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Abstract

Electric vehicle (EV) adoption continues to rise, yet EV sales still represent a small portion
of vehicle sales in most countries. An expansion of the DC fast charging (DCFC) network is likely
to accelerate thisevolution towards sustainable transportation, giving drivers more flexible
options for charging on longer trips. However, DCFC presents a large load on the grid which can
lead to costly grid reinforcements and high monthly operating t@&tding energgtorage to the
DCFC station can help mitigate these challenges

This thesis firstperforms a comprehensive review of DCFC stations with energy storage,
including motivation, architectures, power electronic converters, and a detailed simulation analysis
for various charging scenarios. The review is closely tied to currentadttiie-art technologies
and covers both academic research contributions and real energy storage projects in operation
around the worldlt is identified that théattery energgtorage systems (BESSgith active front
end converter provides high efficiency with reasonable power density in a DCFC station. It is also
realized that the isolated DC/DC converter interfacing BESS and EV determines the overall
efficiency of a DCFC stain with low grid connection.

Secondly, this thesis analyzes the impactaofive front end based DCF&tations
connectedo a griddistortedwith background voltagkearmonicsin active front endbaseddCFC
stations, background voltage harmonics produce current not only at the frequencies of the distorted
voltage, but also at other coupled frequencies. Various mitigation techniques, such as increasing
inner control loop gain, grid voltage feedforward, anédale harmonic compensation, have been
adopted in industry to reduce the emissions originating from distorted background voltage.
However, although these techniques are effective in suppressing the current at the harmonic orders

present in the backgroundltage, they deteriorate the emission at coupled frequenciesh&hbis



provides the theoretical explanation of this phenomgewbich is verified by simulation of a two
level active front end in PSCAD/EMTDC. Thikesisalso discusses the proper treair of
current emission due to background voltage harmonics

Thirdly, the thesisdentifies thesemi dual active bridge (seDiAB) converterasan ideal
candidate athe interfacing isolated DC/DC convertestween the BESS and the BEA novel
control strategyis proposedor the semiDAB converter to achieve wide voltage gain while
increasing the efficiency at operational points with high input voltage and low output voltage,
which is acommonly occurringcenario when the BESS is fulthargedand the EV battery is at
low charge. Furthermore, thikesisalso provides an algorithm to determine the required phase
shift in real time for any operating point, eliminating the need to devise the controldnaject
offline. A 550V, 10kW experimental prototype is built and tested to validate the proposed control
strategy. With a 2B\ constant charging current, the prototype shows the proposed control strategy
can improve efficiency by up to 3.5% compared towhe-known dual phase shift control at
operating points with high input voltage (45650 V) and low output voltage (15@75 V), with
a peak efficiency of 97%.

Finally, this thesisproposesa novel variable turngtio semiDAB converter tomprove
its oveall efficiency even further when the input voltage is high and output voltage is low
Furthermore, a control law is also proposed to determindutimsratio, i.e., theoperatioml
structure of the converter, which reduces the convertit ped rms currenthe550V, 10 kW
prototype ismodified to accommodat®e variable turnsatio high frequency transformés test
the proposed converter and control. The proposed converter with contfartbemimprove the
efficiency at manyoperating points compared to single turaso semiDAB with DPS contral

The peak efficiencychieveds 98.5%.
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Chapter 1

Introduction



1.1. Background and Motivations

Electricvehicles (EVs) have the potential to significantly reduce greenhouse gas emissions,
regulated emissions which cause local air pollution and negative health fffectsand soci et
reliance on fossil fuels. Global EV sales, which include battery electric vehicles (BEVs) and plug
in hybrid electric vehicles (PHEVS), increased by 46% from the first half of 2018 to the first half
of 2019, with 1.134 million EVs delivereglobally in the first half of 201$2]. However, global
EV light vehicle market share was only 2.5% for the first half of 2[219 Thus, while the
transition to sustainable personal transportation is accelerating ighsié much improvement

needed.

The main barriers to EV adoption are high vehicle costs, range concerns, and charging
infrastructure. Though range can be improved with larger and more etemgg batteries, there
is a limit to what can reasonably béhaaved due to the associated increases in vehicle mass and
costspecifically, the battery can account for up to 50% of the total BEV|8psEhe installation
of comprehensive EV fast charging networks would help alleviate range and charging concerns on
longer intercity drives withoutrequiring very costly EVs with large batteries. Though typical
home chargers of AC Level 1 or Level 2 are veelited for overnight charging for typical inrer
city driving, the need for recharging away from home on days with longer driving can cause
inconwenience and uncertainty for drivers. A survey among 500 Nissan customers verifies this
claim: 56% of customers placed high importance on fast charging, and 62% stated that the
availability of charging infrastructure was their primary concern regarding BENVS 0 help
allevate some of these concerns, most manufacturers offer BEVs capable of fast charging, as
shown in Table 11 [5], with the top charging power being 150 kW for the Audiren and Tesla

Model 3. Though these vehicles use 400 V battery systems, Aston Martin and Porsche are



developing BEVs with 800 V baities to make even higher charging rates possible, due to reduced
currents and losses in the charging caf@gg7]. Therefore, various DC fast charging standards
are emerging to serve this critical need for faster EV chargiagleI-2 shows a comparison of

AC home chargers and different DC fast charging optjBhsassuming typical ehicle energy
consumption is 177 Wh/km or 265 Wh/mile and charger efficiency is 100%. The results show that

the higher charging rate options allow ledigtance driving with only minimal driving

interruptions for charging.

Tablel-1: Top Charging Power of Currently Available EJA
EV Make and Model Top Charging Charging Speed Drop:

Power (kW) Above SOC (%)
Audi e-tron 150 80
Tesla Model 3 150 -
MercedesBenz EQC 110 40
Jaguar{PACE 100 40
Hyundai Kona 77 58
Kia e-Niro 77 58
Hyundai loniq 70 75
BWM i3 50 85
Nissan Leaf 50 60
VW e-Golf 40 80

Table1-2: Summaryof Charging Standards [8]

AC Onboard Charging DC Off-board Charging
Level 1 Level 2 Fast Charging Tesla Ultrafast
(120V,1.4kW) (240V,7.2kW) (480V, 50kW) Supercharger Charging
(480V, 140kw) (up to 800V,
400kW)

Typical range
gained per minute 0.13 0.68 4.70 13.15 37.50
of charge (km)
Time to charge for

200 km(minutes) 1332 260 37 13 4.7

However, fast and ultrafast charging directly from the grid poses a large and unpredictable
load on the electric systefd]i[11] and in rural areas with weak grid connections, (ultra)fast
charging directly from the grid is not even possildi2]. Since much of the need for (ultra)fast

chargers is on long drives, possibly outside of cities, these charging stations should ideally be



located along highays between cities. The electrical infrastructure along some of these highways
is usually far from the main distribution grid, and thus it has high impedance with low short circuit
power. Moreover, only a singlghase 120 V or 240 V AC supply may be ava#gaat some rural
locations along these highways. Therefore, the installation of fast charging stations is not possible
at such locations without upgrading the electrical service, which usually results in high installation
cost[13]. Energy storage system (ESS) can mitigate the necessity of such high cost of service

upgrading by acting as buffer in between the grid and the vehicle.

Furthermore, an ESS is also often advantageous in fast charging stations with strong grid
connections as it prevents overloading the grid during chargiig]. Expeisive grid
reinforcement can be required with multiple fast charging ports at strong grid locations, but the
use of ESSs can avoid or partially mitigate these infrastructure costs. An ESS will also help reduce
the utility demand charges incurred due ta &marging and it is estimated that a charging station
with six 350 kW chargers can save around $157,000 annually by using a battery storage system
[15]. Further, the vision of sustainable mobility will not be fulfilled until EVs are charged with
renewable energy sources such as solar and wind. ESSs can store the energy generated from these
intermittent renewable sources in order to charge EVs when nédasabovementionedooints

have furthebeen discussed below in detail.

1.1.1 Reinforcement of Grid Infrastructure

DC fast charging (DCFC) stations, especially those providing charging power over 100 kW,
can require high initial investment for grid reinforcement. For instance, a 350 kW charger will
require a considerably more expensive utility upgrade compared t&\& SBarger in case of a
weak grid connectiofl6]. Moreover, it is not alwgs possible to be directly connected to a strong

grid, for instance, along the highway and countryside rodldisugh these locations may be where



DCFC stations are needed the most, i.e., between cities. Furthermore, according to California
Public Utilites Commi ssi onsd studies, as the fast char
and transformers will require more upgrades than power plants, transmission lines, and substations.
For instance, a typical Electrify America highway charging station with350 kW and four 150

kW chargers will introduce an additional 1.2 MW power demand and will need an upgraded or
additional costly distribution transformgr4]. In Norway, it is estimated that $1.6 billion will be

required for grid reinforcement to accommodate the uncontrolled charging behavior of the large

numbersf EVs expected on the road by 2(340@].

Although smarcharging strategies have been proposddaii [22] to garner more control
over EV charging for grid benefit, they are best applied to overnight home charging where there
is ample time to shift individual vehicle charging times while still providing a full charge by the
following morning. In contrast, drivers requiring fast charging generally need high power charging
immediately upon vehicle pldig. A better solution for DCFC stations is to use an ESS so that the
power required from the grid may be low enough to minimizeven negate the need for grid
reinforcement. The ESS can be charged when the electricity demand and price is low, and EVs
can be charged with higher power from the ESS without creating a burden on the grid and at a
predefined flat rate. In a grid with l@wvgrid capacity, such as those in remote areas, it can be less
costly and less complex to deploy an HB&Sed charging station rather than reinforcing the grid

infrastructurg23].

1.1.2 Operational Cost of DCFC Stations

The high powedraw of DCFC stations generates high demand charges, which can make
investment in and operation of DCFC stations unappealing to investors. The utility charges

demand charges based on the highest monthly peak power drawn pesidential customer,



including charging stations, in order to recoup the fixed costs for generation, transmission, and
distribution. In the U.S., demand charges can range from $2/kW to $9@4WFor example, a

DCFC station may have three 50 kW charging ports, a fixed energy price of $0.10/kW, a fixed
monthly connection charge of $1f10], and a monthly demand charge of $35/kW. If it is assumed

that three EVs charge at the station per day, and eadn&ges at 50 kW for 20 minutes (using

17 kWh of energy), then three scenarios are possible: one, two, or three EVs are charging at one
time. These scenarios correspond to the monthly demand charges of $1750, $3500, and $5250,

respectively.

An ESS can help reduce the monthly cost incurred due to demand charges. A battery energy
storage system (BESS) can be installed such that all the energy required for charging three EVs
simultaneously at the station is supplied from the BESS. In this ylartiexample, the BESS
would be characterized as high power density (capable of supplying poweiCGataed and the
efficiency of the BESS (from battery to EV) can be estimated at 90%. Thus, the capacity of the
BESS should be around 56 kWh. If only thri€Vs per day are charged at the station, the BESS
can be charged using a single phase 3.3 kW charger connected to the grid. Thus, the peak power
requirement from the grid to the charging station would be 3.3 kW, resulting in a monthly demand

charge of on} $115.50.

