ABSTRACT

MAHADEVA IYER, VISHNU. An Approach Towards Extreme Fast Charging Station
Architecture for Electric Vehicles with Partial Power Processing. (Under the direction of
Subhashish Bhattacharya.)

Transport sector accounts for about 23% of the global energy-related CO, emissions
with an annual emissions growth rate of 2.5% between 2010 and 2015. Transportation
electrification is expected to play a major role in decarbonizing of the transport sector.
Superior performance, lower operating cost, reduced greenhouse gas emissions, improve-
ment in the battery technology and driving range, along with the reduction in vehicle
cost have led to a significant increase in the adoption rate of Battery Electric Vehicles
(BEVs) and Plug-in Hybrid Electric Vehicles (PHEVs). In 2018 alone, electric vehicles on
road saved almost 36 MtCOs-equivalent compared to an equivalent internal combustion
engine based fleet.

Analysis indicates that the lack of EV charging infrastructure and prolonged charging
time can lead to “charging time trauma”. AC level 1 charging (< 3.7 kW) or AC level 2
charging (> 3.7 kW and < 22 kW) is most frequently used in a residential or workplace
setting. AC level 2 charging is also typically used at both private and public facilities.
For longer commutes, Level 3 charging and DC fast charging (> 22 kW and < 200 kW)
stations are being deployed. However, the charging time of BEV with a DC fast charger is
still significantly higher than the refill time of the equivalent internal combustion engine
vehicle. Therefore, it is envisaged that an eXtreme Fast Charging (XFC) system (> 300
kW) is required to alleviate “charging time trauma” and enable the widespread adoption
of long-range EVs.

This work introduces a novel power delivery scheme for an XFC station. The XFC
station is envisioned as a replacement for a traditional gas station and is capable of
simultaneously charging multiple electric vehicles (EVs). The objective is to charge an EV
with a 300-mile range battery pack in under 15 minutes. Centralized energy storage (ES)
and renewable energy systems can be easily incorporated in the versatile XFC station
architecture to minimize the grid impacts due to multi-megawatt charging.

In the first part of this work, a cascaded multicell AC-DC solid-state transformer (SST)
is proposed for direct interconnection with the medium voltage (MV) grid to achieve
galvanic isolation. The efficiency implications on the multicell SST is evaluated with state
of the art Silicon (Si) and Silicon Carbide (SiC) power modules. It is demonstrated that

SiC power modules can enable simpler designs with less number of cascaded cells without



compromising the system efficiency. A control strategy is devised for the multicell SST.
The stability challenges that can arise within the multicell SST are analyzed and a novel
controls based solution is proposed to stabilize the multicell SST.

In the second part of this work, partial power rated DC-DC converters are proposed to
charge the individual EVs. Partial power processing eliminates redundant power conversion
and improves system efficiency. Further, it enables independent charging control over each
EV while processing only a fraction of the total battery charging power. A phase-shifted
full-bridge (PSFB) converter based partial power charger is proposed. Design and control
considerations for enabling multiple charging points are elucidated. Experimental results
from a down-scaled laboratory test-bed are provided to validate the control aspects,
functionality and effectiveness of the proposed XFC station power delivery scheme. With
a partial power converter that is rated to handle only 27% of the battery power, efficiency
improvement of 0.6% at full-load and 1.6% at 50% load is demonstrated.

The third part of this work discusses battery energy storage system (BESS) integration
with the XFC station. Full rated and partial rated power converter-based BESS interfacing
schemes are discussed. A soft-switched, dual active bridge (DAB) converter-based BESS
interface solution is presented. Downscaled hardware prototypes of partial rated and full
rated DAB converter based BESS interface converter solutions that are rated to transfer
3.3 kW to the BESS are developed and tested in the laboratory. Experimental evidence
suggests that the partial rated BESS interface can improve the system efficiency by up
to 3% while simultaneously reducing the converter rating by about 70% as compared to
that of a full rated converter. The wide variation in BESS voltage makes the design of
the DAB converter based BESS interface non-trivial. A load-profile based optimal design
methodology is proposed for a phase-shift modulated DAB converter based BESS interface.
A hybrid burst modulation scheme is used to enhance the light load performance of the
optimally designed DAB converter. The proposed design approach combined with the
hybrid modulation scheme is shown to be superior to a conventionally designed phase-shift
modulated DAB converter in terms of converter stresses and efficiency. Experimental
results validate the proposed optimal strategies for a 3.3 kW DAB converter hardware
prototype. A worst-case full load efficiency greater than 97.5% and a light load efficiency
greater than 95% is demonstrated at 50 kHz with the proposed optimal design strategy
and light load management scheme.

