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Chapter 1: Introduction

In today’s transportation world, electrification is one of the key topics under very
active discussion and development. Many industries including aviation are inter-
ested in expanding into this area of electrified transportation. While a significant
push is being made towards developing more or all-electric aircraft, the technology
is still under development. Another venue whereby an airport could become more
electrified is in the ground support vehicles. These vehicles service the planes by
way of bringing food, water, and passengers to the plane. They also are able to
move planes around as well as hauling and loading luggage or cargo.

Because most of the vehicles that currently perform these tasks are fossil fuel
vehicles, changing to electric vehicles would present a number of challenges partic-
ularly with strategizing their charging periods in a highly challenging environment.
With fossil fuel vehicles, gas or other fuel source only needs to be added to the
tank and after a few minutes, the vehicle is ready to run again. In the case of elec-
tric vehicles, many times they require hours to fully recharge. This necessitates a
scheduling system that both intelligently uses and charges the vehicles to ensure
that there are enough vehicles to complete the jobs required of them.

Not only do these vehicles need to be charged intelligently, they need to be
charged efficiently. Rather than use an already existing product, a purpose built

charger that can meet the unique needs of the electrified airport should be created.



This charger ensures that all functions required by the airport are met. This
includes being mounted off-board, able to charge different types of vehicles and
being bidirectional for vehicle-to-grid operation while at the same time, remaining
efficient.

This paper contains two manuscripts. Each will contain relevant background
and justification for the exercises performed within it. One will describe how
ground support vehicles within an electrified airport can be intelligently be sched-
uled. It will also describe how an airport could optimize the amount of electric
vehicles it requires so as to limit the amount of gas vehicles required when the elec-
tric ones could not completely complete the tasks needed. The second manuscript
proposes a purpose built charger that will meet all the requirements of a battery
charger within an electrified airport. The paper will end with the final thoughts

and future work for each paper.



Chapter 2: Charging Analysis of Ground Support Vehicles in an

Electrified Airport

2.1 Introduction

With automotive electrification becoming a reality, the aviation industry is also
making strides into more or all electric aircraft [1, 2]. While all electric aircraft
may not be in the near future, a prerequisite of such innovation is electrified air-
port infrastructure [3]. All major airports currently have a set of ground support
vehicles on the airside, which interact with the planes as they complete their flying
and servicing cycles. Most of these existing vehicles are gasoline or diesel vehicles.
Changing these fossil fuel vehicles to plug-in electric vehicles is a key way in which
an airport moves towards electrification.

As a fully electrified fleet of ground support vehicles is realized, a number of
challenges arise. The biggest challenge pertains to the significantly longer charging
time compared to refueling conventional fossil-fueled vehicles. Another central
issue involves the increased burden on the electric grid, including both rises in
steady-state loads and dynamic disturbances.

Overcoming the extended charging time and minimizing the load on grid com-
ponents requires thorough system planning and sufficient backup vehicles [4]. To

optimize the system, the ground support vehicles must be charged under intelligent



scheduling based on variable pricing and required airplane support at peak and off-
peak times. A smart scheduling system of charging, similar to one used with fleets
of on-road vehicles, is required due to the large number of vehicles in service. This
system can benefit from reduced off-hour electricity rates while putting less strain
on physical components of the grid and ensuring its stability [5, 6, 7, 8, 9].

This paper designs a system that addresses the above issues, using a synthe-
sized model of one terminal at a medium to large-sized international airport. A
Monte Carlo simulation along with the Pareto front analysis will show the effect
of various factors on the systems performance as well as the efficacy of an opti-
mization algorithm. At the end of the paper we present the overall conclusions

and closing arguments.

2.2 Electrified Airport Model

The proposed electrified airport model consists of the general electrical load of the
airport, the ground support vehicles and the vehicle chargers where their use is
governed by a scheduling algorithm to determine usage and charging times. This
charging algorithm is designed to minimize the total number of electric vehicles
required and the amount of gas vehicles used if electric vehicles are unavailable.
The adjustable parameters of this model include the number of each type of ground
support vehicle, number of chargers, charging algorithm weights, and maximum
target load of the facility.

In addition, the system has a number of other variables that are not adjustable



but are factors that affect system performance. The largest factor is the base
load of the airport. This includes any other electrical load on the property that
is not vehicles charging such as lighting and heating. The charging algorithm will
keep the total electrical load of the facility at or below the max target load. A
sample of the airport load with random noise is shown in Figure 2.1. The number
of planes entering the terminal is determined randomly according to a uniform
random distribution. During peak hours, an exponential random distribution is

also summed to simulate potentially higher traffic.
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Figure 2.1: Sample airport baseline load with random noise

The ground support vehicles are split into three categories: A, B, and C. Class



A vehicles are typical on-road vehicles. These vehicles are used to transport fuel,
food, deicing fluid, and people around the airport property. Class B vehicles are
high-powered tug tractors that are responsible for pushing the plane back from the
gate. Class C vehicles are small, low power tug tractors that handle cargo.

Every vehicle in the system has a number of attributes in the ”vehicle matrix”
which includes the vehicles’ state of charge (SOC), availability, current activity,
vehicle type and tag number. The SOC is initially set randomly by a random
uniform distribution. Availability is calculated for an entire class of vehicles and is
defined by the number of vehicles that could be used to immediately service planes
divided by the total number of vehicles in that specific class. For each time step,
each vehicle is ranked and then reordered according to the attributes within the
vehicle matrix. Vehicles with low SOC and availability have high ranks and thus

have charger priority over other vehicles. The ranking function is defined as

Rank = (1 — SOC) - Wsoc + (1 — A) - Wasai (2.1)

where W is the charging weights, and A represents the availability:

B Class X Vehicles with SOC>0.5

A
Total Vehicles in Class X

(2.2)

This method of ranking each vehicle forces the algorithm to give vehicles with low
SOC and availability precedence over vehicles that are closer to fully charged as
well as having similar vehicles ready to be used.

The number of planes coming in at the given time step determines how many



of each vehicle class are required. When there are not enough electric vehicles
available at a time step to cover all the required jobs, gas vehicles are used. The
number of vehicles required per plane is shown in Table 2.1. The number of gas
vehicles required at the given time step is the difference of the required number
of vehicles minus the amount of available vehicles according to (2.3) where Ny x
is the number of gas vehicles used in a given class, Nejec required,x 1S the number of
required electric vehicles in a given class per plane, and P represents the number

of planes at the time step.

Table 2.1: Number of required vehicles to service each plane entering the terminal

Vehicle Class A B C
Number of Vehicles Required 3 (5) 1 3

Class A vehicles have the added constraint that if five or more planes enter the
terminal at the same time, five class A vehicles are required to account for the
potential of having to move people to the terminal if there are no open gates at

the time.

NgaS,X = (Nelec,X,required : P) - Nelec,avail (23)

The algorithm then checks how many vehicles can charge by dividing the dif-
ference of the max electrical load and current airport load by the load one vehicle
charging would require. This is shown according to (2.4) where Nehargemax 1S de-
fined as the maximum number of vehicles that can charge at the time step and

Loadharge1 venicle 1s defined as the amount of power required to charge the vehicle



during the time step.

N _ Loadax — Load(t) (2.4)
charge,max — LOCdeharge,l vehicle |

Finally, the SOC of each vehicle in service is updated. If the vehicle is charging,
the SOC increases by the amount of energy the charger provides it during the time
step in terms of SOC. This is shown in (2.5). If the vehicle is servicing a plane, the
SOC decreases by the amount of energy expelled to complete the task in terms of

SOC as shown by (2.6).

SOCﬁnal - SOCinitial + SOCcharge (25)

SOCﬁnal = SOCinitial - SOCserVice (26)

If the SOC of a vehicle is charged and surpasses 100%, the amount of energy
added to the vehicle is averaged over the time step and the overage is subtracted
from the charge rate. The SOC is then set to 100% and the vehicle will no longer
charge.

Once the time step is complete, the model moves to the next time step and
repeats the process for the remaining time steps. Each set of parameters is run
for three separate days each with random inputs that are consistent between each
varying set of parameters. In the end, the total amount of gas used is calculated by
equating the electrical energy that would have been used if electric vehicles were

available to amount of energy within gasoline and averaged over the 3 days that



are simulated.