To achieve this monthly savings, the additional cost of the BESS must be considered. The
initial cost of the BESS includes power electronic converters and the battery itself. For a DCFC
station without energy storage, high power AC/DC and DCHoGverters are required (as
discussed irChapter 2 For a DCFC station with energy storage, a low power AC/DC converter
and a high power DC/DC converter will suffice since the AC connection will be rated for lower

power. Thus, the costs of the power &laaic converters between the two DCFC station types can



be considered approximately equivalent, and likely lower for the DCFC station with energy
storage. Thus, in this example, only the additional cost of the battery itself will be considered. If
the batery cost is estimated at $390/kW26], then the initial capital cost for the battery is
$21,840. This gaital cost of the battery will be paid back within 4 to 14 months depending on the
monthly demand charges as shown inurégl-1. After payback, the monthly operating cost for

the charging station will include only the demand charge of $115.50, andafixkdsed energy

costs.
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Figure1-1. Monthly operating cost of a DCFC with different charging scenarios and payback period of the capital
investment on energy storage

1.1.3 Use of Renewable Energy Sources 8edvices to the Grid

EVs have the potential to create a sustainable transportation system with high efficiency and
greatly reduce emissioinhowever, this goal can only be achieved if the electricity used to charge
EVs is generated from renewable soursigsh as solar and wind. A major challenge in achieving
this goal is to match the charging demand with electricity generation from unpredictable and/or
intermittent renewable sources. Howean, ESS can be used as an intermediate energy buffer

from therenewable generation to the somewhat unpredictable EV charging needs.



Referencd26] provides a comprehensive review of the function of ESSs at different stages
within power systems with a high penetration of renewable energy sources. An ESS can help
reduce voltage and frequency instability and help peak shaving by stoengy from largescale
photovoltaic (PV) plantR27]i[29]. One of the worl ddés | argest bat
has been implemented to integrate solar energy into the grid in Hokkaido,[3@pasimilar
projects are atsinitiated for more efficient integration of wind energy. For instance, a 24 MWh
BESS was integrated into a 156.6 MW wind farm in west Texas for storing power durpep&ff
hours [31]. Another similar but larger 32 MWh lithivon BESS was installed in southern
Cdifornia to provided voltage support and frequency regulation near a 4500 MW win¢Bjrm
Different Power to Gas (P2G) projects have been initiated to peotlydrogen with excess
renewable energy. For instance, a 2 MW P2G installation has been established by E.ON, a German
utility company in partnership with Swissgas and Hydrogenics in Falkenhagen, G§B3ay
comprehensive list of other renewable power to hydrogen gas projects in Australia, Canada, China,
Germany, Japan, Netherlands and the U.S. can be fo{B#].iMoreover, various ESSs are being
used to provide peashaving, frequency regulation, and improve the power quality and reliability
of the eledatical grid. For instance, a 24 MWh and a 14 MWh sodautiur BESS from PG&E
were installed in East San Jose and Vacaville, CalifofBE, to improve power qualit and
reliability of the grid. A 5 MWh/20 MW flywheel storage system was installed by Beacon Power

in Hazel Township, Pennsylvania to provide frequency regul{@ion

As discussed previously, adding energy afer to DCFC stations can reduce the initial
investment required (through smaller or no grid reinforcements) and can reduce the operational
costs (through a reduction in monthly demand charges).rd@avorld installation examples

above show that stationagrid energy storage can be beneficial for providing services to the grid



without even considering its use in DCBations the combination of using ESSs to provide grid
services with DCFC operation provides even better financial incentive to invastinperate
DCFC stations. Therefore, the ESS can act as a virtual power plant coupled witbtagelid
electronics interfacef37], playing a significant role as DCFC stations and renewable energy

sources becomwidespread.

1.2. Contributions

This thesidirst provides a comprehensive review of different architectures and related power
electronican a DCFCstationwith three different ESS, namely Battery, Flywheel, and Hydrogen.
Only common DC bus architectures are considered due @CGheature of théoad;therefore, it
results inlower number of conversion stag@is thesis then providescomprehensive analysis
of efficiency, cost, and volume of DCFC stations with these three energy storage systisms
andysis is then used tdentify theenergy starge option andelated DCFGrchitecture with high

efficiency, low cost andhigh energy and power density.

Secondly, this thesianalyzesthe impact ofan active front end converter based DCFC
connected to a low voltageeakgrid with background harmonigs terms of current emissions at
coupled frequenciedt is identified that the background voltage harmonics can propagate through
thephasdocked loop (L) during reference frame transformatidforeover, a recommendation

is alsoprovidedfor the treatment of current emission of coupled frequetheised onhis analysis

Thirdly, this thesisidentifies the semi Duafctive Bridge (semDAB) converter as a
suitable candidate for the isolated DC/DC conventrfacing the energy storage system and the
BEV. Therefore, the reminder of the thesis tries to improve the operational efficiency of this
isolated DC/DC converter with optimal control and with novel rwiltiding arrangementsi

novelcontrol strategy is proposéd reduce the peak and rms currenthi@ system. This ensures
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the converter operatavith high efficiencycomparedo the advanced dughase shift control,
especially when the input voltage is high and output voltage isA®80V, 10 kW prototypehas

been developed to test the proposed cantrol

Finally, the efficiency of the serRDAB converter has further been improved usinvguaable
turnsratio multiwinding structureThe converter can operate withing reasonable voltage gain
requirement&ven wherinput and output voltage vary over a wide range by adjusting the turns
ratio of the converteThe current stress and losses of the proposed converter are compared with

the traditional semDAB and DAB converter.
1.3. Publications Related to Thesifkesearch
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10.1109/ITEC.2019.8790520.
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10.1109/TTE.2020.3015743

[3] M. A. H. Raf i and J. B a tDuoed Active Bridgp DC/DEa |

Converter with Wide Voltage GaininaF&th ar gi ng St ati on with Bat"

IEEE Trans. Transp. Electiitation, Early Access, Apr. 2022.

[4M. A. H. Raf i a-ifficienky VaribleiTuragatio SémiDuad) Active
Bridge Converter fora Fa@ har gi ng St at i on Submitthd toEIBEETr gy
Trans Transp. Electrifiation, July 2022

* 2nd place prize paper award for 2022 in the IEEE Transactions on Transportation
Electrification.

1.4. Other Publications

[1] M. A. H. Rafi, R. Rennie, J. Larsemd J. Bauman, "Investigation of Fast Charging and
Battery Swapping Options for Electric Haul Trucks in Underground Mirg820 IEEE
Transportation Electrification Conference & Expo (ITE@D20, pp. 1081087
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1.5. Thesis Outline

This thesis igrganized ito seven chapter€hapter lhas introducel the background and
motivation ofhavingDC fast charging@CFC) stations with energy storage systeifihe main
motivations are to reduce demand charge incurred during fast charging, minimize the required grid
reinforcement to connect fast charging stations into the gridnamanize the use of variable and
intermittent renewable energy sources such as wind aad sol

Chapter days outdifferent possible architectuisand related power electronics convester
in DCFC stations with three different energy storage systems, ndmagéry, flywheel, and
hydrogenalong with a hybrid energysystem ofbattery andflywheel The common DC bus
archite¢ures are mainly considered due to the DC nature of the load.

Chapter 3 performs a comprehensive analysth@DCFC station architecturggesented
in Chapter 2in terms ofefficiency, volume, and codor different fast charging ratirsg grid
connectios, and charging event distributiongt is identified that thebattery energy storage
systems BESS with active front end converter provides high efficiemayh reasonable power
densityin a DCFC stationlt is also realized that the isolated DC/DC converter interfacing BESS
andEV determines the overall efficiency of a DCFC station with low grid connection.

The impact of background voltage harmonicairactive front end based DCFC statisn
discussed irChapter 4.It is identified that the background voltage harmonics can propagate
through the phase locked loop (PLL) during reference fraraesformation. Moreover, a
recommendation is also provided for the treatment of current emission of coupled frequencies
based on this analysis

Chapter 5 identifiethesemidual active bridge (serlDAB) convertelas a suitable candidate

interfacingBESSand EV.First, a novel contrdaw is developed to improve the efficiency of this
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converterin Chapter 5This ensures the converter opesatéth high efficiency compared to the
advanced dugbhase shift control, especially when the input voltage is high and output voltage is

low. A 550 V, 10 kW prototype has been developed to test the proposed control.

Afterwards, tle overall efficiency of tis converter idurtherimproved with the help of a
novel mutiwinding structure and control in Chapter ®he converter can operate within
reasonable voltage gain requirements even when input and output voltage vary over a wide range
by adjusting the tumaratio of the converter. The current stress and losses of the proposed converter
are compared with the traditional seBAB and DAB converterFinally, theChapter 7 provides

the summary and possible futwerk.
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Chapter 2

Overview ofArchitectures and
Related Power Electronics
Converters
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Thischapteffirst discusses the most prominent energy storage technologies for use in DCFC
stations found in the literature: batteries, flywheels, and hydréyem though ther technologies
havealso been investigateth the literature such as superconducting magnetiergy storage
(SMES)[38], [39], the high cost and low energy density of current SMES technology makes it
infeasible for neaterm mplementationAfterwards different possible architectures DCFC
stations with these three ES&hd related power electronics convertgssd in these architectures

have been discussed.

2.1 Different Storage Options

Electrochemical batteries have high efficiency, high energy density, and rapidly reducing
costs. Lithiumion technology is a top contender in these af4@k and thus will be considered
in thisthesis A typical BESS is shown in Fige 2-1, including numerous battery packs, a battery
management system (BMS), and a thermal management system. Libmiloased BESSs offer
high efficiency in the range of 94% to 9§44d], depending on series and parallel cell connections
and cell type. The calendar life often ranges fromal05 yearg42], but high cycling rates can
lower actual lifetimepresenting replacement cost concerns. However, the use of déeded
batteries can reduce the initial investment required but adds new challenges for integration. The
power and energy density for different types of cells and arrangements are siabte#il, for

Samsung SDI battery systeds].

BESSs are currently used in numerous grid storage and D@E@nhsapplications. EVgo,
the largest fast charging network in the U.S., has BESSs at 11 of its DCFC stations across the U.S.
[44. Vol kswagends Electrify America has announc
DCFC stationg45]. In addition, Tesl has introduced Supercharger V3 stations with PV and

BESSg[46]. In terms of published researdB] and[47] find that a BESS helps reduce the grid

14



impact of EV charging. Referendd8] presents a codienefit analysis of DCFC stations
connected to the LV grid with BESS compared to MV grid connection, and finds that the short
cycle life of batteries is a barrier to achieving higher-testefit due to theeplacement cost of

the batteries. However, the results show that BESSs provide better financial return compared to

direct MV grid connection when the number of charging events is from 10 to 325 per day.

