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Abstract

Rising fuel prices and environmental concerns are threatening the stability of current

electrical grid systems. These factors are pushing the automobile industry towards more

efficient, hybrid vehicles. Current trends show petroleum is being edged out in favor

of electricity as the main vehicular motive force. The proposed methods create an

optimized charging control schedule for all participating Plug-in Hybrid Electric Vehicles

in a distribution grid. The optimization will minimize daily operating costs, reduce

system losses, and improve power quality. This requires participation from Vehicle-to-Grid

capable vehicles, load forecasting, and Locational Marginal Pricing market predictions.

Vehicles equipped with bidirectional chargers further improve the optimization results by

lowering peak demand and improving power quality.
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Chapter 1

Introduction

1.1 Motivation for Hybrid Vehicles

Several factors are driving the automobile industry towards hybrid powered vehicles. These

automobiles can reduce the country’s dependence on increasingly expensive fossil fuels,

reduce carbon emissions, and lower driving costs through increased fuel efficiencies [1].

To further persuade consumers, legislation has been passed in many countries providing

incentives for purchasing and owning a hybrid vehicle [2, 3, 4]. These benefits are making

it more economically feasible to drive hybrid vehicles. Compared to fully electric or

hydrogen powered vehicles, electric hybrids are safer, more reliable, and retain longer

driving ranges due to limitations in today’s energy storage technologies. This is pushing
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the automobile industry towards researching new storage technologies as well as designing

new types of vehicles using this technology.

1.1.1 Motivation for Hybrid Electric Vehicles

Hybrid Electric Vehicles (HEVs) use the same petroleum fuel as traditional Internal

Combustion Engine (ICE) vehicles. However, regenerative breaking and assistance from

an electric motor improve the output efficiency of these vehicles [5]. By reducing gasoline

usage and utilizing electricity for primary propulsion, Plug-in Hybrid Electric Vehicles

(PHEVs) further improve the efficiency. A typical vehicular ICE is about 20 percent

efficient [6]. The majority of the energy from petroleum is lost as heat, requiring a portion

of the captured energy to cool the ICE. Power plants can propel multiple stage turbines

using this excess heat, allowing a portion of the energy to be captured. The entire process

of generating and transmitting electricity to households is about 33 percent efficient; it is

constantly being improved through advances in technology [7]. On average, the electric

motor drives used in vehicles are only about 70 percent efficient at generating propulsion,

depending on the size and speed of operation [5]. Converting and storing the energy also

induces losses; proposed chargers vary in the range of 85 to 97 percent [8, 9, 10, 11, 12, 13].

When all of this is considered, the PHEV all electric mode is about 20 to 24 percent

efficient; a small gain in efficiency. Therefore, current benefits include the ability to

produce the energy from renewable resources. These sources are also environmentally
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friendly, releasing little to no atmospheric pollutants [14]. These benefits alone make the

PHEV an ideal replacement for traditional ICE vehicles.

The PHEVs can recharge its battery bank through external electricity sources. The

maximum distance the vehicle can be propelled using only the electric engine is called the

all electric range [15]. This is directly dependent on the type and capacity of the battery.

Typically, Lithium-ion batteries are used since they have longer lifetimes than traditional

batteries, and they do not suffer from usage issues such as memory defects. PHEV are

designed to improve efficiencies without requiring a trade off for usability and driving

range[16].According to the US Department of Transportation (DOT), the average daily

commute is about 29 miles [17]. Using this as a design attribute, car manufacturers are

targeting their PHEVs with a 20 to 40 mile all electric range [16]. The ICE is still present

in the vehicle for extended ranges and dynamic power output.

1.1.2 Types of Hybrid Electric Vehicles

Hybrid vehicles combine two or more types of energy storage systems to provide

propulsion for the vehicle [18], most commonly electricity and petroleum. There are

several types of HEVs. This is determined by configuration of the drivetrain system. In

a parallel hybrid system, the vehicle is propelled though the Internal Combustion Engine

(ICE) as well as a separate motor which can also supply power directly to the drivetrain.
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In a series hybrid system, the vehicle can only be propelled an electric motor and a battery.

The battery can be charged through regenerative braking, the ICE, or by external sources.