2.3 Simulation of an Electrified Airport

A Monte Carlo simulation estimates a solution to a problem by running many trials
of a system that contains one or more random variables. By running many trials,
the law of large numbers states that the average output of the simulation is a close
approximation to the actual solution. We chose this type of simulation due to the
stochastic nature of the inputs such as initial values in the vehicle matrix and the
number of planes at any given time. A Monte Carlo simulation is also used because
the model contains a large number of adjustable parameters that can significantly
affect the results [10]. In this specific case, the Monte Carlo simulation allows the
user to run many trials while changing the various parameters and analyzing how
the system is affected by the changes between each trial.

The concept of the Pareto front is used to analyze the results of the Monte
Carlo simulation and find any optima. The Pareto front is defined when no more
design variables can be optimized without negatively influencing another variable
of interest [11]. A simplified way to visualize the Pareto front is plotting simulation
results as points, then the Pareto front is a cluster of multiple data points nearest
to the ideal combination of design variables. The Pareto front is useful when
there is not one clear solution, but when there are a large amount of data points
in a multi-variable optimization problem such as a Monte Carlo simulation of an

electrified airport. In the case of the electric airport, the design goal is to spend
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the least amount of money on vehicles while also using the least amount of gas.

The Monte Carlo simulation is implemented in MATLAB code and has three
main sections: initialization, time-step iterations, and output plotting. The con-
stants of the simulation are set in the initialization section, which includes maxi-
mum and minimum number of vehicles and chargers, charge rates, battery data,
and airport base electrical load.

The electrified airport model is implemented in the iterative stage. Here, the
parameters are determined and inputted into a set of time step loops that simulate
a day of operation. Each time step is defined as 15 minutes. The days are run
multiple times with preset random values and attributes to ensure that the average
of the random numbers guiding the system are as close to the true expected value
as possible. Once the set number of days is run, the parameters change, and the

days are run again. A flowchart of this algorithm can be seen in Figure 2.2.
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Figure 2.2: Flowchart of the simulation algorithm.
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Once all the trials are run, relevant figures are created that focus on the analysis

of the system.

2.4 Results and Analysis

In order to run the optimization analysis for the synthesized system, we impose
a set of constraints on the system. These constraints drive the system to meet
the design goal of controlling the overall electrical load of the facility as well as

minimizing the overall cost of the system.

Lchargers + Lbase < Lmax (27)
mm[C] = f(NA,NB,Nc) (28)

such that when
NX,avail(t) < NX,required(t) (29)

the number of gas vehicles Nx g4 18

NX,gas(t) == NX,required(t) - NX,avail(t) (210)

where L is defined as the electrical load of the airport, C is the total cost of the

system and is a function of the amount of vehicles in each class and Nx(t) is the
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number of vehicles at a given time step.

Equation (2.7) requires that the system only use up to the max power. This
forces the system to charge more vehicles during off periods of the day while at
the same time, avoiding excessive power spikes when the load is high.

Equation (2.8) defines the design goal of minimizing the cost of the system
in the form of the number of vehicles purchased. It is supported by equations
(2.9) and (2.10), which state that when there are not enough electric vehicles to
fulfill the required duties, gas vehicles would be used in their place. From this, the
amount of gas used per simulation and revolving set of parameters is calculated.

As previously mentioned, the Monte Carlo simulation is run with a range of

parameters. As the simulation is running, the amount of gas is calculated by

G- Z Nx gas - SOC\seq - Capacity y - 3.6

2.11
Frpec - 3.7854 (2.11)

A,B,C
where G is defined as gallons of gas, Nx g.s is the number of gas vehicles of class
X, SOC 4eq is the amount of electrical energy required to complete the task, and
FEgpec 1s the specific energy per liter of automotive gas. The constant 3.6 converts
from kW-hr to MJ and 3.7854 converts from liters to gallons.

In addition, Class A vehicles are set at $60,000, Class B vehicles are set at
$40,000, and Class C vehicles are set at $20,000. These prices reflect the average
price of a small to medium size vehicle in each class [12, 13]. The total cost is

calculated by
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C= ) Nx-cx (2.12)

A,B,C
where C is the total cost of the vehicles, Ny is the number of vehicles in each class
and cy is the cost of a single vehicle in a given class.

A sample case study is proposed using the parameters shown in Table 2.2. Each
parameter is set to have a range of values. All parameters begin at the initial value
and increment up by delta until it reaches the max. Every unique combination of
the various parameters is tested which allows for the most ideal solution within
the set ranges to be seen.

Figure 2.3 shows the total amount of gas used versus the cost for the vehicles
required. Within this plot, one can see the Pareto front in red. A clear example of
a segment of this front is the set of data close to the point where less gas cannot

be used without additional cost. This curve forms nearest to the point (0,0).

Table 2.2: Parameters used for vehicle charging simulation

Parameter Initial Delta Final
Class A Vehicles 1 5 36
Class B Vehicles 1 2 9
Class C Vehicles 1 5 36

Chargers 25 D 45

SOC Weight 1 2 9
Availability Weight 1 2 9

Multidimensional graphs can be created to show and optimize how many vehi-
cles are being used. Figure 2.4 shows a plot of the same data presented previously

coupled with the number of Class A vehicles. From this plot, the minimum num-
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Figure 2.3: Total cost of vehicles versus gallons of gas used for parameters set in
Table 1. A Pareto Front reference is shown in red.

ber of Class A vehicles required to achieve zero gas usage can be found. For each
number of Class A vehicles within its range, every other combination of parameters
has been tested with it. Thus, if no points on a level reach the y-axis (0 gallons of
gas used), there is no solution that uses that number of Class A vehicles within the
bounds of the parameters set. This process is then repeated for each other class
of vehicle as well as the number of chargers to ensure that every optimal solution
along the entire Pareto Front is found. Using this method, the minimum number
of class A vehicles to achieve no usage of gas is within the range of 26 and 31
vehicles.

The number of chargers has a significant effect on how the system operates.
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Figure 2.4: Total cost of vehicles versus gallons of gas used versus number of Class
A vehicles for the parameters set in Table 2.2.

Figure 2.5 shows how the number of chargers affects the performance of the system.
One can see that having the correct number of chargers is vital for the system to
function as efficiently as possible. There are many cases where the system has an
excessive number of vehicles but because there is a shortage of chargers, a system
with fewer vehicles but more chargers is able to outperform it.

For example, looking up at the data above the point within the right most
circle, there is a range of colors. These represent the cases where more vehicles
may be purchased but because there are not enough chargers, the overall system
does not function as efficiently. There is also a significant gradient of colors in

the horizontal direction. Typically, systems that perform worse-with respect to
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amount of gas used—have less chargers in their system.

Figure 2.5 highlights two points which represent the optimal solutions. Test
point one located on the y-axis shows the case that optimizes the system to use
fully electric vehicles while reducing the cost as much as possible. This test point
has multiple possible solutions to get the indicated result. Each one includes 31
class A vehicles, 7 class B vehicles, 31 class C vehicles, and 45 chargers. This result
is expensive but due to the large amount of vehicles, it can always meet the job
requirements. The second highlighted point shows test point two, which indicates
where the slope of the Pareto front, shown in Figure 2.3, changes. This area
represents the cases where the rate of reduction in fuel use begins to decrease with
respect to the cost. These test points have a number of combinations of parameters
that achieve the same result. Each case has 1 class A vehicles, 7 class B vehicles,
21 class C vehicles and a range of chargers from 30 to 45. This simulation point
minimizes the number of expensive class A vehicles while reserving the chargers for
the class B and C vehicles which are cheaper and faster charging in terms of SOC.
With a cost of over three and a half times less than test point one, the system can
reduce gas usage to around 33% of a system with only 1 vehicle in each class.

Two parameters that did not seem to influence the results of the simulation
were the availability and SOC weights used to determine the charging order despite
having a wide range. Figure 2.6 shows how neither variable affects the final solution
in a quantifiable way. There is no pattern in the color scheme which represents
the availability weights and no discernible change between each layer which is

representing the SOC weights. It should be noted that the right side of the plot
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Figure 2.5: Total cost of vehicles versus gallons of gas used versus number of
chargers for the parameters set in Table 2.2.

seems to show only blue dots but in reality, there are multiple data points under
them. This means the results are the same despite the changing weights. One
potential cause of this is due to both of these variables being a function of SOC.
SOC is a function of only one vehicle while availability is calculated between all
the vehicles within one class.