Table2-1: Energy and Power Density of Different Battery Types [43]
High Energy, Medium Energy & Low Energy, High

Low Power Power Power
Module Rack Module Rack Module Rack
Energy Density
(KWh/n¥) 230 150 210 130 160 100
Power Density
(KW/m?) 120 80 210 130 480 300
Maximum 05C 1.0C 3.0C

Discharge Rate

Module Pack

Cell

‘\lllilltillil

T _»Rack

<+ Management

Management

Figure2-1. A general overview of the components in a BESS
Flywheels generally have higher power density and lower energy density than batteries, and
consist of a spinning rotor, electric motor, bearings, a power electronics interface, and a vacuum
housing[49], as shown in Figre 2-2. The stored energy in the rotating rotor is proportional to the

rotor 6 s mo meamndthesduare of therrdtatirg speedas shown ind.1). Since the
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motor runs on AC power, power electronics are integrated into the flywheel system toegéreera
specific AC voltages needed to control the flywheel motor to store or release energy. If the
flywheel is powered from DC voltage, then only a DC/AC converter is required within the flywheel
system[50]. If the flywheel is powered from grid AC voltage, then an AC/DC aridC/AC
converter are required withithhe flywheel systenj51]. Mechanical bearings contribute to high
spinning losses, but the alternative lovass magnetic bearingS2] are generally too costly to

be commercially feasible.
1
== 1w 2.1
> (2.1)

The main advantages of FESSs dghttycle lifetimes and high power density. In general,
flywheels can complete between 175,000 to 200,000 cycles over a 20 year lif¢s3pan
Moreover, FESSs require less maintenance over their lifetime compared to [BESBswever,
the energy density of FESSs is less than that of BESSs, and the hidisd®dirge rate must be
considered. Amber Kinetics has developed a flywheel system with energy storagditgagfabi
more than four hours with minimal selfscharge loss€g®0]. However, this technology suffers
from low power output capability and would require multiple units to supply the necessary high
power of a DCFC station. Tab®2 shows the energy and power density of three commercial

flywheels.

Although FESSbhased DCFC stations have not yet been implemented in the real world,
FESSs are used for grid storage applications due to their high power dens[4]amdtlines a
comprehensive list of FESSs for frequency regulation, voltage support, and renewable energy
integration. In[55], the use of FESS in DCFC stations is found to give a higher payback than

BESSs, andb6] presents a contrallgorithm for FESSs in a DCFC station. Furthermore, hybrid
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ESSs can be advantageous because the high power density of FESSs can be paired with high
energy density storage such as batteries. For exafbf@leproposes a hybrid flywhedlattery

system to compensate the power fluctuation of large scale wind farfB8],la hybrid systen is
controlled in an islanded microgrid so that the FESS provides support during transients and the
BESS sustains lontgrm load changes. Thus, thisesisanalyzes both a FESS and a hybrid

flywheelbattery ESS.

Table2-2: Commercial Flywheel Technologies [50], [51]
Amber Beacon Power Beacon Power

Manufacturer Kinetics  (Model 400)  (Model 450 XP)
Maximum Power (kW) 8 100 360
Energy (kWh) 32 25 36
Size (n¥) 1.65 1.36 1.36
EnergyDensity(kWh/nf)  19.40 18.36 26.47
Power Density (KW/r$) 4.85 75.53 264.71

Thermal
©N - Management
; System

+

Pump System

. Vacuum Chamber 4 Hub

1

2.Rim 5. Shaft

3. Magnetic Lift 6. Generator/
System Motor

Figure2-2. A general overview of a Beacon Power flywheel system [51]

Hydrogen storage has the advantage of high ertEgsity and the possibility of dual use in
fueling hydrogen powered vehicles as well as EVs. The energy density of compressed hydrogen
gas at 700 bar is ~1300 kWh{{B9] and the energy density of current 700 bar storage tank systems
is ~800 kwh/m [60]. Using an electrolyzer, electricity from the grid is converted to hydrogen,

compressed, stored in a highessure gas tank, and then converted back to electricity when needed
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by fuel cells, as shown in Rige 2-3. Electrolyzers can have 85% efficiency at full I§&dl] and
fuel cell peak efficiency ranges from about&@Wo [62], [63], thus, the roundrip efficiency is

lower than thaof batteries.

Though there are numerous hydrogen storage projects operating worldwide for storing
excess renewable enerf3], [34], hydrogen storage has not yet been used in DCFC stations.
However, there is a project on the combined operation of DCFCGagidrogen refuelling station
by the Institute of Transportation Studies at University of California, D@ Furthermore,

[65] and[66] propose the use of hydrogen storage for the dual purpose of filling fuel cell vehicles

and providing grid services, suchdamand response.
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Figure2-3. Overview of the components in a hydrogen storage system wihehydrogen and electricity
generation

2.2 DCEFC Station Architectures with ESSs

Two main architectures, ABus and D@bus stations are discussed in the literature for fast
charging stations. In A®us stations, the secondary side of a-MW distribution transformer is
used as the common AC bi&7], [68] that the EV charge connect to. For instance, the
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commercially available DCFCs from Charge Point and ABB operate with AC input voltage of
400480 V[69], [70] and for a multiport station using these chargers, each charger will connect to
the common AC bus. Power electronic converters, which providdication, power factor
correction (PFC), isolation, and voltage control, connect the main AC bus to the DC EV ports, and
to energy storage systems and/or renewable energy sources, if used. -blus AfChitecture
requires multiple power conversions to ceanto DC loads and sources, and has more complex
control[71]. In DC-bus stations, the\Echargers are all connected to a common DC bus, meaning
only isolated DC/DC converters are required between the DC bus and the EV port. Thus, the DC
bus architecture generally has lower cost, smaller size, and better dynamic performance compared
to the ACbus architecturg72]. Therefore, thisthesisfocuses on the D®us architecture.
However, it should be noted that designing protection systems for high voltabadxystems is

a challenge because DC current has no natural zero cr¢s3]n§i74] and the reliability of DE

bus architectures relies on the central rectification J#Rje

The selection of the nominal DC bus voltage will depend mainly on two factors: the expected
EV battery voltage and the maximum charging power (since higher powers will require higher
voltages to keep current levels reasonable)thHermore, when energy storage is to be connected
directly to the bus, the voltage range of the storage system must be designed or chosen to match
the desired bus voltage. For 400 V EVs (in which the battery voltage may range from about 250
V to 450 V), he DC bus voltage will generally be less than 100[Y%, and[76] discusses a
commerciallyavailable DC/DC converter for 800 V electric buses with input voltage (i.e., DC bus

voltage) up to 1200 V.

The following subsections review the most promising architectures for each considered

energy storage system type, and a detailed discussion of the power electronic converters that can
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be used in these architectures is provideberatter part of this @pter Onecommon requirement
across all architectures is that each EV should be galvanically isolated from the DC bus so that
there are no safety concerns with ground current flowing between multiple EVs plugged into the
same DCFC statiofi’5], [77]. Thus, all architectures include a high power isolated DC/DC

converter between the DC bus and the EV.

2.2.1 Architectures with Battery ESSs

A battery ESS DCFC architecture with common-B@& musprovide AGDC rectification,
power factor correction, voltage control, and isolation between the battery and t[¥8grichis
isolation is recommended to prevent any ground faults from flowingeicdke of a degraded or
compromised battery casiig9], [80]. This requirement for isolation between the grid and the
storage battery is an additional constraint that is not present fBCBations without energy
storage, where isolation is only required between the grid and the EWeRgt shows three
methods for achieving isolation between the grid and the storage batteryute Rig(a), a
dedicated lowfrequency transformer isised, along with a standard diode rectifier and PFC
DC/DC converter. This architecture has the advantage of simplicity, as fewer power electronic
converters are required compared to the other methods of achieving isolation. However, a large
low-frequency tansformer can add cost and volume to the systerard-igr4(b) instead uses a
high-frequency transformer in an isolated DC/DC converter, which will reduce system volume. In
both of these architectures, the battery is directly connected to the DC bumngnibés bus
voltage will vary as the battery statécharge (SOC) changes and as the battery terminal voltage
fluctuates with charging and discharging events. Thus, the PFC DC/DC converterenZ#fa)
and the isolated DC/DC converter in &ig. 24(b) must be designed to allow the output voltage

swing to vary fully with the battery terminal voltage swing. Furthermore, this direct battery
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connection to the DC bus means the isolated DC/DC converter which connects to the EV must
have a wide inpt voltage range and a wide output voltage range (corresponding to the battery

voltage swing in the EV as its SOC rises). The BESS voltage can vary widely depending on the
battery cell and module design, for example with ranges 009480V [43] and 486756 V[81].

This constraint complicates the design of the EV DC/DC converter since soft switching is hard to

achieve over a wide range of input and output volf@gg [83].

Figure 24(c) shows an alternative where the DC bus voltage is fixed due to the use of an
isolated DC/DC converter between the DC bus and the BES3S fiXed bus voltage simplifies
the design and control of the other DC/DC converters in the system. However, in smaller DCFC
stations that have a lepower connection to the grid (e.g., 10&0kW), the isolated DC/DC
converter connected to the battery B&&ild need to be sized large enough to provide the high
EV charging power (e.g., 150 kW). This would result in a larger and more costly isolated DC/DC
converter compared to that required in the lop@wver path in Figre 2-4(b). Each isolation
strategy s advantages and disadvantages, and the strategy showuaran Z#(b) will be used

in the discussion of other architecture options.
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Figure2-4. DCFC architecture with BESS whes®lation is provided with (a) dedicated low frequency transformer
(varying DC bus voltage), (b) isolated B converter (varying DC bus voltage), and (c) isolated®iC
converter (fixed DC bus voltage).

One option to reduce components is to use an eblBXC/DC converter that can also
perform power factor correction, as shown inufeg2-5(a). Different isolated DC/DC converters
with PFC capability can be found in the literature for various power 1¢84]§[88]. With an
isolated PFC stage, the overall size and cost of thdd&Conversion stage is reduced while
improving the efficiency. In order to provide gees to the grid, a DCFC station with energy
storage must have a bidirectional connection to the grid, as shownuire Rg(b). This active
front end can also provide power factor correction due to active control of the reactive power flow
using pulse width modulation (PWM) control.
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Figure2-5. DCFCarchitecture with BESS where (a) PFC is provided by an isolatéB©Converter
(unidirectional) and (b) PFC is performed with active switches along with rectification (bidirectional)

2.2.2 Architectures with Flywheel ESSs

Unlike BESSs, commercial FESSs hawe or more power converters integrated into the
system for controlling the flywheel motor. Thus, all commercial flywheel systems include a DC
to-high frequency AC converter to control the flywheel motor. For aifipot flywheel system,
this is the only paver converter included in the module, and this flywheel systemects to a DC
bus which can range in voltage from about 550 V to 7880y, For an ACinput flywheel system,
an additional AC/DC converter (active front end) is included to allow bidirectional power flow
between the flywheel and the AC gftd]. The type of input connection of a commercial flywheel
system will determine where in the architecture the FESS should be connected.
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As per IEEE 1547 standaf@9], galvanic isolation should also be provided between the
FESS and the grid. Similar to the BESS, this isolation can be provided by a dedieated lo
frequency transformer or an isolated DC/DC converter with-frigdjuency transformer. Rige
2-6(a) shows a DCFC architecture for an #{ut FESS, where, due to the gfiequency AC
input requirement, it is preferable to connect the flywheel beferectttification stage rather than
at the common DC bus. A lefrequency transformer is preferred for isolation in-lgut FESS
based stations to reduce the power electronic conversion stages. A diode rectifier and PFC DC/DC
converter (or active front endye used to create the DC bus for EV connection.

