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ABSTRACT 

Recent increased popularity in plug-in hybrid electric vehicles (PHEVs) has been 

influenced by their ability to relieve the economic dependence on oil, meanwhile reducing the 

carbon footprint through the decreased level of harmful emissions. However, PHEV popularity 

has not come without a cost. PHEVs main source of power are their internal energy storage 

systems which require energy from the grid through a form of charging station. This need to 

charge creates a power consumption dilemma on the ever-strained power system from population 

growth and the consumer use of power for current everyday technologies. To study the effects 

that the charging PHEVs will have on the system, two studies were performed within the scope 

of this thesis: a system study involving the IEEE 14-Bus and a subsystem study that will 

incorporate the development of a virtual grid interface. The system study populated the IEEE 14-

Bus system with constant power loads to observe the additional power requirements on the 

supply generators when integrating PHEVs into the system in an incremental fashion. Also, 

charging method impacts were conducted by creating uncontrolled and controlled charging 

profile loadings with the PHEVs. The second study developed a laboratory environment with the 

intent of emulating a grid-connected charging PHEV, also known as a virtual grid interface. This 

grid interface will be tested to show proof of concept and then applied to a set of hardware to 

demonstrate the negative effects of uncontrolled front ends within charging station. 

Subsequently, the mitigation of the aforementioned negative effects will be illustrated through 

the employment of an active front end within the charging station. The conclusion provides an 

understanding for affects from charging PHEVs and the importance in developing controls 

within the charging stations in order to mitigate undesirable charging impacts. Additionally, the 

vast range of applications for which the developed virtual grid interface can be used for is 

discussed, along with some of the limitations and future works of the system.  

 



CHAPTER ONE 

INTRODUCTION 

1.1 Motivation 

Growing issues with rising fuel costs and environmental concerns push for a substitute to 

the current vehicle on the road. In the past decade the idea of hybrid vehicles has been realized 

with vehicles like the Chevy Volt™ and the Toyota Prius™. These vehicles run on a 

combination of electric power from batteries and mechanical power from the combustion engine 

that allows the vehicle to use solely battery power during acceleration when the power demand is 

at its highest. The vehicle will convert to using the energy from the combustion engine under 

low-strain conditions so minimal fuel is used, also creating a steady condition to have the 

batteries recharged by the engine.  

With advancements in battery and power electronic technology, hybrid vehicles are 

becoming more solely dependent on the electrical energy provided by the batteries. Without 

minimal or no support by the combustion engine the vehicle is occasionally unable to recharge 

the batteries during highly transient driving that occurs in urban areas. This inability to maintain 

its own power source creates a situation where the vehicle must connect to the electrical grid in 

order to recharge its batteries; hence the name plug-in hybrid electrical vehicle. 

The additional non-linear loading that will occur from the connection of PHEVs is an 

issue that has been and still needs to be addressed on both a system and subsystem level. PHEVs 

connecting to the system create multiple concerns including increased loading, both distributed 

and non-distributed, as well as possible introduction of harmonic injections onto the grid due to 

nonlinearities in the electronics of the vehicle itself. Additional loading from PHEVs could 

possibly result in the overvoltage or over-current in the distribution transformer which would 

result in higher power losses, saturation, voltage sag, and temperature increases on the system. 

Harmonic injection to the grid could not only affect distribution transformers, but could affect 

power quality of the grid that could cause torque and current ripple in machinery connected to 

the grid in proximity to the charging PHEVs.  
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1.1.1 Power-Hardware-in-the-Loop  

Power-hardware-in-the-loop (PHIL) is an experimental setup that involves combining 

experimental hardware with modeling and simulation in software through a power coupling 

network know as the point of common coupling (PCC). In a PHIL setup, the hardware included 

is known as the hardware equipment under test (HUT). The HUT is incorporated into the virtual 

system by sensing the desired measurements, routing those measurements into the virtually 

simulated system (VSS) using an analog-to-digital (A/D) converter where they are used to 

calculate reference values. Those references are then fed back into the hardware using a digital-

to-analog (D/A) converter and some interface amplifier that will scale the references to the 

appropriate values. Figure 1.1, further described in [1], shows an example of a PHIL system that 

includes three main sections including the VSS, the interface, and the HUT.  

 

 
Figure 1.1: General PHIL configuration 

 

Considering the system show in Figure 1.1, the system can be described by starting at the 

HUT. During operation, the HUT is on and has some voltage and/or current value measured by 

sensors and sent to the VSS through the A/D converter. The VSS take sensor feedback (whether 

it is used for negative feedback, some simulation input, etc) that will ultimately alter the 

amplifier voltage reference.  It is then sent to the amplifier controller via a DAC with the 

objective of controlling the some terminal characteristic at the PCC.  

This setup decreases cost in the design phase because sections of the design can be built 

in simulation in order to get the product to a refined stage before spending the money to 

completely build it. There exists some lag in the PHIL setup compared to a system comprised 

completely of hardware so this application is not optimal for the use of highly transient studies.  
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1.2 Literary Review 

1.2.1 System Studies 

Much work has been done to analyze the effects on the grid due to the introduction of 

PHEVs into the market. Studies range from the determination of additional power consumed 

during charging to the pollution effects of PHEVs. In this literary review the primary focus will 

be on the electrical generation and transmission system that will be affected during charging to 

establish what previous works have demonstrated and how this work is a continuum of those 

studies.  

During PHEV charging, power consumption from the grid will increase by some amount 

depending on the aggregation of the vehicles. This increase presents a possible concern for the 

current infrastructure that may not be outfitted with sufficient generation and/or transmission to 

withstand the additional power requirement. This potential overload could lead to voltage sag, 

increased losses, temperature increases in the line creating insulation failure, transformer 

saturation and other undesirable effects that would be strenuous to the system and costly for the 

consumer.  

The work developed in [2] emphasizes that the U.S. electrical demand is increasing at 

such a high continuous rate of development that the present-day grid will soon be unequipped to 

handle the consumer loading. The work uses this as an argument to encourage the adoption of 

vehicle-to-grid (V2G) technology in order to assist the generation with the ability to store energy 

the grid can use under peak loading conditions. Under this scenario, the generators would operate 

at a constant rate where their power would either be used to help supply loads during peak times 

or would be sent to the PHEVs to be stored during off-peak times when an excess of power was 

created by the generators. The work further goes on to discuss and demonstrate the differences in 

seasonal loading and how power demand is affected by time of day. According to Jenkins et al. 

[2], the electrical grid demand is at its highest in the morning when consumers wake up for the 

day and in the evening hours when most consumers arrive home from their daily commute and 

begin to use electricity for household tasks.  

Letendra et al. [3] and Kitner-Meyer et al. [4] look at certain regions of the U.S power 

grid in order to better understand the effects on a local basis. In [3] the authors focus on the 

ability of the region located around Green Mountain College supported by the Green Mountain 
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Power and Burlingtion Electric Department to have sufficient enough generating capabilities to 

handle the switch of 100,000 conventional vehicles to PHEVs. According to the findings, the 

region could withstand up to 1,000,000 additional vehicle charging loads before the grid was 

overloaded. The transmission system at this level of PHEV introduction is still able to handle the 

power levels required but the utility would be required to purchase the power from another utility 

which would increase the cost of electricity for all consumers in that region.  

In [4], Pacific Northwest National Laboratory (PNNL) examines the grid impacts from 

not one but all 12 major electrical utility regions in the U.S. According to [4] there were 

approximately 217 million registered light-duty vehicles (LDV) in the U.S. in 2001 when this 

work was developed and assumes an average 33 miles per day per vehicle commute distance in 

order to determine the energy requirements provided by the electrical grid. The author chooses a 

valley-filling approach in order to estimate the available electric generation that could be used 

for charging PHEVs. This method requires a dispatch of the electrical generators to meet the 

regional load demand and once that dispatch is complete, the total installed capacity less the 

dispatched units sets the upper limit on the generation available for PHEV charging. Instead of 

using an 8,760-hour (1-year) dispatch, the work simplifies this to two 24-hour dispatches that are 

used to represent a typical summer and winter day. The simplification focuses on two limiting 

cases: when the entire electric is likely to have the least reserve capacity and available generation 

resources for recharging the PHEVs. These dispatches were then performed for each of the 12 

U.S electrical regions for an average summer and winter day where the average was determined 

from an hourly system load over a 3-month period.  