Overall, it is clear that using a charging algorithm improves the performance
of the system. By implementing the same constraints on an identical system that
does not use a charging algorithm but allows for random charging, a decrease
in performance of 5-8% is found for test point two, while test point one uses

a small amount of gasoline and no longer can fully operate on electric vehicles
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Figure 2.6: Total cost of vehicles versus gallons of gas used versus SOC weight and
color coded by Availability weights

alone. This comparison with a “naive” charging model shows how important it
is to intelligently charge a fleet of vehicles within a system such as an electrified
airport. Even the most basic of charging algorithms can increase performance and

reduce the cost of both vehicles and electricity.

2.5 Conclusion

This paper models how a futuristic airport with electrified ground support vehicles
can be constructed within the specific set of constraints given. It also illustrates

how a Monte Carlo simulation can then be implemented and the concept of the
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Pareto Front can be used to find multiple optimal points for the system with a
given specific set of constraints. This method of optimization is recommended
with similar systems of unknown behavior that contain a large number of tunable
parameters.

Because of the tangential nature and limited number of works regarding elec-
trified airports, there are a number of areas that could be delved further into as
future work. The efficiency of the system including the vehicles, chargers, and over-
all distribution within the airport could be modeled with a higher level of detail.
The cases tested are also quite coarse due to the large matrices that are created
which cause significant delay in simulation run time. One way to get alleviate
this issue would be to use a computer cluster or other high powered simulation
hardware that can handle the large amount of data. Parallel computing is also
an option to help speed up the simulation. The process of battery charging could
also be explored which could change how the system operates in regards to how
quickly vehicles reach full charge. Some factors such as the amount of energy used
by a vehicle and daily energy consumption of the airport would need to be found

experimentally over a period of time and then properly aggregated.
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Chapter 3: Analysis of a Purpose Built Charger for Ground

Support Vehicles in an Electrified Airport

3.1 Introduction

In regards to the current trends within the automotive industry, it is undeniable
that one of the biggest pushes is the move towards electrification. Regulations
are getting tighter and people are becoming more aware of the exceptionally low
efficiency and large negative environmental impact of internal combustion engines
[14, 15, 16]. To comply with the changing public demand and regulations, many
companies have begun to look towards electrification while rapidly changing their
business model to follow suit.

One such industry that also has its eyes on the future of electrification is the
aviation industry. While it is generally accepted that all-electric aircraft are still
many years out, the vehicles that service the airplanes are a prime target for
electrification [1, 2, 3]. Maintaining this fleet of ground support vehicles does pose
a number of challenges with the largest being the time it takes to charge an electric
vehicle versus the time it takes to refuel a conventional gas or diesel vehicle. This
makes quick, efficient and intelligent charging a necessity.

Another challenge is that the various vehicles required by an airport come

in many shapes in size; both physically and electrically. Vehicles responsible for



22

moving food, fuel, and waste are similar to large on road vehicles with battery
voltages of up to 350 volts or potentially even more [17, 18]. Smaller vehicles that
move luggage carts have battery voltages around 48 volts [19]. Having vehicles of
various voltages require either on-board chargers which add cost or a single charger
that needs to have a wide operating range and can handle many different power
and voltage levels.

This paper focuses on the latter option of having an off-board vehicle charger
that is capable of charging each vehicle regardless of its battery voltage. This
reduces the number of chargers required by the airport thus lowering the cost of
chargers required. Each vehicle will also not require a charger which would lower
their cost. First, this paper will analyze traditional battery chargers along with
the proposed. Next, it will move into analyzing the circuit at a component level
using PLECS software. Finally, the results of the simulation will be shown and

discussed.

3.2 Background

Traditionally, on-road vehicles carry most of the components of the battery charger
within the vehicle. This allows for the vehicle to be able to adapt to whatever type
of receptacle, e.g. 120 VAC, 240 VAC, that it has access to. There are also many
off-road and industrial vehicles that carry on-board chargers. This is the easiest
solution for typical use due to most applications only requiring a few vehicles

and the easiest way to charge them would be to use a standard receptacle. The
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proposed application of the electrified vehicles within an electrical airport looks to
break this tradition and remove the battery charger from the vehicle. This would
allow for lighter, less complex vehicles as well as requiring a number of chargers
potentially less than the total number of vehicles when deployed as a fleet.
Figure 3.1 shows a traditional on-board charger schematic [20]. This schematic
is broken down into various sections including rectification, power factor correction,

high frequency inverter, and high frequency rectifier.

Dc-hfac
. full-bridge High-frequency High-frequency Battery
Full-bridge Boost Chopper Transformer  Rectifier\Filter Pack
Ac-de Active Power
Rectifier Factor Correcter
1d,
Dy | Dy
PRTANAN : AN

Ve - : —
H —_ —_ —_—
VRBS "ml i

Figure 3.1: Typical on-board battery charger schematic [20]

First, the AC power enters the charger and goes through a full bridge diode
rectifier. Within this section, complementary diodes conduct the AC power de-
pending on which half wave cycle is being inputted. The output of this section is
a fully rectified wave.

Next, it enters the power factor correction stage. The goal of the boost power

factor correction (PFC) and DC link capacitor stage is to increase the power factor
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(PF) as seen by the grid. For larger machines, having a high power factor makes
the grid more efficient as well as saves the user money because a higher percentage
of the total power used is real power. PF is made up of two parts: displacement and
distortion. Displacement describes the phase shift between the voltage and current
while the distortion describes the amount of unwanted harmonics in a signal. This

relationship is shown in Equation 3.1 where PF is ideally 1.

PF = Displacement - Distortion (3.1)

In regards to how PF is calculated moving forward in this paper, it is assumed
that the PFC stage is putting the voltage and current waveforms in phase with
each other. This means that the PF of the AC power is only based on the distortion
factor. This distortion is calculated based on the total harmonic distortion (THD)
contained within the signal. THD is the sum of magnitudes of harmonics within a

signal with respect to its fundamental frequency. This is shown as

2o X

THD =
X4

(3.2)

where X7 is the magnitude of the fundamental frequency and X, is the magnitude
of the nth frequency. Ideally, this value is 0. To use THD to calculate PF, Equation
3.3 is used.

PF = _ (3.3)

V1 + THD?

The PFC section of the charger operates similar to a traditional boost converter
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in the sense that it charges and discharges an inductor in series with the source
to increase the voltage. To accomplish this, the IGBT is modulated so that the
current through the inductor is sinusoidal and in phase with the input voltage
coming in from the source. This inductor current is shown in Figure 3.2. PFC
is done to reduce distortion of the input current and increase the power factor as
seen by the grid. Figure 3.3 shows the input current of a system with and without
a boost PFC stage. The example system equipped without PFC has a THD of
0.813 (PF of 0.776) and the one with PFC has a THD of 0.231 (PF of 0.974).

Inductor Current with PFC
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Figure 3.2: Inductor current in a sample system using boost PFC
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Figure 3.3: Input current of a sample system without and with boost PFC

The controls of the PFC system come down to the how the IGBT is switched.
To calculate the ever changing duty cycle, the input voltage, inductor current, and
voltage set must be inputted into a cascaded control loop. The outer voltage loop
determines the amount of current required to meet the output voltage set point
with the current load. The inner current loop then regulates the current through
the inductor such that the average current through the inductor both follows the
input voltage as well as maintaining the proper output voltage set point.

The output voltage of the boost PFC section is then used to charge a large DC
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link capacitor. Ideally, this capacitor is large enough so that the voltage across it
is always constant.

The next stage of the traditional battery charger is the high frequency (HF)
inverter circuit. This stage has two main functions. The first is to create a HF
AC waveform to pass through the transformer and the second is to set the output
voltage.

The physical layout of the inverter section includes two power poles. A power
pole is defined as two IGBTs and their body diodes connected in series. The top
and bottom of the two poles are connected to each side of the DC link capacitor.
The middle of each power pole is then connected to the input of the transformer.

Despite there being two common methods of switching, they both have many
similar characteristics. For example, both switching types use comparator logic
between a triangular (carrier) wave and a reference wave to operate. The carrier
waveform is set at the switching frequency which is much greater than the frequency
of the reference waveform. The reference wave is created in the shape and frequency
of the desired output. In the case of a DC-AC inverter, it is a sine wave. The
switches modulate on or off depending when the carrier is either greater or less
than the reference.

