
ARCHITECTURE AND CONTROL OF AN

ELECTRIC VEHICLE CHARGING STATION

USING A BIPOLAR DC BUS

By

Sebastián Andre Rivera Iunnissi
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ABSTRACT

D
URING the last decade, Electric Vehicles (EVs) have become a reality,

and several products that offer a cleaner alternative for transportation

have become available on the market. However, despite the numerous ad-

vantages of EVs, drivers are still more inclined to use conventional vehicles

because they do not see them as a real alternative to transportation. The main

reasons for this are the long refueling process using conventional overnight

charging and their limited mileage capacity.

Several options have been explored in order to address this reticent be-

haviour toward EVs. Among these alternatives, the high-power fast charging

process of the battery packs holds the potential to facilitate large-scale adop-

tion of EVs. However, to reduce the charging times and also meet all the chal-
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Abstract

lenges and requirements of this growing application, new high-performance

architectures must be conceived and developed. Framed by this context, the

main goal of this thesis is to contribute the development of fast-charging sta-

tions (FCS) configurations, control schemes and coordination methods to fa-

cilitate its grid integration.

The increased power levels and the amount of energy involved in trans-

portation, make multilevel power converters as the most suitable topologies

for enabling the station. Aiming in this direction, a novel architecture for FCS

is proposed, based on the use of a bipolar dc bus enabled by a central Neutral

Point Clamped Converter.

Given the selected dc configuration, the balancing of the dc voltages be-

comes more complex. This is related with the stochastic nature of the EV

charging load, leading to unbalanced dc loads. To overcome this issue two

balancing methods are proposed based on the use of a balancing circuit that

enhances the central converter capabilities.

Moreover, the architecture enables the inclusion of energy storage and

generation stages, allowing to extend its functionality. To fully explore the

potential benefits of FCS, a third balancing mechanism is developed based

on the use of an energy buffer. Without altering its main function, its power

consumption can be managed toward aiding the balancing tasks.

Additionally, the inclusion of these optional stages requires a proper man-

agement of the energy available in the system. A novel generalized energy

management strategy is proposed, that allows to evaluate the economical

benefits of the different configurations.

Index Terms

• Electric Vehicles.

• Fast Charging Stations.

• Multilevel Converters.

• Grid Connection.

• Bipolar DC Bus.
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que no solo se limitó al aspecto técnico. Ellos me motivaron a hacer mis es-

tudios fuera de Chile y me mostraron los rincones de ésta fantástica ciudad.
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CHAPTER I

INTRODUCTION

T
HE ADVENT of Electric Vehicles (EVs) is causing a profound transfor-

mation in the automotive industry. The differences in the manufactur-

ing process, additional safety concerns, different requirements for the ma-

terials involved, and so on have changed the way the car industry operates.

This changes are also reflected in different disciplines, such as energy conver-

sion, because power electronics has a fundamental role in both EV traction

and battery recharging processes. Several studies on traction have been con-

ducted in order to provide lighter and smaller converters, smoother dynamic

response, improve the efficiency and reliability of the equipment, which are

not excessively distant from the conventional requirements in most motor

drive applications. The fast charging process of the batteries, however, im-

plies fundamental changes with conventional high-power applications be-

cause, aside from the vehicle, this process also involves the utility grid. In

addition, the low-voltage levels of the battery packs increases the complex-

ity, as typically these applications require medium voltage (MV) levels, hence

impose a trade-off between the current stress of the switching devices and the

step-down effort of the battery charger.

However, before delving deeper into details of this growing application,

the following terminologies and standards definition must be considered to

1



Chapter 1 – Introduction

fully understand the context of the dissertation.

1.1 EV Technology Definitions

The term EV is often used to designate different vehicle technologies, even

though they have some substantial differences. To clarify the concepts used

in this proposal the main types of EVs available today are defined as follows

[1]:

Hybrid Electric Vehicles (HEV) This technology uses the electric power of

batteries to improve the fuel efficiency of their internal combustion en-

gine. The electric power to charge their batteries does not come from

any external source.

Electric Vehicle (EV) These vehicles run on a purely electric motor which is

powered by batteries. Refueling is done by plugging in the vehicle to

the grid. The term battery EV is also used in the literature for this type.

Plug-in HEV (PHEV) As their name suggests, these vehicles can run on gaso-

line , similar to the HEVs, and recharge their batteries by plugging in

the vehicle to the grid, similar to EVs. The result is increased driving

range and reduced fuel usage and emissions.

This dissertation is mainly concerned with EV technology, although the

same principles apply to PHEVs. For this reason, the remainder of this study

exclusively considers the EV family.

1.2 Overview of the EV Charging Process and Existing Stan-

dards

A crucial part of the operation of the EVs is the recharging of their battery

pack. This process can be carried out in two different ways: conductively

2



1.2 Overview of the EV Charging Process and Existing Standards

or inductively. The first charging method uses electrical contact between

the charge port of the vehicle and the charger connector to transfer the en-

ergy into the battery pack. The second method uses wireless energy transfer

through electromagnetic field coupling, eliminating the plug-in cord [2, 3].

This type of charger has been explored for Level I and II devices, and still

under development and would not be discussed in detail here.

By contrast, conductive charging has already been adopted by the EV in-

dustry, including mainstream EV manufacturers. Depending on the rate at

which the EV battery is charged, conductive chargers can be generally classi-

fied into slow chargers and fast chargers. The slow or conventional chargers

are able to recharge the battery in 8 hours, while the fast chargers can do this

process within 30 minutes. More specifications on the power levels, charging

times for the available charging methods can be found in some of the existing

charging standards.

To regulate and standardize the conductive chargers several organiza-

tions, such as the Institute of Electrical and Electronics Engineers (IEEE),

the Society of Automotive Engineers (SAE), the International Electrotechnical

Commission (IEC), are preparing standards to regulate the utility/customer

interface.

1.2.1 SAE J1772 Standard

The SAE has published the standard SAE J1772TM [4], which defines prac-

tices regarding the conductive charging architecture for electric vehicles. This

standard defines three charging methods: ac Level I, ac Level II, and ac Level

III, aside from the dc fast charging levels, which are still under development.

The details of the charging levels included in SAE J1772 are presented in Ta-

ble 1.1.

Levels I and II in general fall into the category of slow charging, except

for Level II dc charging. A European standard IEC 62196 has also been devel-

oped promoting different charging levels (up to 690V ac and 1000V dc) that

3



Chapter 1 – Introduction

Table 1.1. SAE charging configurations and ratings terminology (as in [4])

Charging Input Charger
Power Level

PHEV (EV)

Method Voltage Location Charging Time

AC Level I 120 V On-board
1.4 kW, 12 A

7 (17) hours
1.9 kW, 16 A

*DC Level I 200-450 V Off-board 36 kW, 80 A 0.3 (1.2) hours

AC Level II 208-240 V On-board 19.2 kW, 80 A 0.4-3 (1.2-7) hours

*DC Level II 200-450 V Off-board 90 kW, 200 A 10 (20) min.

*AC Level III 208-240 V On-board 96 kW, 400 A (15) min.

*DC Level III 200-600 V Off-board 240 kW, 400 A (<10) min.

*Not finalized

1) EV (25 kWh usable pack size) charging always starts at 20% SOC, faster than a 1C rate

will also stop at 80% SOC instead of 100%.

2) PHEV (10 kWh usable pack size) can start from 0% since the hybrid mode is available.

are analogous to those in SAE J1772. Additionally, there is an ongoing coordi-

nation between the two standards in order to develop a Combined Charging

System (CCS) [5].

1.2.2 CHAdeMO Standard

Other than the SAE and IEC standards, an association named CHAdeMO

proposed a quick charging method as a global industry standard. The name

CHAdeMO is an abbreviation of Charge de Move, equivalent to charge for mov-

ing [6].

CHAdeMO was formed by Tokyo Electric Power Company (TEPCO),

Nissan, Mitsubishi and Fuji Heavy Industries. Toyota later joined as its fifth

executive member. TEPCO has developed a patented technology and a spec-

ification for high-voltage high-current automotive fast charging via a dc fast

charge connector from the Japan Automotive Research Institute (JARI). The

connector from JARI is apparently the basis for the CHAdeMO protocol. The

connector is specified by the Japan Electric Vehicle Standard (JEVS) G105-

4



1.3 Background of the Work

1993 from the JARI.

The maximum output compatible with CHAdeMO protocol is 500V/125A,

with power reaching 62.5kW.

At present, this standard is gaining wide acceptance, and several lead-

ing industrial manufacturers are commercializing CHAdeMO standard dc

fast chargers (e.g., ABB-Terra 53CJ, Fuji Electric - FRCH50B-2-01, Siemens -

CP300D3xB05-4xxx, and so on). According to [6], over 1,500 chargers and

more than 57,000 compatible EVs are available on the road around the world.

1.3 Background of the Work

Both, EVs and PHEVs have emerged as the most likely successor to conven-

tional internal combustion engine vehicles. In the past few years, the sales of

these vehicles have been constantly increasing, as shown in Fig. 1.1, and this

increasing trend is expected to continue in the coming years. Nevertheless,

the shortcomings of these these vehicles must be solved before they can be-

come a real alternative to transportation. The long refueling process of their
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Figure 1.1. Cumulative and annual historical-projected EV and PHEV sales in

the U.S. [7].
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batteries, limited mileage capacity, lack of public fast-charging infrastructure

are the main barriers to the widespread usage of EVs. However, changes are

also required also from the grid side to allow a large-scale penetration of this

technology, as electricity demand will grow accordingly. No real threat to the

utility grid exists at present, because the automotive industry is still mainly

sourced by the gasoline supply chain; however, a gradual shift to larger elec-

tricity consumption for transportation purposes will occur, and if this issue

is not addressed properly, the electric system will be negatively affected (e.g.,

demand and energy price increase, voltage stability decreased, power quality

issues, and so on) [8, 9].

In order to address the effects of the large-scale adoption of these vehicles

on utility systems, several studies have been conducted [10–14], most of them

based on the conventional slow charging process of batteries. The focus in

on conventional charging mainly because it is expected to be the preferred

charging method [9]. Also, due to the fact that fast charging process of the

EV batteries is still not a widespread practice among the owners, due to the

lack of facilities and misconceptions regarding the impact of this process to

the batteries. However, fast charging methods remain essential to the large-

scale adoption of EVs, given that they will provide more flexibility to the

drivers, particularly in terms of occasional longer trips, thereby addressing

range anxiety [15–18].

An alternative that enables fast charging is in the form of fast charging

stations (FCS), which are similar to conventional gas filling stations. The

concept of FCS refers to high-power fast chargers that are installed off-board.

The structure of these charging stations can either be with an ac-bus, where

each charging unit is fed by its independent ac-dc stage, or each unit con-

nected to a common dc bus enabled by a single ac-dc stage with higher power

ratings [19, 20]. Currently, fast charging is only enabled by standalone units,

each of which has its independent rectifier stage using the ac-bus concept.

However, considering the dc nature of the loads, the common dc bus con-

figuration appears as the viable solution for utility scale adoption and also
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presents advantages in terms of cost, efficiency and size, as fewer conversion

stages are needed [19, 21, 22]. Moreover, this structure facilitates the integra-

tion of distributed generation or energy storage systems [19, 21].