The results in [4] show that about 73% of the conventional vehicles could be fueled with 

the available electric capacity if they were switched to PHEVs. This would mean that all require 

power providers to use all electric generation, base-load and intermediate generation at full 

capacity for most of the day in order to meet this demand. This would leave little allowable 

downtime for utilities to perform maintenance work on the grid and generating plants. The work 

goes on to show a complete breakdown of all 12 regions and their technical potential to charge 

PHEVs based on the number of conventional LDVs that could be switched to PHEVs. These 

results show that most of the eastern and central electrical utilities have the ability to handle 

most, if not all, of the charging PHEVs with the exception of the Mid-Atlantic Area Council 

(MAAC) and the Florida Reliability Coordinating Council (FRCC). However, the electrical 
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utilities in the west drastically fall short of having the ability to handle even 50% PHEV 

introduction in most regions. The author points to the sharing of hydro-electric generation that is 

already strained to a maximum as the reason for the inadequacy of the western regions to handle 

the additional loading. This issue could create a major concern for the western regions like the 

Northwest Power Pool Area (NWP) and the California and Southern Nevada (CNV) that can 

only provide electricity for about 18% and 23% of PHEV introduction under uncontrolled 

charging methods, respectively. With the CNV containing an environmentally-concerned state 

such as California, this inability to supply power to PHEVs could become a pressing issue in the 

near future. 

1.2.2 Charging Methods 

To overcome the issue of infrastructure inadequacy many have proposed the idea of 

multiple charging methods that will allow PHEVs to be charged at one of various predetermined 

profiles. This idea has the advantage of allowing the utility to deliver an amount of power that is 

most efficient for the needs of the consumer. If the consumer desires to recharge his/her car 

quickly than he/she can choose that charging mode with the applicable price that will be assigned 

to that power consumption during that time of the day. Analogously, the consumer can choose to 

slowly charge the vehicle in order to avoid higher costs if they have no real need to use the 

vehicle in the immediate future. The work in [4] considers the case where the PHEVs would be 

constrained to charging only during the hours of 6pm and 6am so that the additional loads would 

be affecting the grid during off-peak hours. Using this method has both an advantage and 

disadvantage because this approach usually is cheaper for the customer charging the PHEV; 

however, there is less availability for PHEVs to charge so the number of PHEVs that can be 

charged is approximately decreased by 50% compared to that of the 24-hour uncontrolled 

charging method.  

Multiple charging methods are discussed in [5]-[7] to demonstrate the profile for each of 

the methods and to compare the pros and cons of each. All works agree in the 4 main schemes 

that can be implemented for PHEV charging: uncontrolled charging, delayed charging, off-peak 

charging, and continuous charging. In the uncontrolled charging case the consumer has no 

constraints on when charging can occur so the PHEV is charged at the consumer’s convenience 

and request which, as discussed previously, most commonly occurs in the late afternoon/early 

evening hours when most consumers arrive home from their daily commute. This method is the 
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most convenient for the consumer because there is no time at which the PHEV cannot be 

recharged from the grid; however, this is the worst scenario for the utility since charging is 

allowed to occur during the peak loading times. What this means for the consumer is that the 

utility is going to charge more for the power delivered because of the strain on the system in an 

attempt to prevent the charging of PHEVs. Similar to uncontrolled charging is the continuous 

charging scenario that assumes that public vehicle charging stations are available so that 

charging can be done throughout the day while the vehicles are parked. This scenario allows 

vehicles to need less charge at any one given time so that the loading due to PHEV charging is 

more constant than the uncontrolled case and the peak in increase demand in the early evening 

hours is less. This method is somewhat of an intermediate scenario between uncontrolled and 

controlled charging that would still allow users to charge anytime they wish while allowing the 

utility to remain at a relatively constant output, therefore, creating little to no extra cost to the 

consumer.  

In contrast to the uncontrolled and continuous charging methods are the delayed and off-

peak charging profiles. These methods introduce control over when the user is allowed to charge 

the PHEV so that the utility can adequately supply enough power to keep from increasing the 

cost of power delivery. In the delayed charging method the PHEVs are prevented from charging 

until 10 p.m. at night so that the peak demand in power due to PHEV loading would occur in 

about a 4 hour time duration between the hours of 10 p.m. and 2 a.m. During this time the power 

consumption would be considerably high since the vehicles would have been unable to charge 

since the morning. Similarly, the off-peak charging method suggest even further control of 

PHEV charging by only allowing vehicles to be connected to the grid during low-demand times 

when most household and commercial electric usage is at a minimum. In contrast to the other 

three methods, this charging profile is dynamic since the daily load pattern from normal electric 

usage is not always constant due to the day of the week and seasonal affects. Both uncontrolled 

and controlled methods are merely suggestions to the user and will not be implemented in such a 

way that the user is unable to charge their vehicle at any given time of the day; however, there 

would most likely be an increase in cost to the consumer if the vehicle was charged outside of 

the recommended controlled profile. In that respect the reader could look at uncontrolled 

charging and off-peak charging as the most costly and least costly charging method, respectively.  
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In addition to the different charging methods that have been proposed, there are multiple 

charging modes that have been suggested in order to further offer the most efficient method of 

charging for both the user and the utility. Essentially, there are 3 modes that have been proposed 

by Hadley et al. [8],[9] based on common voltage and current delivered to residential areas:  

 120V / 15A (1.4kW)  

 120V / 20A (2.0kW) 

 240V / 30A (6.0kW) 

These three different charging modes can be used to vary the duration of charging that the user’s 

vehicle undergoes so that power requirements are minimized and the charging time is sufficient 

for the allotted time the consumer can go without needing to disconnect the vehicle. In [8] the 

author considers a mid-size PHEV being charged from the same initial conditions using the 3 

different charging modes and compares the time it takes to charge a vehicle and the power 

required for each mode. For instance, the slowest charging mode takes 6 hours to completely 

charge the PHEV at the 1.4 kW constant power consumption compared to the same vehicle at the 

fast charging mode of 6.0 kW constant power consumption only takes 2 hours. Each of these 

scenarios just show the trade-off between the amount of time that needs to be allotted for 

charging and the amount of power that is required as a way to establish a correlation between 

charging time, grid impact, and cost.   

1.2.3 PHEV and Battery Modeling 

Whether the focus is to look at energy storage for bidirectional power flow purposes, grid 

impacts caused by the charging of PHEVs or designing energy management systems for the 

vehicles themselves, it is important to model the PHEV. Models range in complexity depending 

on the application for which the model is being developed and can be as simple as a resistor or as 

complex as a parallel hybrid system with multiple batteries and ultra-capacitors. These models 

can be constructed through the mathematics describing the physical phenomena that the system 

undergoes, through some composition of analytical expressions and ideal circuit components 

form software programs to obtain an average model or can include nonlinearities and switching 

algorithms in order to most accurately represent the physical system.  

 Works [9], [10] describe the development of mathematical models in order to describe 

the physical characteristics of energy storage systems used in PHEVs. In [9] the author presents 
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an analytical expression for accurately calculating the remaining capacity of a lithium-ion (Li-

ion) battery. The mathematics in this work rely on the ability to measure the voltage of the 

system and the current drawn from the battery in order to predict the duration of time that the 

system can be sustained using the battery under current conditions. A key factor to note about 

this model is that, although it is only analytical, it includes both temperature and cycle ageing 

effects that are important to the prediction capability. The paper goes on to demonstrate this 

importance in the results by showing that a 30% error in prediction of the battery capacity can 

lead to 20% performance degradation for a dynamic voltage and frequency scaling algorithm that 

is implemented in many control algorithms of converters. Burke [10] presents a method to 

accurately specify the size energy storage system and ultra-capacitors that can sustain the energy 

requirements of a PHEV by using analytical expressions to calculate the average power and peak 

impulse power demands from the vehicle. Like the work in [9], this work uses simple 

mathematical expressions to describe the physical energy system that exists within the PHEV for 

ease of calculation and minimal computation time. 

 A composition of both an analytical expression and circuit components is proposed in 

Tremblay et al. [11] that involves using a voltage-controlled DC source connected in series with 

a resistor. This simple circuit model uses the series connected resistor to create a current which is 

measured and used in Shepherd’s equation as a parameter to accurately calculate a voltage that 

can then be used to adjust the voltage-controlled DC source. This combination of mathematics 

contained in Shepherd’s equation that describe the behavior of a battery and the circuit 

parameters that can assist in obtaining parameters for Shepherd’s equation are utilized so that 

battery characteristics like battery voltage, battery current, and state of charge (SOC) can be 

acquired. This work will be described in further detail later in the thesis due to its role in 

developing the work. 