The last part of this work analyzes the low-frequency stability challenges that exist
in the DC microgrid of the XFC station. A generic DC microgrid is defined and the
converters that belong to such a microgrid are categorized into different groups based

on the control approach used. The small-signal model of the generic DC microgrid is



presented and the conditions for system stability are derived from fundamental principles.
A capacitive energy storage system based active voltage stabilizer, that handles the power
fluctuations within the system, is proposed to stabilize the DC microgrid. The functionality
of the active stabilizer, based on a bidirectional DC-DC converter, is elucidated and a
suitable control strategy is proposed. The proposed active stabilizer and its associated
control system involves only local DC link voltage sensing and is non-intrusive. The
proposed approach is validated through analytical models and circuit simulations. A dual
active bridge (DAB) converter based active stabilizer is implemented and hardware-based
steady-state and transient experimental results from a laboratory test-bench are provided

to validate the functionality and effectiveness of the proposed approach.
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CHAPTER

1

INTRODUCTION

1.1 Background

Superior performance, lower operating cost, reduced greenhouse gas emissions, improve-
ment in the battery technology and driving range, along with the reduction in vehicle cost
have led to a signi cant increase in the adoption rate of Battery Electric Vehicles (BEVS)
and Plug-in Hybrid Electric Vehicles (PHEVS). The data on global electric car stock evo-
lution based on an analysis by the International Energy Agency (IEA) is presented in Fig.
1.1 [1]. Cumulative sales of highway licit BEVs and PHEVs surpassed a major milestone

of 5.1 million units, of which 60% were sold after 2016 [2]. Norway had the highest global
electric car market share of 29% in 2016. Currently, China, Europe, and the United States
remain the global leaders in electri ed transportation. Despite a tremendous increase in
the electric car stock, EVs are still a minor fraction (€2%) of all cars in circulation.

The transport sector accounts for about 23% of the global energy-relat€D, emissions
and it shows an annual emissions growth rate of%46 between 2010 and 2015. The 2015
United Nations Climate Change Conference, COP 21 or CMP 11 held in Paris identi ed
transport as a mitigation priority [3]. The Paris agreement's goal is to combat climate
change by setting a target to limit the global temperature rise this century to well below
2° C (2 Degree Scenario, 2DS) above preindustrial levels and by sustaining continued



Figure 1.1:  Global electric car stock evolution from 2010 to 2016 [1].

e orts to limit the temperature increase to 15° C (1.5 Degree Scenario, 1.5DS) above
preindustrial levels [4]. Fig. 1.2 illustrates the greenhouse gas emissions reductions that
could be compatible with this target by looking at two carbon budgets outlined below [1].

~ 1170 billion tonnesCO, (GtCO,) of cumulative emissions for the 2015-2100 period,
as in the 2 Degree Scenario (2DS).

A

750GtCO, of cumulative emissions for the 2015-2100 period, as in the Beyond 2
Degree Scenario (B2DS).

It is envisioned that the decarbonization of the transport sector will play a critical role in
achieving these targets. The greenhouse gas emissions target for the transport sector to
comply with the 2DS and 1.5DS Paris agreement are compared with the emissions for a
Business As Usual (BAU) scenario in Fig. 1.3 [5]. Policy plans by countries can catalyze
decarbonization of the transport sector by enforcing the adoption of electric mobility. A
total of 16 policy announcements were recorded from January to July 2017 alone. In 2016,
the Netherlands announced its vision to ban vehicles with internal combustion engines
by 2025. France and India followed suit in 2017 and announced their plan to culminate
sales of vehicles with internal combustion engines by 2030 and 2040 respectively. The UK

Figure 1.2: Greenhouse gas emission budgets and emission trajectories for the energy sector

[1].



Figure 1.3:  Greenhouse gas emission targets for the transport sector [5].

announced a ban on fuel-powered vehicles by 2040. Other countries have set bold targets
to considerably improve the overall share of electric vehicles. By 2020, Spain is aiming
for an ambitious target of 2.5 million electric vehicles, Germany and India are targeting
around 1 million, Portugal is targeting 750,000 and South Korea is aiming for 200,000
electric cars. Country targets for 2030 include Finlandas goal of 250,000 and Malaysia's
target of 100,000 electric cars [6].

The Electric Vehicles Initiative (EVI), a multi-government policy forum established
in 2009 under the Clean Energy Ministerial (CEM), is dedicated to accelerating the
deployment of EVs worldwide. The EV30@30 campaign sets a collective aspirational goal
for all EVI members (Canada, China, Finland, France, Germany, India, Japan, Korea,
Mexico, Norway, South Africa, Sweden, United Kingdom, United States, Netherlands and
Portugal) of a 30% market share for electric vehicles (EVs) by 2030 [7].