The central converter ac-dc stage plays a fundamental role in this charg-

ing architecture, and is desirable to provide several features as low distor-

tion operation, high power capability, and fully adjustable power factor. It

can also simultaneously reduce the size of the input filters and the number in

both active and passive components. This concept will be fully studied and

developed during the succeeding chapters.

1.4 Dissertation Objectives

The connection to MV ac grids of EV FCS it is not a straightforward task

because of the particularities involved. Unlike conventional multilevel con-

verter applications, the loads in the system are volatile and present a stochas-

tic behavior, therefore, the control scheme and the balancing techniques need

careful designing. With the aim developing a neutral point clamped (NPC)

fed FCS, the main objectives of this dissertation are as follows.

1. To develop a common bipolar dc bus fast charging architecture that

allows the grid integration of several high-power fast charging units.

This structure will be based on the NPC converter topology, with the

aim of guaranteeing the proper balancing of the buses in the system

under severe asymmetrical loads.

2. To establish a formal definition of the unbalanced operation limits pro-

vided by the central converter modulation stage and propose different

balancing methods to guarantee the dc voltage balance regardless the

load conditions.

3. To provide simulation results that verify the proposed architecture and

control schemes. To complete the validation of the topics, the imple-

7
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mentation of a low-voltage prototype of a NPC-based FCS will for the

experimental validation.

To provide simulation results that verify the proposed architecture and

control schemes and to complete the experimental validation of the top-

ics through the implementation of a low-voltage prototype of an NPC-

based FCS.

4. To propose a generalized energy management strategy that enables full

exploration of the potential of the proposed architecture. The idea is to

quantify the economic benefits of the inclusion of energy storage stages

(ESS) or generation units in the FCS.

1.5 Dissertation Outline

The present dissertation consists of six chapters, which are organized as fol-

lows.

Chapter 1 covers the definitions related to EV technology, existing charg-

ing standards and provides the background of the study.

Chapter 2 describes in detail the FCS architectures, the most promising

converter topologies applied as a central rectifier stage, and the state-of-the-

art control schemes for grid-tied converters.

Chapter 3 proposes the bipolar dc bus concept for the fast charging ap-

plication and introduces the 3L-NPC converter as the grid-tied converter. A

formal definition of the balancing current of the NPC is provided because

of the inherent circulation of currents through the neutral point of the con-

verter. Finally, two dc voltage balancing approaches are proposed in order to

enable the asymmetrical operation of the charging station, through the use of

an additional balancing leg. Validation is performed in both simulation and

experimental environments.

Chapter 4 presents a different balancing approach given that the system

allows the straightforward inclusion of energy storage stages. Assuming that

8
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the system considers an energy storage stage, its operation can be used to-

ward the complimentary balancing tasks that the NPC requires. To do so,

a three-level dc-dc stage is employed as the interface of the energy storage

stage, as it requires access to both of the dc buses. This approach reduces the

hardware requirements on the central converter, allowing the use of off-the-

shelf equipment. Validation is also performed in simulation and experimen-

tal environments.

Chapter 5 introduces a generalized optimization method based on linear

programming, which aims to reduce the operating costs of the system by the

use of an energy buffer and, if available, distributed generators (DGs). En-

ergy management is performed using a linear optimization method, which

provides the optimal regulation based on the forecasted EV demand and the

local electricity price. The optimization algorithm schedules the charging

and discharging of the energy storage system depending on the actual elec-

tricity price. In order to study the effectiveness of the proposed strategy,

sensitivity studies are performed.

Chapter 6 summarizes the main contributions and conclusions of the present

work. Directions for future studies are also suggested.
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CHAPTER II

OVERVIEW OF THE CHARGING STATION

CONCEPT

T
HE DEVELOPMENT of a vast fast charging infrastructure network has

a fundamental role in the large-scale adoption of EVs as the main mean

of transport, which in turn dramatically reduces the charging times of the

batteries. Regardless fast charging becomes the main alternative for replen-

ishing batteries or remains as a complimentary process to conventional over-

night charging, the availability of quick-charge stations in different parts of

the cities will provide drivers more flexibility in using their cars, address

range anxiety, and allow occasional longer trips without the need of batteries

with larger capacities.

Nevertheless, the fast charging process implies challenges not only to the

vehicle itself but also to the utility system. To start with, the power rating

involved in the fast charging process, which is expected to be higher than

50 kW, makes it unlikely to be adopted as an on-board solution because of

the requirement for larger, heavier and costly additional equipment [3, 23].

Furthermore, studies show that conventional overnight charging (ac levels

I and II) are expected to remain as the preferred charging method [9]; thus,

installing an additional high power charger on-board is not needed.
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Chapter 2 – Overview of the Charging Station Concept

On the other hand, quick charging is not suitable in residential applica-

tions for several reasons. First, dedicated equipment must be installed in

the homes, as a result of the increase in the power consumed by the charger

in order to reduce the charging time of the battery. In addition, this power

consumption exceeds the typical power ratings of the conventional appli-

ances. Moreover, a three-phase power connection is required because of the

power levels involved. Furthermore, the electric system in these areas is not

designed for high power levels; therefore, if fast chargers are installed in res-

idential areas, then transformers and other distributions elements need to be

replaced; otherwise they will be damaged [1]. This additional infrastructure

makes the cost of the fast charging solution excessive, so that a different ap-

proach is required.

Finally, from the perspective of the utility grid, a large-scale penetration

of EVs results in increased power demand, thereby leading to additional co-

ordination methods of absorbing the EV charging load, and does not merely

requires having sufficient generation capacity [12]. The reason for this is the

stochastic behavior of the EV load, and if this issue is not addressed properly,

the actual electric system will be unable to satisfy this demand. For example,

an larger EV fleet will require additional operating reserves in order to cope

with the increased power demand and the uncertainty associated with the

EV charging [9]. This also affects the transformers and lines loading and the

protection settings. In order to minimize these effects the addition of genera-

tion or energy storage units becomes necessary.

These reasons justify using the concept of the charging station as an en-

abling alternative for EV fast charging. These stations are similar to petrol

stations, meaning that are commercial facilities composed by several off-board

high-power chargers located in public places throughout the city (e.g., park-

ing lots, work, shopping locations or rest stops along highway). In this

way, the load is concentrated in strategic points, which can be coordinated

with the utility operator (i.e., retrofit distribution and transmission equip-

ment, discourage the demand in congested nodes, medium voltage (MV)

connection, and so on). This concept allows the driver to choose its preferred
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Figure 2.1. Charging station architectures.

charging method for his vehicle. An additional charging possibility allevi-

ates range anxiety, maximizes the use of EV batteries, and most importantly,

provides the EV user a regimen equivalent to that of conventional cars.

2.1 Concept of Fast Charging Station

As established in the previous sections, the fast charging of plug-in vehi-

cles might not be conceivable as an on-board solution, due to cost, size and

weight constrains in the vehicle. Therefore, studying the concept of a public

installation with installed off-board high power chargers that operates as a

filling station is relevant. These stations will provide EVs the equivalent of

a fuel stop by feeding their batteries with dc currents, which recharges the

car in the shortest possible time [24]. This concept, along with emerging bat-

tery technologies that accept higher charging rates and several thousands of

charging cycles [25], sets up fast charging as a realistic possibility [26, 27].

Two possibilities can be identified for the station architecture, as shown

in Fig. 2.1. The first uses the secondary windings of the step-down/isolation

transformer as an ac bus, where each load is connected to the bus via inde-

pendent ac-dc stages. The second uses a single ac-dc stage in order to provide

a common dc bus for all the loads of the system.
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Chapter 2 – Overview of the Charging Station Concept

2.2 Common AC Bus Architecture

One alternative for the FCS architecture is the use of a common ac bus, as

suggested in Fig. 2.1a. In this structure, each charging unit has its own recti-

fier stage that is connected to a common ac coupling point in the secondary

windings of the step-down transformer. This architecture represent a simpler

concept because it has been used for years, and well-developed standards

and technologies are available. Furthermore, it needs lower power rating

front end stages (which can be either passive or active).

However, the presence of several battery chargers, with independent rec-

tifier stages and inherent low power-factor operation, may produce unwanted

harmonic effects on the utility grid [11, 28], particularly for high power fast

chargers. Moreover, the cost of several converter units with lower power rat-

ings is higher than that of a single high-power converter unit, due the need

of several filter sets, control stages and sensors.

In addition, in the case of having distributed generation units in the sta-

tion, such as PV or fuel cells, or even the usage of energy storage systems,

which generate energy at dc, will also require their independent ac-dc stage,

thereby further increasing the number of the conversion stages in the system

and, consequently, the cost and complexity of the system.

2.3 Common DC Bus Architecture

The alternative architecture described here is the use of a single ac-dc stage

with a higher power rating to provide a common dc bus, as illustrated in Fig.

2.1b. This bus feeds several battery chargers and provides a more flexible

structure, which can easily integrate distributed renewable energy conver-

sion systems, or energy storage devices, since these systems are essentially

dc, as depicted in Fig. 2.2. Moreover, no issues with synchronization nor

reactive power exists. These features allow the charging station to act as an

intelligent system that can mitigate the negative effects of a deeper EV pene-
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tration in the conventional utility grid, and also to be a part of a future smart

grid.

The system in Fig. 2.2 is better in reducing device count and costs in com-

parison to the ac bus architecture, as a result of the fewer power conversion

stages requirement, but at the expense of an increase in the power rating of

the central converter. The lower number of power conversion stages also

improves the overall efficiency of the charging station. However, the higher

power ratings of the single rectifier unit lead to more stringent requirements

by the grid code, in terms of harmonic components amplitude and total har-

monic distortion (THD). Moreover, limits are imposed on the switching fre-

quency on the devices because the switching losses become relevant when

the power is in the megawatt range. Another issue with the dc grid concept

is that it requires more complex protection devices than the ac grid, because

no zero cross points of the voltage exists [29].

In general, a much lower number of converters is needed in compari-

son to the ac bus architecture, making the system simpler. Moreover, en-

ergy delivery at dc is characterized by reduced losses and voltage drops in

lines [21]. Furthermore, assuming that the dc system has generation units,
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in case of the abnormal operation of the utility grid, the dc system can be

switched to stand-alone operation, and the loads are supplied with the gen-

erated power [22].

On the other hand, regarding to the application, the current development

in dc charging standards [4, 6] also supports the idea of a centralized charg-

ing station serving as an active front end and providing dc power to several

battery chargers, which can either be semi-fast or fast solutions. In addition,

this allows to concentrate this potentially large loads in strategic places to

minimize their impact on the grid, as opposed to the case of residential fast

chargers that are randomly connected in different areas. For these reasons,

the remainder of this dissertation focuses on the dc bus architecture and its

feasibility in medium-voltage high-power ratings.

2.4 Central Converter Topologies

The central converter stage has a fundamental role in the dc charging ar-

chitecture of Fig. 2.2, and is desirable to provide several features, such as

distortion-free operation, fully adjustable power factor, reduced size of the

input filters, while simultaneously featuring a reduced number in both ac-

tive and passive components [23, 30].

2.4.1 Two-Level Voltage Source Converter

One of the most widely used topologies in the industry is the Two-Level Volt-

age Source Converter (2L-VSC), whose power circuit is presented in Fig. 2.3.