 Kroeze et al. [12] developed a battery model capable of predicting SOC, current-voltage 

characteristics, and dynamic behavior of a Li-ion, nickel-metal hydroxide (NiMH), and lead-acid 

battery. Three physical batteries were tested to obtain parameters that were then used to model 

the batteries that were tested with a simulated drive cycle based on the Urban Dynamometer 

Drive Schedule (UDDS) [13]. This work fails to predict battery characteristics at temperature 

other than those that were used when obtaining the parameters during the spectroscopy testing so 

the versatility of the model is poor. This issue is addressed and resolved in [14] and [15]. 
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Chen et al. [14] describe the work in developing two energy storage models; one model 

that involves all dynamic characteristics needed to perform transient studies and a second more 

simplified version of the first model that can be used under low-power conditions. The author 

describes energy storage modeling in three general categories: 

 Thevenin-based electrical model 

 Impedance-based electrical model 

 Runtime-based electrical model 

The Thevenin- and impedance-based models are simplified circuit models that contain the 

fundamental parameters of the system and are most commonly used in steady-state situations 

where transients are negligible or insignificant to the system and the results. Chen et al. [14] 

describes how Thevenin-based models have difficulty predicting battery runtime accurately and 

simply due to parameter simplifications that are made that constrain the model to representing 

the system only within certain operating points and under certain conditions which leads to 

approximately a 5% error in runtime results. This fitting process is difficult and complex, and 

similarly to the Thevenin-based models, will only allow the model to work for a fixed SOC and 

temperature setting and, therefore, cannot predict dc response and battery runtime. The runtime-

based models use a complex circuit network to simulate battery runtime and dc voltage response 

for a constant discharge current in SPICE-compatible simulators; however, they are unable to 

predict neither runtime nor voltage response for varying load currents.  

 As presented in [14], the importance of understanding the advantages and disadvantages 

of each type of battery modeling technique allowed the author to construct a model that would 

contain the best attributes of each of the models in order to create a high fidelity model under any 

conditions. The proposed model contains two main sections that are used for calculating battery 

lifetime and voltage-current characteristics that are used for capturing ageing, deep-cycle effects, 

and transient response under any temperature conditions.  

 Sen et al. [15] propose the development of a battery pack model that would analyze the 

overall variation of internal resistance and determine a precise terminal voltage considering the 

effect of temperature and ageing, since both have an accumulative effect on the battery 

performance. The ageing incorporated in the model is based on a daily usage of the battery, 

representing the permanent degradation of its capacity with every charge-discharge cycle. The 

author points out that the assumptions of the model are as follows: 
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 Self-discharge resistance is neglected at loaded conditions 

 Internal resistance is variable across the charge-discharge cycle 

 Ageing due to storage is neglected 

 No Peukert effect (which refers to the change in capacity as a function of its 

discharge rate) 

 The charging and discharging characteristics vary with time and temperature 

Since one major disadvantage of battery models is their inability to predict internal 

resistance variation along the drive cycle, the model in [15] is a circuit component model set up 

in simulation that focuses on accurately predicting internal resistance of a battery pack for a 

PHEV in order to improve the effective performance and reliability.   

1.2.4 PHEV Power Interface Configurations 

With the introduction of PHEVs into the market it is important for corporations to create 

an accessible way of charging these vehicles due to the limited electric range. Although the cars 

can be charged from the home on a residential charger, during long trips or commutes it may be 

necessary to recharge the batteries of the vehicle at some point in transit. This issue has 

encouraged the development of public/commercial charging stations that perform a similar 

function to gas stations for conventional vehicles. Public charging stations are still small in 

number due to the lack of demand and their current state of development, both in science and in 

politics.  

Recently, works such as Winkler et al. [16] have developed charging stations that are put 

into public use to demonstrate how power management and monitoring can be controlled 

through the use of electronics in the charging station itself. These types of configurations are 

somewhat primitive in their capabilities due to their inability to use parked PHEVs as storage 

units and control their energy storage so that it can be transmitted back on to the grid.  

In [17] and [18], Kempton and Tomic describe the idea of vehicle-to-grid (V2G) 

connection that would allow the parked electric vehicles to be used as energy storage elements 

that could transmit power onto the grid in high demand situations to keep the generation 

capabilities from being over-strained. According to the aforementioned authors, there are three 

main requirements that must be satisfied before a V2G connection is possible and those are as 

follows: 
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 A connection to the grid so electrical energy can flow 

 There must be control or a logical connection necessary for communication with 

the grid operator 

 Controls and metering on-board the vehicle 

The V2G connection possibility is a popular idea due to the ability of the grid to contain 

stored energy which currently is all but non-existent. With only about 2% of the grid containing 

stored energy and consumers on average only using their vehicles about 4-5% of the day, the 

constant availability and cheap implementation costs of using vehicles as distributed energy 

storage makes this approach very appealing to utilities as a way to relieve the strain on the gird 

caused by the ever-growing power demand.  

The proposed configurations for grid connecting the vehicles for charging are fairly 

similar throughout the works that were collected. Works [19], [20], and [21] demonstrate the 

configurations of series and parallel connected electric vehicle connected to the electrical grid, 

photovoltaic arrays, wind turbines or any combination of those sources. When the vehicle is 

connected directly to a DC source than only a DC-DC converter is required in order to control 

the voltage and current to the energy storage system of the vehicle. Additionally, if the vehicle is 

connected to an AC source like the electrical grid than an AC-DC converter (also known as a 

rectifier) is needed in order to first convert the AC waveforms to DC that can then be sent to the 

DC-DC converter as in the previous case.  

1.3  Thesis Statement 

In an attempt to analyze the impact of charging PHEVs on the electrical grid two primary 

studies were done: one was done to observe the effects at a system-wide level and the other to 

contract the focus to a subsystem level. For the system-wide study, the commonly used 

IEEE 14-Bus grid system was aggregately populated with PHEV models in PSCAD™ and 

connected by breakers so that multiple loading cases could be considered. Once the system had 

been used to obtain its baseline under a no-load scenario, the breakers were used to incrementally 

load the grid with PHEVs in a balanced manner so that the loads were distributed evenly on the 

high and low sides of the transformers within the system. Also, using the breakers allowed for 

the development of a controlled and uncontrolled charging method based off of popularly 
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proposed charging profiles in order to compare how peak power demands varied between each of 

the methods.  

The subsequent subsystem level analysis was performed by developing a virtual charging 

station to evaluate what affects charging PHEVs would have on the grid due to switching of 

power electronics within converters contained in the station and the vehicle itself. 

Conventionally, charging station configurations are developed in software to avoid the cost and 

time that is required to create a laboratory test bed that incorporates hardware. In the simplest 

forms these systems are designed in simulations that assume ideal circuit components and 

ambient conditions. For these configurations, there is no account for changes in the temperature 

of the components or the environment, no consideration for the electromagnetic effects that can 

take place within the system and no concern for the transient fluctuations that can occur from the 

grid and arise from loading the system; any or all of which can create instability in the system if 

the control parameters are not correctly chosen. With no consideration for aspects that will 

inevitably need to be addressed, there is little significance in only developing charging station 

configurations using ideal models and simplified circuit techniques.  

Therefore, the charging station in this work utilizes a drive system cabinet and adjustable 

resistive load bank in order to include and address the issues that arise from the use of electrical 

hardware that are unforeseen or too complex to model in simulation. Utilizing the PHIL 

capabilities, the experimental setup also consists of real-time digital simulation (RTDS™) PHEV 

model in order to “close the loop” between computer simulation and electrical equipment. These 

three pieces are used in cooperation to accurately represent one or more PHEV energy storage 

systems being charged. The voltage amplifier (PEBB) is used to rectify and correctly convert the 

AC quantities from the gird to the appropriate DC quantities that the energy storage system 

requires for charging, while the load bank was connected to the output of the PEBB in order to 

draw a current that can then be used to satisfy the Shepherd’s equation model that was used in 

RTDS™ to calculate battery voltage and SOC for the virtual charging. These three components 

will act in conjunction to represent a battery charging station and PHEV connection. The one 

piece of this configuration that is developed in simulation, the energy storage system of the 

PHEV, was done so since this is the most variable part of the entire power interface due to the 

multiple technological and chemical topologies. By modeling the energy storage system in 

simulation the user has the freedom and convenience of changing the parameters of the system to 
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represent any size storage system that may be in question from a small PHEV to a large electric 

ship. 

After the charging station concept was developed, a test run was performed using 3 

PHEV models to show proof of concept and operation. Each of the PHEVs was charged from 

identical initial states and was continually charged to full capacity. Afterwards, the charging 

station concept was used at a higher voltage level using similar drive systems in order to see grid 

impact due to harmonic injection by configuring an uncontrolled front end and controlled front 

end charging station using a diode rectifier and an active front end with IGBTs, respectively. 
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CHAPTER TWO 

SYSTEM STUDY 

2.1   System Description 

2.1.1 IEEE 14-Bus Introductions 

The IEEE 14-Bus system, shown in Figure 2.1, is a commonly used and archived system 

representing a portion of the American Electric Power System in the Midwestern U.S. as of 

February, 1962. This system consists of two generating plants supplying a system with 6 

primary-side buses and 8 secondary-side buses of the two Δ-Υ transformers that exist in the 

system that step down the line-to-line voltage from 138 kV to 33 kV. Each of the line parameters 

and bus power requirements were obtained using [22], [23], [24], [25]. Figure 2.1 depicts the 

configuration of the 14-bus system including the generators, transformers, and capacitor banks.  