All major automotive Original Equipment Manufacturers (OEMs) such as Volkswagen
(VW) group (VW, Audi and Porsche), Daimler, BMW, Volvo, Jaguar Land Rover, PSA,
Renault Nissan, Mitsubishi, Toyota, Mazda, Honda, General Motors (GM), and FORD
have announced aggressive short-term and long-term EV targets [1]. In the next couple of
decades, the electric car market will most likely advance from early deployment to mass
market adoption. Examinations of various country targets, OEM assertions, and electric
car deployment scenarios seem to attest to this trend. The global electric car stock is
expected to grow exponentially and range between 9 million and 20 million by 2020 and
between 40 million and 70 million by 2025 [1].



1.2 Towards an Extreme Fast Charging (XFC) In-
frastructure

Analysis indicates that the lack of EV charging infrastructure and prolonged charging time
can lead to \charging time trauma". Disruptive EV charging concepts that can bridge
the gap between EVs and their gasoline-based counterparts can be broadly categorized
into three - battery swapping, wireless charging and traditional conductive extreme fast
charging.

1.2.1 Battery Swapping

Battery swapping was rst proposed to eliminate battery charging times to make EVs
competitive with their gasoline counterparts. The basic idea is to swap the discharged
battery with a healthy one at a battery switching station. However, the lack of standardized
batteries among di erent automakers poses a challenge towards the mass deployment of
this concept. The interest of automakers on battery swapping keeps waxing and waning.
Many companies like "Better Place' and "Tesla Motors' tried to commercialize battery
swapping without achieving much success. The startup Better Place' closed down within
a few years of its inception while Tesla Motors eventually shifted its focus towards the
deployment of "Superchargers'. An emergent Chinese automaker, NIO, has installed 18
battery swap stations along the north-south G4 Expressway in eastern China [8].

1.2.2 Wireless Charging

The concept of wireless charging, as the name suggests, is to wirelessly charge an electric
car by means of inductive or capacitive coupling. A receiver unit is typically embedded
beneath the vehicle and power is transferred wirelessly from a transmitter unit that is
installed on the ground. Instead of traditional EV battery charge-discharge cycles, wireless
charging opens up the possibility to frequently top up the EV battery while it is parked
or is in motion [9]. Static wireless charging can be used to top up an EV battery while
it is parked at home, at work or even at a shopping mall. If wireless power transmitters
can be embedded within the roadway, the EV can be dynamically charged while it is in
motion. Though the technology o ers tremendous potential, several challenges exist in
terms of charging e ciency, misalignment tolerance between transmitter and receiver,
electromagnetic compatibility requirements, human safety, etc. Hyundai has partnered
with Kia, to develop a wireless electric vehicle charging system. In 2019, BMW has started



a pilot program in California to test wireless charging of its BMW 530e plug-in hybrid
sedan [10].

1.2.3 Conductive Extreme Fast Charging

Conductive charging is the traditional way of charging an EV battery. State of the art
electric vehicle supply equipment ratings are speci ed in Table. 1.1. AC level 1 charging
(< 3.7 kW) or AC level 2 charging (> 3.7 kW and< 22 kW) is most frequently used in a
residential or workplace setting. AC level 2 charging is also typically used at both private
and public facilities. For longer commutes, Level 3 charging and DC fast charging>(22
kW and < 200 kW) stations are being deployed. ABBs "Terra' fast charger series enables
continuous charging at 50 kW. ChargePoint's "Express' series of DC fast chargers are
capable of charging an EV up to 62.5 kW. EVGo has deployed over 750 DC fast chargers
capable of delivering 50 kW across the USA. Tesla Motors has deployed a eet of DC
superchargers with charging power up to 150 kW. Leading oil companies are gearing up
towards o ering DC fast charging solutions within their existing gas stations. However,
the charging time of BEV with a DC fast charger is still signi cantly higher than the re ll
time of the equivalent internal combustion engine vehicle. Therefore, it is envisaged that
an Extreme Fast Charging (XFC) system (> 300 kW) is required to alleviate \charging
time trauma" and enable the widespread adoption of long-range EVs. Automakers and
other OEM's are moving towards the deployment of XFC systems that are capable of
delivering more than 300 kW to the EV battery. ChargePoint's "Express Plus' concept
charger is capable of delivering up to 500 kW to a single-vehicle [11]. ABB currently
has the capability to provide 350 kW continuous charging power to the EV battery [12].
Porsche has come up with a 300-mile sports car concept, "Mission E', that supports XFC
with an 800 V battery pack [13]. The current trend is to move towards an 800 V DC
system in passenger vehicles to facilitate XFC. [13], [14].