DC-input FESSbased DCFC stations are shown inukeg. 2-6(b) and2-6(c). Figure 2-6(b)
shows the use of a lefwequency transformer for isolation, and tig 2-6(c) shows the use of an
isolatedDC/DC converter. For a smaller DCFC station with a lep@wer grid connection, the
DC-input FESS is advantageous because there are lesgdvigin converters required in the path
between the flywheel and the EV: two converters are in this path imesi@-6(b) and2-6(c),
while five converters are in this path in Big 2-6(a). Similar to the BESS case, an active front
end must be used in the Bbnnected FESS architectures if the energy storage is also planned to

provide services to the grid.

2.2.3 Architedures with Hydrogen ESSs

In a DCFC station with hydrogen storage, the electrolyzer does not need to be galvanically
isolated from the grid, yet the fuel cell is a generation source, and thus should be isolated from the
grid [89]. It is common practice to use a DC/DC converter at the output of a fuel cell because fuel
cells have widely varying output voltages dependent on load and fuel cells behave like a current
source with low voltage and high curr¢®®]. Thus, the architectures considered in thésisuse

a DC/DC converter at the fuel cell output.
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Figure2-6. DCFC architecture with (a) Aput FESS, (b) D@nput FESS with dedicated LF transformer, and (c)
DC-input FESS with isolated DOC converter.
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Figure 2-7(a) shows a hydrogen storage DCFC architecture with a dedicatdrelprency
transformer at the AC grid connection. In this case, aisalated DC/DC converter can be used
at the fuel cell output, which will be lowenst and higheefficiency than an mlated DC/DC
converter of the same power rating. Since the fuel cell to EV path is the highestpathvéar a
DCFC station, it is advantageous to minimize the number of isolated DC/DC converters in this
path to reduce the number of higbwer transformer required. Figre 2-7(b) shows another
architecture option which also allows a rienlated DC/DC converter to be used after the fuel
cell. An isolated DC/DC converter is instead used in the grid interface, if dréowency
transformer is not used. IRigure 2-7(c), the grid connection is simplified, requiring only a
rectifier and a PFC DC/DC converter, yet an isolated DC/DC converter is used at the fuel cell
output. This architecture may be advantageous when the grid connection is higher power and th
hydrogen storage system is used to provide smaller boosts of power during EV charging. In all
these architectures, a n@olated DEDC converter is used at the electrolyzer terminal to control
the hydrogen productiof@l]. The active front end options of kige 2-7 are required for
bidirectional power flow if it is desired to use the stored hydrogen energy to provide services to
the grid. The D&busvoltage can be controlled using the fuel cell DC/DC converter; for example,

[92] allows any output voltage between 375V and 750 V.
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Figure2-7. DCFC with hydrogen storage with @ite hydrogen and electricity generation with (a) dedicated LF
transformer, (b) isolated DOC converter at the grid side, and (c) isolatedDC at the fuel cell termial.

2.2.4 Architectures for FlywhedBattery Hybrid ESSs

Similar tothe DCFC architectures with BESS and FESS, there must be isolation between
the grid and energy storage components in a flywhattery hybrid ESS. Fige 2-8(a) shows a
hybrid architecture with a D@ put flywheel, where the DC bus is allowed to varyhvihe battery
voltage. Isolation is provided by an isolated DC/DC converter at the gridrsidee 2-8(b) shows
an alternative where a DC/DC converter connected to the battery provides a fixed DC bus voltage,
increasing losses into and out of the bigttbut reducing the complexity of the DC/DC converter
designs due to the fixed bus voltage. A low frequency transformer can also be used for grid
isolation, though this increases system volume.
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Figure2-8. DCFC architectures for hybrid flywhebattery ESS with (a) varying and (b) fixed DC bus voltage.

2.3 Power Electronics Convertersn DCFC Stations with Energy Storage

There are three main differences to be considered in the design of power electronic
converters for DCFC stations with energy storage compared to converters designed for DCFC
stations without energy storage. Firstly, for a small DCFC station with only rotveoovehicle
charging ports, the AC/DC conversion stage (between the grid and the common DC bus) can be
of a lower power rating since the high power charging comes from the ESS. Thusphagge
topologies can be considered for the lowest AC grid p@meenections, and the size and cost of

the AC/DC conversion stage can be reduced. Secondly, due to the potential economic payback of
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utilizing a DCFC ESS for providing grid services, bidirectional AC/DC conversion stages may be
merited. Thirdly, the isolateDC/DC converter between the common DC bus and the EV port may
have a widely varying input and output voltage range, if a BESS is connected directly to the DC
bus, as in the architectures shown inures 2-4(a) and2-4(c). With a focus on these issudss
sectiondiscusses promising power electronic converter options for the AC/DC conversion stage,

and isolated DC/DC converter options.

2.3.1 AC/DC Conversion Stage

The AC/DC conversion stage is composed of all convertengeleatthe AC grid and the DC
common bus. If the ESS is not isolated from the DC common bus, the AC/DC conversion stage
must provide galvanic isolation, either with a dedicated low frequency transformer or with a high
frequency transformer in an isolated DT/ converter. It must also provide AC/DC rectification,
power factor correction to improve power quality at the AC mains and reduce losses, and a DC
bus voltage level which is suitable for the ESS and EV connections. Optionally, the AC/DC
conversion stagean provide bidirectional power flow capability to allow the energy storage to

provide grid services.

For unidirectional power flow and relatively low grid connection power ratings, a simple
option is the singlphase fullbridge diode rectifier followedyba boost, buck, or budkoost
DC/DC converter for improved power fact®3]. For a 240 V grid voltage, a boost converter
would most commonly be used after the diode rectifier, as shown umeF39(a), in order to
create a common® bus with high enough voltage to connteca 300 V to 400 V or higher ESS.

If the ESS operates at a lower voltage, a sh3gti#ch buckboost converter, as shown in &ig
2-9(b), could be used. The butkost topology could also be based on the SEPIC converter, or

another tweswitch topology[93].
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Figure2-9. Singlephase diode bridgectifier with (a) boost and (b) buddoost PFC

Even though the diode rectifier with boost or bidost PFC is capable of high power
guality and power factor, these converters are susceptible to low efficiency due to high conduction
losses in the diode ioige. To improve the efficiency of the AC/DC conversion stage, bridgeless
topologies can be considered. The basic bridgeless boost topology suffers from large common
mode noise compared to the traditional bridge topo[8dY, [95]. The most practical ldgeless
boost PFC converters are dimalost bridgeless PFC and baokback bridgeless PFC as shown in
Figures 2-10(a) and2-10(b), respectively. Sofswitching of these converters while operating in
discontinuous conduction mode can further reduce lo3$estoterpole bridgeless PFC is also
emerging as an excellent choice for low power if wide bgayaldevices are used to solve the issue
of severe reverse recovery losses common with the use of silicon MO$8& TEgure.2-10(c)

shows the toterpole bridgeless PFC with gallium nitride (GaN) devices. Different multilevel
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topologies are also available for further reduction of conduction losses or to deal with higher
voltages. One such thréevel boost PFC is presented[@b]. The bridgeless topologies of buck
boost converter are still idevelopment since the techniques applicable to bridgeless boost
topologies are more difficult to apply in bridgeless bbokst converter@7].

Among the active fronénd boost topologies for reverse power flow capabitis/jn the
DCFC architecture in Fige 2-5(b), the full-bridge topology as shown in kigg 2-11(a) is a
common choice due to its simplicity and high power capability. In addition, differentldgee
topologies with additional capacitor or inductor asoavailable to reduce the output DC voltage

ripple [93]. The topology with a third leg and an additional inductor is shown ur&ig-11(b).
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Figure2-11. Singlephase bidirectionatonverter with (a) four and (b) six active switches

Similarly, for a higher power threghase grid connection, boost and bbdost DC/DC
converters can be used after a thpbase diode rectifier. Fige 2-12(a) shows a threphase
diode rectifier with aboost PFC, where the line inductance is used as the boost inductor, and
Figure 2-12(b) shows a threphase diode rectifier with a butdoost PFC. The main advantage

of the Vienna rectifier, shown in Rige 2-12(c), is the thredevel characteristics due split DG
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bus, and the switches, therefore, only need to block half of the peak value of matoditiee
voltage[98]. However, the Vienna rectifier suffers from the issue of voltage balancing of three
level convertersand the reactive power controllability depends on the output voltage due to
limited modulation vectof75], [98]. Bridgeless topologies are not common for tkpbase

systemg in most cases, three singdase bridgeless topologies are paralleled if req(@gd
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Figure2-12. Threephase rectifiers with (a) boost and (b) bdmost PFC and (c) Vienna rectifier as a modification
of boost topology
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Threephaseactive frontend converters are used for higbwer grid connections that
require bidirectional power flow between the grid and the ESS so that the ESS can also be used to
provide services to the grid such as frequency control, voltage support, and wealRph One
of the most common bidirectional AC/DC converter tagoés is the twdevel voltage source
converter (2EVSC), as shown in Fige 2-13(a). This 2I1-VSC is a sixswitch boost topology and
insulatedgate bipolar transistors (IGBTs) are commonly used for these higher power levels. Since
this powerconverter is based on active switches, almost pure sinusoidal current can be generated
at the grid terminal along with the required power factor.

For medium voltage (MV) grid connections, the thi@esl Neutral Point Clamped (3L
NPC) converter, shown inigure 2-13(b), is bidirectional and can solve the limited power
capability of the 2LVSC as it can handle input voltages of-8.8 kV[99]. The connetion of two
diodes in each phase leg results in tHeste| voltage waveforms, unlike the LSC, which have
lower total harmonic distortion (THD). The presence of a neutral point needs attention and
balancing is required for proper operation. Moreovdsipalar DC busoperation is proposed in
[100]. This will help reduce the conversion efforts of DC/DC converters as the input DC voltage
will be reduced to half compared to unipol@C bus operation. However, this bipolar DC bus
operation is challenging in a fastharging station due to the variable nature of the load; very
complex DC bus voltage balancing is required in such an operation. Furthermore, higher levels
such as fivdevel, severdevel topologies are also possible but have not been used a lot
commercially.