 

 
Figure 2.1: IEEE 14-bus test case 

 

 

The simulated model of the IEEE 14-bus system, shown in Figure 2.2, contains the two 

generators obtained from pre-existing synchronous machines in software that consist of multiple 

parts: the synchronous machine, the exciter, and the governors, or controls. All default values 

were used except for the voltage and current ratings. The voltage for both generators was set to 

14 

 



79.68 kV with the current rating for generator one set to 5 kA and the current rating for generator 

two set to 0.625 kA. The same generator model was used for both generation stations to avoid 

using separate models that would most likely have to be synchronized to avoid oscillation in the 

transient and steady state that could possibly lead to instability 

 

 
Figure 2.2: Modeled IEEE 14-bus case aggregated with PHEV models 

  

 

2.2   System Loading 

As shown, the system has the generator models included along with the line parameters 

represented by resistors and inductors. The governors to the generators use a speed reference to 

adjust the torque to control the machine. For this system, the controls were configured so that 

generator 2 was limited to supplying 40 MW of real power, designating generator one to be the 

slack bus responsible for supplying all power required once the limit of supply power of 

generator two has been exceeded. The load buses and capacitor banks were setup using the 

constant real and reactive power load components that are represented by arrow shaped elements 

in the system notated with a “P+jQ” notation. There are 10 PHEV component blocks in the 

system, each representing 10% of the total load on the system due to PHEV charging, with 50% 

of the load on the high voltage side (red boxes) and 50% on the low voltage side (yellow boxes). 

Also, each of the PHEV loads is connected to the grid by a breaker that can be opened and closed 

to represent the loads coming on and off in the system over a 24-hour period. The transformers in 
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the system contain no tap changers and the meters shown between the generator and the system 

were used for data collection. 

2.2.1 PHEV Modeling 

Once the line parameters were calculated and the system had been set up, it was 

necessary to create a method of modeling the PHEVs of the grid system. Since PHEV 

technology topology is highly variable, the task of attempting to model each type would be 

unfeasible; therefore, the PHEVs were modeled simply by using constant power loads. The 

system is 14 buses in size which is approximately half as large as the Tallahassee, FL power 

grid. Since the Tallahassee, FL area has approximately 100,000 registered vehicles, the IEEE 14 

bus system is loaded with the power demand equal to that of 50,000 PHEVs so that when all are 

connected it represents 100% penetration.   

Due to the fact that there are so many PHEVs to be accounted for it would be impractical 

to model every individual vehicle. To avoid this issue and accurately represent the aggregate 

number of vehicles, 10 component blocks were created to be connected to the system each 

representing 10% of the total power demand from the vehicles. Contained within each of these 

component blocks are 10 constant real and reactive power loads as shown in 0, with each 

constant load drawing 1.4 MW of real power to represent 1,000 cars derived from the 

assumption that each PHEV draws a constant 1.4 kW during charging as stated in [26]. As 

previously mentioned, each of the PHEV models is constructed to draw only real power since the 

scope of this project is to analyze them as only loads with no energy storing capabilities.  

 

P+jQ

CAR5

P+jQ P+jQ P+jQ P+jQ P+jQP+jQ P+jQ P+jQ P+jQ

    To grid 
 

Figure 2.3: Depiction of single PHEV load block on system 
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2.2.2 Charging Connections 

The setup in 0 exists in each of the 10 component blocks and is connected to the grid 

through a breaker that was used to control the connection and disconnection of the PHEV to the 

grid that would occur during charging. Each breaker was controlled through breaker logic blocks 

available in the software program that would allow for the breakers to be set to open and close at 

the desired times. Using the logic controls and breakers, the first setup for the PHEV loading was 

to open all of the breakers and keep them open to obtain a base-load plot of supplied power from 

the two generators. With all breakers set to stay open through an entire simulation to represent no 

loading, the waveforms of the supplied real powers were plotted against values shown in the 

power flow data in [23] to check for validity. Next, the breakers were utilized to incrementally 

load the grid system to observe total power consumption due to charging for certain percentages 

of PHEV integration. Afterwards, the logic control blocks were used to control the breakers so 

that the breakers were commanded to open and close in such a manner to emulate the 

uncontrolled and controlled charging profiles that are further discussed in the next section.  

2.2.3 Charging Methods 

A key issue to address was to consider at what time(s) of the day the PHEVs would affect 

the power demand. During initial implementation of the PHEVs there will most likely not be 

charging stations at businesses and thus, the PHEV charging will occur at home. With this aspect 

in mind, the peak power demand is going to occur in the afternoon and evening hours when 

people arrive home from their daily commute and plug vehicles into the home charging stations. 

So essentially, there will be minimal effect from the PHEVs throughout the middle of the day 

and a gradual influx starting in the early evening as shown in Figure 2.4. This is considered to be 

the uncontrolled charging profile for this simulation. This method of charging could create a 

major concern for the generation and transmission utilities since the peak power demand of 

PHEV charging would occur during the same time of the day that the base-load is at its peak.   

To prevent the previously mentioned issue of PHEV charging occurring simultaneously 

with base-load peak demands, a method of controlled charging has been proposed in an attempt 

to limit the PHEVs that are connected to the grid for charging during the hours of the day when 

the loading on the grid is at its peak. The controlled charging method can be seen in Figure 2.5 

where the charging of PHEVs does not affect the grid until 10 p.m., at which time the power 
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demand from normal consumer loading has decreased enough so that the combined loading no 

longer threatens to overload the system. 

 

 
Figure 2.4: Proposed Uncontrolled Charging Method  

 

 

 
Figure 2.5: Proposed Controlled Charging Method 

 

2.3   Simulation Results 

2.3.1 Incremental Loading 

Using the logic controls and breakers, the first step to analyzing the grid impacts of 

PHEVs included obtaining a base-load power consumption level by opening all breakers and 

performing a load flow analysis on the system. With all breakers set to stay open through an 
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entire simulation to represent no loading, the waveforms of the supplied real powers were plotted 

to check against values shown in the power flow data in [23].  

Figure 2.6 shows the base-load values that were obtained with the breakers open to 

prevent any loading from the PHEVs from occurring. As mentioned previously in this paper, 

generator 2 has a droop control method in place that keeps the generator from supplying more 

than 40 MW after the initial startup. The effects of this control can be seen in Figure 2.6 by the 

way the green waveform is constrained to a value of 40 MW after the transient stage while the 

blue waveform representing generator 1 (the slack bus) increases to supply the remaining 

required power to the system.  

Once the base-loads were established and the operation of the generators had been 

validated using the archived data, the incremental loading analysis needed to be conducted to 

observe and understand how much increase in load the charging PHEVs would create. To 

perform the incremental loading, the 10 breaker connections were closed 2 at a time; one on the 

high voltage side and one on the low voltage side, in order to increase the loading on the system 

in 20% increments until all PHEVs were connected to the grid.  
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Figure 2.6: Base-load values for generators 1 and 2 

As shown in Figure 2.7, the base-load is measured at about 220 MW and each 

incremental loading of 20% creates an additional 14 MW of consumed power until all 100% of 

the PHEVs are connected to the system, at which time the total loading due to charging vehicles 

is approximately 70 MW. Essentially, the additional loading from charging PHEVs creates a 
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total power demand of over 290 MW from generator one increasing the base-load of the system 

by about 27%, which may not seem like much, but keep in mind that the vehicles that were 

modeled were only mid-sized vehicles charging at a slow rate. By increasing the size of the car 

or the rate at which it is charged, this additional loading would drastically increase to possible 

levels that generation stations are not capable of handling.       