The ICE is used with a generator to produce electricity to recharge the battery when other

sources are not available, making the car in essence a Range Extended Electric Vehicle

(REEV). In a combination or series-parallel hybrid the vehicle is propelled like the parallel

hybrid, but the ICE can be also utilized to recharge the battery in addition to providing

strictly propulsion. These vehicles can be further characterized into full hybrids and mild

hybrids, dependent on the maximum propulsion each system can generate. A mild hybrid is

much like a conventional vehicle with an electric motor to provide additional torque when

needed. The electric motor allows the ICE to be turned off while idling, keeping the motor

running at the same RPMs but without any fuel. The electricity needed to perform this

is captured solely through regenerative braking. Full hybrids can be completely operated

and propelled through the electric motor, while the ICE is off. HEVs that can recharge the

battery bank through external electricity sources are also known as PHEVs. The control

over the power output combination of these two systems determines the fuel economy and

performance of these vehicles, which is still an active area of research.

The electric engine and battery bank in PHEVs is much larger than standard HEVs,

allowing the vehicle to be completely propelled by the electric engine for extended periods

of time. The maximum period the vehicle can be propelled utilizing only the electric engine

is called the all electric range. This is dependent on the capacity of the battery bank. Once

the battery is depleted of usable energy, the ICE is utilized, providing an extended range
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mode. In this mode, regenerative braking and excess power from the ICE generator is still

utilized to recharge the battery bank. However, the power captured by these sources is

relatively low, and is only used to support the ICE when additional torque is required. To

return to the all electric mode, large amount of energy is required to restore the battery

to capacity which requires external sources not available while driving. This is the key

distinction between HEVs and PHEVs.

The automobile industry wants to design these higher efficiency vehicles without requiring

the drivers to make a tradeoff for usability. According to the US Department of

Transportation (DOT), the average daily commute is about 29 miles [17]. Using this as

a design attribute, car manufacturers are targeting their PHEVs with a 20 to 40 mile all

electric range. With the current technology, this corresponds to a usable battery capacity of

10 to 20 KWh. While this correspondence depends heavily on driving conditions and the

driving habits, it encompasses the characteristics of current production vehicles [16]. This

allows the daily commute to be driven as if in an all electric vehicle. The hybrid ICE is

present for longer trips, making the vehicle very versatile. This is giving the driver all of

the benefits without the tradeoffs that previous electric hybrids were prone to.
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1.2 Motivation for Vehicular Charge Scheduling

With advances in communication technology, the US electricity grid is becoming

networked and remotely controllable. This modernization of the grid is more commonly

referred to as the Smart Grid. With the addition of Advanced Metering Infrastructure

(AMI), the distribution system can collect data in real time [19]. This allows for analysis

and control programs to improve grid reliability while minimizing operating costs and

downtime. This fine grained data can also be archived and used to improve future usage

and pricing predictions in the Locational Marginal pricing (LMP) market [20]. This would

allow utilities to provide tiered or real time pricing options, as well as compensating the

consumer for the use of smart appliances and vehicles.

With real time data collection and control, a centralized entity could autonomously manage

the distribution grid. Other research articles have referenced such a device by many

names; most commonly it is called an intelligent Energy Management System (iEMS) [21].

Devices such as in line switches, voltage and frequency regulators, capacitor banks, DG,

and even Vehicle-to-Grid (V2G) capable PHEVs can be utilized and remotely controlled

to improve the power quality [22]. Through the use of throttled and scheduled PHEV

charging, the base load would be increased, allowing for more efficient and renewable

generators to be used in the creation of the electricity [23].
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Given the average commuting distance, vehicles would arrive home with nearly depleted

batteries and require energy corresponding to their usable battery capacity. In a typical

household, a vehicle is used daily for commuting and errands. This formulates to at least

a 30 percent increase in daily electricity demand per household per PHEV [24]. This is

much larger than the average annual electricity demand increase over the last few years.

Electrical utilities should start investing immediately in capacity upgrades if the charging

of PHEVs is not controlled. This is because most utilities are running near peak capacity

during the evening hours, which directly corresponds to the peak in uncontrolled charging

demand for PHEVs. The use of controlled and optimized scheduling can alleviate the need

for capacity upgrades by deriving the energy required for charging during off peak times.

Also, by filling in the demand valleys, the base load is increased allowing the larger and

more efficient generators to create the electricity.
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Chapter 2

Scheduling Techniques

2.1 Delayed Charging

Delayed charging is currently the widely available option for the early adopters of PHEVs

[16]. With no grid communication architecture adopted, there is little to no room for

scheduling. With delayed charging, the owner decides a starting time and maximum

charging rate. The vehicle will then start charging at the specified rate until the battery is

fully charged. The charging rate is only reduced to prevent overheating issues. This method

alleviates additional demand during peak hours, but can lead to many other problems. Since

the charger is unaware of other vehicles and appliances, overlapping charging times can

induce a secondary peak in the daily demand curve. With minimal communication between
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devices, this can be minimized.