As shown in the figure, the power circuit is composed by an array of six

switching devices, typically insulated-gate bipolar transistors (IGBTs) and

a capacitor as a dc link. The presence of these active switches, along with a

proper control scheme, generates sinusoidal currents at the input side, a fully

adjustable power factor, and a bidirectional power flow [31]. This converter

also steps up the voltage to higher values than the input phase voltages. This
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Figure 2.3. Grid-connected two-level voltage source converter.

features make this topology a valid alternative as the grid-tied converter for a

high power off-board charger [30], or as the central converter of the charging

station.

Both carrier-based pulse-width modulation (PWM) and space vector mod-

ulation (SVM) can be applied to generate the switching patterns for the 2L-

VSC [32]. In addition, variable switching frequency methods, such as table or

prediction-based methods, can also be used [33, 34]. As the names suggests,

this converter generates a binary pulse train, which alternates between 0 and

Vd whereas the line-to-line voltage presents a three-level waveform. This im-

pacts the total harmonic distortion (THD) of the input current, as larger ac-

tive/passive filters or higher switching frequencies are needed in order to

meet the limits imposed by the grid code. This configuration typically oper-

ates at low ac voltage (690 V) allows a power rating of up to 0.7 MW, without

paralleling switching devices or converters, limiting the number of chargers

that the station is able to feed. To reduce the current stress on the devices, the

converter can be connected to higher ac voltages; however, this also implies a

larger dc voltage as well, thereby increasing the step down effort of the dc-dc

stages of the chargers, which is not desirable.

Moreover, assuming the megawatt range for these stations is assumed

to demand higher power ratings for the central grid-tied converter, and this

topology will not be able to fulfill power ratings, power quality and efficiency

requirements. Therefore, the use of several two-level converters is needed,

which also means more power electronics, control systems, sensors, filters,

larger size, and higher cost.
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In order to extend the power ratings of this converter topology, some al-

ternative configurations can be used, which are based in the use of multi-

winding transformers. A phase shifting transformer is included to share the

power between two ac-dc stages, as presented in Fig. 2.4. Each 2L-VSC stage

is connected to a different secondary winding of the transformer. The pres-

ence of this transformer, along with a symmetrical gating pattern of both con-

verters, leads to the significant mitigation of certain harmonic components,

in this case those with order 6n ± 1, with n odd, which is similar to that

achieved when using a diode front end in the 12-pulse configuration [32].

The dc output of the converters, it can be either connected in parallel, to have

a single dc bus; or in series to generate a split dc bus. The latter configuration

is covered in depth in the remainder of the dissertation.

Although the phase-shifting transformer significantly improves the power

quality at the grid side, the limited power that this topology is able to with-

stand without paralleling devices is still low for the application. The result

is a higher cost of the grid interface assuming a 2 MW charging station, as

the paralleling of devices or converters may be needed. In addition, the pres-

ence of the transformer is not optional because it is required for the harmonic

improvement at the ac side, which results in the higher cost and size of the

station even if the fast chargers provide isolation to the battery.
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Finally, a different approach is presented in [35], where open-end sec-

ondary winding transformers are used, along with two 2L-VSC stages, in or-

der to generate a single dc-link H-bridge converter, as presented in Fig. 2.5.

This approach leads to a multilevel waveform generated at the ac-side, which

improves the power quality while eliminating any possibilities of asymmet-

rical dc loads. However, its power handling capabilities are still limited for

the intended power ratings of the FCS.

2.4.2 Vienna Rectifier

Some authors suggest that in the case of fast charging applications, the bidi-

rectional operation is not mandatory, considering that its main functionality

is to charge the batteries as quick as possible and also because vehicle-to-grid

(V2G) operation is still not considered as a short term solution. Therefore,

the bidirectional rectifier stage is replaced by a Vienna converter [23,30]. The

power circuit of the converter is shown in Fig. 2.6.

This topology shares the operating principle of stepping up the voltage
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with the 2L-VSC. It features a lower active switching devices count, at the

expense of sacrificing the reverse operation characteristics. Moreover, this

topology features a highly sinusoidal input currents, three-level voltage wave-

form, reduced voltage stress in the devices, and a high power factor opera-

tion. The input filter size is reduced because of the multilevel voltage wave-

form [36].

The control scheme is based on controlling the magnetization of the in-

ductor by using high-frequency PWM [30]. One important advantage is that

this topology offers operation without a neutral connection. Furthermore,

the commutation of diodes takes place as soon as the switches are turned off,

which removes any dead-time problems [36]. The disadvantages include the

lack of regeneration and relatively high assembly effort exhibited by the cir-

cuit when a realization with discrete components is considered. In addition,

the high switching frequency required limits its potential for high-power ap-

plications.

2.4.3 Multipulse Rectifier with DC Active Power Filter

Another approach is proposed in [19, 37], where a non regenerative 12-pulse

decoupled rectifier system provides the common dc bus for a 1.1 MW charg-

ing station. A dc active power filter (DC-APF) stage is also included to elim-

inate the harmonics at both dc and ac side. The circuit diagram is shown in

Fig 2.7.

This harmonic cancellation is achieved through the triangular shaping

of the currents ip and in. The result is a grid-tied converter with reduced

complexity and cost, which generates high-quality sinusoidal input currents.

The resulting converter complies with the limits imposed by IEEE 519-1992

standard and produces a dc bus with reduced voltage ripple and improved

dynamics.

This proposal also includes an ESS, in order to design the converter such

that it withstand only the average demanded power, while this additional
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Figure 2.7. Grid-connected multipulse rectifier with dc active power filter.

stage provides the extra power during peak instants.

However, the inability to control the dc bus voltage and the lack of power

factor adjustment and regeneration capabilities limit the potential of the charg-

ing station, given that it becomes unable to inject power into the utility grid

or perform reactive power compensation.

2.5 Medium Voltage Converter Topologies

The remainder of this section gives an overview of the most relevant high-

power converter topologies that are widely used in the industry. However,

despite the potential benefits of these topologies, they have not been fully

applied to produce fast charging solutions.

2.5.1 Cascaded H-Bridge Converter

Among the multilevel converters topologies, the Cascaded H-Bridge (CHB)

is currently one of the most widely used topologies in MV applications. As
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its name indicates, the CHB is composed by the series connection of single-

phase full-bridge converters (HBs). Each one of this cells enables an inde-

pendent dc voltage, as displayed in Fig. 2.8. One of the main features of the

CHB is its modularity; it can easily reach medium voltage by adding more

power cells to each phase. This particular topology is commercially avail-

able to reach different voltage levels: 3.3 kV (three cells per phase), 6.6 kV

(six cells per phase) and up to 11 kV (eleven cells per phase).

In [38], a CHB based architecture is proposed to enable the fast charging

of several EVs. The architecture uses the CHB as the grid interface, which

is directly connected to the MV ac-grid, intermediate ESSs as power buffers,

and interleaved dual-half-bridge dc-dc converters as fast charging units. No

issues with the asymmetrical operation have been found because of the con-

nection of the dc-dc stages. This configuration makes the three-phases of

the converter to always deliver the same power. However, to increase the

number of charging units 3 additional cells, with their corresponding energy

buffer and isolated dc-dc stages must be considered, which consequently lim-

its the modularity offered by the CHB.
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2.5.2 Neutral Point Clamped Converter

The three-level Neutral Point Clamped converter is currently one of the dom-

inant topologies in newly developed MV drives. Its wide presence in the

industry makes it a natural candidate for the selected architecture. Origi-

nally introduced at the beginning of the 1980s by Nabae et al. [39], the three-

level NPC is considered to be the first multilevel converter to be used in MV

applications. At present, commercial NPCs reach voltages in the range of

2.2-6.6 kV, within a wide power rating range (3-50 MW), and these NPCs can

be found in several applications, which are used either as an inverter that

feeds an ac load or as an active front-end converter that interfaces with the

utility grid [40].

Regarding its structure, each phase of the NPC converter is composed

of four hard commutation devices, which can either be IGBTs or integrated

gate-commutated thyristors (IGCTs), and two diodes connected to the neu-

tral point, as displayed in Fig. 2.9. The presence of these diodes, which are

connected between the neutral point of the converter z and the middle point

of the indirect series connection of the hard commutated devices, allows the

connection of the phase with this neutral when the inner devices are turned

on. The result is a third voltage level in the synthesized phase voltage; thus,

the converter is able to generate −Vd2, 0 and Vd1. The phase voltage can be
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modeled after the gating signals:

vkz = Vd1Sk1Sk2 − Vd2S̄k1S̄k2, where k = a, b, c. (2.5.1)

The three phases of the converter are able to generate 27 space vectors,

only 19 of which are different. These redundancies are employed to bal-

ance the neutral-point voltage. The control of this voltage represents a criti-

cal aspect for the NPC. Otherwise, the generated voltage becomes distorted,

thereby reducing the power quality and also potentially damaging the switch-

ing devices. For this reason, several balancing techniques are presented in the

literature [41–44].

The selection of this topology as the central grid-tied converter of the

charging station is due its higher grid power quality (three levels in the

voltage waveform), superior harmonic performance (reduced THD), lower

switching frequency, MV operation, lower transformer ratio and the possi-

bility of having either a unipolar or bipolar dc bus [39, 41]. Besides, it offers

the possibility of scaling up the power ratings for a larger charging station.

Finally, if the charging units provide isolation, a bulky and costly isolation

transformer at the grid side is not mandatory for MV operation. This is be-

cause the NPC structure reduces the voltage stress on the devices to half of

the dc voltage, while the safety isolation of the battery pack is performed by

the dc-dc stage.

As mentioned earlier, if the system is used as a unipolar dc bus, then the

unbalancing problem is not too serious and can be solved by the modula-

tion stage or by simple balancing mechanisms [41,43,44]. The reason for this

is the fact that there are no excessive currents flowing through the neutral

point, so the balancing efforts required are minimal. However, if the system

is provides a bipolar dc bus, and each dc voltage feeds different loads, an un-

balanced operation is inherent to the system due to the nature of the applica-

tion, because of the random arrival of EVs to charge, therefore increasing the

magnitude of the currents flowing through the neutral point. To minimize

unbalanced condition, an alternated connection to the two dc buses can be
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promoted. That being said, unbalanced operation still occurs, even worst-

case scenarios in which all loads are connected exclusively to one of the dc

buses. Therefore, even if the modulation scheme takes this into consider-

ation, the unbalanced scenarios that the system can handle while keeping

the midpoint voltage controlled are limited [45]. To date, no comprehensive

studies have been made on the NPC application to enable fast charging so-

lutions while providing a distributed bipolar dc bus. The volatile nature of

the EV charging load make the balancing of the dc bus voltages imperative

under any load condition. Therefore, this work primarily aims to propose

cost-effective balancing techniques for the proper operation of the NPC as

the grid-interface of a FCS.

2.6 Control Schemes for Grid-Tied Converters

The main function of a grid-tied power converter is to generate a regulated dc

voltage, in order to properly control the input currents at the ac side. How-

ever, the requirements for these converters have increased through time be-

cause of more stringent grid codes and the increased use of generated electric

energy to feed loads through rectifier stages, generally based on diodes and

thyristors, thereby increasing the presence harmonic currents in the utility

grid. Some of this additional requirements are as follows:

• The reduction of the harmonic content because of its negative effect

on the electric system (e.g., voltage distortion, electromagnetic interfer-

ence, increased power ratings of power system equipment, and so on).