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

50

100

150

200

250

300

350

400

Runtime of Simulation (s)

R
e
a
l 
P
o
w
e
r 
fr
o
m

 G
e
n
e
ra

to
r 
1
 (
M

W
)

 

 

Base Load

20% PHEV

40% PHEV

60% PHEV

80% PHEV

100% PHEV

 
Figure 2.7: Incremental loading analysis results 

 

2.3.2 Controlled vs. Uncontrolled Charging 

In the previous incremental loading section an assumption was made that all vehicles 

were charging at the same time when in fact this will not necessarily be the case. Of course, there 

will be some distribution of charging depending on the time of day and day of the week so it is 

important to look at a more realistic charging profile. The first of the two profiles to be addressed 

is the uncontrolled charging method. As described before, this approach allows consumers to 

charge their PHEV at their convenience. The methodology for emulating the uncontrolled 

charging profile is to open and close the breakers in the system at specific times so as to produce 

the same effect as what would actually take place. As stated in [6], the charging time for a 

PHEV-20 mid-size vehicle is 6 hours on a 120 VAC / 15 A charging connection with an initial 

SOC of 20%. The PHEV-20 mid size vehicle was selected because most vehicles on the road are 

equivalent in size to this type of vehicle and such would be the most appropriate overall 

representation.  
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Figure 2.8 illustrates the uncontrolled charging profile obtained from the system and 

breaker functions in the simulation. Note that all times shown on the x-axis of both the 

uncontrolled and controlled charging case graphs are on a 24-hour (military) time scale.  As 

shown, there is very little effect by PHEV charging throughout the middle of the day. The true 

effect of charging will most certainly never become zero but for all practical purposes it can be 

assumed that is the case when compared to the peak charging times at least for the present 

scenario. Once commercial businesses and other public facilities begin providing charging 

stations this curve will be skewed; however, the curve in Figure 2.8 will be accurate with 

charging stations at the individual residences only.  

Since the PHEV car model that is being simulated has a 6 hour charge time, each breaker 

must be closed for a total of 6 hours in order to completely recharge the car when the battery is 

depleted. In both cases the PHEVs are assumed to be at their lowest SOC, 20%, when they begin 

charging; thus all charging time durations are equivalent. 

In the uncontrolled charging case, the breakers were connected in pairs with the same 

balance as in the incremental loading case. Two breakers would close every 2 hours starting at 4 

p.m. (1600 hrs); a time chosen due to its relativity to the time when commuters usually arrive 

home for the evening.  
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Figure 2.8: Uncontrolled charging simulation results 
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As shown in Figure 2.8, the first set of breakers close at 4 p.m., the next set at 6 p.m., and 

so on until the last set of breakers close at 12 a.m. Note that although the load demand only steps 

up 3 times, there are in fact 5 sets of breakers being closed. Due to the fact that some of the 

vehicles are done charging by the time others start, for a period of time there is a balance 

between vehicles connecting to the grid and vehicles disconnecting from the grid. This balance 

in loading can be seen by the straight line that does not change for a period of 6 hours from 10 

pm. until 2 a.m.  

As shown in Figure 2.8, the baseline of the original loading of the grid is increased by 

about 40 MW during the peak charging times. Conveniently, most of this charging will naturally 

occur overnight when the generation stations are not strained from the power demand by the 

mass of businesses that are open from 8 a.m. to 5 p.m. However, between the hours of 4p.m. and 

about 10 p.m. there still exists a heavy load demand on the system’s generators due to the load 

that arises from the residential areas. People arriving home and carrying out their daily lifestyles 

of using electrical devices that consume power such as ranges, HVAC, and water heaters create a 

substantial amount of load on the system. Having this existing load coupled with this new 

additional load may exceed the limits for many existing infrastructures, which creates an 

additional load that is important to understand and try to calculate to evaluate whether it will 

exceed the limitations of the system.  

The popular solution to this issue is the controlled charging method as described in the 

previous section. To illustrate the controlled charging method, 8 p.m. was chosen as the time 

when the PHEVs could start charging since this is about the average time when residential power 

demand starts to decrease. For this simulation the total allotted charging time of the vehicles will 

still be 6 hours, creating a peak charging load that will be greater than in the uncontrolled 

charging case since the vehicles will have to connect to the grid in a smaller range of time.  

Figure 2.9 shows the controlled charging profile obtained from simulation. As shown in 

the figure there are fewer steps because more breakers were closed at a time. The first set of 

breakers consists of 6 breakers and closes at 8 p.m., while the second set of 4 breakers closes at 

10 p.m. Compared to the uncontrolled charging case, it is easy to see that the peak charging load 

demand is greater in the controlled charging case as expected. Note that although the load 

demand from the PHEVs charging may be greater, the overall load demand compared to the 
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uncontrolled case may be less due to the existing load that is put on the system by everyday 

consumer products and industry. As shown by Figure 2.8 and Figure 2.9, the load demand due to 

a controlled charging scheme is about 5 MW or 50% higher than that of the uncontrolled 

charging case.  
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Figure 2.9: Controlled charging simulation results 

 

 

As shown the loading effects on the grid due to PHEV charging can be quite substantial 

even when modeling mid-size cars with low charging currents. This chapter mainly focused on 

the loading affects of PHEVs when distributed throughout a grid system and charged under 

different scenarios. Now that a system analysis has been done, the following chapter will direct 

the focus of the project more towards a subsystem study by developing a charging station that 

was constructed for proof of concept, operation, and application.  
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CHAPTER THREE 

VIRTUAL CHARGING STATION 

3.1 Energy Storage System Modeling 

In this chapter the components and operation of the virtual charging station utilizing 

PHIL will be discussed to illustrate a configuration that was developed to imitate actual PHEVs 

being charged from the grid. The charging station is primarily comprised of hardware except for 

the modeled energy storage system which was done inside of RTDS™ software and made 

compatible through the use of digital and analog converters. This configuration is currently 

developed on the requirement that only uni-directional power flow will be taking place, meaning 

that the vehicle will only act as a load in receiving power and will not act as an energy storage 

unit capable of supply power to the grid.  

3.1.1 Shepherd’s Equation 

Using an energy storage system comprised of multiple battery cells is a popular proposed 

way of providing propulsion for PHEVs. Although there are multiple battery cells involved, the 

energy storage system will act as a single battery and, therefore, can be modeled as such. The 

ability to model an energy storage system with multiple battery cells as a single battery is an 

important simplification that can and has been made in this work, especially since energy 

systems are complex and usually contain proprietary information that cannot be easily obtained 

in order to build a model. Through this simplification, the ability to utilize experimental data 

from an actual energy storage system has been made possible. In conjunction with research 

partners, discharge curves were produced through experimentation by dissipating a Lithium-ion 

battery based energy system at 10.03 A and 5.01 A chosen due to its popularity to be 

implemented in hybrid vehicles. The results from the experimentation are shown in Figure 3.1. 
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Figure 3.1: Discharge curves obtained from Toyota Prius™ energy storage system 

   

Figure 3.1 displays the discharging results of the 345.6 V energy storage system that was 

experimentally tested. Although the system is rated at 345.6 V, the system reaches a maximum 

of approximately 400 V when completely charged. The two curves shown in Figure 3.1 represent 

the voltage discharge under the two constant currents previously mentioned. The energy storage 

system tested had a total rated capacity of 15.04 ampere-hrs, so under a 10 A load the battery 

would approximately take 1.5 hours to completely dissipate, as shown. In order to implement 

this energy system from a PHIL aspect, it was necessary to develop a battery model in software 

in order to accurately reproduce the charging/discharging characteristics the physical system has.  

Multiple battery model topologies were considered for the development of the charging 

system. Battery modeling has been a commonly researched topic with many papers/transactions 

published proposing a wide range of models both mathematic and circuit-based [9] and [10]. 

Since an electrical model would create complexity and slow down simulation time, a 

mathematical model was developed that encapsulates the full charge/discharge curve 

characteristics. The mathematical model is a block representation based on Shepherd’s equation 

that was derived in order to best explain the nonlinear relationship between the SOC and the 

voltage at the terminals of the energy storage system. This polynomial shaped curve can be seen 

in Figure 3.2. 
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Figure 3.2: Nominal current discharge characteristics of a battery 

 

Figure 3.2 shows the discharge curve of a 5 A-hr, 1.2 nominal voltage battery from an 

initially completely charged state to a completely dissipated final state. As shown in Figure 3.2, 

the voltage curve of a battery during charging/discharging contains three main processes that 

take place: an exponential drop from full charge as the battery begins to dissipate, a slowly 

falling linear section around rated voltage where the battery is usually operated, and a steep 

nonlinear curve where the battery approaches its completely dissipated voltage level. Figure 3.3 

shows the same voltage discharge curves as in Figure 3.1, but plotted against the amount of 

charge dissipated from the battery instead of plotted with time of the energy storage system 

experimentally tested. The curves were plotted against discharge in order to obtain the 

correlating SOC at specific points along the voltage curve. These points are indicated by the 

numerically labeled red dots in Figure 3.3.  

