PV pro�les used are shown in Fig. 3.2 and 3.3 :

Figure 3.2 Load Pro�les Used for Study

Figure 3.3 PV Pro�les Used for Study

The settings used in the SVR and PEVR are shown in Table 3.1 and Table 3.2, respectively.
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Table 3.1 Conventional Step Voltage Regulator Data

No. of Taps 32
Boost/ Buck ±10%

Volt / Tap 5/ 8 %
Band Center 122v
Bandwidth 3v

Control Delay 5s
Tap Delay 10s

Table 3.2 PE Voltage Regulator Data

No. of Taps 32

Boost/ Buck ±15%
Volt / Tap 5/ 8 %

Band Center 122v
Bandwidth 1.22v

Control Delay 5s
Tap Delay 10s

To demonstrate the advantages of PEVR, two use cases are considered

Case 1: Conventional Feeder with no PV

Case 2: (PV case): Feeder has 30% PV

Case 3: (PV case): Feeder has 30% PV of high variability

For each case, we simulated two scenarios: in �rst scenario all the voltage regulators are

conventional SVRs, and in the second scenario we replace the second SVR with a PEVR.

These scenarios will help us assess the bene�ts offered by a PEVR: the �rst use case will

show the bene�ts of using a PEVR on a conventional feeder with no PV, and the second use

will show the voltage issues PV can cause and its impact on the SVR operation, while also

showing how the inclusion of a PEVR can mitigate some of the issues observed.
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3.3 Methods and Results

3.3.1 Case 1: Feeder with No PV

To assess how effective the voltage regulators are, in keeping the voltages on the feeder

within limits, we monitored the minimum and maximum voltages on the feeder. Fig.3.4

shows these voltages and compares the results for the two scenarios. These results indicate

that a PEVR helps reduce the voltage variation in this case by boosting the low voltage and

by reducing the high voltages on the feeder.

Figure 3.4 Minimum and Maximum Circuit Voltage - No PV

To provide more details on these quantities, Fig.3.5 shows the distribution of maximum

and minimum voltages with SVR across the four seasons, and Fig.3.6 shows the distribution

of maximum and minimum voltages for the PEVR case. These statistics con�rm that a PEVR

helps boost the minimum voltages on the feeder while reducing the maximum voltages,

both on aggregate as well as the extreme cases. Thus, a PEVR helps improve the voltage
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regulation on the feeder.

Figure 3.5 Distribution of Maximum (Left) and Minimum (Right) Circuit Voltage With SVR - No
PV

Figure 3.6 Distribution of Maximum (Left) and Minimum (Right) Circuit Voltage With PEVR - No
PV

We have also monitored the voltage variations at each node and calculated the short

term �icker Ps t [26, 44] for the feeder. This �icker index captures the perceptible change
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in electric light source intensity due to voltage �uctuation over short time duration of 10

minutes. Fig.3.7 shows these results. The results indicate that �icker index Ps t is low in this

case, as there is no PV and using a PEVR only reducesPs t marginally.

Figure 3.7 Short Term Flicker Index ( Ps t ) Values - No PV

Figure 3.8 Phase-wise Tap Change Comparison Between SVR and PEVR - No PV
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The tap operation of the second voltage regulator is shown in Fig.3.8. These results

con�rm that a PEVR reduces the tap operations drastically.

Finally, to compare the operation of a PEVR with an SVR, we monitored their terminal

voltage and the tap operation. Fig.3.9-3.13 contain results for a sample week in summer.

3.3.1.1 SVR Operation

Conventional voltage regulator bandwidth setting is set to 3 V (122V base) since tap opera-

tion becomes excessive with 1% (1.22 V) bandwidth setting.

Figure 3.9 SVR Terminal Voltage (Phase A) - No PV
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Figure 3.10 SVR Tap Position (Phase A) - No PV

3.3.1.2 PEVR Operation

Tighter voltage regulator bandwidth setting is used for PEVR: 122 V, +/ - 0.61 V. The �gures

below show the PEVR operation details. We see only three tap operations on phase A in

Fig. 3.12 which is due to the voltage injection by the inverter as seen in Fig. 3.13.
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Figure 3.11 PEVR Terminal Voltage (Phase A) - No PV

Figure 3.12 PEVR Tap Position (Phase A) - No PV
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Figure 3.13 PEVR Inverter Injected Voltage (Phase A) - No PV

Comparing the operation of a PEVR with that of an SVR, we observe that:

1. A PEVR regulates its terminal voltage tighter than an SVR, mainly due to smaller

bandwidth we are able to use for the PEVR.

2. A PEVR uses a power electronics basec converter to have a rapid response to load

changes and provide the voltage compensation needed. This helps to reduce the need

to move taps drastically, while keeping the terminal voltage within the acceptable

bandwidth.