• Adjustable power factor.

• Bidirectional power flow.

The emergence of these requirements has resulted in new challenges for

the control schemes and has prompted researchers to improve them to meet

the control objectives and at the same time maintain high performance.
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Figure 2.10. Cascade control structure.

On the other hand, the regulation of a grid-tied voltage source converter

is similar to the generation of a controlled ac waveform from a dc source.

In fact, a dual version for the rectifier side exists for all of the inverter con-

trol schemes [46]. However, two mainstreams schemes dominate the indus-

try applications: Voltage-Oriented Control (VOC) and Direct Power Control

(DPC).

2.6.1 Cascade Control

The control schemes that will be described in the following sections share

the same control structure. This architecture corresponds to a two-degree-

of-freedom architecture for dealing with disturbances, called Cascade Control.

The main idea is based on the feedback of intermediate variables, which have

a direct relation with the main output of the system, in order to improve the

dynamic response of the loop.

Figure 2.10 shows the diagram of the cascade control structure. In the

figure, two control loops are shown: the primary (or outer) loop with its

controller C1(s), and a secondary loop with its controller C2(s). The design

of the secondary loop is made in such a way that it mitigates the effects of

disturbances before they significantly affect the plant output y1 [47].

The main benefits of the cascaded control are obtained when when Go2(s)

presents significant non-linearities that limit loop performance or when Go1(s)

limits the bandwidth in a basic control loop (i.e., the presence of non mini-

mum phase zeros and/or pure time delays). The first benefit, is explained
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Figure 2.11. Voltage oriented control block diagram.

because the inclusion of C2(s) allows a high gain control, which tends to

reduce the effect of nonlinearities. The latter one, is because this inner con-

troller pre-compensates the effect of the disturbances that C1(s) has to deal

with [47].

2.6.2 Voltage Oriented Control

Derived from the Flux-Oriented Control (FOC) of an induction motor [48],

VOC is based on a cascade control structure and a coordinate transformation

between the α-β stationary frame and the d-q synchronous frame. The result

is fast transient response and high static performance, with no steady-state

error, as a result of the dc nature of the controlled quantities [33].

The VOC block diagram is presented in Fig. 2.11. As displayed in the Fig-

ure, the measured signals are transformed to the synchronous frame, using a

Phase-Locked Loop (PLL) for proper synchronization with the grid voltage

vector vg. This synchronization leads to the decomposition of the current vec-

tor ig into the orthogonal components igd and igq, which are related with the

ac side active Pg and reactive power Qg respectively. In addition, the outer

dc voltage loop indirectly generates the active power reference, through i∗gd,

whereas i∗gq can be set arbitrarily depending on the application requirements,

usually set to zero for unity power factor operation.
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Both, the d-q current components and the dc-link voltage Vd, are regu-

lated using linear Proportional Integral (PI) controllers, as they are dc quan-

tities, which lead to perfect tracking in steady state. Finally, the actuations

of the currents PI are transformed back into a three-phase coordinate frame

and then given to the modulation stage. This modulation stage can be either

PWM or SVM, for the generation of the gating signals. For its application to

multilevel converters, the basic structure of VOC is kept, and this latter stage

is changed accordingly [49].

2.6.3 Direct Power Control

Given that the Direct Torque Control (DTC) regulates directly the torque and

flux of an inverter fed induction machine using a switching table, it is possi-

ble to extend the same operating principle and control the active power and

reactive power at the input of a grid-tied converter. This scheme is called

Direct Power Control (DPC) [50]. The performance of this method can be

improved by using the virtual flux concept [51], which results in the Virtual

Flux Direct Power Control (VFDPC).

The control scheme is shown in Fig. 2.12. The scheme is also based on the

cascade control structure, except that the inner loop controller is nonlinear.

The dc-link voltage Vd is controlled by a linear PI controller, which provides

VSC

Power
Estimator

Switching
Table

PLL

PI

Vd
∗

Vd

hP

hQPg

Qg

P ∗
g

Q∗
g

vgig

θg
θk

Lg
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Figure 2.12. Direct power control block diagram.
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the reference for the active power P ∗
g , whereas the reactive power reference

Q∗
g can be set arbitrarily. Both powers are estimated from measurements feed-

back and controlled with nonlinear hysteresis comparators. Its outputs hP

and hQ along with θs, are used to access the voltage vector look-up table.

Finally, the table delivers the gating signals to generate the selected voltage

vector. Although this method is designed for the conventional 2L-VSC, some

adaptations for the multilevel converters exists [52–55].

2.7 Summary

This chapter describes the different architectures for EV charging stations.

Given the particularities of the application and its potential, the concept of

the dc bus is adopted and analyzed in detail. The features of the selected con-

figuration are a reduction on the power conversion stages, reduced losses

and voltage drops, and simpler integration of additional charging units or

optional stages (e.g., DGs and ESSs). However, special attention is required

for the grid-tied central converter, given that an increase in the power ratings

imposes stringent limits in terms of switching frequency and harmonic dis-

tortion. The chapter then revises of the current grid-tied topologies used in

the charging station application.

Finally, considering the grid integration of the FCS, the grid connection

control requirements and dominant control schemes are discussed: VOC

and DPC. Both methods are based on the cascaded control architecture to

improve the overall performance of the main control loop. First, the VOC

scheme is based on linear regulators, which offers a good dynamic response

and an excellent harmonic performance. By contrast, the DPC scheme intro-

duces nonlinear regulators to improve the dynamic response at the expense

of a poorer harmonic performance.

29





CHAPTER III

CENTRAL CONVERTER FOR EV CHARGING

STATIONS WITH A BALANCED BIPOLAR DC BUS

M
OST OF high-power applications require an increase in the voltage

levels in order to meet the current rating capacity of the switching de-

vices. The majority of commercial energy conversion equipment in the range

of 1-4 MW currently feature voltage ratings in the range of 3.3-6.6 kV [32].

Nevertheless, in this particular application the connection to MV grids it may

not be straightforward because these voltages have a direct relation to the

required dc voltage levels in order to properly connect the system to the dis-

tribution network. This increase in the dc voltages may reduce the efficiency

of fast chargers, as the range of the battery voltage is typically within 350-600

V. Hence, an important step-down effort of the dc-dc stage may be needed.

In order to address this issue, an alternative dc bus structure is proposed.

This alternative provides the battery chargers a suitable dc voltage level and

at the same time features ac voltage in the MV range. To achieve these, the

following sections explore a split dc bus or bipolar concept, which is based

in the 3L-NPC given its inherent suitability. However, this structure causes

challenges to the operation of the converter topology because it will naturally

results in current flowing through the neutral point in the presence of asym-

metrical loads. The converter limitation is studied, and correction methods

31



Chapter 3 – Central Converter for EV Charging Stations with a Balanced Bipolar DC Bus

will be analyzed in both simulation and experimental platforms.

3.1 Bipolar DC Bus Architecture

The proposed charging station architecture is illustrated in Fig. 3.1, where

a central high-power converter acts as a grid interface, providing dc power

to several charging ports. These charging units can be either conventional

or fast chargers, each with its own independent dc-dc stage. As it was men-

tioned in the previous chapter, the dc grid architecture features also the con-

nection of distributed power systems, such as renewable energy generators

(PV and wind) and also energy storage devices, as suggested in [19, 20, 56].

Regarding to the chosen dc structure, using a split dc bus provides more

flexibility than the unipolar dc, due to the fact that the former allows the con-

nection of the loads to two regulated voltages: between the neutral point and

either the positive or negative bar; or between the positive and the negative

bars [57]. Furthermore, this configuration also allows the connection of the

station to higher ac voltages while maintaining the step down effort of the

dc-dc stages. This bus structure also has an effect on the power handling ca-

pabilities, as the connection to higher ac voltages allows higher power with-

out excessive currents and does not require parallel devices or converters.

Given the adoption of the bipolar structure and the intended application, the

balance control becomes essential [29], as there is no way to guarantee the

requirement for fast charging of EVs will be identical in both of the buses of

the system. This is because of the differences in terms of battery characteris-

tic, charging powers levels, initial state of charge, and also random arrival to

the station.

Furthermore, this charging station concept allows several opportunities

to provide support to the grid, such as peak power shaving, frequency reg-

ulation, reactive power compensation and power fluctuation minimization.

In addition, further developments of energy storage devices (batteries and

supercaps), will make it possible to provide power back to the grid, enabling
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Figure 3.1. Proposed charging station architecture with bipolar dc bus

V2G operation.

3.2 Grid-Tied Central Converter

A four leg three-phase NPC converter that acts as the grid interface is se-

lected, because it offers superior harmonic performance and higher power

handling capabilities [40, 58, 59]. An additional leg is incorporated to act as a

balancing circuit. The scaling of the system is thus made possible, which in

turn allows the extension the power level if needed. The converter topology

is illustrated in Fig. 3.2.

According to [58], the correct performance of the NPC is guaranteed only

with the accurate control of its midpoint voltage. Hence, multiple solutions

can be found in the literature [43, 60–63], which usually solve the problem in

the modulation stage with the implementation of a simple balancing mecha-

nism. It is important to note that these schemes are mostly designed consid-

ering that the system is being used as a unipolar dc bus, either as a rectifier

or in back-to-back configuration. Consequently they are not able to keep this
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voltage controlled under the bipolar structure. Therefore, a balancing tech-

nique must be developed. Then, the system provides a bipolar dc bus, and

each voltage feeds different loads. As such, unbalanced operation is inher-

ent in the system, given the selected dc architecture and the nature of the

intended application. This is explained as follows, as a result of the circula-

tion of current through the neutral point of the converter the dc voltages may

become unbalanced. Such circulation is imposed by the asymmetrical load

of the dc buses. This effect can be mitigated by alternating the connection of

the loads to the dc buses. Nevertheless, even if this connection is promoted,

unbalance operation still occurs because of the random arrival of the vehi-

cles to be charged, different battery characteristic, different charging powers,

and so on. Therefore, despite the modulation stage performs the balancing

corrections to keep the voltage controlled, the unbalanced scenarios that the

system is able to overcome are limited [64]. This limitation is studied in detail

in the succeeding section.