 

 
Figure 3.3: Voltage discharge curve of energy storage system with key points 
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Each of the indicated points has an importance in expressing the characteristics of the 

energy storage system mathematically so that it may be modeled. Six values must be obtained for 

the purpose of modeling the system: voltage at full charge, point 1, voltage and SOC at the end 

of the exponential zone, point2, voltage and SOC at the end of the nominal zone, point 3, and 

total battery charge capacity, point 4. Obtaining these values makes it possible to calculate the 

coefficients in Shepherd’s equation. Each of the coefficients contains the critical values that were 

obtained from the voltage discharge curve. These coefficients are commonly referred to as A, B, 

and K and are calculated using the expressions in (3.1) - (3.3). 
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Coefficient A is defined as the exponential zone amplitude, with units of volts, and can 

be calculated by subtracting the voltage amplitude at the end of the exponential zone from the 

voltage at full charge as in (3.1). Coefficient B is defined as the exponential zone time constant 

inverse, with units of Ah
-1

, and can be calculated using the charge at the end of the exponential 

zone as in (3.2). Coefficient K is defined as the polarization voltage, with units of volts and can 

be calculated as shown in (3.3). Shepherd’s equation, as shown in (3.4), contains the coefficients 

that were obtained in order to model the energy storage system. Shepherd’s equation consists of 

three main pieces that describe the three main sections of the charge/discharge curve of a battery. 
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exp0  (3.4) 

Essentially, Shepherd’s equation states that the voltage at the terminals of the battery, E, 

is equal to the nominal voltage, E0, minus the nonlinear zone voltage, plus the exponential zone 

voltage. The existence of the exponential zone voltage term and nonlinear zone voltage term in 

Shepherd’s equation allows the equation to capture the natural polynomial shape of the voltage 

curve produced as the battery is charged/discharged. Whether or not the exponential zone voltage 

term or nonlinear zone voltage term dominates the equation and dictates the shape of the curve 
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depends on multiple parameters including the amount of current and how long it has been 

flowing.  

One last important piece of information that must be obtained is the internal resistance of 

the energy storage system. The internal resistance can be acquired from the manufacturer’s 

specification sheet or experimentally determined through impedance spectroscopy [27]. 

Unfortunately, internal resistance of a battery is not a constant value and depends on many 

factors such as temperature and current draw. Obtaining the value of the internal resistance of a 

battery is a tricky feat and needs to be done according to the conditions that the battery is going 

to be subjected to.  

The internal resistance for the energy storage system modeled was obtained under 

nominal conditions using impedance spectroscopy since the model being used to simulate the 

system neglects temperature effects and unordinary dynamic restrictions that more complex 

models have the ability to do. Modeling these effects is not vital to this work since the system 

will be operated well within its rated values and not subjected to any strange transient loading 

conditions.  

3.1.2 Energy Storage System Model 

With the parameters in Shepherd’s equation solved for, the mathematical model can be 

incorporated as a control feedback network to the electrical circuit modeling the energy storage 

system. The electrical portion of the system model is represented as a simple series circuit with a 

dependent voltage source and a resistor. The dependent voltage source is used to model the 

stored energy that the system can supply while the resistor in series with this source is used to 

represent the internal resistance of the physical system. The complete model setup can be seen in 

Figure 3.4. 

 
Figure 3.4: Energy storage system model representation in software 
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The model is setup such that the current being drawn from/supplied to the energy storage 

system is measured with an ammeter, integrated with respect to time to obtain a continuously 

compounding rate of charge/discharge, and substituted into Shepherd’s equation. Shepherd’s 

equation is then used to calculate the voltage command, E, that is sent to the dependent voltage 

source to represent the voltage at the terminals of the energy storage system. 

3.1.3 Validation 

To validate the developed virtual battery model, the battery was connected directly to a 

resistive load to perform a controlled discharged test whose results were then compared to those 

of the physical energy storage system in Figure 3.1. To obtain a constant current discharge a 

simple DC-DC converter was developed in software as shown in Figure 3.5 to control the energy 

system’s current so that it was held constant despite the system’s changing voltage throughout its 

discharge cycle. This control method is an important implementation to apply for the model 

validation because it allows the system to discharge in a manner in which it actually would in 

practice that is within its rated values and that does not fluctuate so the calculated internal 

resistance of the system is consistent with the actual internal resistance. The model’s accurate 

representation of the physical energy system can be seen in Figure 3.6. 

 

 
Figure 3.5: DC-DC boost converter used for constant current discharge 

 

29 

 



 
Figure 3.6: Validation of model with energy storage system 

 

In Figure 3.6 the red line represents the experimental curve obtained from the energy 

storage system where as the purple line represents the results obtained from the controlled 

current discharge in simulation, both for the 10.01 A case. Notice that the simulated curve 

accurately follows the experimental curve for most of the discharge confirming that our model is 

sufficient enough for this case dynamics and extreme charging rates are not considered. The 

slight error that does exist between the actual system and the modeled system in simulation 

arises from two primary factors: one due to the fact that temperature is not a consideration when 

using Shepherd’s equation and the other comes from the method of selecting points from the 

actual discharge curve that are only an approximation and allow for some error depending on 

how accurate the points are to the exact values.  

3.2 Charging Station 

3.2.1 DC Mode Operation Concept 

Within a PHEV exists a DC-DC converter responsible for scaling the voltage from the 

charging station to an appropriate level so that the energy storage system is not damaged during 

charging. Contained within the drive system that was used to assist in the development of the 

virtual charging station is a voltage source inverter (VSI) that was used in order to represent the 

DC-DC converter that is present in a PHEV; however, under normal operation, a VSI takes the 

DC link voltage from a rectifier and uses switching modulation in order to produce a sinusoidal 

output that is commonly used to drive AC machines. To accurately represent the DC-DC 

converter, the VSI switching modulation was modified to produce a constant output so that both 
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the input and output of the VSI were DC quantities. To accomplish this task, normally sinusoidal 

references for the switching modulation were replaced with constants for the A and B phases, 

while the C phase was set to zero. The A and B phases’ constant references were made equal in 

magnitude but opposite in polarity so that they would essentially imitate the positive and 

negative terminals of a DC system. Similar work to create use an inverter to create a DC-DC 

converter is discussed in Haiping et al. [30]. 

Depicted in Figure 3.7 is the grid current and load current waveforms of the virtual grid 

interface with sinusoidal references used in the switching modulation of the VSI. Under this 

operation the output of the VSI is controlled to produce a sinusoidal output voltage in phase with 

the grid voltage, thus creating a load current that is sinusoidal and essentially in phase with the 

grid current.  
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Figure 3.7: VSI operation with sinusoidal references 

 

Illustrated in Figure 3.8 are the same grid and load current waveforms of the virtual grid 

interface but with constant references used in the switching modulation of the VSI. Unlike the 

case with sinusoidal references, the constant references produce a constant voltage at the output 

of the VSI so that when it is coupled with a load a constant current is created that is more 

representative of the DC quantities that would be used to charge the energy storage system of a 

PHEV. Once the VSI had been modified to produce a DC output, the virtual grid interface 

system could then be constructed such that the structure of the charging station and PHEV could 

be appropriately emulated. The next section will discuss the complete configuration of the power 

hardware and how the inclusion of the energy storage system that was modeled in software.    
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Figure 3.8: VSI operation with constant references 

 

3.2.2 Charging Station Configuration 

The PHIL based concept, also utilized in [28]-[32] consists of both hardware and 

software components interfaced via digital-to-analog (D/A) outputs and analog-to-digital (A/D) 

inputs. PEBB’s two main components, the active front-end unit (AFU or AFE) used to control 

the DC link voltage and the VSI that is used to synthesize an AC or DC output based on a pulse 

width modulation scheme. The AFU is responsible for taking the sinusoidal grid voltage and 

creating a DC voltage across the DC link capacitor through means of active switching of 

controllable IGBT’s with anti-parallel diodes. This switching modulation can be performed using 

any one of multiple control concepts such as: hysteresis current control (HCC), sine-wave pulse-

width modulation (SPWM), sine-wave modulation with 3
rd

 harmonic injection, space vector 

modulation (SVM), just to name a few. The AFU for the work in this thesis was controlled using 

closed-loop SPWM via a power electronics controller (PEC) inside the cabinet.  

The following is a brief discussion into the methodology behind the SPWM switching 

modulation and the reader is encouraged to refer to [33] for a more thorough discussion.  SPWM 

is a switching modulation based on the concept of comparing the error waveform to a triangular 

waveform, also known as a carrier waveform, to turn the switches of the converter on and off 

accordingly. The error is calculated from the difference of the actual quantities versus the output 

via a feedback loop and the references that are set forth for desired operation, and then compared 

to a carrier waveform, that varies from -1 to 1 in magnitude. This comparison is illustrated in 

Figure 3.9 demonstrates how the switches for the A phase leg are turned on when the error signal 
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is greater than the value of the carrier and turned off when the error signal is less than the value 

of the carrier. Similarly, this switching modulation concept is used to control the VSI to produce 

its output.  