2.2 Smart Meter Control

Smart meter charging links a PHEV and other controllable home appliances such as

a laundry machine to an in home energy management system [25]. The aim of this

architecture is to prevent aggregated loads within the home, reducing the peak usage and

usage during peak hours. The smart meter schedules the vehicle to charge during the night

when there is little usage. However, unlike delayed charging, the smart meter is aware of

other usages, and can interrupt the vehicular charging while other appliances are running.

This method only solves the aggregated demand within the home and during peak demand

hours. Several houses connected to the same transformer can still create aggregated peaks.

To solve this problem, a communication architecture between the smart meters would be

required. Since these meters have low computational power, a centralized computer could

perform scheduling quicker and more efficiently.

2.3 Group Scheduling

With wireless vehicle to vehicle communication, a group of vehicles in wireless proximity

can create an ad-hoc network. In a parking garage equipped with charging stations, these
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vehicles can create a mutually beneficial schedule to prevent peaks in aggregated load for

the group [26, 27]. This can also be accomplished by networking the chargers together.

In these cases, a centralized controller is used to create a charging schedule according

to electricity prices, and bill the charging vehicles. This is optimization is localized and

does not completely solve the problem. In a distribution grid, groups of vehicular chargers

can still create aggregated loads during lower priced time slots. To completely minimize

the system impacts of vehicular charging and to prevent load aggregation, an optimized

charging schedule must be created from a higher level perspective.

2.4 Heuristic Scheduling

Previous research in scheduling for vehicular charging has shown benefits in reduced peak

demand, improved power quality, and economic incentives for both the end user, and the

electrical utility. However, most of this research has been focused on the cost benefits

for residential end users. A centralized entity for PHEV charge scheduling from the

distribution grid perspective can also minimize the overall operating costs. This may

slightly reduces the immediate economic incentives for the end users, but tariffs and

reduced pricing provided by the utility can curtail this disadvantage and provide user

motivation. Scheduling from this perspective can be computationally expensive and time

consuming when a large number of PHEVs are connected to the grid. Therefore, it is

beneficial to find methods that reduce the scheduling complexity and time.
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The scheduling problem could be transformed into a linear equation [28]. These can be

solved quickly and efficiently through methods such as sequential quadratic optimization

or the Lyapunov Methods [29, 30]. However, these types of optimization assume vehicular

charing will not affect the electricity prices. Even though this significantly reduces the

complexity, it ignores the fact that high current chargers can have a significant impact the

demand curve. The US DOE estimates electricity prices by 2030 will be affected by up to

5 percent with only a 25 percent penetration (an average of 1 vehicle for every 4 homes)

of PHEVs utilizing scheduled charging. The level two AC vehicular charging standard

allows a power draw of up to 19.2 kW, significantly larger than any existing household

load [31]. This could have a major impact on real-time pricing. This constraint will reduce

the effectiveness and accuracy of these scheduling algorithms.

The computational complexity can be greatly reduced by not enumerating possible

scheduling cases that have a low probability of having low cost solutions. Sampling

techniques such as the Monte Carlo method can be used to identify these cases [32]. The

same techniques can also be used to find cases with a high probability of having low cost

solutions. Using this information, methods such as Particle Swarm Optimization (PSO)

can find a solution much faster [33]. This method uses feedback from evaluated cases

to direct future computations towards neighboring candidates with a higher probability

of the optimal solution. The method uses position and velocity to represent particles

replicating the social behavior of a flock of birds or a school of fish. PSO is a generic

method, and is limited by the assumptions it can make about the problem, reducing its

12



effectiveness. Also, PSO is very sensitive to the initial conditions, and cannot guaranty

an optimal solution. Another disadvantage of using PSO for this problem is when using

a multi-objective function, PSO becomes more computationally complex and prone to

converging on non-optimal solutions [34].
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Chapter 3

Residential Distribution System

Architecture

3.1 Introduction

A residential distribution grid typically spans a region the size of a neighborhood;

distributing electricity to the houses. These grids typically operate at lower voltages than

transmission lines, allowing for cheaper supporting structures to be used. This improved

safety and allows for reduced line spacing requirements in overhead configurations. The

network configuration is typically radial, however switches and interconnects can be

implemented to reduce the severity of an outage scenario. Voltage regulators and capacitor
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banks are commonly installed to correct voltage drops and other power quality issues. To

reduce power line losses, voltages are stepped down using distribution transformers to

voltages usable in a standard household outlet. These transformers are located close to

houses, and vary in size to support one or more connected houses.