The aboveamentioned converters can be used in DCFC architectures to create a common DC
bus where isolation is provided by a dedicated low frequency transformer oatsejgalated

DC/DC converters. Alternatively, previous research has investigated various PFC topologies
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which can also provide isolation, which can be used in the architectureuré FRd¢b(a). Even
though these topologies are mainly used in industr@bmdrive systems, these converters can
also be used as freenhd converters in DCFC stations. For instafi84] presents a single phase
isolated bridgeless Cuk converteaised PFC rectifier for DC motor drive, as shown iruFage-
14(a). Also, [87] presents a threghase isolated Culkasel PFC rectifier which uses three single
phase isolated Cuk converters, as shown iureig2-14(b). These converters are capable of
unidirectional power flow. On the other haf®lf] describes a threghase matrixtype Dual Active
Bridge (DAB) buckboost isolated PFC rectifier which can be used for bidineatipower flow

applications, as shown in kige 2-14(c).
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Figure2-13. Threephase bidirectional (a)}Revel and (b) 3.evel NPC topology
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2.3.2 Isolated DC/DC Converter Topologies

Isolation inDC/DC converters is provided with high frequency transformers. A detailed
review of various isolated DC/DC converters is present¢tbij Isolated DC/DC converters can
be used in the AC/DC conversion stage of a DCFC station if isolation is not prdwdad
dedicated low frequency transformer, as shown inufgig2-4(b). This converter can be
unidirectional or bidirectional if the ESS will be required to provide grid services. A high power
bidirectional converter is required for connection with the battery ESS in the architecture shown
in Figure 2-4(c). For the high power isolated DC/DC converter connecting from the DC bus to the
EV battery, a unidirectional converter will generally sigfigvhile much research has investigated
the possibility of EV batteries providing services to the grid (VE®L], [102] this scenario
works best for idle vehiclesat can be plugged in to charge/discharge for longer periods of the
day (e.g., while parked at home or at work). Since DCFC stations are inherently used by drivers
who need dast charge to continue their driving plans, V2G grid services are not idagbete
onrthe-go vehicles. This assumption simplifies the design of the high power isolated DC/DC
converter that connects to the EV by allowing it to be unidirectional. However, the design and
control can be complicated by the fact that the input volta@el(is in Figire 2-5(a)) and output
voltage (EV batteryoltage) can vary widely, depending on the particular SOC of the storage and
EV batteries. Thus, these converters should have wide input and output voltage ranges. The two
prominent converter topologg for this application are discussed below.

One suitable converter is the unidirectional pkstaéted zero voltage transition febridge
converter{103], as shown inFigure 2-15(a). Due to the capability of zero voltage tam, this
converter can be operated at high power and high switching frequency resulting in high power

density. Even though zesmltage switching can be guaranteed around rated power, this capability
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is lost with light load in this converter topology. However, sitiee aim of a DCFC station is to

top up the EV battery as quickly as possible, it is expected that the converter will operate at rated
power most of the time, and thus this converter topology has proven to be a good candidate for
DCFC applications. For & potential bidirectional isolated DC/DC converter in the AC/DC
conversion stage, the related DAB phakéted converter is suitable, as shown inurgy2-15(b).
Different phaseshift control methods such as single phase shift, dual phase shift, éaghiage

shift are possible with DAB converters, whereas only the single phase shift method is applicable
for the former unidirectional topology. Moreover, Rhatidge topologies of these converters are
also available which are sometimes preferred ovdrbfidige ones for lowempower grid

connections due to lower size, weight, and £0338].
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Figure2-15. Full-bridge phasehifted ZVS converter (a) unidirectional and (b)diiectional.
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Another popular isolated topology for a DCFC station is thebiudige LLC (FBLLC) resonant

converter{75], [103] because zero voltage switching (ZVS) is achievable over a wide load range.
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The unidirectional version of the HB.C converter is shown in Figure-I6(a). A FBLLC
converter achieves voltage regulation ljtage division with frequency dependent impedance,
which provides a variable voltage gain. Therefore, the switching frequency varies for the purpose
of line and load regulation, which makes the design of passive components complicated.
Therefore, the gaiourves should be as narrow as possible, i.e., high gain variation within a small
frequency range to have a wide output voltage range. The variation in the gain curve at different
operating points makes the design, operation, and optimization of theEBomplex. However,

if the converter operates close to resonant frequency, very high efficiency is achievable due to
ZVS operation. The LLC converter has some advantages over other ZVS topologies in terms of
shortcircuit protection, good voltage regulatianlight loads, ZVS over a wide load range, ZCS

for power diodes, and only a capacitor filter rather than the conventional LGX0ur [106].

A bidirectional LLC converter is shown in kige 2-16(b) and can be used within the AC/DC
conversion stage, or for connecting to the ESS in the architecture shownune Rig(c).
However, the gain curve of such an LLC converter reduces to a simpleresgeant converter
(SRC) during bidirectional operation, i.e., regeneration nib@g]. Since the efficiencof an SRC
reduces significantly as the operating switching frequency moves away from the series resonance,
the efficient operation of the LLC converter in regenerative mode is limited. Even though some
literature has proposed symmetrical operation of LddDverters, these converters lose their
symmetry as the input and output voltage vary. For bidirectional operation, a modified LLC
converter with an additional capacitor at the secondary side of the high frequency transformer is
proposed, known as the CCLconvertef{110], [111] Moreover, a hatbridge topology of the

LLC converter is also possibJ&03].
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Chapter 3

Analysisof DCFC Stations
with ESSs
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3.1 DCFC Layouts and Parameters

In this chapterbattery, flywheel, hydrogen, and hybrid flywhdxdttery storagsystemsare
analysedn terms of overall system efficiency, volume, and cost for three different EV charging
rates: 50 kw, 100 kW, and 150 kW in three different DCFC statiamasios. The first charging
station scenario is a small one with only one vehicle charging event assumed per day. This type of
charging station could be found along highways in remote areas and in this study, it relies on a
singlephase 15 kW grid connectioThe second charging station scenario has two charging ports
and is assumed to charge five vehicles per day. Moreover, two of the vehicles are assumed to
charge simultaneously during the peak charging hour of 5pm. This charging station is connected
to the grid via a threphase 50 kW connection. The third charging station scenario is a large one
with five charging outlets similar to the average charging outlets in an Electrify America DCFC
station[109]. Various studies have predicted there could be betwegtblland 25[110] daily
charging events for this larger station typéus, this analysis assumes the large station has 20
daily charging events, with up to five vehicles charging simultaneously. This large charging station
has a grid connection of 150 kWigure 3-1 shows the assumed EV charging power demands for
each gtion in this analysis, where the demands in the medium and large stations are estimated
from the probability distributions ifil11], [112] Figure 3-1 shows that higher EV charging rates
cause a smaller overlap in charging events as each EV is charged more quickly. Based on these

assumptions, the three DCFC stations are modelled in MATLAB/Simulink.

In the MATLAB/Simulink model, the EVs are modelled as Tesla Model S EVs with 85 kWh
batteries. The battery specifications are shown in TatilelBis assumed that the EVs arrive at
the DCFC station when the battery SOC is 20% and that they get charged70po. For

simplicity, the EVs are charged with constant power, and the charging current is calculated using
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(3.1) where) gandw are the charging power and battery terminal voltage, respectively.
Using the charging current, the battery SOC is calculated using (3.2) Whiire is the battery
initial SOC and is battery capacity in Ah. The SOC changes oBWebattery at different

charging powers are shown in Figure2.3

Table3-1: Specification of Tesla Model S Battery

Parameter Value
Battery Nominal Energy 85 kWh
Battery Nominal Voltage 375V
Battery Capacity 226.67 Ah
Battery Charging Resistanc 1.2 mY
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Figure3-1. Charging power demand along the day in the (a) small charging station, (b) medium charging station,
and (c)large charging station
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Table 3-2 shows the estimated efficiency and power density of the required electrical
components used in the DCFC station models. Most power converters use a single average
efficiency since they will often run at a single operating point. However, since the lglestiand

44



the battery operate at varying operating points, the associated power converters efficiencies are
modeled as shown in Rige. 33 [113]. Due to the lack of available data, the power density of the

diode bridge rectifier, a Vienna rectifier tinis case, is estimated at 2450 k\&/m

Table3-2: Specifications of Electrical Components

Component Average Power Density
P Efficiency (%) (KW/m?)

Transformef114] 98% 242
Diode Bridge (Vienna) Rectifigi15] 98% 2450
Active AC/DC Convertef116] 98% 2450
Norrisolated DC/DC Convertd13] 98% 9000
Isolated DC/DC Convertdi17] 95% 1330

98

96

Efficiency (%)
o
E

=l
o

— Non-isolated DC/DC converter
| —Isolated DC/DC converter
0 20 40 60 80 100
Percentage of Maximum Power (%)
Figure3-3. Efficiency of electrolyzeconnected noiisolated DC/DC converter [113] and estimated efficiency of
batteryconnected isolated DC/DC converter
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3.2 Analysis of Efficiency, Cost, and Volume
3.2.1 DCFC with BESS

The Simulink model for the DCFC station with BESS is based on the architecture in Figure
2-5(b). The block diagram of the Simulink model is shown in Figu#. Bhe storage battery is
modelled based on the AKASOL 15 AKM 46 NANO NMC battg§], as shown imable3-3.

The charging and discharging resistance of the storage system are based on the data gathered from
the company. The battery is allowed to rgfeaup to 95% SOC and discharge down to 20% SOC

to protect the health of the battery by limiting the depth of discharge (DOD). The cycle lifetime is
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estimated at 7000 cycles at 80% D(Hd1], and the calendar life is estimated at 12 y§&?$

Moreover, the battery never exceeds its maximurmat€ during charging or discharging.

Power mto
il 1/Epcc BESS
EV C harging o L
Power Demand Epce : Efficiency of the D(;‘D(
converter at the charger side
~ " EacEpc Exc: Efficiency of the AC/DC

converter at the grid side

Epc : Efficiency of the DC/DC

Grid Connection converter at the grid side

Figure3-4. Block diagram of the Simulink model for the DCFC with BESS

Table3-3: Specification of Stationary BESS [81]

Parameter Value
Module Nominal Energy 30.6 kWh
Module Nominal Voltage 666 V

Module Capacity 46 Ah
C-rate 2.5
Energy Density 122.18 kWh/m

The minimum BESS energy requiremenfiogsndby adjusting the battery size in small steps
for each daily EV charging scenario in &ig 3-1, such that the SOC limits andr@te limits are
not exceeded. BESS energy is increased by increasing the number of battery modules from Table
3-3in parallel, where noimteger numbers of parallel modules are accepted so that the minimum
energy requiremercan be found regardless of the selected battery module size in3fablde
BESS simulation results are shownTiable 3-4. The system volume is found by summing the
volumes of the battery and the power electronic converters calculated from battggydaresity
(Table3-3) and converter power densiti€Bable 3-2). In addition to the energy requirement and
system volume, average daily efficiereyd the number of equivalent full cycles (EFC) per day
is also calculated for use in the cost analysis. The EFC is calcula®&8)awliere battery capacity

is adjusted to 80% because the available battery lifetime data is for 80%ch¢dEs. The
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efficiency resultsare calculated considering efficiencies of all associated peleetronics and
battery internal losses. Thesultsshow that the BESS has higfficiency, as expected, and that

the system efficiency decreases as the charging rate incressés lighed?R battery internal

losses.
EFC = TotaIEnergyThroughpL (3.3)
BatteryCapacity 0.8
Table3-4: Summaryof BESSSimulation Results
DCFC Grid Connection EV BESS System System
Station (kW) Charging Requirement  Efficiency (%) Volume (n¥) EFC/day
Size Rate (kW) (kWh)
50 42.22 87.36 0.40 0.94
Small 15 100 52.63 86.37 0.52 0.93
150 57.83 85.45 0.60 0.92
50 141.98 87.97 1.25 151
15 100 163.10 87.49 1.50 1.55
Medium 150 177.48 87.08 1.70 1.53
50 63.95 87.99 0.66 1.24
50 100 94.25 87.26 0.98 1.94
150 108.02 86.59 1.17 2.07
50 111.38 92.51 1.27 1.79
Large 150 100 186.97 87.44 2.08 2.25
150 260.10 87.29 2.87 2.59

3.2.2 DCFC with FESS

For the FESS, the architecture from diig 2-6(c) is used as it has an active front end for
bidirectional power flow. The block diagram of the Simulink model is shown ur&ig-5. The
flywheel model is based on the Beacon Power flywheel system rated for 100 kW and 25 kWh from
Table2-2. The effciency of flywheel system with integrated power electronics is @& The
seltdischarge (spinning loss) with respect to speed for one flywheel module is presentedan Fig
3-6, as per communication with Beacon Power. The SOC of the flywheel is calculated3u§ing (

whereO is the flywheel maximum usable energy capacity &nd is the power into

the flywheel.The flywheel operates between 16,0ptr(¥ may) and 8,000 rpmmin); therefore,
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flywheel speed at a certain SOC can be found u&iri). (The flywheel system operates from 0%

SOC to 100% SOC, where 0% SOC corresponds to 8,000 rpm.