 
Figure 3.9: Sine-wave pulse-width modulation 

 

Depicted in Figure 3.10 is the general power interface structure of a PHEV being charged 

from a grid-connected charging station. The general power flow of this configuration starts at the 

charging station where the grid connection, most likely 120 VAC , will be rectified using an AC-

DC converter to create a DC link voltage that is appropriately scaled using the DC-DC converter 

so that the energy storage system is charged within its limitations.  

 
Figure 3.10: PHEV power interface configuration 
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During operation, the DC link is the critical connection between the motor drive and DC-

DC converter so that the vehicle can either use the energy storage system to provide power to the 

drive train or use the motor of the drive train to charge the energy storage system. Similarly, the 

DC link can be used for bi-directional power flow to transfer power back onto the grid while the 

vehicle is connected to the charging station if the storage system has the capacity to do so.   

As shown in Figure 3.11, the hardware environment highlighted in orange is comprised 

of PEBB, as highlighted in blue, containing an active front end unit and the aforementioned VSI. 

Connected to the PEBB, highlighted in green, is the resistive load bank that draws the measured 

load current that is sent to the simulation program, highlighted in red, via A/D input where it is 

used in the model in Figure 3.4 to obtain the battery voltage for each energy storage system 

developed in simulation that is used as a reference to in VSI to appropriately adjust load current.   

 

 
Figure 3.11: Experimental test bed of virtual charger with load  

 

The goal of the setup is to exhibit how the characteristics of a charging station would 

operate and affect the grid by monitoring the charging curves of each of the PHEV battery 

models in software and observing the line current that will be measured at the input side of the 

PEBB, particularly looking at the transient qualities of the current waveform during load 

changes. To accomplish the aforementioned task, the VSI will be adjusted appropriately using 

references from the simulation model so that the output voltage will increase across the load 

bank causing an increase in load current representative of additional PHEVs being connected to 

the charging station.  
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3.3 Simulation and Experimental Results 

3.3.1 Single PHEV Connection 

Shown in Figure 3.12 is a simple step load test that was conducted with sensors 

measuring the load current, the line current to the input of PEBB, and the “virtual charger” (VC) 

voltage. In the test case the load was stepped up from 15 A to 20 A at approximately 15 seconds, 

which represented an addition of PHEVs to the charger. At approximately 65 seconds the load 

was stepped back down to 15 A representing the removal of those additional vehicles.  

Observe that the VC voltage in the top plot remains constant regardless of the changes in 

the load and line current as expected under properly operating controls of an AFE. The ability for 

the AFE to keep the voltage of the PEBB stable is analogous to a PHEV’s charger ability to 

maintain a constant voltage regardless of the PHEV load it is subjected to within its rated values.  
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Figure 3.12: Representation of PHEV connecting/disconnecting from grid 

 

Figure 3.12 is a closer look at the dynamics that the charging station undergoes when a 

PHEV load is added to the system. Again the top plot displaying the DC link voltages undergoes 

negligible change when introduced to a worst case scenario, a step change in the load. The 

middle plot shows the 5 A step load increase along with its affects on the line current portrayed 

in the bottom plot.  

Note that the 5 A load increase is representative of at most only 1 charging PHEV according 

to the charging infrastructure terms proposed in [34]. However, even at this minimal amount of 
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PHEV integration the affects are evident on the charger notated by the arrow in bottom plot 

labeling the initial peak in the line current created by the step change. 

Although the initial peak is only approximately 2 A larger than the succeeding peaks, this 

value could become increasingly large with additional PHEV loads creating an undesirable 

impact on both the charger, and under extreme conditions, the grid. 
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Figure 3.13: Transient affects of line current as a result of charging PHEV 

 

3.3.2 Multiple PHEV Charging Scenario 

Figure 3.14 displays the results from the test case where 3 PHEV models were developed 

in simulation and charged with different initial connection times. In order to emulate this 

scenario, the PEBB command voltage was set to a constant and the load was changed in steps as 

shown in the top plot of Figure 3.14. Also, it is evident from Figure 3.14 that the point when the 

load is increased that the next successive PHEV has been connected by observing the increase in 

the state of charge and voltage, or the decrease in the current sent to each of the models.  

Note that the bottom plot does not display the current to each of the vehicles but instead 

displays the measured current from the VC to the load that is representative of the total charging 

current. This total current is equal to the individual vehicle current only in the case where 1 

PHEV model is being charged. Although the bottom plot does not show each current, the step 

increase that occurs each time the load was changed is representative of how much current that 

single PHEV is drawing from the system.  
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As shown in the SOC plot in Figure 3.14, the storage system models were charged from 0 

to 100% SOC. However, since the energy storage system will never really reach 0 V, each of the 

modeled energy system’s voltages started from a nonzero value as shown in the Vbatt. When the 

systems reached 100% SOC they were disconnected from the simulation so that they would not 

charge beyond their maximums creating an over-charge situation that is dangerous for the energy 

storage systems.  
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Figure 3.14: Charging characteristics for the modeled PHEV energy storage systems 

 

Although the development of the virtual grid interface system in this chapter has created 

a way to observe charging characteristics of PHEVs and how changes in PHEV loading can be 

tolerable to the grid and charging station with the implementation of proper controls, the PHEVs 

remain merely power consuming loads on the grid with no consideration for the effects that are 

caused by their nonlinear nature up to this point. The next chapter will use the virtual grid 

interface concept on a similar drive at a higher voltage level with the capability to employ an 

uncontrolled rectifier to observe the extent of the harmonic content exposed to the grid due to 

loading. To compare, the drive will then be re-configured employing an active front end in 

attempt to mitigate the harmonics created by the loading.  
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CHAPTER FOUR 

SUBSYSTEM STUDY 

4.1 Grid Impact Study 

4.1.1 Configuration 

In this study, it is imperative to distinguish that although different equipment is used for 

this study, the concept of using a drive system and a load bank to mimic a grid interface remains 

the same as the previous study using the PEBB; except that in this case the energy storage model 

will not be employed. As previously discussed, the new configuration was adopted for the ability 

to look at how an arbitrarily selected control strategy can be implemented to mitigate the effects 

on the grid due to charging PHEV at a higher voltage level.   

In order to evaluate the grid impacts due to nonlinear loads like PHEVs, the second 

hardware test bed was constructed including a drive cabinet containing two Danfoss VLT 5022 

AC drives. Each drive has a standard two-level, six-pulse, three-phase converter topology similar 

to that in Figure 4.1  rated up to 37.5 A and a DC-link capacitor; other technical details can be 

found in [35],[36].  

 
Figure 4.1: Standard two-level, six-pulse converter topology 
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Each of the two 18.5 kW, 25 hp, AC drives contained in the cabinet, shown in Figure 4.2, 

are configured to perform different tasks in order to properly control the output. Both drives 

contain a diode rectifier responsible for creating a DC link voltage that is then used as a stiff 

input voltage to the two-level converter so that it can produce a sinusoidal output via some user 

defined switching modulation. However, the internal diode rectifier of the left drive is bypassed 

and the drive is reverse connected such that the IGBT’s of the two-level converter in one of the 

AC drives acts as an AFE. To clarify, the three-phase 480 VLL grid voltage is used to regulate a 

commanded 680 VDC across the DC-link capacitor based on the HCC switching modulation 

discussed in [33].  Bypassing the diode rectifier of the right drive and directly connecting the 

AFE-produced DC link voltage of the left drive to the controllable inverter of the right drive 

allows us to fully control both the rectification and inversion process. Basically, the uncontrolled 

configuration only utilized the right drive by employing the internal diode rectifier, while the 

controlled front end configuration bypassed the diode rectifiers of both drives and arranged the 

direct connection of the AFE within the left drive to the inverter of the right drive.  

 

 
Figure 4.2: Open view of Danfoss drive cabinet 
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The laboratory environment, depicted in Figure 4.3, includes the aforementioned drive, 

connected to a nonlinear load bank to act as the charging station with connected charging PHEV 

loads. The load bank impedance value will remain a constant 14 Ω throughout the experimental 

tests since the focus of this study is not the harmonics due to transient loading but the harmonics 

merely due to the nonlinearity of the load itself.  

 

 
Figure 4.3: Grid impact study experimental configuration 

 

Necessary controller inputs measured from the drive cabinet and the load connection that 

are sent to the dSpace™ cabinet where the signals are routed to the control model within 

software so that the necessary calculations can be made to adjust the system appropriately based 

on reference values. Those adjustments are then converted into digital outputs that can be 

recognized and implemented by the switching cards and thus, the drives.  