3.2.1 NPC Limitation of Unbalanced DC Load

To illustrate the balancing limitation provided by the central converter, the

following analysis is considered. The system and its variables definition are

presented in Fig. 3.2 on the facing page. The figure shows that the dc power
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demanded by the load is defined as:

Pd = Vd1Id1 + Vd2Id2. (3.2.1)

Moreover, the NPC requires its dc voltages to be properly balanced for cor-

rect operation; thus, for the rest of the analysis, the condition is assumed to

be met, which means that Vd1 = Vd2 = Vd/2 leads to

Pd =
Vd

2
(Id1 + Id2) . (3.2.2)

The study of the unbalanced operation becomes relevant as explained in the

earlier section. During balanced operation the current flowing through the

neutral point Id0 is approximately zero, and the balancing of the midpoint is

similar to the one needed in the unipolar architecture. However, the pres-

ence of differences in the loads results in current flowing through this point,

thereby increasing the possibilities of drifts in the dc voltages. To illustrate

the balancing capability of the modulation stage, the following scenario is

proposed: assume that the power demand in the upper dc bus is Pd1, which

is kept constant, whereas Pd2 is reduced to only a fraction ϵ of it. As the dc

voltages remain balanced, the demanded power becomes

Pd =
Vd

2
Id1 (1 + ϵ) . (3.2.3)

On the other hand, the current in the positive bar can be assumed to be equal

to the current demanded by the upper bus; thus, ip ≈ Id1 without losing

generality. According to [43], and under unity power factor, ip is given by

ip =

(√
3ma +

6α

π

)

Ig
2
cos δ, (3.2.4)

where ma stands for the amplitude modulation index, α is the dc drift of the

converter voltage during the positive half cycle, Ig is the grid current am-

plitude and δ is the phase angle between the converter and the grid voltage

vectors. Note that ip is defined only by the demand on the upper bus and

therefore does not change for variations in the lower one. Additionally, note

that during normal balanced operation the dc drift α injected is virtually zero.
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The balancing capability of the modulation stage is reflected by (3.2.4),

which suggests that the midpoint can be controlled in a certain range through

the injection of a dc bias in the generated voltage. Nevertheless, this capa-

bility is limited by the linear operation of the modulation stage and therefore

varies depending on the modulation scheme and balancing technique. More-

over, this capability is a function of the amplitude modulation index ma as

well.

Going back to the previous case of asymmetry, when the demand at the

lower bus is ϵPd1, and assuming that ϵ is such that the system is at its limit,

injecting the largest dc drift value α̂, and keeping the voltages balanced, the

current in the positive bar is given by

ip =

(√
3ma +

6α̂

π

)

Ig
2

1 + ϵ

2
cos δ. (3.2.5)

However, this current must be equal to the one defined by (3.2.4), as the

demand in the upper bus has not changed. Hence, using (3.2.4) and (3.2.5) to

solve ϵ leads to

ϵ̂ =
2
√
3ma√

3ma +
6α̂
π

− 1, (3.2.6)

where ϵ̂ is the lowest value for the ratio between Pd1 and Pd2 that the modu-

lation stage is able to handle and keep the voltages from drifting.

The same analysis is repeated, but Pd2 is kept fixed and Pd1 is varied. In

this case, the negative bar current is used, which is defined by

in =

(√
3ma +

6β

π

)

Ig
2
cos δ, (3.2.7)

where β is the dc voltage drift introduced to the modulating signal during

the negative half cycle. Analogously, regardless the load condition of the

upper dc bus, the limit for the balancing capability of the modulation stage

is defined by

ϵ̂ =
2
√
3ma√

3ma +
6β̂
π

− 1, (3.2.8)
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because in is defined only by the load connected at the lower dc bus.

The previous analysis states that, if the system is able to operate above the

determined value for ϵ̂, the balancing mechanism provided by the modula-

tion stage is sufficient to keep the voltages controlled. However, the system

is very unlikely to have a continuous balanced operation, so an additional

balancing technique must be included in order to guarantee the proper oper-

ation of the converter in any load scenario.

3.2.2 Voltage Balancing Circuit

The correct asymmetrical dc load operation of the charging station is limited

by the modulation stage, as shown earlier. However, the system cannot be

guaranteed to never be driven outside the valid operation zone because of

several reasons (e.g., random arrival of the EVs to the station, different battery

packs, and so on.). Hence, a complimentary balancing circuit is needed in

order to operate under any load condition.

The idea is to fully use the balancing capabilities of the modulation stage

and, if this is not sufficient to keep the voltages balanced, a virtual impedance

will be added in such a way that, when the system leaves the valid operation

zone, it demands the minimal current in order to met the limit. In other

words, for the modulation stage, the system keeps operating at the boundary

condition.

As in grid connected systems, the amplitude modulation index ma varies

slightly because Vd is rarely changed, and it only responds to changes in the

load demand, which do not reflect important changes on it. Then ma can be

assumed to be constant; hence, the minimal load condition is known a priori.

In addition, the direction of Id0 will change depending on the location of the

lighter load (imbalance), making mandatory the bidirectional characteristic

of the balancing circuit, to control current in both directions.

As stated earlier, the modulator will provide a certain room to handle dif-

ferent loads through the injection of a dc bias in the converter voltage, and
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Figure 3.3. Different operating conditions of the balancing circuit.

is limited by the maximum current that can flow through the neutral point.

If the unbalance ratio exceeds this operational zone, the voltages will drift

regardless the corrections performed in the modulation stage. The presence

of the balancing leg allows to emulate the minimal load condition. In other

words, if the imbalance is present in the lower bus, the maximum current

in the neutral point is Id0 = (ϵ̂ − 1)Id1, and the remanent current ϵ̂Id1 must

be conducted through the negative bar in order to maintain the voltages bal-

anced. This principle can be further explained using the signals of Fig. 3.3.

Consider that Sd is the switching function of the upper devices. In the studied

case, the balancing circuit imposes a positive current ibn such as the current in

the negative bar is ϵ̂Id1. To do so, the polarity of the current flowing through

the inductor ib should be reversed, as shown in Fig. 3.3a. The analogous sce-

nario shown in Fig. 3.3b, occurs when the imbalance is present in the upper

bus, thereby imposing a current ibp with a positive average value. Finally,

Fig. 3.3c presents the operation of the balancing leg during the balanced op-

eration, when no current compensation is needed, making all the average

currents in the circuit to be zero. Note how the duty cycle of remains fixed

at 0.5 in all the scenarios, as the dc-dc stage is connected between the full dc

voltage of the converter and its midpoint.

This balancing circuit can be implemented in several ways. In [65] a bidi-

rectional boost converter is employed in a five level NPC. For the sake of

simplicity, this proposal uses a fourth leg in the NPC, which is operated as

a bidirectional dc-dc converter, as shown in Fig. 3.2. Using a leg identical to
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the other phases of the circuit facilitates design and implementation through

power electronic building blocks (PEBBs). This is a desirable characteristic in

practical applications rather than hybrid converters.

3.3 Proposed Control Scheme

3.3.1 Voltage Oriented Control

The conventional VOC control scheme is used in regulating of the proposed

grid-tied converter, which is displayed in Fig. 3.4. As established in the pre-

vious chapter, the modulation stage must be changed accordingly with the

converter topology. In this case, the modulation is performed using the SVM

algorithm for a three-level converter [32], and it is described in the following

section. Additionally, a PI controller has been included in order to perform

the partial balancing mechanism, which depends on the selected modulation

strategy. This dissertation conducts partial balancing through the redistribu-

tion of the usage of positive and negative small vectors.
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Figure 3.4. VOC block diagram for NPC.
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3.3.2 Space Vector Modulation

The SVM scheme is a popular real-time digital PWM scheme that offers two

degrees of freedom for advanced controller design. In comparison with con-

ventional carrier-based sinusoidal PWM, the SVM extends the operation range

by a 15% [32]. Considering the discrete nature of the switching devices and

the valid combinations of the gating signals, the converter is able to connect

each phase of the load to three voltage levels: −Vd/2, 0 and Vd/2. The con-

verter voltage vector vc is represented as a function of the phase switching

state S = (Sa, Sb, Sc) and the dc-link voltage Vd as

vc =
Vd

3
(Sa + aSb + a

2Sc), where Sk ∈ {-1,0,1}, and k = a, b, c. (3.3.1)

Hence, the converter is able to generate 19 different voltage vectors (out

of 27 different valid switching states), as it can be seen in Fig. 3.5a. The figure

shows six small active vectors v1 - v6 (each one has a positive and negative

redundancy), six medium vectors v7 - v12, six large vectors v13 - v18, and the

zero vector v0 (which has three redundancies). Note that the previous anal-

ysis assumes that the dc voltages of the converter Vd1 and Vd2 are perfectly
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Table 3.1. NPC voltage vectors and switching states

Vector
Switching Output

Vector
Switching Output

State Voltage State Voltage

v0 [NNN][OOO][PPP] 0

v1P [POO] Vd

3

v7 [PON]
√
3Vd

3
ej

π
6

v1N [ONN] v8 [OPN]
√
3Vd

3
ej

π
2

v2P [PPO] Vd

3
ej

π
3

v9 [NPO]
√
3Vd

3
ej

5π
6

v2N [OON] v10 [NOP]
√
3Vd

3
ej

7π
6

v3P [OPO] Vd

3
ej

2π
3

v11 [ONP]
√
3Vd

3
ej

3π
2

v3N [NON] v12 [PNO]
√
3Vd

3
ej

11π
6

v4P [OPP] Vd

3
ejπ

v13 [PNN] 2Vd

3

v4N [NOO] v14 [PPN] 2Vd

3
ej

π
3

v5P [OOP] Vd

3
ej

4π
3

v15 [NPN] 2Vd

3
ej

2π
3

v5N [NNO] v16 [NPP] 2Vd

3
ejπ

v6P [POP] Vd

3
ej

5π
3

v17 [NNP] 2Vd

3
ej

4π
3

v6N [ONO] v18 [PNP] 2Vd

3
ej

5π
3

balanced. Table 3.1 resumes the switching states for each available vector.

The SVM technique accounts for the available vectors of the system and

provides an output with variable amplitude and variable frequency, which

are defined by the rotating reference vector vref. The operating principle is

based on a discrete time control platform with a fixed sampling time Ts. Dur-

ing this sampling time, vref can be considered constant. This reference vector

can be synthesized using the three closest vectors by applying them for a cer-

tain period of time, which is referred to as dwell times, essentially representing

the duty cycle for the switches that generate these vectors.

In order to identify the closest stationary vectors, the α-β stationary plane

must be discretized into six sectors, as presented in Fig. 3.5b. The angle of

the reference vector θ must be obtained to perform this discretization. This
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angle is defined as

θ = arctan

(

vβ
vα

)

, (3.3.2)

where vα and vβ represent the real and imaginary parts of vref, respectively.

After obtaining θ, the discretization of the plane is defined as follows

(k − 1)
π

3
≤ θk < k

π

3
, (3.3.3)

where θk stands for the k-th sector. In contrast with the conventional SVM

scheme for the 2L-VSC, the sectors have to be subdivided into 6 regions, as

shown in Fig. 3.5b, because of the larger vector availability of the NPC.

The sector information provided by θk, along with the proper detection

of the region, can be used to calculate the dwell times. Using the example

case provided in Fig. 3.5b, is possible to see that the vref is located in sector I

region 2a (or region I-2a for the rest of the dissertation). This voltage can then

be synthesized as

vref =
1

Ts

(tav1 + tbv2 + tcv7) . (3.3.4)

Separating (3.3.4) into its real and imaginary parts and using the station-

ary vector information provided by Table 3.1 lead to

vref cos θ =
1

Ts

(

1

3
taVd +

1

6
tbVd +

1

2
tcVd

)

(3.3.5)

vref sin θ =
1

Ts

(√
3

6
tbVd +

√
3

6
tcVd

)

. (3.3.6)

Additionally, the dwell times must comply with

Ts = ta + tb + tc. (3.3.7)

Then, by clearing ta, tb and tc, the dwell times for the example are given
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Table 3.2. Dwell times calculation 3L-SVM for odd sectors

Region ta tb tc

1a 2ma sin(θ1 − θ) 2ma sin(θ − θ2) 1− 2ma sin(θ − θ3)

1b 2ma sin(θ − θ2) 1− 2ma sin(θ − θ3) 2ma sin(θ1 − θ)

2a 1− 2ma sin(θ − θ2) 1− 2ma sin(θ1 − θ) 2ma sin(θ − θ3)− 1

2b 1− 2ma sin(θ1 − θ) 2ma sin(θ − θ3)− 1 1− 2ma sin(θ − θ2)

3 2− 2ma sin(θ − θ3) 2ma sin(θ1 − θ)− 1 2ma sin(θ − θ2)

4 2− 2ma sin(θ − θ3) 2ma sin(θ1 − θ) 2ma sin(θ − θ2)− 1

where θ1 =
kπ

3 , θ2 =
(k−1)π

3 , θ3 =
(k−2)π

3 and k stands for the sector number.