1 e
SOG e = SOG;, +—Ec 3600, 1 Bunea € (3.4)
apacity

tstart

VVfIywheeI = \/SOC 3( Vamax - ﬁlélin) %Mn (35)

i
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Figure3-5. Block diagram of the Simulink model for the DCFC with FESS
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Figure3-6. Selfdischargdspinning losses) of the FESS with respect to rotational speed

The minimum FESS energy capadgyfound suchhatit satisfieseach EV charging profile

in Figure 3-1. FESS modules are connected in parallel to model higher energy capaaities.

48



3-5 shows the flywheel simulation results. The FESS system volume is calculated by summing the
flywheel volume (using energy density frofrable 2-2) and the associated coniesr power
densities fronTable3-2. The high spinning losses make the FESS unsuitable for the small DCFC
station due to low efficiency: the flywheel is waiting charged most of the day for the EV charging
event to begin. For the medium station, two cordgtategies are considered: (I) same as for the
small station, the FESS is kept at high SOC to be ready for any EV charge everst &1, and

(1N the flywheel is controlled to a lower SOC during less busy times of the day, and only charged
to high SOCduring the predicted busy charging times of the dayufei-8). Since spinning

losses increase at higher speeds, and speeds are higher at higher SOC, Control Strategy Il increases
system efficiency by a few percentage points compared to Control $ttatédso, for either

control strategy, system efficiency is highest at lower EV charge rates because most EV charging
power can come directly from the grid with less cycling of the FESS. Furthermore, the simulation
results also show that the FES®agsuitable for the medium station with 15 kW grid connection

(due to high spinning losses) and is not suitable alone for the large station as the energy storage
requirement indicates an infeasible number of flywheel modules. Thus, the hybrid fhjvalttesy

investigation will focus on the large DCFC station.
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Figure3-7. FESS SOC and spinning losses for Control Strategy | with EV charging rate of 50 kW
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Table3-5: Summary of ESSSimulation Results

DCFC Grid Control EV Charging FESS Energy FESS Power System System
Station Connectior Strategy Rate (KW) Requirement Requirement Efficiency Volume EFC/day
Size (kW) (kWh) (kW) (%) (md)
50 42.00 53.07 14.78% 241 1.25
Small 15 | 100 47.50 112.87 13.98% 2.75 1.25
150 50.25 172.01 13.87% 2.95 1.25
50 63.75 80.57 33.40% 3.71 2.00
I 100 85.00 202.65 28.51% 4.97 2.54
Medium 50 150 94.50 321.89 27.33% 5.58 2.64
50 63.75 80.57 38.52% 3.71 2.00
I 100 85.00 202.65 30.78% 4.97 2.54
150 94.50 321.89 28.51% 5.58 2.64

3.2.3 DCFC with Hydrogen Storage

The architecture in Fige 2-7(c) is considered in this analysis, as it has an active front end
and a low number of conversion stages. The block diagram of the Simulink model is shown in
Figure 3-9. The fuel cell system ismodeled with the efficiency curve in kige 3-10 [63] and
power density of 162 kW/A{92]. An alkaline electrolyzer is assumed, with 94%.5%, and 85%
efficiency at 25%, 50%, and 100% load, respectiy&ly. The electrolyzer hydrogen production
rate is estimated at 0.022 kg/kbur per kW electridgpower[61], where H is produced at 35 bar.

The electrolyzer volume is estimated at 0.018kW electrical power{61]. The compressor
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volume and power use is modeled from Burkhardt Compression MDPLE8] with 25% added

to both metrics to estimate a 700 bar system. Thus, ddeled compressor can process 3.4 kg of
Hz/hour at 700 bar with an estimated volume of 53while consuming 15 kW from a secondary
grid connection, which is included in the efficiency calculation. Therefore, the volume of the
required compressor to prasehydrogen produced by the electrolyzer per kW grid connection at

100% load is 0.036 InThe 700 bar hydrogen tank density is 800 kWA{60].
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Figure3-9. Block diagram of the Simulink model for the DCFC with hydrogen storage
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Figure3-10. Fuel cell system efficiency at different loading condition [63]
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The fuel cell is sized based on the maximum ESS power requirement, which is the difference
between the maximum EV charging power and the grid connection power level. Then, the
electrolyzer and compressor sizes are chosen to use the full grid connecterne@ept for the
150 kW grid connection casehere a 75 kW power rating is found to suffice for the considered
EV charging scenarios. Then, the minimum size of the hydrogen storage tank is found by the
simulationsuchthat it can supply the required egg. Thefuel cell, electrolyzer, compressor, and
hydrogen tank volumes are then found using the densities in the preceding paragraph and summed
with the power electronic converter volumes to obtain the system volume.3Falsigmmarizes
the simulation rsults. Similar to the FESS case, the medium DCFC with hydrogen storage cannot
supply the required energy with a 15 kW grid connection due to low efficiency. At lower EV
charging rates, the system efficiency is notably higher because less energy musessedrm
the electrolyzefuel cell path, and more of the EV energy can come straight from the grid. Also,
it was found that for the large station, the volume and @astbeoptimized by using a smaller
electrolyzer and compressor than the full 150 k\&ilable from the grid in this case a 75 kW
electrolyzer was sufficient to keep the hydrogen tank adequately filled for the daily charging
profile. Furthermore, based on the fuel cell efficiency curve, it is clear that fuel cell efficiency
could be incresed by up to 10% if a larger fuel cell was used, so that it could run at much less
than maximum power. However, this would have negative cost implications as the fuel cell would

be oversized for the expected load.

3.2.4 DCFC with Hybrid Storage

The architecture in Figre 2-8(a) is considered in this analysis, with active front end and
isolated DC/DC converter at the grid side. The block diagram of the Simulink model is shown in

Figure 3-11. The batteryflywheel hybrid system is only simulated fdretlarge DCFC with an
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EV charging rate of 150 kW, because the most demanding charging scenario would likely benefit
the most from a hybrid ESS. Although many sizing and control strategies are possible, this analysis
develops a strategy to minimize batteygling, and thus aging, as this is a key benefit that can be
exploited when combining a battery and flywheel, due to the flywheel high power capability and
high cycle capability. Since battery calendar life is estimated at 12 years, the control goal is to
extend battery cycle life to lyears,so it does not need to be replaced prematurely due to high
cycling.

Table3-6: Summaryof Hydrogen ESSSimulation Results
Maximum
Hydrogen System  System

DCFC  Grid EV Charging Hydrogen Storage  Fuel Cell

Station Connectior Rate I;eqwrelszrét () '\ R Po'wer t Production Rat¢ Efficiency Volume
Size (kW) (kw)  (Equivalent Energy Requirement |\ "m0 oo oo (0p) (m?)
(kWh)) (kw) (kg/hour)
50 0.086 (69 kwh) 37.93 0.33 39.49 1.19
Small 15 100 0.106 (85 kwh) 90.56 0.33 35.52 1.58
150 0.116 (93 kWh) 143.19 0.33 34.38 1.95
50 0.126 (101 kwh) 56.26 1.10 63.50 3.34
Medium 50 100 0.190 (152 kwh) 161.53 1.10 45.24 4.13
150 0.216 (173 kWh) 266.79 1.10 41.05 4.88
50 0.256 (205 kwh) 116.16 1.65 73.46 5.38
Large 150 100 0.625 (500 kwh) 379.32 1.65 54.00 7.56
150 0.900 (720 kWh) 642.47 1.65 47.84 9.65
Power into
e Hybrid Power into BESS
Ol VEpee System
(L Controller
- Lo Ery L
EV Charg[]]g Pin Power into
Power Demand FESS
i Bactng Self-discharge Power
Grid Connection Epw - 1/Eps when P, < 0

Eryy - Ers when Py, > 0

Figure3-11. Block diagram of the Simulink model for the DCR@h hybrid storage system

It is calculated that the battery can last for 12 years if its EFC is limited to 1.6 cycles/day.
To achieve this goal, a control strategy is developed such that the BESS supplies 55% of the storage

power demand when thisdemasdi | ess t han the BESSG6s maxi mum

53



allows the FESS to deliver almost half of the required power when the power demand is low. When
the FESS depletes to its minimum SOC, the BESS supplies all the power. When the power demand
is greaer than 2.5 C, the BESS supplies power at 2.25 C rate and the FESS provides the rest until

it is depleted.

Choosing the sizes of components in a hybrid system has a complicated interrelation with
the selected control strategy. In this case, the Bi&&Ss selected to be the same as that from the
BESSonly case (260.1 kWh), so that the flywheel can be used to reduce battery cycling (with a
calculated FESS size requirement of 57.5 kWh). It should be noted that other control and sizing
strategies weravestigated, but when the battery is made smaller, the flywheel system must be
larger, and total volume and efficiency were generally worse than the selected case described here.
For the selected case, system efficiency over one day is 64.7% and thewsiae is found to
be 6.12 m. Figure 3-12 shows the power and SOC profiles of the battery and flywheel for the

proposed control strategy.
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Figure3-12. Power delivered by BESS and daily charging disdharging cycle of BESS and FESS
3.2.5 Comparison oESSs in DCFC
The simulations provide important results on ESS sizing, efficiency, volume, and EFC.

However, to complete the analysis, cost must also be considered. Costs have been estimated from
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a variety @ sources, as shown ifable3-7, and include initial equipment costs and installation.
The cost is estimated for a-g@ar time frame. The ESS component lifetimes are considered as

notedin Table3-7 based on the simulated EFC in each DCFC scenario.

Table3-7: ESSCost Estimates (Capitahd Installation)

Component Cost
Component Details (USD) Source Notes
Isolated DC/DC Based on whole charger cost, assume 40% it
EV Charger converter (EV ~ $345/kW [119] removed for front end. Small station has 1 port
port) medium has 2, large has 5.
Calendar life 12 years. Attainable lifetime in eac
Battery packs  $390/kWh [25] scenario calculated based on EFC-YR=ar cost
multiplied by 20.
Battery Includes power converters, etc
Balance of plant  $615/kW [25] P
Installation $150/kWh [25]
Flywheel module Discussion: Range i$65071 1,600 $/kW. This analysis assume
$1125/kW . “the middle value. Lifetime is assumed 100,000 cy
(by power) with

Beacon with 80% DOD. Power electronics included.
Flywheel Flywheel module $4500/kWh  Power Based on modeling a 100 kW/25 kWh flywheel
(by energy) [May 19 module.
, . 0% 2010 : .
nstallation  $28LKW  2020] Range 1S 20%30% of equipment cost. This analy
Lifetime 10 years. Includes AC/DC converter an

Electrolyzer $700/kW [120] installation cost.
Hydrogen Compressor $275/kW [64] Lifetime 15 years. $/kW grid connection.
Tank $15/kWh [60] Lifetime 20 years
Fuel cell $260/kW [64] Lifetime 10 years. Includes DC/DC converter.