Both types of switching also function the same to control the output peak value
by way of the modulation index (M,). M, is defined as the ratio of the desired
amplitude of the output to the input which is the same as the ratio between the

reference and carrier amplitudes. Equation (3.4) shows how M, is calculated.
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One type of switching is bipolar switching which operates all 4 switches as two
complementary pairs at the same time [21]. Complementary pairs are defined as
two switches that are on opposite power poles and diagonally placed according to
the schematic shown in Figure 3.1. This results in an output voltage that is either
positive or negative at all times. Figure 3.4 shows that how the reference waveform
moves through the carrier waveform. The comparison is done between the two to

get the duty cycles of each power pole and the total voltage output is shown at

the bottom.
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Figure 3.4: Comparator, switching, and output waveforms for an inverter using
bipolar switching techniques [21]

Unipolar switching operates in a similar method except there are two reference
waveforms being compared; one for each power pole. These two reference wave-
forms pass through the carrier waveform while being phase shifted by 180 degrees.
Because of this, the power poles operate independently while switches on the same

power pole operate complementary. This allows for 3 potential outputs; V., 0, and
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—Vy4.. Figure 3.5 shows how the comparison between the carrier and two reference
waveforms work with each power pole set of switches. It also shows the range of

output voltages that are able to be realized.
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Figure 3.5: Comparator, switching, and output waveforms for an inverter using
unipolar switching techniques [21]

Regardless of the method of switching that is used, DC voltage is converted into
a HF AC voltage that is passed on to the transformer stage. The high frequency

allows for the physical size of the transformer to be decreased which makes for
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easier on-board packaging and weight reduction of the vehicle. The transformer
also works as galvanic isolation [22].

After passing through the HF inverter, the peak voltage of the HF AC waveform
is already set to the required DC voltage by way of the M 4. After the transformer,
the high frequency AC is rectified back into DC using a full bridge rectifier. It is

then filtered before being sent to the battery pack as a DC signal.

3.3 Proposed Charger

One of the biggest drawbacks regarding the components within the charger shown
in Figure 3.1 is the number of unidirectional switches or diodes. There is potential
to increase the efficiency as well as add features such as vehicle-to-grid (V2G) by
reducing and modifying the type of switches used. While V2G is mostly conceptual
right now, it is a technique that could be viable in the future [24]. This proposed
battery charger focuses on reducing the number of switches to redesign the battery

charger circuit.

3.3.1 Charging

Figure 3.6 shows this conceptual charger. This charger is broken down into 4
sections. Compared to the traditional charger, the most visually different section
is the multi-tap transformer near the AC source. This transformer would take in

AC voltage and be able to deliver different AC voltages into the system. This
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allows for the rest of the system to function at similar operating points while
delivering different output voltages. One aspect of this transformer that would
differ from the one in the traditional charger would be that this transformer would
be operated at a lower frequency. This requires the transformer to be physically
larger. For an on-board charger, this would be problematic but for the proposed

off-board charger, size and weight are less of a constraint.
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Figure 3.6: Proposed battery charger divided into sections

Tr2

Next, the AC waveform enters the totem pole PFC stage. This section replaces
the five diodes, one IGBT, and an inductor with 4 SiC MOSFETs and an inductor.
The totem pole PFC functionally operates the same as the traditional boost PFC.
It takes in an AC waveform and modulates the current through the inductor to be
in phase with the input voltage thus increasing the power factor.

The right-most pole is the slow switching pole. The switches are turned on and
off in complementary fashion according to which half cycle of the AC waveform is

currently flowing through the input. The left most power pole is the fast switching
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pole. The non-boost MOSFET switches according to Equation 3.5 during each half
wave cycle of the AC waveform [20]. The non-boost MOSFET is the top switch

during the positive half cycle and bottom during the negative.

D

(3.5)

| V2 Vims - cosf
Vbe

As previously mentioned, both high and low speed switches are dependent on
the AC waveform. When it is positive, the bottom slow switch is always on and
the top fast switch is modulated according to the duty cycle from Equation 3.5.
The bottom fast switch switches complementary to the top. Figure 3.7 shows the
current flow through both switches during a positive waveform. When the negative

half cycle is input to the system, it functionally performs opposite or as shown in
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Figure 3.7: PFC stage operation during the positive half cycle of the AC waveform
[26]
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Figure 3.8: PFC stage operation during the negative half cycle of the AC waveform
[26]

This duty cycle is controlled similar to the traditional boost PFC in the sense
that it is controlled by two cascaded controllers shown in Figure 3.9. The outer
voltage loop sets the output DC voltage and the inner current loop sets the in-
stantaneous current through the inductor to follow the input voltage waveform.
The voltage loop uses a traditional proportional-integral (PI) controller while the
current loop uses a proportional-resonant (PR) controller.

A PR controller is used to control the current because of the rapidly and always
changing set point. A traditional PI controller would need an exceptionally high
integral gain to function properly and eliminate the steady state error. This can
make the controller unstable at times [27]. A PR controller has an excessively high
gain at a specific frequency which can be set at the input frequency of the voltage
to help reduce and nearly eliminate steady state error. To accomplish this same

task in a system using DQ control, the method presented in [28] or a three phase



35

O
V_AC Source

*

err  out* i em outr v m f[—»|m s —@
v_DCx Current C t vee sw
urrent Compensator
Voltage C(gll';pensator (PR) Modulator PWM
I_AC
(D
V

Figure 3.9: Totem pole PFC cascaded controllers

input would be used.

The DC output of the totem pole PFC goes into a large DC link capacitor to
smooth the voltage. The DC voltage is then fed into a traditional buck converter.
Here the boosted DC voltage is lowered to the voltage the battery requires to
charge. The upper MOSFET switches according to the required duty cycle D as
calculated in Equation (3.6). When the upper MOSFET is off, the body diode of
the lower MOSFET conducts to allow the inductor and capacitor to discharge thus
smoothing out this chopped waveform. By using the multi-tap transformer, this
buck converter section should be able to run at a similar operating point despite
charging different vehicles while at the same time remaining within a reasonable

operating limit [29].

(3.6)

The battery model contains two sections: the components within the charging

circuit and the SOC circuit outside the charging circuit. The physical battery is
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modeled as a simple resistor and a voltage controlled voltage source as seen in Fig-
ure 3.10. The simple model is usable due to the low number of significant dynamic
changes that would occur during charging. If desired, a complete dynamic model
can be found in [30, 31, 32]. The series resistor models the internal resistance of the
battery pack and is typically experimentally calculated. Its value is a function of
SOC but is approximately constant within normal operating conditions as shown
in [30]. It can be estimated by finding the resistance of one cell and then knowing
the number and configuration of cells within the pack. In other words, the internal

resistance can be calculated by

N
N,

p

Rpack - Rcell : (37)

where R.q is the resistance of one cell, Rpack is the resistance of the whole pack,
Ny is the number of cells in series, and N, is the number of cells in parallel. The
only drawback to this method is that it neglects the resistance over the other
components within the battery such as cabling, fuses, and connectors. The value
of the voltage controlled voltage source is dictated by the auxiliary circuit proposed
in [30] that helps to set the state of charge (SOC) of the battery. As current flows
in or out of the battery in the charger circuit, a current controlled current source
sources or sinks charge from the ideal capacitor. The range of voltage over the
capacitor moves between zero and one which corresponds to the battery’s SOC
ranging from zero to one hundred percent. The voltage of the capacitor is then

correlated to an output voltage that is sent to the voltage controlled voltage source
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within the charge circuit. The capacitor value is defined as

C' = 3600 - Capacity * feyele * fromp - 2.778 x 1077 (3.8)

kW hr
V2 »

where C is the capacitance in Capacity is the capacity of the battery to

be modeled in A-hr, 3600 converts from A-hr to coulombs of charge, 2.778 x 10~7

kW hr
V2

concerts from F to and foycle and fiemp are cycle and temperature factors that
could influence battery performance depending on past usage or environment. For
this experiment, the temperature and cycle factors are ignored but more informa-

tion on these factors can be found in [23].

1+
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Figure 3.10: Battery model used to simulate a vehicle battery

3.3.2  Vehicle-to-Grid

The proposed charger also has the bidirectional ability to send power from the
battery back to the grid in a method commonly called Vehicle-to-Grid or V2G.
By enabling V2G, each section changes its control scheme to instead discharge the

battery and send power back to the grid. This method would allow for the large
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amount of energy stored in the vehicles’ batteries to be transferred back to the
local grid to help with dynamic disturbances [24, 25].