Note: The dwell times are assigned in order, following the seven segment sequence

used in [32]. For even sectors the expressions for tb and tc have to be swapped.

by the following expressions

ta = Ts − 2Tsma sin θ (3.3.8)

tb = Ts − 2Tsma sin
(π

3
− θ
)

(3.3.9)

tc = 2Tsma sin
(

θ +
π

3

)

− Ts, (3.3.10)

where ma is the amplitude modulation index, which is defined according to

ma =

√
3vref

Vd

. (3.3.11)

Extending the same idea for the entire stationary plane and considering the

seven-segment sequence provided in [32] the Table 3.2 is obtained for the

calculation of the dwell times in the odd-numbered sectors. Note that the

expressions for tb and tc must be swapped for the even-numbered sectors.

3.3.3 Switching Sequence

In the preceding section, the dwell-times calculation has been determined

to synthesize the voltage reference. However, a proper sequence of the vec-

tors must be defined, depending on the application requirements, such as
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1st
v1P

[POO]

2nd
v7

[PON]

3rd
v2N

[OON]

4th
v1N

[ONN]

5th
v2N

[OON]

6th
v7

[PON]

7th
v1P

[POO]

t

t

t

t

Switching Period Ts

ta
4

ta
4

ta
2

tb
2

tb
2

tc
2

tc
2

vaz

vbz

vcz

vab

Figure 3.6. Seven segment switching sequence for SVM.

reduced switching frequency, symmetrical voltage generation, dc balancing

capabilities, to name a few. The switching sequence used in this work is

based in the seven segment proposed in [32]. This method basically consists

in dividing one sampling time Ts in seven segments, as shown in Fig. 3.6,

and performing transitions that involve only two switches at a time, result-

ing in a reduced switching frequency on the devices. In addition, the method

alternates the use of type A and type B sequences sequences for the regions

that lie 180o apart from each other. The type A sequences are characterized

by starting with a positive redundancy of a small vector, as shown in Fig. 3.6.

Type B sequences begin with a negative redundancy.

Alternating the use of different types of sequences allows to achieve half-

wave symmetry in the generated voltages. This characteristic results in sig-

nals free of even order harmonics, which is an attractive feature for grid con-

nected applications.

To illustrate the principle, Fig. 3.7 in the facing page shows a suggested

case to be analyzed. The reference vector vref is in region I-2a and then in IV-

2a (which are 180o apart). The sequences required to synthesize the reference
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vref

v0 v1

v2v3

v4

v5 v6

v7

v8
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v10

v11

v12

v13

v14v15

v16

v17 v18

θ

Sector I

Sector II

Sector III

Sector IV

Sector V

Sector VI

(a) Space vectors generated by the NPC

1st
v1P

[POO]

2nd
v7

[PON]

3rd
v2N

[OON]

4th
v1N

[ONN]

5th
v2N

[OON]

6th
v7

[PON]

7th
v1P

[POO]

t

Switching Period Ts

vab

(b) Switching sequence for region I-2a

1st
v4N

[NOO]

2nd
v10

[NOP]

3rd
v5P

[OOP]

4th
v4P

[OPP]

5th
v5P

[OOP]

6th
v10

[NOP]

7th
v4N

[NOO]

t

Switching Period Ts

vab

(c) Switching sequence for region IV-2a

Figure 3.7. SVM Operating principle for regions I-2a and IV-2a.

vector are, respectively

vref =
1

Ts

(tav1 + tbv2 + tcv7) (3.3.12)

vref =
1

Ts

(tav4 + tbv5 + tcv10). (3.3.13)

The required switching sequence and the resulting line-to-line voltages

are shown in Figures 3.7b and 3.7c, respectively. The sequence used for

region I-2a is type A because it starts with the positive redundancy of v1,

whereas that for region IV-2a is type B because it begins with v4N. The result

is a line-to-line voltage with a half-wave symmetrical waveform.

3.3.4 Unbalance Operation Limit for SVM

The usage of the small vectors is redistributed to control the midpoint voltage

in the NPC and to restore the balance of the system. In this way, the tracking

of the reference is not altered. To illustrate the principle, the example shown

in Fig. 3.5b is revisited. The reference vector can be synthesized according to

(3.3.4).
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In order to determine the maximum injected dc drift α̂ that the modula-

tion stage allows, the average usage time for the small vectors ta is calculated

over the positive half cycle (see Appendix III). During normal operation and

using the example, ta is equally divided in the redundancies of v1, v1N and

v1P, thus the maximum available time to redistribute is ta/2, and, in extreme

cases, it uses exclusively one of the redundancies of v1. This remaining time

is equivalent to the maximum dc drift that can be injected within the linear

zone of the modulation, and varies with ma because, for different modula-

tion indexes, the vector passes through different regions and also results in

different dwell-times values. Hence, the dwell times in Table 3.2 for each

small vector are averaged during their corresponding interval to obtain this

remanent time. The resulting average expression for the maximum voltage

drift is defined in (3.3.14).

α̂ =

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎩

− 3ma + 6ma sin
(

γ + π
6

)

π
, ma ∈

[

0, 1
2

[

π
2
− 3γ + 3ma

(

1 + 2 sin
(

γ − π
6

)

+
√
3
)

π
, ma ∈

[

1

2
,
√
3

3

[

π
2
+ 3γ − 3ma

(

1 + 2 sin
(

γ + π
6

)

−
√
3
)

π
, ma ∈

[√
3

3
, 1
]

(3.3.14)

where γ is the angle at which the change of region occurs and is defined

according to:

γ =

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎩

π

6
, ma ∈

[

0, 1

2

[

arcsin
(

1

2ma

)

−
π

3
, ma ∈

[

1

2
,
√
3

3

[

π

3
− arcsin

(

1

2ma

)

, ma ∈
[√

3

3
, 1
]

. (3.3.15)

As stated earlier, a linear PI controller is being used for the regulation for

the midpoint voltage, as shown in Fig. 3.4. This controller modifies the usage

of the small vectors as follows:

taP =
ta
2
(1−∆s) , taN =

ta
2
(1 +∆s), (3.3.16)
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Figure 3.8. Critical load ratio for the NPC using SVM.

where ∆s is the actuation of the PI. Note that these expressions hold when the

loads are consume power from the grid. In the case of having active loads,

the sign of ∆s must be modified accordingly, given that the effect of the small

vectors in the midpoint voltage is reversed.

Taking into account the balancing strategy and the maximum value of α

allowed by the SVM algorithm, it is possible to determine a theoretical value

for the critical load ratio ϵ̂ for the NPC, which depends on the modulation

index as stated before. This limit operation is illustrated in Fig. 3.8.

3.4 Voltage Balancing Techniques

As previously established in the chapter, the balancing capabilities of the

modulation stage are limited, and considering the nature of the application

the presence of a balancing circuit is mandatory. The balancing circuit guar-

antees that the charging station continuously operates under any load con-

dition. However, different approaches to regulating the balancing leg are

available, as discussed in the following sections.

3.4.1 Method 1: Complimentary Balancing Circuit

The idea behind this approach is to extend the bipolar NPC operation through

the entire load range, while using the maximum balancing capabilities of-
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fered by the central converter modulator. To do so, the balancing leg must

be able to act as a virtual impedance, such that the minimal load condition

is met, and the modulator is able to keep the voltages balanced. This section

explains the generation of the balancing current reference i∗b in order to en-

sure the proper operation of the system. This current is related to Equations

(3.2.6) and (3.3.14).

To illustrate the principle, let Id1 and Id2 denote the currents demanded by

the dc loads at upper and lower buses, respectively. In addition, the critical

load ratio ϵ̂ is known. First, assume an imbalance is present in the upper bus,

such as the modulator is not able to keep the voltages controlled by itself

even when the largest value of α is injected. The converter dc currents hold

ip = ϵ̂in. (3.4.1)

Furthermore, according to Fig. 3.2, these currents are related to the load cur-

rents as follows

ip = Id1 + ibp (3.4.2)

in = Id2 + ibn. (3.4.3)

Moreover, the operation of the balancing leg is required, so the inductor

current ib is different from zero, which leads to

ibn = −dbib (3.4.4)

ibp = (1− db)ib. (3.4.5)

However, given the implementation of the bidirectional dc-dc stage using an

additional leg, its duty cycle db is fixed to 0.5. This is explained as the input

voltage is the total dc-link voltage Vd, while its output is Vd2, which due the

requirements of the proper operation of the NPC has to be equal to Vd/2;

hence,

ibn = −ibp (3.4.6)
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Figure 3.9. Voltage balancing circuit controller for the additional NPC leg.

Then, by replacing (3.4.2) and (3.4.3) in (3.4.1), and using the information pro-

vided by (3.4.4)–(3.4.6), an expression can be obtained for the required cur-

rent circulating through the inductor that keeps the system balanced, which

is defined as

i∗b =
2ϵ̂Id2
(1 + ϵ̂)

. (3.4.7)

If the unbalance is at the lower bus, then the balancing circuit should de-

mand a current such that ϵ̂ip is flowing through the negative terminal, mak-

ing ib negative. This leads to

i∗b = −
2ϵ̂Id1
(1 + ϵ̂)

. (3.4.8)

It is important to mention that, this current value is the minimal in order

to keep the system balanced, making the midpoint PI controller to operate

saturated in the unbalanced scenarios. However, given the other reasons that

can drive the system out of balance, such as differences in the capacitances

of the dc links, a certain room is given to this PI by increasing the demanded

current by the dc-dc stage to guarantee the proper operation of the station in

any scenario. Therefore, the dc inductor current reference will be defined as

follows

i∗b = 2ϵ̂max{Id1, Id2}sgn(Id2 − Id1). (3.4.9)

A PI controller is used to regulate the input current of the voltage bal-

ancing circuit, as presented in Fig. 3.9. It should be noted that this control
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scheme only operates when the system is driven outside the gray area of bal-

anced operation shown in Fig. 3.8. Therefore, an enabling signal is defined

as follows.

eB =

{

1 if |Id1 − Id2| > (1− ϵ̂)max{Id1, Id2}
0 if |Id1 − Id2| ≤ (1− ϵ̂)max{Id1, Id2}

(3.4.10)

3.4.2 Method 2: Virtual Disconnection of the Neutral Point

The disadvantage of the previous method is the appearance of even-order

harmonics under the presence of imbalances. This appearance is because the

dc bias injection leads to a non half-wave symmetrical waveform. A different

approach can be utilized to prevent the dc voltages from drifting. The idea

is as follows: given that the balancing circuit is already considered for the

system, compensation is left exclusively to this stage, and the NPC converter

controller exclusively regulates the grid-side currents, which improves the

power quality at the expense of larger current ratings for the balancing leg.