4.1.2 DC Mode Operation 

Similar the the previous setup, the utilized drive contains a DC-AC inverter that is used to 

convert the DC-link voltage to a sinusoidal output voltage. The normal operation of the drive 
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cabinet is shown in Figure 4.4 where the synthesized sinusoidal output voltage of the inverter 

due the switching modulation results in a sinusoidal load current.    
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Figure 4.4: Inverter operation with sinusoidal references 

 

As done before with the PEBB, in order to represent the system correctly the inverter 

needs to be transformed into a DC-DC converter by replacing the sinusoidal references with 

constant references that creates a constant output voltage, thus creating constant load current as 

shown in Figure 4.5. 
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Figure 4.5: Inverter operation with constant references 
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4.2 Experimental Results 

4.2.1 Incremental Loading Tests 

With the inverter configured for DC mode operation, the load bank was connected to the 

output of the drive and tested from a 150 V to 350 V inverter output command. Due to the 

10 A band on the hysteresis current control and the 14 Ω resistive load, the voltage command for 

the inverter needed to be greater than 150 V in order to strain the system enough to observe the 

sinusoidal current drawn from the grid in active front end case. Figure 4.6 depicts the grid 

current for the employment of both the diode rectifier (top row) and AFE (bottom row) with the 

inverter commanded to produce a 200 V, 250 V, and 300 V output.  

 

 
Figure 4.6: Grid currents for diode rectifier and AFE cases with incremental commands 

 

The waveforms from the diode rectifier tests are cleaner at low voltage commands due to 

the lack of switching and little strain on the system; however, as the inverter output commands 

are increased the waveforms become increasingly distorted with harmonics that are left 

uncompensated due to the lack of control. These unmitigated harmonics can create negative 

effects on the grid that range from increased losses to increased conductor temperature, all of 

which can lead to equipment degradation and consumer expense. Most importantly, the 

proximity in the system of machinery to these harmonic injections is a concern due to the 

susceptibility of most AC machines to poor power quality that can result in torque and current 

ripple, poor efficiency, acoustic noise, and decreased life-span.  
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On the contrary, the ability of the AFE to mitigate the nonlinear effects so that the 

harmonics are not transmitted onto the grid is demonstrated in the bottom row of graphs in 

Figure 4.6.  

4.2.2 AFE vs. Diode Rectifier 

Although the AFE-employed waveforms may look more distorted than those in the diode 

rectified case, the fundamental waveform is approximately a 60 Hz sine wave as desired. In 

order to demonstrate the previous statement, the grid current waveforms for the diode rectifier 

and AFE cases were obtained under the system conditions illustrated in Figure 4.7. For each case 

the inverter output voltage was commanded to be 325 V, creating approximately a 20 A load 

current; well above the 10 A threshold of the hysteresis current control band to ensure that the 

grid current waveform could be obtained for AFE case.  

 

 
Figure 4.7: DC mode conditions for diode rectifier and AFE case 
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By using a Fast-Fourier Transform (FFT), the grid current waveform for the diode 

rectifier and AFE cases were transformed into a frequency domain so that they could be analyzed 

to determine their fundamental waveform and the influence of harmonics. The FFT analysis will 

be limited to the 2500 Hz frequency range since most frequencies that will affect power system 

components are contained within this range. Frequencies higher than 2500 Hz are more of an 

issue for control and communications within the grid which is beyond the scope of this thesis. 

The results for the diode rectifier case in Figure 4.8 illustrate multiple odd harmonics up to the 

29
th

 harmonic at approximately 1740 Hz, excluding the triplen harmonics (3
rd

, 6
th 

,9
th

, 12
th

, etc.) 

that result from the cancellation of harmonics discussed in [33]. The resulting total harmonic 

distortion (THD) for the diode rectifier case is approximately 42%, meaning that the total 

magnitude when the harmonics are summed up is equal to 42% of the magnitude of the 

fundamental waveform. 

 

 
Figure 4.8: FFT analysis for the diode rectifier and AFE case 
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The FFT analysis results for the AFE case show that the odd harmonics that existed in the 

diode rectifier case are primarily eliminated by the controls except for some small amount of 

noise due to the switching of the active front end at frequencies below 300 Hz; those which 

could be reduced by improving the control parameters and hardware that measures and transmits 

the control signals. Demonstrated in Figure 4.8, the AFE reduces the THD to 15%, nearly one-

third of the THD that was calculated from the uncontrolled case with the diode rectifier. The 

reduction in THD could be accomplished with any implemented active front end control but 

would vary in magnitude depending on the optimization and tolerance of the control strategy.           

4.3 Limitations 

As mentioned in previous sections, the energy storage model that was employed for this 

work was simple in nature with an inability to account for temperature affects, dynamic charging 

and discharging, and the lack of SOC predictability. The simple model was used to merely show 

proof concept and could be made more complex in order to include the aforementioned affects to 

obtain a more accurate representation. The ability for this simple model to accurately represent 

the experimentally tested energy storage system and its simplicity of calculation for processing 

time were the factors that led to its implementation.  

Although the PHIL configuration established a degree of freedom with the ability to 

model some aspects of the system in software, there exists some time latency issues related to the 

measurement, conversion, calculation, and transmission of system parameters including: 

   sense the DC link voltage, grid current, load current and load voltage 

   convert analog measurements to digital signals  

   make appropriate calculations within software for controls or energy storage model 

   transmit switching signals to cards  

   controller and device time delays to switch IGBTs and reproduce voltage command   

While these delays may be small, the superposition of these delays within a system that operates 

at a micro-second time step can produce control response and stability issues.  

Furthermore, the ability to simulate a dynamic loading scenario for the virtual grid 

interface was limited by the load banks that were used to create a load current. Both load banks 

are considered static load banks and had but a few impedances that could be utilized by adjusting 

them through relay switches. During testing these load banks were set to constant impedances 
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and the adjustment of load currents was accomplished by adjusting the output voltage of the 

inverter, which was a primitive but unavoidable equipment constraint. Employing a load bank 

with more dynamic qualities, like that of a programmable load bank, would allow for more 

dynamic test scenarios and could prevent the user from having to constantly adjust the inverter 

output, thus, decreasing error from adjusting system parameters during testing. Note that in all of 

the work done within this thesis the PHEVs were only used as loads and were not allowed to 

store and supply energy to the grid through bidirectional control strategies.  

4.4 Future Works 

Future works for this project ultimately focus on extending the limitations on the project 

discussed in the previous section. First, this work involves developing or obtaining a better 

energy storage system model that would account for temperature so that environmental analyses 

could be conducted to observe the fluctuation of charging during extreme ambient conditions. 

Through means of a controlled environment, the goal would be to both vibrate and subject the 

system to extreme temperatures to analyze any variation in charging efficiency or possible safety 

concern.  

Additionally, the inclusion of a DC programmable load bank has been arranged to 

increase the dynamic capabilities of the charging scenarios that can be impressed upon the 

charging station configuration. With this new load bank the transient effects of 

connecting/disconnecting PHEVs, the dynamic loading situations due to large quantities of 

PHEV connections, and the development of multiple charging modes for each of the connected 

PHEVs can all be constructed, observed and analyzed.   

4.5 Conclusions 

The material presented in this thesis was performed to analyze and obtain applicable data 

about the affects of PHEVs on the grid system. One study involved constructing the IEEE 14 bus 

system in software and simulating loading effects due to various PHEV integration levels, 

including an analysis of loading profiles during controlled and uncontrolled charging strategies. 

As illustrated, the additional load of PHEVs can be substantial enough to affect grid systems. 

These affects could be vital in cases where the grid is already weak due to generator strain from 

high load demands. When new subdivisions are added to a grid, they tend to put strain on the 

generator or substation supplying power to that section of the grid because it was originally 
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designed without this new addition in mind. Not only will the consumer load from the houses of 

new subdivisions have to be kept in mind when considering residential development, local 

utilities and engineers will also have to address the possible additional loading of the PHEVs 

owned by the individuals living in these new developments. 

The last two studies presented a novel methodology and experimental test setup for the 

study of V2G interaction by application of PHIL.   Previous works on the topic of grid impacts 

due to PHEV interaction have been published; however, the majority of those works were 

conducted merely in a simulation environment that included little or no hardware 

implementation. The primary purpose of this study was to include the hardware aspect in order to 

observe affects that occur from a more realistic setup versus the idealistic setup produced 

through the use of simulation. As demonstrated, the battery model and controls for the hardware 

implementation for the virtual battery charging station are correctly emulating the charging 

scenario where only a few vehicles are being charged. These results, although not at a high 

penetration level, could easily be extrapolated to understand the undesirable affects that mass 

charging could introduce to the grid without some means of correction. The work illustrated the 

negative effects of uncontrolled front ends for charging stations and demonstrated the importance 

of employing some form of AFE in order to mitigate harmonics.   
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