The results are shown in kige 3-13for each station size. FESSs are not suitable for small
and medium DCFC stations due to high cost. The main advantage of FESS is high power
capability, and for the scenarios considered here, more energy is needed such that the FESS power
is not utilized o its fullest. Thus, FESSs would be best considered only for DCFC stations that
will be needing high power capability and high life cycles to provide services to the grid, which
will improve theeconomic payback compared to the DGE&@ly scenarios consided here. The
hybrid FESS could be feasible for a large station that is also providing grid services. Hydrogen
storage has higher volume and lower efficiency than BESS in all three metrics considered,
however, the cost is only slightly higher than thathef BESS. Thus, hydrogen storage would be
best considered only for DCFC stations that must also provide hydrogen for refuelling fuel cell
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vehicleg121], such as passenger vehicles or hehity transportation that requires highlomard
energy storage for long distance truckingowever, the cost premium compared to batteries is
small. The high efficiency of the battery options will translate into lower operating costs due to
less wastedlectricity. Though the battery packs may have to be replaced one or two times during
the 20 year lifespan of the station depending on the EFC, the battery costs (which include pack
replacement costs) are still lowest among the ESS options. Thus, asSGéesBRe most promising

ESS type for stations that provide only DCFC, the next section will perform a detailed technical

analysis of BESS architectures.
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Figure3-13. OverallESS type comparison with efficiency overlaid for (a) small station with 15 kW grid connection,
(b) medium station with 50 kW grid connection, (c) large station with 150 kW grid connection

3.3 Comparison of DCFC Archit ectures with BESSs

This sectiorcompares the technical details of different BESS architectures for a large DCFC
station with the load profiles in Rige 3-1(c), with a focus on efficiency and system volume. The
five topologies considered in kiges. 2-4 and2-5 are simulated using th@wer electronic average
efficiencies inTable3-2 for four DCFC large station scenarios: 50 kW EV charging rate with 100
kW and 150 kW grid connections, and 150 kW EV charging rate with 100 kW and 150 kW grid
connections. The BESS energy requirement ahahve are calculated using the same procedure
as inthe previous sectiofmhe architectures in Rige 2-5(a) and2-5(b) yield the same efficiency
and volume results, so they are listed as one architecture going forward. For the isolated DC/DC
converter athe battery terminals, the efficiency curve indig 3-3 is used sinceéhe power rate

through this converter fluctuates over the day.

Figure 3-14 shows the 50 kW EV charging rate results for both 100 kW (circle markers)
and 150 kW (triangle markers) gridnnections. The green markers represent the architecture in
Figure 2-4(a), which uses a transformer for isolation between the grid and theybaties yields
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high efficiency but also high volume due to the bulky 60 Hz transformer. However, the architecture
in Figure 2-4(c), which places an isolated DC/DC converter between the battery and the high
voltage bus, has the highest efficiency whergtiet connection power level is high (i.e., 150 kW).

This is because during vehicle charging, power for about three vehicles can come directly from
the grid in this scenario, meaning most charging power over the day comes straight from the grid
and does niocycle through the battery. Thus, the high efficiency path from the grid to the EV in
the Figure 2-4(c) architecture is weluited to this DCFC scenario. However, when more use of
the energy storage is required, such as if the grid connection is reddd#nk W, the architecture

in Figure 2-4(c) has worse efficiency because the path in and out of the battery has lower
efficiency compared to all other architectures. For both grid connection levels, trstatyeo

architectures in Figres 2-5(a) andFigures. 25(b) offer high efficiency and low volume, due to a

decreased number of converters.
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Figure3-14. Efficiency vs. volume for the BESS architectures for 50 kW EV charging at large station

Figure 3-15showssimilar results for the 150 kW EV charging rate at a large DCFC station.

Again, the transformer option (green) gives the highest efficiency but also high volume.
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Interestingly, the architecture in kige 2-4(c) has the lowest efficiency ftmoth grid connection

levels because for the higher EV charging rate, much more energy must be cycled in and out of
the battery, generating losses in the isolated DC/DC converter connected to the battery during each
charge and discharge event. Thus, forlth@ kW EV charging rate, it is most important to have a
high-efficiency path from the storage battery to the EV, since this is the path most charging energy
follows. Again, the architectures in kiges 2-5(a) and2-5(b) offer a good balance of efficiency

and volume for all considered cases. For all four DCFC scenarios, the volume of the BESS
increases as the grid connection level decreases, since more energy storage is required to meet the

EV charging needs.
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Figure3-15. Efficiency vs. volume for the BESS architectures for 150 kW EV charging at large station

Figure 3-16shows the battery energy requirements for each scenario and architecture. While
the average kWh requirement changesrtldaetween the four DCFC scenarios, there are also
differences between the architectures for a given scenario, which relate to the efficiencies
simulated for each architecture. For example, for 150 kW EV charging and 100 kW grid
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connection, Figre 2-4(c) requires an 11.6% larger battery than the architecture urd-i2+5(a)

because of its lower efficiency in this scenario. Thus, the volume of the system is also partially

related to the efficiency of the system.
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Figure3-16. Battery energy requirement for BESS architectures at large DCFC station

3.4 Summary

This chapter hagrovided a comprehensive analysisefficiency, volume, and cost for a

small, medium, and

large DCFC statidio do such, DCFC stationgith ESSsare modelled in

MATLAB/Simulink. The results show that flywheels would be best considered if high power grid

services will be also provided by the energy storage, and hydrogen storage would be best

considered only if refeling of fuel cell vehicles is also required. Otherwise, batteries generally

exhibit the lowest

cost, lowest volume, and highest efficiency. A comparison of battery

architectures shows that the optimal architecture is highly dependent on the grid corpeaegr

and the EV chargingower.However, it should be noted that the results presented in this chapter

aregreatly dependent on tlselected componenéd the assumptiomsadein this study
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Chapter 4

Active Front End Converter
Based DCFC
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4.1 Background

The increasing connections of power electronic converters to the grid for photovoltaics, wind
generation, and electric vehicle (EV) fa$targing stations are posing new power quality
challenges. One such power quality problem is the distodiahe drawn or injected current
waveform from or to the grifiLl22], which is mainly caused by the rectifier/inverter cir¢u3].

DCFC stationsuse active front end rectifiers (bidirectional A converters)as in the
architecture shown in FHige 2-5(b) since it is advantageous f@CFCs to provide ancillary
services to the grid such as frequemegulation and reactive power suppdr24] along with
having inherent power factor correction capabhilioltage source converters (VSC) are a
common choice for the active front endd&FC station$125]. The current drawn frorthe grid

in a VSGbased active front end gets distorted mainly in two ways: due to modulation techniques

and distorted background voltage.

Various modulation techniques are available in the literature such as sinusoidal pulse width
modulation (SPWM) andpace vector pulse width modulation (SVPWM). Each modulation
technique produces different current emissions depending on switching frequency, modulation
index, blanking time, and switching sequen§&®6]. One potential solution is to use more
complex VSC topologie$l27], e.g., multilevel converters, which use the above mentioned
modulation techniques to reduce the current distortion with increasing numbers of levels.
However, the increasing complexity of these converters with many levels makes théhealon
for some aplications. For converters with fewer levels (e.g., three or four), further filtering is
required. High order passive filters (e.g. LCL) are usually adopted to attenuate the harmonic
current emission resulting from the switching in a standardiewel VSCand for low levels of

multi-level converter$128].
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The background voltage harmonics, however, result in current harmonics depending on the
frequency dependent input impedance of the converter system. Moreover, additiemdlftows
at the frequencies different from the background voltage harmonic orders. These additional current
harmonics originate from the cross coupling of positive and negative sequence harmonic
components due to the perturbation in tracked phase aitgle Phase Locked Loop (PLL) in a
polluted grid[129]. For instance, '8 order (negative sequence) background voltage harmonic
produces an additional"7order current harmonic (positive sequence) and vice versa. These
hamonics are low order harmonics as the PLL is designed to track the system frequency, i.e., the
low bandwidth of PLL system results in attenuation of high order frequency components. Even
though LCL filters do help reduce the current emission from backgreoltage harmonics by
increasing the equivalent input impedance of the converter system, these high order filters become
susceptible to the distorted background voltage due to resofibB@fp Therefore, standard
industry practice is to design VSC systems with background voltage harmonic rejection capability,
usually with the help of VSC controllers, e.qcreased inner current control loop gaindgri
voltage feedforward, and selective harmonic compensator (HC) with a proportional resonant (PR)
regulator[128]. These methods are effective in decreasing the current flow at the frequencies of
the distorted background voltag However, these background voltage harmonic rejection
techniques are not capable of decreasing the current emission at the coupled frezjgeity (

order current harmonic when the grid voltage is polluted with dhlyrBer harmonic).

This chapterexplains why the standard industry practices used to reduce current emission
originating from background voltage harmonics is not only ineffective in reducing the emission at
the coupled frequency, but also responsible for increasing the emission in cedas, for

instance, with increasing current loop gain, or implementing a HC with PR. To do such, a two
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level VSC active front end is modelleghich helpgxplain the propagation of background voltage
harmonics in the VSC system along with harmonimglation techniques used in industry and
their impact on current emission. Finallyimulation resultsare presentedwhich verify the

theoretical explanations, and offers practical solutions.