In order to do so, the operation of the balancing leg is modified as follows.

The mid point voltage PI will only regulate the small deviations, such as dif-

ferences on the capacitances. Therefore, its actuation is always around zero.

However, the dc loads are still connected to the mid point. Thus, the pos-

sibilities for voltage drifts are still present because the current will circulate

through this node. To prevent this phenomena, the balancing circuit will pro-

vide the path for any difference in the dc loads currents, which is explained

by the next equation. Using KCL in the z node leads to

iz = ic2 − ic1 − Id0 − ib. (3.4.11)

Moreover, during balanced operation, Id0 is virtually zero, and no deviation

is found in the dc voltages because iz does not have a significant dc com-

ponent. However, under asymmetrical operation, Id0 reflects the differences

between the load consumptions in the dc buses and has a nonzero dc compo-

nent, which is also present in iz. Then, in order to avoid any alteration in the

current flowing through the neutral point regardless of the dc load condition,
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Id0 can be forced to be zero. This will eliminate the origin of the unbalances.

To do so, the dc inductor current must be controlled to be

i∗b = Id2 − Id1. (3.4.12)

The result is a virtual disconnection of the neutral point from the dc side

of the system, as iz always behaves similar to a normal balanced operation.

Thus, the neutral point remains balanced under any load condition. Consid-

ering the previous balancing method, this approach is simpler and requires

less effort from the computational perspective, the sequence is not altered

during any scenario; therefore, the half-wave symmetry operation of the con-

verter is unaltered. Nevertheless, the operation is achieved at the expense of

an increased current rating for the balancing circuit. This is due the fact that

the dc current that the inductor has to withstand is now the rated dc current.

Please note that, this approach allows to use any modulation index, as the

modulation stage is no longer used for balancing purposes.

3.5 Simulation Results for Method 1

After the proposal for the dc bus architecture and the balancing strategies

for any load condition, the system is simulated using Matlab/Simulink R⃝
software. To do so, a 1.2 MW charging station is designed for the validation

of the proposed strategy. The station is connected to the 4.16 kV grid through

a step-down transformer and enables the operation of 12 charging ports, each

one of them rated at 100 kW. Additionally, the voltage of each dc bus is set to

1 kV.

Considering the power ratings involved, the SVM algorithm is imple-

mented to obtain an equivalent device switching frequency of 1080 Hz. The

parameters of the system are described in Table 3.3. Both, the dynamic and

steady-state operations are analyzed in detail in the following sections.
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Table 3.3. Simulation and experimental parameters

Paramenter Symbol Value

Grid Voltage Amplitude Vg 1 pu

Grid Frequency fg 1 pu

Input Filter Inductance Lg 0.1 pu

Input Filter Resistance Rg 0.02 pu

dc-Link Capacitance Cd 4.5 pu

dc-Link Voltage Vd 2.174 pu

Boost inductance Lb 0.26 pu

Switching Frequency fs 36 pu

Amplitude Modulation Index ma 0.6408

Frequency Modulation Index mf 36

Critical Load Ratio ϵ̂ 0.2829

Simulation Base Voltage VB 4160/960 V

Simulation Base Power PB 1.2 MW

Experimental Base Voltage VB 208 V

Experimental Base Power PB 3.6 kW

Base Frequency fB 60 Hz

3.5.1 Dynamic Response

The first stage of the validation is the study of the dynamic performance un-

der several load impacts, presented in Fig. 3.10, which is a situation that is

possible during the sudden connections and disconnections of the EVs for

charge because of their random arrival to the station. The following test is

performed: the system is assumed to be in steady state with rated loads on

both dc buses (balanced load). Then, at t = 0.05 s, the load connected to the

lower bus is suddenly disconnected, whereas the load is kept at its rated

value in the upper dc bus. Next, at t = 0.13̄ s the imbalance is reversed. Con-

sequently, the rated load is connected to bus 2 and no load is connected to bus

1. Finally, at t = 0.216̄ s, both buses return to rated load condition. Note that,

the grid voltage has been distorted by adding third- and fifth-order harmon-
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Figure 3.10. Simulated dynamic performance of the system with method 1. (a)

Boost current ib and its reference i∗b . (b) Bus 1 current Id1. (c) Bus 2 current

Id2.
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Figure 3.11. Simulated dynamic performance of the system with method 1. (a)

DC voltages Vd1 and Vd2. (b) Grid current iga. (c) Grid voltage vga.

ics, in order to emulate the voltage in the laboratory and keep the comparison

fair, thereby making the scenario more realistic.

As shown, before t = 0.05 s the currents Id1 and Id2 are equal; therefore,

53



Chapter 3 – Central Converter for EV Charging Stations with a Balanced Bipolar DC Bus

there is no need to generate a balancing action in the fourth leg. Conse-

quently, inductor current ib is set to zero. When the first load impact occurs,

the current demanded by bus 2 becomes zero because there is no load con-

nected and the modulation stage cannot keep the balance under such condi-

tion. As such, the dc-dc stage is commanded to generate a current equal to

−2ϵ̂Id1, whereas Id1 is kept constant at rated condition.

Later, after the second impact at t = 0.13̄ s, the direction of ib is reversed

to compensate the unbalanced condition. As the rated load is connected back

to lower bus, the reference current becomes 2ϵ̂Id2.

Finally, the system is driven back to a state of balance after t = 0.216̄ s,

and given that additional balancing capabilities are not required, the control

scheme sets the inductor current to zero. Please note that the required current

to be drawn by the dc-dc converter is only a fraction of the rated value; thus,

the core losses and current stress on the dc choke are lower.

The proper regulation of the dc-dc stage current ib leads to balanced ca-

pacitor voltages during the whole experiment, as can be seen in Fig. 3.11. The

dc voltages are maintained at their references. The results confirm that the

presence of the balancing leg overcomes the limitation of the conventional

NPC, which is not capable of handling the no load condition in one of the

buses while the other is still loaded.

The proper balance of the voltages leads to sinusoidal currents at the in-

put side during the whole operating range, as shown in Fig. 3.11b which

provides the waveform of iga. In addition, during the mentioned scenarios,

the system remains in operation with unity power factor, as the current is

kept in phase with vga shown in Fig. 3.11c.

3.5.2 Steady-State Analysis

In this section, steady-state waveforms of the converter voltage are presented

in Fig. 3.12 to illustrate the balancing mechanism. Given that the differences

between the upper and lower unbalances has already been covered in [64],
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Figure 3.12. Simulated converter voltages with method 1. (i) Line-to-line volt-

age vab. (ii) Phase voltage vaz . (iii) Fast Fourier Transform (FFT) for vaz. (a)

Case I, balanced operation. (b) Case II, unbalanced operation in bus 2.

only one case will be described in detail.

The system behavior for balanced operation is presented in Fig. 3.12a.

As shown, no dc drift is injected in either of the voltage signals, which leads

to a symmetrical switching pattern during the positive and negative half cy-

cles. This is confirmed by the lack of even-order harmonics in the spectral
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components of vaz. However, the symmetry in the switching pattern is lost

in the presence of load imbalances, because of the redistribution of the small

vectors. This situation can be seen in Fig. 3.12bii, where the no load situa-

tion in the lower bus leads to the imposition of a positive dc drift to keep the

voltages balanced. The dc drift becomes obvious by analyzing the voltage

spectrum presented in Fig. 3.12biii. In addition, it is confirmed the balanc-

ing method misses the half-wave symmetry, because even-order harmonics

appear under the presence of imbalances.

Despite the injection of a dc bias to vaz to prevent the drift of the bus volt-

ages, it is confirmed that this effect is reflected neither by the line-to-line volt-

ages nor the input currents. This phenomenon is attributable to the method,

which identically modifies the three phases of the converter; therefore, the

nonzero dc value is cancelled in the phase-to-phase voltages. The waveform

for vab is presented in Fig. 3.12 for the two analyzed scenarios above, con-

firming that the balancing action does not introduce a nonzero dc value in

the line-to-line voltages.

Finally, the input signals are shown in Fig. 3.13. Once again, the unity

power factor operation of the station is confirmed during the whole test. The

waveform for iga is kept sinusoidal in the three analyzed scenarios, with the

corresponding increase in the ripple during the unbalanced operation. More-

over, under unbalance operation, these currents also show a lack of half-wave

symmetry. This detail is confirmed by its harmonic content presented in Fig.

3.13biii, which contains even order harmonics. Nevertheless, cancellation of

the triplen harmonics remains under the presence of unbalanced loads.

3.6 Simulation Results for Method 2

The second balancing strategy proposed is simulated under the same as-

sumptions, for the sake of a fair comparison of the methods. Therefore, the

same system in Table 3.3 is simulated using the method of virtual disconnec-

tion of the converter neutral.
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Figure 3.13. Simulated grid signals with method 1. (i) Grid voltage vga. (ii)

Grid current iga. (iii) FFT for iga. (a) Case I, balanced operation. (b) Case II,

unbalanced operation in bus 2.

3.6.1 Dynamic Response

The simulated dynamic response of the dc currents is given by Fig. 3.14,

which presents the resemblance with the previous case, as the methods share

the same operation principle. During balanced operation, no current differ-

ence needs to be compensated; therefore, the inductor current is set to zero.
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Figure 3.14. Simulated dynamic performance of the system with method 2. (a)

Boost current ib and its reference i∗b . (b) Bus 1 current Id1. (c) Bus 2 current

Id2.

0.1

0.4

0.7

1

1.3

-1

0

1

0.05 0.1 0.15 0.2 0.25 0.3

-1

0

1

Balanced
operation

Balanced
operation

No load bus 1
Rated load bus 2

Rated load bus 1
No load bus 2

(a)

(b)

(c)

V
o

lt
ag

e
[p

u
]

V
o

lt
ag

e
[p

u
]

C
u

rr
en

t
[p

u
]

Time [s]

Figure 3.15. Simulated dynamic performance of the system with method 2. (a)

DC voltages Vd1 and Vd2. (b) Grid current iga. (c) Grid voltage vga.

Then, after the first load impact at t = 0.05s, ib is set to a negative value, in

order to provide a return path for the current demanded by the upper bus

load. Later, at t = 0.13̄, this current polarity is reversed, as now the no load
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Figure 3.16. Simulated converter voltages with method 2. (a) Line-to-line volt-

age vab. (b) Phase voltage vaz . (c) FFT for vaz.

condition is in the upper bus as suggested by Fig. 3.14. However, in this

case the inductor current average value reaches the rated dc current, as it is

shown in Fig. 3.14a, given that the balancing leg now handles any current

difference between the dc buses. Compared to the previous case the current

stress in the dc choke is doubled. This situation exerts an impact on the losses

associated to this component.

Subsequently, the proper compensation made at the dc stage allows to

have high quality input signals, as it can be observed in Fig. 3.15. The dc

voltages remain perfectly balanced during the complete test, resulting in a

highly sinusoidal input current, which is shown in Fig. 3.15b. In this case, iga
presents less harmonic distortion compared to the one in Fig. 3.11b, as the

central converter is not performing any balancing task, leading to an unal-

tered switching pattern.