In order to analyze the V2G mode, each section of the proposed charger will
be examined starting at the power source or battery. Here DC voltage is sent into
the DC/DC converter which now operates as a boost converter. As opposed to
the buck converter, the lower MOSFET is now being modulated and the upper
MOSFET is turned off. The boost converter works to boost the voltage by applying
the input voltage over the inductor for the on stage of the duty cycle. During the
off cycle, the inductor acts as a voltage source and is placed in series with the
input source to increase the voltage. Equation 3.10 shows the relationship of the

duty cycle D and the input and output voltages of the boost converter.

Vin
1-D

V:)ut - (39)

The boosted DC voltage charges the DC link capacitor and is fed into what
was the totem pole PFC stage while charging. While in V2G mode, this full bridge
inverter operates using either bipolar or unipolar switching schemes described in
Figures 3.4 and 3.5. The current set point is controlled using a PR controller
which, as previously mentioned, allows for large gains at a fundamental frequency.
In this case, the fundamental frequency is the grid frequency. This controller not
only controls the amount of current to the grid, but also keeps the output current
and grid voltage in phase to ensure a near unity power factor. The output voltage

of the inverter is sent to the multi-tap transformer. Because the battery voltage is
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what the system reads to select which tap to use, the voltage that the inverter sends
is dependent on the input voltage of the battery and its peak value is calculated
by using the M,. The voltage is scaled up to the correct input voltage of the grid

through the transformer and transmitted.

3.3.3 Components

This section will examine specific design parameters that are required to operate
the charger. This will include specific component values as well control values
chosen to ensure the system is robust and reliable. This section will then go on to
examine the results of various simulations within PLECS while in both charging
and V2G modes.

The specific operating goals of the charger are shown in Table 3.1. With these
goals in mind, specific components will be found to meet these theoretical specifi-
cations and tests will be run to ensure stable operation of the charger while running
at various input and output conditions.

To meet these output goals, a number of parameters for the system are chosen
by the designer. First, the grid voltage of 240 V RMS at 60 Hz is chosen to decrease
the input current required. Having lower current equates to higher efficiencies
and typically leads to smaller physical components and wire sizes. The switching
frequency is also set at 80 kHz. This value was chosen to minimize switching losses
in the MOSFETSs and diodes as well as minimizing voltage and current ripples.

The switching frequency was also chosen well out of the range of audible levels to
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Table 3.1: Design goals of the off-board battery charger

Parameter Value  Units
Input Voltage 240 VACius
Input Current 33 A

Switching Frequency 80 kHz

PFC Current Ripple <5 % p-p
PFC Voltage Ripple <10 % p-p
PFC Output Voltage 650 VDC

Buck or Boost Current Ripple <10 % p-p
Buck or Boost Voltage Ripple <5 % p-p
Max Output Power 8 kW

humans. The max output power was chosen as 8 kW as this product designed here
would be competing with similar chargers at the same power level already being
used for on-road vehicles.

Before specific components can be calculated for, it must be known what phys-
ical constraints they need to work within. One such component is the battery.
With the use of the multi-tap transformer, the goal of the charger is to be able to
charge all types of batteries. For this specific case, battery voltages of 48 V (small
tug tractors), 96 V (large tug tractors), and 350 V (modified on-road vehicles) will
be able to charge with this specific charger. Table 3.2 defines various attributes
about each battery. The values are calculated assuming per cell voltages of 3.6 V
nominal, 4.1 fully charged and 3.2 V fully discharged while internal resistance per

cell is 70 mf2 [33]. The internal resistance is calculated by

: Rcell (310)
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where Ng is defined as the number of cells in series, Np is the number of cells in
parallel, Npaes is the number of packs, and R is the resistance of a single cell.
The configuration of the battery describes how the cells are organized and number
of packs is how many of them are in series with each other. For example, the
configuration XpYs has Y cells in series and X cells in parallel in one pack. Parks
are then arranged in series to increase the voltage. Having more packs allows for
easier maintenance if one battery pack fails as well as having more redundancy if

one cell fails.

Table 3.2: Specifications of various batteries to be charged using the proposed
charger

Battery Voltage (V) 48 96 350
Discharged Voltage (V) 41 84 310
Charged Voltage (V) 53 106 390
Capacity (kW-hr) 50 102 100
Pack Configuration 316p13s | 322pl3s | 86p6s
Number of Packs 1 2 16
Number of Cells 4108 8372 8256
Internal Resistance (mf2) || 3 5 78

When examining the internal resistance of the battery, it must be noted that
these resistances are only the internal cell resistances. They do not include any
resistance due to wiring, cabling, connectors, or fuses. When the model is run in
PLECS with a very low internal resistance value, the simulation see it is as too
close to zero and faults out. For both of these reasons, the 78 m{2 value will be
used for each of the three battery types.

The most important component value that affects the largest function of the



42

system is the totem pole boost inductor. In Figure 3.6 it is labeled as L1. Despite
the topology being different than the traditional boost PFC, the method of calcu-
lating the inductor value remains the same [20]. The value of the inductor needs
to be large enough to ensure minimal ripple while at the same time, minimizing
distortion of the input waveform.

The ripple inductor is calculated by Equation 3.11. The speed of switching
(f), input phase voltage (V,,), and the desired ripple current (Al;,) all are factors
in finding the value of the inductor (L). The condition that requires the largest

inductance is when a 350 V battery is being charged.

V2V oD V22400478

L= = = 869 uH 3.11
NG 80000 - 2.33 K (3.11)

where Al;, is calculated as
Al, =0.05-33-v/2=1233 A (3.12)

and according to [20] the maximum value of D is found by

V2V V2240

D=1
Ve 650

— 0.478. (3.13)

The DC link capacitor has a large role in how the voltage is conditioned before
being sent to the buck or boost sections. In the same way that a boost converter
can not operate without a capacitor filter on the output, the totem pole boost
PFC circuit is no different. Not only that, the output voltage needs to remain

stable so the voltage control loop in the PFC controller can operate properly. The



43

DC link capacitor’s job is to filter out the low frequency created by the rectifier.
This frequency is two times the input frequency. The worst case scenario for this
capacitance is when a 48 volt vehicle is being charged. The value of the capacitor

is calculated by

[out,peak -D . 20-0.478

C: pu—
AViip - f 10-2-60

=7.97 mF (3.14)

where D is the calculated duty cycle from 3.13 and AV, is

AV, =0.1-100 =10 V. (3.15)

The value of the inductor and capacitor in the buck or boost converter can
also be determined based on a desired output current and voltage ripple. By
rearranging the fundamental inductor equation, Equation 3.17 is found where L is
inductance, V7, is the voltage over the inductor, f is the switching frequency and
D is the largest duty cycle which would occur while the converter is operating in
buck mode. The worst case scenario that would require the largest inductance is
when a 350 V vehicle is charging. D is calculated by
Vo 390V

2~ 0.6. (3.16)

D=
Vi 650V

VoD (650 — 310) - 0.6

I — -
F-Ai 80000 - (0.1-20)

= 1.28 mH (3.17)

Because the value of the inductor was designed to operate in continuous con-
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duction mode (CCM), it is important to note when it would enter discountinuous
current mode (DCM). DCM typically occures during light load conditions and is
defined as when the inductor current goes to zero for part of the cycle. In other

words when

Lip > L. (3.18)

To calculate the current load at which this would occur, Equation 3.19 is used.
By finding the equivalent critical resistance and knowing the max output voltage

Ohm’s Law can be used and a minimal charging current can be found.

Vour - D 390-0.6
2-L-fo 2-0.00128-80000

Imin -

=114 A (3.19)

The capacitor value of the buck or boost converter controls the amount of
voltage ripple that is seen by the output. By knowing the desired ripple as well
as the switching frequency, output current, and duty cycle, a capacitor value can

be found. The worst case scenario for this capacitor occurs when a 48 V vehicle is

charged.
Ic-D 20 -0.53
C= —~ — 65 uF 390
F-AV 80000 - 0.05 - 41 H (3.20)
where D is calculated as
V, 53
D= = 0.53. (3.21)
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An important factor to consider when designing a system such as a battery
charger is the efficiency. Having an efficiency of 100% would be ideal but this is
rarely feasible due to parasitic resistances within the circuit. While each compo-
nent, wire, trace, and connector will have a small power loss associated with it,
the area that loses the most power is within the switching semiconductors. For
this reason, the choice of semiconductors chosen plays a large factor in this overall
efficiency.