3.2 The Distribution Grid

The IEEE 123 node test feeder is selected for the distribution grid because it is ideal

for programs that can allocate load [35]. However, it was modified for the purposes of

testing the optimization algorithms. The voltage regulators within the system are removed;

viable solutions are constrained by adding requirements to keep the voltage within the set

ratings. The shunt capacitors and in line switches are not removed, however the state of

these devices remained static throughout the entire scheduling period, keep the feeder in a

radial configuration. Originally, the nodes held a single complex demand for the testing and

verification of analysis programs. This is replaced with generated load data for residential

homes at 15 minute intervals for the 24 hour scheduling period. Fig. 3.1 shows one-line

diagram of the distribution grid.
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Figure 3.1: Layout of the IEEE-123 Node Test Feeder

3.2.1 Power Lines

Line data implemented in the test feeder was left unchanged in the setup of the system.

There are 11 different overhead spacing and cable configurations, and one underground

configuration. The majority of the power lines are overhead Aluminum Cable Steel

Reinforced (ACSR) or All Aluminum (AA) conductors in three phase configurations with

Wye loads. The average distance for each line is about 332 feet, typical of an urban

environment. In all of the three and two phase overhead configurations, the neutral

conductor has a smaller gauge because it was only required to handle the resulting current
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from the load imbalance. This reduces the initial investment cost, but causes higher line

losses for imbalanced loads due to the higher resistance of the conductor. The rated

amperage of each line introduces an additional constraint on the amount of power the

system could handle. If the state estimation methods determines that a line is overloaded, all

nodes located ’downstream’ of the line require load shedding. A downstream node requires

the given power line to connect to the feeder head, or source of the power (if bidirectional

chargers are used).

3.2.2 Distribution Transformers

The distribution system operates at 4.16 kV. Each node containes a single distribution

transformer that steps this down to a usable 120 Volts per phase. Since the efficiency

of the transformer depends on the loading factor, it is assumed that all transformers are

ideal, and no losses are induced due to heat or coil impedance. This also allows the

system to ignore transformer maintenance costs because running the transformers with

higher loads improves efficiencies, but reduces the lifetime of the transformer. The phase

configuration on each side of the transformer is not changed. This is because the Wye and

Delta configurations supported the line rating constraints, alterations would only reduce the

power capacity of the grid.
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3.2.3 Spot Loads

The original spot loads connected to the distribution transformers can be classified into

three categories: constant kW and kVAr, constant current, and constant impedance. The

power usage of each node varies based on the input voltage. To reduce computational

time and complexity, all loads are replaced with constant kW and kVAr. Many houses are

randomly generated and connected to each distribution transformer. This is an iterative

process which continues until the aggregated daily demand peak (kVA) matches the

complex magnitude for the original load. This ensures the feeder will be running near

capacity, not starting overloaded, but require scheduling for vehicular charging.

3.3 Residential Houses

Since scheduling is preformed using 15 minute intervals, the entire scheduling period

requires 96 time slots. The average electricity used daily for each home is scaled to have

a normal distribution of 30 kWh with a standard deviation of 5 kWh [24, 36]. All houses

include a single connection to the transformer in the same wye/delta configuration as the

original node. This load is considered to be a base load, which can not be altered in the

case of load shedding.
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3.3.1 User Preferences

For any given workday, the home is simulated to contain between one and three residents.

The home has a morning departure between 6 am and 12 noon, and an evening arrival

between 4 and 7pm . This was chosen based on Travel Trends Survey data collected by

the US Department of Transportation [17]. The departure time is a user set preference,

requiring the vehicle have a full battery by the time indicated. If the owner departs later

than scheduled, the vehicle is simulated as disconnected since the stored energy can not

be used and is required to keep the battery full. If the owner decides to leave earlier than

scheduled, the system can not guarantee the battery will be fully charged. The arrival time

represents a prediction based on user preferences, and historically archived data. Mobile

networks such as VANET can be used to further improve the prediction accuracy, tracking

the vehicle as it travels home while maintaining privacy [37]. It is assumed the arrival time

predictions are accurate to prevent these errors from affecting the test comparison results.

Due to appliance usage, the energy usage peaks immediately before morning departure and

after evening arrival. This is most notable with major appliances such as the water heater

and an electric range or stove. These peaks determine the number of houses connected to

the grid.
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