Table 1.1
Electric Vehicle Supply Equipment Characteristics

Level | Levell | Level 2 | Level 3 | Beyond Level 3

Type | 1 Ac | 1 or3 AC \ 3 AC \ DC
Location | Onboard | Onboard | O board | O board

Power | < 3.7kW | > 3.7kW and < 22 kW | > 22 kW and < 43.5 kW | Currently < 200 kW




1.3 Extreme Fast Charging Station Concepts

XFC system for a 300-mile range vehicle can cost up #100,000 per system. In addition,
it requires special equipment, installation procedures, permits, and costly maintenance
warranties [15]. Therefore, such a system will be typically owned by commercial customers
or EV manufacturers. Several XFC systems can be arranged together to form an XFC
station. This can be envisaged as a futuristic replacement to traditional gas stations.
Multiple EVs can be charged simultaneously in an XFC station. Since an XFC station
constitutes multiple XFC systems, it presents an opportunity for the reduction of capital
investment and operating costs to make it an economically viable solution. Due to the large
power requirement (few megawatts), it is desirable to interface the XFC station to the
Medium-Voltage (MV) grid [16]{[18]. IEC 61851-23:2014 mandates that DC fast-charging
stations require a galvanic isolation between the distribution grid and the EV battery
[19]. The di erent approaches to realizing an XFC station are discussed below

1.3.1 Line Frequency Transformer (LFT) Based Infrastructure

The common power delivery scheme for an XFC station will have a line frequency
transformer that interfaces with the Medium Voltage (MV) grid as shown in Fig. 1.4. The
line frequency transformer o ers galvanic isolation from the grid and steps down the MV
AC to the distribution level.

In one of the popular approaches shown in Fig. 1.4a, the line frequency transformer
output forms a local AC microgrid. Dedicated AC-DC power converter based charging
units are provided to enable multiple XFC units. This architecture is referred to as an
"AC coupled station' in literature [18], [20]. In another approach, a centralized AC-DC
converter is used to rectify the line frequency transformer output to form a local DC
microgrid as shown in Fig. 1.4b. Dedicated DC-DC power converter based charging units
are provided to enable multiple XFC units in such a 'DC coupled station' [18], [20].

1.3.2 Solid State Transformer (SST) Based Infrastructure

The weight, size, volume and large footprint of the line frequency transformer can be serious
concerns, especially in urban areas where the cost of land is high [17]. An alternative
approach is to use direct MV grid interfaced solutions that utilize a high-frequency
solid-state transformer [16]{[18], [21]. Both "AC coupled' and 'DC coupled' XFC station
realizations are possible with this approach.
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Figure 1.4: Line frequency transformer based XFC station infrastructure concept (a) AC
coupled station (b) DC coupled station.

1.3.2.1 Multi-Cell SST Based Infrastructures

The solid-state transformer may be realized using a conventional multi-cell approach
wherein an input series output parallel (ISOP) con guration is typically used [22]. The
input stages are connected in a cascade con guration to enable direct interfacing with the
MV grid while the output stages are paralleled to form either a DC link or an AC link.

In Fig. 1.5, a matrix type solid-state transformer is employed which converts MV AC
to LV AC and o ers galvanic isolation. An indirect matrix converter approach is adopted
wherein a folding stage is used to fold the AC voltage to a recti ed |AC| voltage. This
is then chopped using a secondary stage and fed to a high-frequency isolation transformer.
The chopped waveform is recti ed again to get back the recti ed |AC| voltage. Finally,
an unfolding stage is used to unfold the recti ed |AC| voltage back to a normal AC
voltage to form an AC link. Such an AC-AC SST solution has been patented by GE in



Figure 1.5:  Matrix type AC-AC SST based AC coupled XFC Station.

Figure 1.6: IBE type AC-DC SST based DC coupled XFC station.

2008 [23]. Dedicated AC-DC charging converters are used to enable multiple XFC outlets
in this "AC coupled' architecture.

An isolated back-end (IBE) type SST based XFC realization is shown in Fig. 1.6. The
AC-DC front end stages of the SST are cascaded to directly interface with the MV grid.
The back-end DC-DC converters in the SST o er galvanic isolation and hence this class
of SSTs is referred to as IBE SSTs. A similar AC-DC SST has been deployed by ABB as
a pilot installation for a traction application [24]. Dedicated DC-DC charging converters
are used to generate multiple XFC outlets in this 'DC coupled' architecture.

In Fig. 1.7, an isolated front-end (IFE) type SST based XFC realization is shown.
The cascaded front-end stage features the high-frequency isolation transformer while the
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