An ideal MOSFET would be represented as an ideal switch where it is either on
or off but a realistic MOSFET has two types of losses: conduction and switching.
Conduction losses are simpler to understand and they can be modeled by having
a small resistance (Rpgon) in series with an ideal switch. This is due to the
semiconductor having a small forward voltage drop (V) over it and as current
passes through the MOSFET (Ip), power is lost. This relationship is shown in

Equation 3.22.

Pcond = RDS,on : IQD -D (322)

Switching losses are more complicated. Before the switch is triggered by an
external control circuit at its gate to turn on, the drain-source voltage (Vpg) is
high and current is 0. Once the external control circuit decides to turn on the
MOSFET, voltage is applied to the gate (Vigg). Because the MOSFET is a voltage
controlled and capacitive device, the voltage rises slowly. The voltage will rise to a

point called the threshold gate voltage (Vs n). Once this point is reached, current



46

through the device (Ip) begins to flow and ramps up towards its set current. At
this same time, Vg is still at the initial value. As Vg continues to increase, it will
eventually reach the Miller Plateau. Here, Ip reaches its max value and Vgg begins
to decrease. Once the Vpg reaches its forward drop voltage (V}), Vs will continue
to rise to the set value by the external control circuit. When the MOSFET turns

off, the cycle is reversed. This turn on cycle is shown in Figure 3.11.
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Figure 3.11: MOSFET turn on waveforms [34]

Power is lost during each switching cycle when current is flowing through the

device while there is a voltage drop. Equation (3.23) describes this loss.

Psw - (Eon + Eoff) : fsw (323)

where E,, is defined as
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1
Fun = 2 Vi I (134 1) (3:20)

and t, + tg is defined in Figure 3.11. FE,g is calculated using the same equation
and t.; + tr, becomes tg + t,y.

The MOSFETsSs that are chosen for the system play an important role in finding
the overall system efficiency. For this high voltage, high current application, silicon
carbide (SiC) MOSFETSs were chosen. Some advantages of SiC MOSFETS include
lower Rpson values,high blocking voltages, and fast turn on/off times to reduce
switching loss. One disadvange to SiC MOSFETSs is that the intrinsic diode that
is within the MOSFET package typically has a large forward voltage drop which
is typically offset by the use of a fast recovery or Schottky diode [35]. The chosen
MOSFETS for this battery charger are BSM120D12P2C005 for the PFC MOSFETSs
while C3MO0030090K is used for the switches within the buck or boost section.
Individual attributes of each MOSFET is shown in Table 3.3 [36, 37].

Table 3.3: Attributes of chosen MOSFETs

Part Number Voltage (V) Current (A) Rpsoen (m2)

BSM120D12P2C005 1200 134 30
C3M0030090K 900 63 30

These chosen MOSFETSs have high voltage ratings so as to not be affected by
the large DC voltages within the charger. They also have high current ratings
to be able to handle steady state use as well as large inrush current that will

occur at start up. Another aspect to note about the chosen MOSFETs is that
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these specific MOSFETs were partly chosen because of the availability of their
thermal data and ease of implementation into the PLECS software. This thermal
data allows for more precise calculations of the switching and conduction loses as
compared to using static values. Overall, they make for a more realistic model if
these MOSFETSs were implemented.

One key difference between the duty cycle calculation shown in Equation 3.5
and how PLECS uses a duty cycle is that a traditional duty cycle runs between zero
and one while PLECS uses a value between negative one and one. This results in a
different duty cycle equation. Equation 3.25 shows how this duty cycle in PLECS
is calculated. This duty cycle is calculated for the non-boost MOSFET of each half
cycle waveform. The equation is still derived from the same duty cycle equation
of a boost converter while being scaled up to the new range required by PLECS.
It also creates the complimentary pattern shown in Figure 3.12 to accommodate

both of the MOSFETSs in the totem pole configuration.

2'V;rrns'2' 0
:\/_ COs +1

D
Vbe

(3.25)
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Figure 3.12: Duty cycle of the non boost MOSFET as calculated within PLECS

Within the efficiency calculation for this specific charger, the only components
that are included is the MOSFETSs and their diodes. This is due to the minimal
losses within other components compared to the MOSFETSs as well as the inability
to limit or design out parasitic losses such as wire, trace and capacitor (ESR)
resistances.

It must also be noted that PLECS is not the ideal design tool for a total thermal
system. This is due to the fact that PLECS is designed to run only for short periods

of time. For a system as large and as complex as this proposed battery charger,
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run times become difficult if not impossible for the experimental values to reach
steady state in a reasonable amount of time. To account for this, the thermal
capacitance of the system will be reduced to help the system converge to a steady
state temperature as fast as possible.

Table 3.4 shows the experimentally determined power losses. These losses were
found using the PLECS simulation. This was due to the PLECS software not

taking into account the Vgg value while finding the losses.

Table 3.4: Power losses of switching components

MOSFET /Diode High Speed PFC Low Speed PFC Buck or Boost

Ry, (°C/W) 0.235 0.235 0.735
Conduction (W) 10 9 16.1
Switching (W) 112 0 455
Amount 1 2 2
Total Loss (W) 244 18 123.2
Total (W) 323.6

The thermal management system will attempt to keep the sink temperature
around 65°C. With the given Rjs value of the MOSFET's and the total power lost,
this sink temperature should keep the buck or boost section MOSFET around
110°C. One important note is that this value was found while the devices were
ambient temperatures and so as the device temperature increases, so will the losses.
Because of this, a slightly larger heat sink than calculated will be needed.

To calculate temperatures at specific points, a thermal model is used. This
model uses Ohm’s law where current becomes power, resistance becomes thermal

resistance and voltage becomes temperature. A modified Ohm’s Law is then used
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as shown in Equation 3.27.

T=P R (3.26)

By knowing the total power lost, the Rjs values of each MOSFET, and the
target temperatures of the heat sink and MOSFET junction, a thermal resistance

of a heat sink can be found.

65— 25 =324 R (3.27)

where R is found to be 0.123 while will be rounded up to 0.1 °C/W to account for
increased losses at higher temperatures. This results in a junction temperature of
the buck or boost MOSFET of around 110 °C. Figure 3.13 shows how this value
plateaus near this value. As previously mentioned, the values were calculated
when their temperatures were near ambient. As they increase, more losses will be
incurred. Thus, a slightly larger heat sink must be designed to accompany this

design.
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Figure 3.13: Heat sink and buck or boost MOSFET junction temperature while
charging a 350 V vehicle at 20 A

One aspect of the thermal analysis that can cause an issue is while running in
V2G mode is that to send a full 8 kW to the grid with a lower battery voltage,
excessive current is required. For example, a 48 V vehicle would require over 160
A. This is not only above the rated value, but it also can potentially cause damage

to the system from thermal mismanagement.
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3.4 Charging Results

When examining performance of the charger, there are a number of waveforms
that will be analyzed. The first and most important is how well the charger is
charging the battery. Battery voltage and current plots will show that the target
values are being met. Secondly, grid voltages and currents need to be conditioned
by the PFC phase to boost PF. Finally, intermediate voltages and currents will be
shown to prove that the various ripple voltages and currents are met.

Throughout each test, the efficiency of the chargers will be presented. As
previously mentioned, this value is calculated based only on the power losses within
the MOSFETs and their diodes. It has also been mentioned that due to the
physical size of the system and time it would typically take for this system to reach
a steady state temperature, the efficiency presented is found at a lower temperature
than the steady state value. As shown previously, thermal calculations have been
done but further testing need to be conducted to establish an actual steady state
temperature would be with a purpose built heat sink.

The 350 V vehicle will be examined first as it is the highest power of all the
vehicles. To calculate the value of the capacitor in the SOC section of the battery

model, Equation 3.8 is used.

C = 3600 - Capacity - 2.778 x 107"

100000 kWhr

V2

= 3600 - -2.778 x 1077 = 0.2563
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This value in Farads will be large and will take much longer to show any significant

change in SOC within a time frame that PLECS can reasonably show and so it

will be divided by 3,000 to show the SOC changing within a short time window.

The battery will be set to 30% SOC. A step current input beginning with 10 A

and moving to 20 A will be applied.