Note that it is the tighter voltage regulation that a PEVR provides which help reduce the

voltage variation on the feeder as well as voltage �icker. These improvements will be more

pronounced in the next use case which has PV on the feeder.
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3.3.2 Case 2: Feeder with 30% PV

As in case 1, we monitored the minimum and maximum voltages on the feeder. Fig.3.14

shows these voltages and compares the results for the two scenarios. These results are

similar to the case 1 and indicate that a PEVR helps reduce the voltage variation in this case

as well by boosting low voltage and by reducing the high voltages on the feeder. Fig.3.15

shows the distribution of maximum and minimum voltages for the SVR. Similarly, Fig.3.16

show the distribution of maximum and minimum voltages for a PEVR.

Figure 3.14 Minimum and Maximum Circuit Voltage - 30% PV

The short term �icker index Ps t for this case is given in Fig.3.17. The results indicate that

Ps t remains low with modest level of PV on the feeder. Using a PEVR reduces Ps t marginally.

This is primarily due to relatively smooth PV pro�les we have used for this case.
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Figure 3.15 Distribution of Maximum (Left) and Minimum (Right) Circuit Voltage With SVR - 30%
PV

Figure 3.16 Distribution of Maximum (Left) and Minimum (Right) Circuit Voltage With PEVR -
30% PV
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Figure 3.17 Short Term Flicker Index ( Ps t ) Values - 30% PV
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Figure 3.18 Phase-wise Tap Change Comparison Between SVR and PEVR - 30% PV

The tap operation of the second voltage regulator is also monitored and Fig.3.18 shows

the results. These results con�rm again that PEVR reduces the tap operations drastically.

3.3.2.1 SVR Operation

We see increased tap operation and variation in the terminal voltage in Fig. 3.19 and Fig. 3.20

when compared to the case without PV.
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Figure 3.19 SVR Terminal Voltage (Phase A) - 30% PV

Figure 3.20 SVR Tap Position (Phase A) - 30% PV
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3.3.2.2 PEVR Operation

When we look at the results for the PEVR in Fig. 3.21–3.23, we see lower variation in terminal

voltage as well as lesser tap operations due to the inverter injections.

Figure 3.21 PEVR Terminal Voltage (Phase A) - 30% PV

Figure 3.22 PEVR Tap Position (Phase A) - 30% PV
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Figure 3.23 PEVR Inverter Injected Voltage (Phase A) - 30% PV

To compare the operation of PEVR with SVR, Fig.3.19 - 3.23 shows their terminal voltage

and the tap operation pro�les for the sample week in Summer. Comparing the operation of

PEVR with that of SVR, we observe similar results to that of the previous case:

1. PEVR regulates its terminal voltage tighter than SVR, mainly due to smaller bandwidth

we can use for PEVR.

2. PEVR uses the converter to have a rapid response to load changes and provide the

voltage compensation needed. This help to reduce the need to move taps dramatically

3.3.3 Case 3: Feeder with 30% PV and Highly Variable PV

The PV pro�les used in previous cases correspond to good sunny days or moderately cloudy

days. To simulate the worst case day with highly variable solar irradiance due to cloud

coverage, the pro�le given in Fig.3.24 is considered. This highly variable irradiation is

created by adding variation to original pro�le (using a normally distributed random noise

of standard deviation 0.2 for minute resolution data, and normally distributed random

noise of standard deviation 0.05 for second data). The new shape is rescaled so that the
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peak does not exceed 1 kWh/ m2.

Figure 3.24 PV Pro�le With High Variability

As in the previous cases, we monitored the minimum and maximum voltages on the

feeder. Fig.3.25 shows these voltages and compares the results for the two scenarios. These

results are similar to case 1 and case 2 and con�rm that PEVR helps reduce the voltage

variation in this case as well by boosting the low voltage and by reducing the high voltages

on the feeder.

Fig.3.26 shows the short term voltage �icker reduction a PEVR can provide under such

highly variable PV. As the �gure shows, Ps t increases drastically with highly variable PV

with a conventional SVR. The PEVR manages to reduce the voltage �icker drastically and

brings it well below the accepted limit of 0.9 (allowable Ps t �icker level according to IEC ®

61000-3-7 standard is 0.9)[26, 27, 44].

Fig.3.27 shows the tap operations under this case. As seen form this �gure, the number of
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Figure 3.25 Minimum and Maximum Circuit Voltage - 30% PV With High Variability

Figure 3.26 Short Term Flicker Index ( Ps t ) Values - 30% PV With High Variability

Figure 3.27 Phase-wise Tap Change Comparison Between SVR and PEVR - 30% PV With High
Variability
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tap operations increase signi�cantly with the high variable PV with a conventional voltage

regulator, but there is only 1 tap change in total during a day with a PEVR.