4.2 Modeling of an AFE

A VSC based AFE is comprised of four diffatélocks: Phase Locked Loop (PLL), outer
control loop, inner current control loop and Pulse Width Modulation (PWM) unit. A-XBE
with simplified DC bus is presented in Eig 4-1 where the converter is connected to the AC grid
via an LCL filter at thepoint of common coupling (PCC). Moreover, a tlggel VSC as shown

in Figure 4-2 is consideredbr this analysis
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The PLL is used for grid synchronization by tracking the voltage phase angle at the point of
common coupling (POC). A PLL block diagram is shown inuFég 4-3, where] is the
fundamental angular frequency ardis the phase angle. A PLL is usually implemented in
synchronous reference frame, il@.ft frame, and the -@xis voltage componer® is regulated
to zero with a Pl controller( (  O). This makes the-dxis of thesynchronous reference frame
aligned with the complex voltage space vector at the POC, i.e., the complex voltage space vector

becomes a constant DC quantity in the synchronous reference frame.

poc e, E,
0
| _ +
Jﬂ% Clarke Park Hp, (S) N g
| transformation é " transformation E P!
| q
1

Figure4-3. Phase Locked Loop block diagram

The current flow into a VSC system from the grid is controlled by producing the appropriate
voltage at the converter terminal. Therefore, the converter system frameHg2 can be
represeted as asinglephaseequivalent circuit as in Fige 4-4 looking from the POC into the
converter. This representation of a VSC system is valid for balancedptisse operation and
constant DC bus voltage. Equatiegnl() can be wr i t tvdtage lavsconsideringi r ¢ h h
the currentdirection being from the grid to the converter (i.e., rectification). The inner current
control loop isdesigned based on this equation to produce converter terminal vdtdyés a
common practice to design the current control loop in synchronous referenceq()erame
[131]. However, the inner current control loop is designed in stationary (ii&), frame with

ProportionaResonant (PR) controllefsr this analysisThis is due to the fact that the performance
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of PI controllers used in synchronous refeeeframe have some limitations such as instability
due to feedforward voltage, multiple frame transformation stages, etc., as expldit#®].imhe
transfer function of an ideal PR controller is givendi2) where the first term is the proportional
gain,and the second term is a generalized integrator (Gl). Gl integrates a sinusoidal input without
introducing any phaseelay[131] as shown in Figre 4-5. Proportionabain, K, is responsible
for determining the dynamics of the system in terms of bandwidth, phase and gain[&22}in
On the other hand, the Gl term provides an infinite gain at the resonance fréqudrigy infinite
gain can instigate instability in the power system. Furthermore, the frggoktie power system

is not constant, but fluctuates within a certain limit, and the PR controllér2hi¢ sensitive to
such frequency changes. To avoid such instability and sensitivity issue, the PR contrdl®r in (
can be used inste4ti32]. The PRcontrdler in (4.3) has finite but high enough gain at&and the
bandwidth can be adjusted by selecting a proper value & reduce the sensitivity of the grid
frequency change. In practige, is selected between 5 to 15 rafli83]. The magnitude bode
plots of @.2) and 4.3) are shown in Figre 4-6 ford0  p p TMA @ Finally, an inner

current controloop in stationary frame is shown in Eig 4-7 where T is the reference current
signal,PRcontroller is based o@@),"0 i is a lowpass filter or constant gain, arid is the

voltage reference signal to the PWM unit.
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Figure4-4. Singlephase equivalent circuit of the convert system from POC
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On the other hand, the current reference signals are provided by the outer control loop. A
typical outer control loop is shown in Fkige 4-8, where the DC bus voltage and reactive power
are controlled. Since thewtrolled quantities are DC values, PI controllers can be used to control
them. Furthermore, the outgudf these controllers provide the current referenadgireference

frame,e.g.,'Oand’®. These reference DC signals are then transformed into sinusoidal signals (i.e.,

T ) using InversePark transformation.

Voc |a
V * - *
dc
PI d_ L,
+ controller | 2 b
InversePark
Transformation »
* dgo-U b
Q % I (doo-U B)
q
—» > /3
3

Figure4-8. Outer control loop to produce reference current signals

4.3 Background Voltage Harmonics

This section explains the propagation of background voltage harmonics in the VSC system
designed in the previous sectidrhe origin of the sequence coupling is also derived uiag
concept ofcomplex space vector to provigelditional insight over the derivation usirtige
converter input impedance matrix presentgd #9],[134]. Furthermore, three background voltage
harmonic mitigation methods mentioned previously are also discussed in more detail. Finally, the

impact of these mitigation techniques on current emiss examined.

4.3.1 Propagation of Background Voltage Harmonics

Once there exists background voltage harmonisthe voltage at the POC] contains

components at other frequencies along with fundamental component, these voltage harmonics will
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resut in current harmonics depending on the impedance seen from POC into the converter. For
instance, the current flown at harmonic order h iruFég4-4 can be found usingt@) when the
background and converter terminal voltagels"starmonic order ar€l” ando , respectively.

e

= o th 4.4
"R+ jhyL (4.4)

Furthermore, voltage harmonics at the POC also propagate through the PLL, and result in
current harmonics. It is not obvious how background voltage harmonics praduest emission
through the PLL looking at the VSC control system. However, this can be explained by looking at
the PLL block presented in kige 4-3. A PLL is usually implemented in the synchronous
reference frame. The measured thpbase voltagefy at the point of connection (POC) is
transformed into two DC quantitie®, andO, using Park transformatioand gaxis voltage is
regulated to track the phase andl@4]. Now, when the background voltage is distorted with high
frequency components, it will show up@ and hence in the detected phase arglEor instance,
if YT is the high frequency component iragis voltage, then the detected phase angien be
found using 4.5)-(4.7) [134]whereO s the steadystate POC voltage aligned witkegtis;] is
the fundamental angular frequency, 8d i andO i are the PI controller and closed loop

transfer functionrespectively.

g= w + C (4.5)
Dg=H ; (s)Dey (4.6)
H,(9)
H,(9)= 1+E1+(S) (4.7)
s
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It is clear from 4.5) - (4.6) that high frequency components appear indistected phase
angle in a polluted grid depending on the bandwidh (i ) of the PLL system. This is further
explained assuming the background voltage ha8 erder harmonic componert. Since, 8
order harmonic is considered as negative segg, it can be written a4.8) and 4.9) in stationary
and synchronous reference frames respectively iegethe amplitude. Therefor¥ andY—

in this particular case, would be as4ilQ) and 4.11), respectively.

&=Eé6 (4.8)

e = E6 ™ =E 089 B11)  jsir{ 6 (4.9)
De, =- E, sin(6wt) =j%(ej6“"tt - glo) (4.10)
DG = jH (5= Joug) =5 @14 - & 19¥) (4.11)

This detected phase angle with high frequency components is used for various reference
frame transformations within the VSC control systerg, the transformation of current reference
values from synchronous frame to stationary frame in outer control loop uneHg8. If the
current is drawn with unity power factoi.g, 0° 1), then the transformation can be
mathematicallyrepresented a%t(12). Furthermore,4(12) can be rewritten ag.L3) using small
signal approximation a¥—is usually small. Finally, putting the expressiorYeffrom (4.11) in
(4.13), @.14) is the current reference signals when the voltage at tkzi®@istorted with 8
order harmonic. Equatiom{(4) shows the cross coupling of sequences, there exist both
positive (7" order) and negative {Sorder) sequence harmonics even though the background

voltage is distorted with only negative seqeemarmonic. Once these current reference signals
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with high frequency components are used in the inner current control loop, voltages at those

frequencies are generated at the converter terminal and hence, the current emission.

Ls=1ell et Eol 0o (4.12)

Lo=le™@ 4 @ 18" jigY (4.13)
FE T 177 ; |;E5 j 7wt 5j5

|ab—|dejm -lel (S TGVVl)T(eJ e e l‘!) (414)

4.3.2 Background Voltage Harmonics Mitigation Techniques

From (44), it is evident that if the current controller can generate the same harmonic voltage
(magnitude and phase) as thdtage at the POC at the converter terminal, ée. (T, there
will be no current flowing at th&™ harmonicorder. This is the main philosophy behind all the
methods using VSC control system for background voltage harmonic elimination and is achieved
by having appropriate gain or phase margin of the current controller at the frequency of interest.
Thus, the cuent controller is better equipped to track higher frequency current components and
to generate voltages at those frequencies at the converter terminal. Various methods are adopted
in the literature to increase current control loop gain at high frequer@res such way is to
increase proportional gaim, of the PR controller. Another way is to provide grid voltage
feedforward, .0 i isnonzero[135]. The third way is to add gain at the frequencies of interest
with additional Gls, which are connected in parallel with PR controller to provide resonance at
those frequencies. This technique is known as PR with harmonic compensators (HC). The
modified current control loop with HC at"sand 7" harmonic is shown in Fige 4-9. The
effectiveness of these methods can be identified by looking at the frequency response of the small

signal model of the current control loop. The frequency responses of current control loap®f Fig
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4-7 are plotted in Figre 4-10 with differenty . It should be noted th& i is zero in this case,
i.e.,no feedforward is provided. As the proportional gain increases, so does the open loop gain of
the current controller. For instance, the open loop gain with pis zero at frequencies othe

than fundamental one, whereas this gain is about 10 dBiwith 0. The frequency responses of

the current controller with feedforward are plotted inufgg4-11. The open loop gain, in this case,
increases linearly with frequency when a voltéepdfowardis provided. Figre 4-12 shows the
frequency response of the current control loop ofifgg4-9 with 'O i tando p. This

method provides high open loop gain at selected harmonic ortlensd3" in this particular case,

hence the name selective harmonic compensator.
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Figure4-9. Modified inner current contrdébop with HC
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As the current controller gain increases at high frequencies, it can generate more of the line
current harmonics at the converter terminal voltage. For instance, in the case oilnadkgltage
with 5" order harmonics) ando will increase at the converter terminal since the line current
has components at botH &nd " order harmonics as explained previously. Although this would
reduce the current flow at"®rder harmoniccurrent emission at™order harmonic increases as

6 goes up since the background voltage does not contairi"aong&r harmonici.e., I Tt

251 sl

20

N
a
T

L

Magnitude (dB)
=

o U

10’ 102 10°
Frequency (Hz)
Figure4-12. Open loop frequency responsecafrent controller with harmonic compensator
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4.4 Simulation Results

In this section, simulation results confirm the presence of sequence coupling in reference
current signals, and demonstrate the impact of increasing current controller gain, using grid voltage
feedforward, and using selective harmonic compensation on current emission in-lza$sC
active front inanEV DCFC stationThe twelevel VSC based active front end describedarier
section(Section 4.1)s modelledin PSCAD/EMTDG and the system parameters are provided in
Table4-1. All the simulations are performed when the AC grid is balanced and distorted with 5%
of 5" harmonics.

Table4-1: VSGAFE System Parameters

Parameter Value
Grid voltageat PCC 400V
Grid frequency 50 Hz
Output power of the rectifier system 1 MW
Power factor 1.0
Grid side inductor 16 uH
Converter side inductor 200 pH
Filter capacitor 400 pF

Figure 4-13 shows thecoupling of sequences in the reference current signal once
transformed from synchronous frame to stationary frame. This validates the analytical derivation
of coupling presented imt(14) with background voltage distorted with &rder harmonic. The
impad of industry practices to eliminate emissions from background voltage harmonics on
coupled frequency are presented inureg. 4-14 - 4-16. Figure 4-14 demonstrates the impact of
increasing current loop gain. Although the &der harmonic (i.e., thedguency component in
the background voltage) gets reduced in the line current, ®¥herder harmonic (coupled
frequency) increases with increasing current loop gainur&ig-15 shows that current emission
decreases at the frequenhg grid being distded with as grid voltage feddrward Gr) is added

to the controller. However, the coupled frequency component is not affected in this case. A similar
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result is observed with only™harmonic compensator added with the PR controller as shown in
Figure 4-16. Nevertheless, if additional"harnonic compensator is added with PR controller,

emission at the coupled frequency increases
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Figure4-14. Change in current emission with increasing proportional gain of the PR controller

S .fo: 0

al e, 05
.Gﬁ: 1.0

3l DGH: 15

NS}
T

Line Current
(% of Fundamental)

S

1 7

. 5
Harmonic Order (n)
Figure4-15. Variation in current emission with grid voltage fefedward

75



Figure4-16. Impact of selective harmonic compensation on current emission

Figure4-17. Detected angular frequency of the system with and without DSOGI

Figure4-18. Harmonic contents in current reference signals with and without DSOGI

These results do confirm that the usual mitigation techniques of background voltage
harmonics cannot reduce the emission at coupled frequency. Moreover, the emission worsens in

cases where the gain of current control loop is increased at coupled frequéheeepossible
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