Battery Voltage

Current (A)

Battery Current

00 0.05 0.10 0.15 0.20 0.25

Time (s)

030 035 040 045 0.5C

Figure 3.14: Battery voltage and current for the charging of the 350 V vehicle

It can be seen that the charger tracks the desired output correctly and adjusts

to the step change in current quickly and without significant transients. A view of

this transient and steady state ripple current with a smaller time step is shown in
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Figure 3.15.
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Figure 3.15: Transient and ripple of battery voltage and current for the charging
of the 350 V vehicle

Figure 3.15 shows that the current controller is able to ramp the current up at
a quick rate while at the same time not having a significant amount of overshoot or
ringing that could lead to damage of the battery. It also shows that there is little
to no steady state error after only a few switching cycles of the converter. It can
also be seen that the voltage and current ripple requirements as defined in Table
3.1 of the converter are easily being met. During the charging time, the charger is

running at an efficiency of around 95.7%.
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Now that the battery output has been shown, the grid currents and voltages
will be analyzed as shown in Figure 3.16. Here the effects of the PFC stage can
be seen. The voltage and current are perfectly in phase. The current does have
some high frequency ripple which is a result of the PFC switches but despite this
noise, the THD is only 0.065 or a PF of 0.998. It can also be seen that there are
increases in input current during load transients. When the system initially starts
up, there is an inrush current to charge the capacitors. There is another inrush
current when the load steps up from 10 A to 20 A. This is due to the large DC
link capacitor discharging more power per cycle and the controller requires a few

cycles of the AC waveform to correct for this change.
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Figure 3.16: Grid voltage and current for the charging of the 350 V vehicle

Each of the inductors in the system are required to be the largest when charging
the 350 V vehicle. Figure 3.17 shows the current ripple in the inductor of the buck
converter section while running at 20 A. It can be seen that the specification of

10% ripple is met. Figure 3.18 shows the max PFC inductor ripple also meets its

given specification of 5%.
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Figure 3.17: Current ripple of the inductor within the buck stage while charging a
350 V vehicle
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Figure 3.18: Current ripple of the inductor within the PFC stage while charging a
350 V vehicle

The 96 V vehicle will be now be charged. The same step input of 10 A to 20 A
will be applied, the battery voltage will be start once again at 30% SOC and the
capacity of the battery will be reduced to show the charging battery within the
feasible time frame.

Charging waveforms are presented first. Figure 3.19 shows the output voltage
and current to the battery. It can be seen that there is some steady state error on
start up that is quickly accounted for. While at max power, the charger reaches

efficiencies of around 96.2%.
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Figure 3.19: Battery voltage and current while charging a 96 V vehicle

Next, Figure 3.20 shows the AC input waveform while charging a 96 V battery.
The biggest difference between this waveform and the input voltage and current
from charging the 350 V battery (Figure 3.16) is the input current. It is clearly less
sinusoidal which results in more THD. For this specific example, the THD while
running at the max current is 0.128. This results in a PF of 0.991 which is still

high compared to a system without PFC.
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Figure 3.20: Grid voltage and current to the charger while charging a 96 V vehicle

Finally, the 48 V battery will be charged. Similar to the vehicles above, there
will be the same step input of 10 A to 20 A, the battery will be set at 30% SOC and
the capacity will be reduced to be able to see meaningful change as time progresses.

First, the output to the 48 V battery will be examined. Figure 3.21 shows
how the current tracks the set point with minimal overshoot and steady state
error. The voltage increases as the pack voltage increases in order to maintain the

battery current. The efficiency of the charger in this case is around 95%.
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Figure 3.21: Battery voltage and current to the battery while charging a 48 V

vehicle

The grid waveforms are more interesting. As the grid current falls, it becomes

harder for the PFC to construct a clean sinusoid and thus distortion becomes more

of a factor. Despite a THD of 0.3, the PF still remains high due to the two signals

remaining in near perfect phase. The PF is still around 0.957 which is acceptable.
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Figure 3.22: Grid voltage and current to the charger while charging a 48 V vehicle

Finally, the DC link capacitor and output buck capacitor are required to be
the largest when charging a 48 V battery. Figure 3.23 shows the voltage over the
DC link capacitor. The voltage set point is at 100 V. The predominant ripple
frequency is at 120 Hz or the second harmonic of the grid frequency. The DC link
capacitor is required to be large to filter this out. It can also be seen that the ripple
easily matches the specification of 10% ripple and is actually closer to 4%. This
significant difference in calculated and experimental ripples could be attributed to

the filtering effects of other components within the circuit.
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Figure 3.23: Voltage over the DC link capacitor while charging a 48 V vehicle

Figure 3.24 shows the experimental voltage ripple over the output capacitor.
Here, the noise at the switching frequency created by the buck converter MOSFET
is filtered out and meets the voltage ripple requirement of 5%. Figure 3.21 shows

this capacitor voltage ripple in detail.
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Figure 3.24: Voltage over the battery capacitor while charging a 48 V vehicle

3.5 Vehicle to Grid Results

While in V2G mode, the charger works to take energy from the battery and injects
it back into the grid. This mode of operation will be examined in all 3 battery
configurations by the way of examining the input and output waveforms. Inter-
mediate waveforms will be analyzed for the 350 V vehicle to show operation is as
expected.

To begin, the 350 V vehicle is plugged in. SOC starts at 80%, the capacity is
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once again reduced, and a constant current of 32 A peak or about 22.6 A RMS
will be set to the grid.

Most importantly, the output of the system to the grid is shown in Figure 3.25.
Here it can be seen that the voltage and current are in phase with each other.
The current appears to be negative because of the polarity of the ammeter. Power
being sent to the grid is negative in this case. In the case of the 350 V vehicle,
the THD is only 0.066 or a PF of 0.998. It should also be noted that the time to
steady state operation is extremely quick at only a few cycles. This system also

has a high efficiency of around 96.7%.
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Figure 3.25: Voltage, current, and power being sent to the grid from the 350 V
vehicle in V2G mode

Next, the waveforms coming from the battery are examined. Looking at the
first cycle of the current, it is seen that there is a large inrush current due to the
boost converter starting off at a 50% duty cycle before the controller can correct
itself. This doubles the voltage and creates the large inrush current at the large
DC link capacitor. The flat section in the current plot represents how the DC
link capacitor is discharging to the correct voltage. This inrush current would be
eliminated with a more advanced initialization scheme. Next, it can be seen that

there is some ringing due to the controller that occurs before reaching a steady
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state operation around 0.4 seconds.
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Figure 3.26: Voltage and current from the 350 V vehicle in V2G mode

The DC link capacitor voltage is an important component as it is the link
between the boost converter and the inverter stages. Figure 3.27 shows the voltage
of this capacitor. As previously mentioned, it can be seen that the voltage spikes
up high due to the boost converter running at 50% initially and causing the inrush
current. This voltage decreases back below the set point where the controller
begins to regulate the duty cycle of the boost converter. The DC link capacitor

reaches a steady state near 0.4 seconds into operation.
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Figure 3.27: Voltage of the DC link capacitor during V2G mode while a 350 V
vehicle is plugged in

Moving onto the 96 V vehicle, Figure 3.28 shows the output to the grid. The
current plot looks to be a clean sinusoid and the PF of near 1 confirms this. A
drawback to this mode is the effect it has on the battery due to the amount of
current. This is shown in Figure 3.29. Because of the lower battery voltage and
same power demand as the 350 V battery, additional current must be pulled from
the battery to meet this demand. Not only does the steady state run at near 60 A,
it can reach near 100 A during transient events. This can be problematic due to

the MOSFETSs within the buck or boost stage only be rated for 63 A as well as the
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potential for thermal issues to arise. Either lowering the amount of current passing
through these two switches or selecting MOSFETSs with higher current ratings are
two potential solutions to mitigate this concern. Despite these issues, the charger

is able to run at about 95.6% efficiency.
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Figure 3.28: Voltage, current, and power being sent to the grid from the 96 V
vehicle in V2G mode
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Figure 3.29: Voltage and current from the battery of the 96 V vehicle in V2G
mode

As mentioned previously, if the 96 V battery experiences high current problems,
so too will the 48 V system. For this test, the current demand will be significantly
lowered to explore the effects of sending less than maximum power to the grid. For
this test 2 kW will be sent to the grid. This will result in a peak current value of
12 A to the grid.