3.4 Observations

1. The results show that a PEVR is a capable device to mitigate the effects of high pene-

tration PV on a distribution system.

2. The PEVR drastically reduces the number of operations of an SVR, this will greatly

improve the lifespan of the SVR, while reducing its maintenance costs

3. The PEVR reacts to voltage changes in a much quicker manner as seen from the lower

voltage �icker

4. As seen from the box plots, a PEVR reduces the maximum circuit voltage, and increases

the minimum circuit voltage.
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CHAPTER

4

IMPACT OF DVCS ON THE PROTECTION

SYSTEM OF A DISTRIBUTION SYSTEM

In the previous chapters we have looked at the impacts due to High Penetration DER

(HPDER), as well as two devices that can help mitigate some of the impacts. However, these

devices, as stated before, are inverter based active devices that can manipulate power in the

distribution system. This can potentially interfere with the distribution systems protection

systems by sustaining an unintentional island.

Being a new device, detailed studies evaluating the impact of a DVAR on a distribution
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system's protection system have not been conducted. Furthermore, the test procedure

established by the IEEE standard 1547.1-2005 [45] in which the substation and PV are

modelled as two sources that feed a tuned RLC lumped load under zero power �ow from

the substation, is fairly conservative and may not be suitable for this type of device. Fig.4.1

shows the test setup used as stated in the standard. A proposal to conduct a study based on

the above concerns was submitted by a local utility, further highlighting the need for this

work.

Figure 4.1 IEEE 1547.1 Test Circuit for Islanding Protection [46]

Accordingly, in this chapter, we will focus on the developing a method to assess the

impacts of a DVAR (or any such device) on the protection system of a distribution feeder,

and investigate possible mitigation strategies if any chronic issues arise.

As stated earlier, one particular concern associated with installing an active device

such as a DVAR on a distribution feeder is the possibility of such a device sustaining an

island that forms following the fault clearing on that feeder. Various methods have been

proposed and adopted for islanding detection. They are broadly classi�ed as passive and

95



active methods [47–49]. While the IEEE standard 1547.1-2005[45] provides a guide for testing

the effectiveness of these schemes, very few studies have looked at the performance of

islanding schemes under realistic operating conditions; many of the studies examined in

the current literature are predominantly based on of�ine simulations which may not re�ect

all the features of a realistic distribution system, i.e. results from of�ine simulation and

hardware-in-loop setups don't always match [50–52]. A more realistic testbed developed by

NREL using a power hardware-in-loop (PHIL) setup to evaluate different islanding detection

schemes[53], focuses mainly on the loss of utility test described in IEEE 1547.1-2005.

In this chapter, we utilize a hardware-in-loop (HIL) platform (Opal-RT) to simulate a

realistic distribution feeder with multiple DERs. These DERs are interfaced with physical

relays incorporating the protection functions implemented by utilities including islanding

protection. The islanding schemes are tested under different solar irradiation and load

levels. The load is tuned to simulate a case similar to loss of utility test recommended by

IEEE standard 1547.1. The simulation results are used to assess whether a DVAR affects the

protection system performance.

4.0.1 Test-bed

For the HIL test-bed, an actual distribution feeder is considered which is a 12.47 kV, 13.5

MVA feeder in NC. There are two large 3-phase, 5 MW utility-scale PV farms connected in

the �rst voltage zone of the feeder as shown in Fig. 4.2. A 1 MVAR DVC is placed near PV farm

1. It is set to operate in Volt / VAR mode (shown in Fig. 4.3) to mitigate the voltage variations

caused by the large PV farms. The PVs and DVC are each connected to the distribution

system through a recloser controlled by individual relays. A separate relay controls the

feeder breaker at the substation.
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Figure 4.2 Distribution feeder under consideration, location of fault shown (red bolt)

A HIL real-time simulation test-bed is put together to test the effectiveness of the

islanding detection schemes used by the relays. The physical test setup is shown in Fig. 4.4.

The feeder along with the PV farms and DVC are modelled in the real-time simulator's

software. Three-phase line models are used for all the line sections. This model is veri�ed

against a commercial feeder analysis software by comparing the fault levels As shown in

Fig. 4.4, actual relays are interfaced with the digital simulator. The voltage and current

signals from the simulator are sent to the relays using a low-level signal interface which

does not require signal ampli�cation. The trip and close commands from the relays are

returned back to the real-time simulator to actuate the virtual breakers in the simulation.

Figure 4.3 DVC Volt / VAR settings
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