Initially, the voltage, current, and power waveforms to the grid will be exam-
ined. Figure 3.30 shows that the current to the grid has a high PF (1) and minimal

THD (.006). Second, the input from the battery is shown in Figure 3.31. Here it
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can be seen that the input current is less than the input current of the 96 V vehicle
at full power. There are also some peaks where the battery current is slightly over
60 A. Despite this, all of the current from the battery is not flowing through the
MOSFET which helps with its thermal management. The MOSFETSs can also
handle peak currents over their rated limit for brief periods but other solutions
may need to be considered. One solution to this issue may be that only 350 V
vehicles can operate in V2G mode or that the 96 V and 48 V vehicles need to run
at a significantly lower output power rating. Despite this high current condition,

the charger was able to achieve an efficiency of 94%.
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Figure 3.30: Voltage, current, and power being sent to the grid from the 48 V
vehicle in V2G mode
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Figure 3.31: Voltage and current from the battery of the 48 V vehicle in V2G
mode

One side effect of this circuit that has been neglected in the above results is the
inrush current at the beginning of the simulation. This was mitigated by setting
the large DC link capacitor and output capacitor near the battery to have initial
voltages. This allows for simpler steady state analysis due to the full waveform
being viewed more easily. Figure 3.32 shows this inrush current as seen by the grid.
Here, the inrush current in the first few cycles can reach over ten times the normal

steady state value resulting from the high DC voltage and large capacitance.



75

400 Grid Voltage

Voltage (V)
o

1
w
o
o

1200 Grid Current

Current (A)
N
o
o

0.00 005 0.10 0.15 020 025 030 035 040 045 0.5
Time (s)

Figure 3.32: Grid voltage and current to the charger while in charging mode with
emphasis on the inrush current

As previously mentioned while discussing the sizing of the DC link capacitor,
the voltage ripple goal is exceeded by a substantial amount. This signifies that the
value of the DC link capacitor could be reduced to limit inrush current while still
meeting voltage ripple targets. Figure 3.33 shows the input current if the capacitor
was reduced down to 3.8 mF. With this change, the inrush current becomes nearly

three times less than with the larger capacitors.



76

400 Grid Voltage

(R Y T T O
L R
T AL AT T T |
R AT AN NN A RN
L L L]
IR RN RI BRI RTRTRI NIRRT
A AR NRR N |
=300y Uy

E——

Voltage (V)
o

N
o
)

500 Grid Current

Current (A)
N
o
o

0.00 0.05 0.10 0.15 020 0.25 030 035 040 045 0.5
Time (s)

Figure 3.33: Grid voltage and current to the charger while in charging mode with
a reduced DC link capacitor value with emphasis on the inrush current

Despite the inrush current decreasing, a capacitor precharge stage or larger
MOSFETSs should still be considered to mitigate this danger. It should also be
noted that within a real circuit, there will also be more parasitic resistances which
would also help to reduce this inrush. Another option is to have a soft start
feature. This section of code would run only when the capacitors were discharged.
The voltage over them would be ramped up which would reduce the amount of
inrush current because they would start at lower voltages.

Figure 3.34 shows the DC link capacitor voltage while it is charging a 48 V
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vehicle. This is the worst case condition to ensure the goal of 10% ripple is still

met with the reduced capacitance.
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Figure 3.34: DC link capacitor voltage with a reduced DC link capacitor value

3.6 Future Work and Conclusion

Looking forward to the next steps and continuation of this project, there are a num-
ber of steps that could be done with the final goal of having a working prototype.

These goals would include additional simulations, part specification, assembly, and

validation.
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Additional simulations would include a program to better analyze the thermal
attributes of the circuit. A simulation that would run quicker and for longer periods
of time would be needed to get an accurate view of the type of heat sink required
as it would need to be a purpose built unit. The controls of the circuit would need
to be programmed into a usable microcontroller which would interact with the
components in the circuit. This code would need to be implemented and tested
with hardware not included in this proposed charger. This includes gate drives
and voltage or current protection devices.

Secondly, additional part specification would need to be done. To have a work-
ing prototype, each part to be used would need to be found and ordered. This
would include the sections of the circuit that are not included including gate drives,
snubber devices, microcontrollers, connectors, wires, cables, and more.

Next, assembly would need to be considered. Complete schematics and printed
circuit boards (PCBs) would need to be developed and manufactured and parts
would need to be placed on boards.

Finally, validation would need to be done to ensure that the charger is operating
correctly. To accomplish this, each intermediate step would need to tested to
confirm normal operation. The largest portion of this would include testing of the
gate drive circuits and their response at various load powers. To perform system
validation, a number of safety features would also need to be in place both on the
AC and the battery side to ensure safe operation if an unexpected condition arose.

While developing the purpose built off-board charger, a number of challenges

arose from limitations or effects of using PLECS as well as design challenges that
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came from creating this circuit. As mentioned previously, PLECS is not an ideal
program for thermal simulations of larger systems due to the inherently large ther-
mal capacitance. To simulate the system using realistic values, a long simulation
time would be required which results in long run times of the program. Another
area of the circuit that gets limited by runtime is how the SOC is tracked. If the
simulation is run for a short enough period to analyze the small signals, there is
not enough time for have a significant change in the SOC. As mentioned above,
this is remedied by reducing the value of the capacitor to reduce the capacity of
the battery thus allowing for the user to see changes in SOC in short periods of
time.

Some challenges that were discovered due to the circuit itself included the
inrush currents and V2G power requirements. Each of these issues could have been
seen while designing the system but were overlooked. As mentioned, the inrush
current could be mitigated by running code that includes a soft start. The power
requirement issue in V2G mode arises when a lower voltage vehicle is required to
provide the max power of 8 kW to the grid. This results in excessive current being
drawn from the battery and such through some of the MOSFETs which would
need to be considered in the thermal analysis and for the characteristics of each of
the MOSFETsS.

This paper shows a unique design for an off-board purpose built battery charger.
This battery charger was designed to meet the goal of charging various types of
vehicles and due to the multi-tap transformer, it is always able to run at similar

operating points. The paper then shows how each stage could be implemented
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and how each one would interact. The proposed charger is then simulated using
a PLECS model to show that the input, output, and intermediate steps all follow
the expected waveforms of such a system. The paper concludes by describing the
next step one would need to take to further validate the design and eventually test

in the field.
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Chapter 4: Conclusion

The journey toward electrification in the aviation industry has been a topic for
many years now. The largest focus of this electrification has been on the aircraft
themselves but in today’s world, a more realistic application of an electrified airport
is on the ground. The ground support vehicles are a good place to begin to
implement these ideas.

The biggest change to the way these vehicles would service the planes would
be in how they are charged. With fossil fuel vehicles, the gas tanks are simply
filled and they are dispatched to the next plane. Electric vehicles take time to
charge. Because of this, the electric vehicles need to be scheduled intelligently.
This includes when they are both in service and being charged. Manuscript 1
(Charging Analysis of Ground Support Vehicles in an Electrified Airport) shows
a potential method of scheduling these vehicles. It also shows how the cost of the
system could be minimized depending on the specific needs of an airport. The
paper concludes with specific points of interest and why each one is a possible
solution.

Not only do these vehicles need to be scheduled intelligently, they need to charge
efficiently and inexpensively for the move to electric vehicles to make financial
sense. One way to make the ground support vehicles cheaper is to remove the

chargers from them and use an off-board one. A sample charger is proposed in
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Manuscript 2 (Analysis of a Purpose Built Charger for Ground Support Vehicles
in an Electrified Airport). This allows for less weight and complexity as well as
eliminating an expensive component by using a purpose built off-board charger. As
presented above, this charger is able to run efficiently at similar set points while at
the same time charging a wide range of vehicles and maintaining a high efficiency.
Within both of the presented manuscripts, and particularly the first, the overall
cost of the system is a variable that has been designed for. With the end goal being
that the proposed charger would be used in the electrified airport model, a total
cost of the charger would need to be found and implemented into the simulations
to verify that it would make financial sense to use such a device. This total cost
could be used within Manuscript 1 to get a better estimate of what price it would
cost to run each set of parameters as well as help in finding a maximum “goal”
cost that could be spent on the charger to make the construction of it feasible.
The two manuscripts provided show a comprehensive approach to how a fleet
of ground support vehicles within an electrified airport could be implemented. It
discusses how many vehicles would be needed given a set of constraints, how this
system would be optimized, how the vehicles would be scheduled to be used and
charged, and finally, how a component level charger could be used to efficiently

charge various types of vehicles.
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