3.6.2 Steady-State Analysis

Considering that this method only presents differences in the unbalanced

operation, only these cases will be discussed. First, as stated earlier, the grid-

59



Chapter 3 – Central Converter for EV Charging Stations with a Balanced Bipolar DC Bus

-1

0

1

0.315 0.32 0.325 0.33 0.335 0.34 0.345

-0.5

0

0.5

0 10 20 30 40 50 60 70 80 90 100
0

0.05

(a)

(b)

(c)

V
o

lt
ag

e
[p

u
]

C
u

rr
en

t
[p

u
]

C
u

rr
en

t
[p

u
]

Time [s]

Harmonic Order

THDi = 9.98%

Figure 3.17. Simulated grid signals with method 2. (a) Grid voltage vga. (b)

Grid current iga. (c) FFT for iga.

tied converter only performs the regulation of the input currents; hence, no

significant dc drift is being injected into the generated voltages, as confirmed

by Fig. 3.16, because the voltages vab and vaz do not undergo considerable

changes relative to the balanced case, exhibited in Fig. 3.12a. Given that

the NPC is not performing any balancing task, the harmonic content of the

phase voltages remains unaltered, as it can be observed in Fig. 3.16c, and is

therefore kept free of even order components during the whole test.

Finally, the grid voltage and current waveforms under the asymmetrical

operation are displayed in Fig. 3.17. It is possible to observe that with this

method, the currents under unbalanced operation remains highly sinusoidal

as the ripple is kept constant. This yields to an increase in the THD which

is only related with the reduction in the fundamental component. Hence,

the total demand distortion (TDD) is kept constant. This is because there is

no correction being performed by the modulator stage, therefore the switch-

ing pattern remains unaltered. In addition, as stated earlier, the modulation

index does not vary significantly when the load is changed. Therefore, the

high-order components in the current iga are kept constant, while its funda-

mental have dropped to half of its value. This can be corroborated with the
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Figure 3.18. Photograph of the experimental setup.

spectral distribution for the input current in Fig. 3.17c.

3.7 Experimental Validation for Method 1

In order to complete the validation for the proposed architecture, experimen-

tal results are obtained using a 3.6 kW four leg three-phase NPC based charg-

ing station prototype, as shown in Fig. 3.18. The two balancing approaches

are applied to verify their effectiveness and highlight their features and dis-

advantages.

The setup consists of an isolation transformer, an inductive filter, an IGBT-

based four leg NPC converter, and a resistive load connected to each dc bus

using a relay unit. The control platform used is a dSPACE (DS1103), which

generates the gating pattern for the IGBTs. It is important to mention that the

SVM algorithm is programmed to have an equivalent switching frequency

of 1080 Hz per device. The control scheme is applied to the converter using

the parameters presented in Table 3.3. A dynamic test is performed similar

to the simulation study given in Fig. 3.10 to confirm the performance of the

voltage balancing under any scenario.
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Figure 3.19. Experimental dynamic performance of the system with method

1. Ch1 boost current reference i∗b (5 V/div). Ch2 boost current ib (5 A/div).

Ch3 bus 1 load current Id1 (10 A/div). Ch4 bus 2 load current Id2 (10 A/div).

Time scale 30 ms/div.

3.7.1 Dynamic Response

The dynamic performance of the charging station is presented in Figures 3.19

and 3.20. It is possible to observe that the overall behavior of the system is

close to the simulation results.

The dc currents are presented in Fig. 3.19. The control algorithm is able to

extend the balanced operation of the NPC by adjusting the system currents

through the bidirectional dc-dc stage. As shown in the previous section, the

converter generates a negative current to compensate the no-load condition

on the lower bus and positive for the no-load condition on the upper bus. The

controller response allows reaching the steady state within two fundamental

cycles. The main difference with the simulation results is the mechanical

response of the relays, which present a 4 ms delay during the disconnection

the loads.

It can be seen that the disconnection of the loads does not happen simul-
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Figure 3.20. Experimental dynamic performance of the system with method 1.

Ch1 dc bus 1 voltage Vd1 (100 V/div). Ch2 dc bus 2 voltage Vd2 (100 V/div).

Ch3 grid current iga (20 A/div). Ch4 grid voltage vga(200 V/div). Time scale

30 ms/div.

taneously as in the simulated results, leading to a slight difference in the dy-

namic response. This is because the relay units have different disconnection

responses.

The evolution of the main controlled variables in the VOC loop is pre-

sented in Fig. 3.20. The system can maintain the balance of the dc voltages

during the entire test and presents minimal deviations from its reference in

the transient periods. Additionally, it is confirmed that in steady state, the

voltages Vd1 and Vd2 are perfectly balanced. This balance at the dc side allows

to have a high input current quality, as exhibited in the evolution of iga. This

current is kept highly sinusoidal during the rated-load condition, whereas

its quality decreases accordingly during the unbalanced operation with the

reduction on the fundamental amplitude and the changes in the switching

pattern. The system also operates with unity power factor during the entire

test, as the grid current is kept in phase with the grid voltage.
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vaz

1980 Hz 2340 Hz

(a) Case I

vab

vaz

1980 Hz 2340 Hz

(b) Case II

Figure 3.21. Experimental converter voltages with method 1. Ch1 phase volt-

age vaz (250 V/div). Ch2 line-to-line voltage vab (500 V/div). ChM FFT for

vaz (20 V/div, Span 10 kHz, Center 4.8 kHz). (a) Case I, balanced operation.

(b) Case II, unbalanced operation in bus 2. Time scale 3.4 ms/div.

3.7.2 Steady-State Analysis

The waveforms for the voltages generated by the converter are presented in

Figure 3.21 and show both the phase to neutral vaz and the line-to-line vab
during steady-state operation. During the balanced operation, no dc bias
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is injected to vaz because no current flows through the converter neutral

point. The waveform presents half-wave symmetry, which is reflected in a

harmonic content free of even-order components. The spectrum provided

shows that the dominant harmonics are located in the sidebands around the

component mf . The resulting waveform for vab presents a steeped waveform

with five levels, which are clearly defined due to the proper regulation of the

midpoint voltage.

The dc drift injected by the midpoint controller becomes obvious in Fig.

3.21b. In case II, the system compensates for the no-load condition in the

lower bus by injecting a positive dc value, thereby widening during the pos-

itive half cycle. Consequently, the symmetry in the generated voltage is

missed, which leads to the appearance of even-order components in its spec-

trum. This appearance influences the demanded current distortion. Never-

theless, given that the compensation is injected equally to the three phases of

the converter, the line-to-line voltages present a zero dc value in all the sce-

narios. The dominant harmonics of the current have shifted to lower frequen-

cies, situation which can be explained by the partial balancing performed by

the modulator, as the change in the width of the pulses results in a lower

equivalent switching frequency, as exhibited in vab.

The ac side quantities are illustrated in Fig. 3.22 to complete the analysis

in steady state. The experimental waveforms for the rated load condition of

case I are presented in Fig. 3.22a. The results obtained confirm the correct

performance of the proposed control scheme. The accuracy of the control of

the mid point-voltage becomes clear, as the dc buses voltages are kept bal-

anced, thereby leading to high-quality currents at the input side. The current

iga exhibits a highly sinusoidal behavior with a fundamental of 15.35 A and

reduced ripple, and is in phase with vga. A THD of 5.8% is obtained for the

rated load condition. In the Figure, it also becomes evident the harmonic dis-

tortion present in the grid voltage. Then, in the case of unbalanced operation

of Fig. 3.22b, proves that the system is able to operate properly even if one of

the loads is disconnected at the dc side. The current is kept sinusoidal, but its

ripple has increased, this is explained by the reduction of fundamental com-
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(a) Case I
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Figure 3.22. Experimental grid signals with method 1. Ch3 grid current iga (20

A/div). Ch4 grid voltage vga (200 V/div). ChM FFT for iga (100 mA/div,

Span 10 kHz, Center 4.8 kHz). (a) Case I, balanced operation. (b) Case II,

unbalanced operation in bus 2. Time scale 3.3 ms/div.

ponent of the current to 7.58 A. As established earlier, the modulation index

in grid tied operation with unity power factor varies slightly under different

load conditions. Therefore, the amplitude of the high frequency components

is kept almost constant, thereby increasing its influence on the demanded

current. This condition, along the lack of symmetry in the generated volt-
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age, alters the distribution of the harmonics components, that is, shifting the

dominant ones to lower orders. This result is confirmed by the input current

spectrum shown in Figures 3.22a and 3.22b, showing that under balance op-

eration, the dominant harmonics of iga are located in the sidebands around

2mf , but in the presence of unbalances, most of the energy is concentrated

around mf , thus are less mitigated by the action of the input filter.

The grid current THD under imbalance reaches a 14.9%, which corre-

sponds to a TDD of 7.35%. This value is within the admissible limits of the

grid code for the intended power levels (20 < Isc/IL < 50) [66]. Furthermore,

if the unbalanced operation does not exceed 1 h in length, then it is consid-

ered as a unusual condition, and the system meets the grid code regardless

of the Isc/IL ratio.

3.8 Experimental Validation for Method 2

Method 2 is applied to the setup displayed in Fig. 3.18 under the same dy-

namic scenario proposed for the first balancing method.

3.8.1 Dynamic Response

The analysis the acquired waveforms provided by Figures 3.23a and 3.23b,

indicates a performance similar to that obtain with the previous method. As

discussed in the simulation section, this approach results in a larger current

stress in the dc inductor, as it handles the rated dc current in the worst-case

scenario. This result is confirmed in Fig.3.23a, which shows that the average

current driven by the balancing leg now reaches 7.5 A (doubling the previous

case), thereby imposing larger requirements on the design and selection of

this component.

This alternate compensation in the dc currents again leads to balanced

voltages in the buses, as exhibited in Fig. 3.23b. On top of that, the virtual

disconnection method has a faster response than the previous approach, be-
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Figure 3.23. Experimental dynamic performance of the system with method 2.

(a) DC currents. Ch1 boost current reference i∗b (5 V/div). Ch2 boost current

ib (5 A/div). Ch3 bus 1 load current Id1 (10 A/div). Ch4 bus 2 load current

Id2 (10 A/div). (b) VOC signals. Ch1 dc bus 1 voltage Vd1 (100 V/div). Ch2

dc bus 2 voltage Vd2 (100 V/div). Ch3 grid current iga (20 A/div). Ch4 grid

voltage vga (200 V/div). Time scale 30 ms/div.

cause the effect of the disturbances on the dc voltages under the load impacts

are smoother than those observed in Fig. 3.19.
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Accordingly, the input current remains as a sinusoid with minimal dis-

tortion during the test, as the balancing technique eliminates the influence

of the disturbances immediately. Moreover, Fig. 3.23b shows that the sys-

tem always operates with unity power factor, as iga and vga are kept in phase

regardless of the load condition.

3.8.2 Steady-State Analysis

The steady-state operation is discussed to complete the validation of the

method. The generated voltages are displayed in Fig. 3.24. Given that no

dc voltage compensation occurs from the grid-tied converter, the waveforms

do not exhibit major differences from the balanced case in Fig. 3.21a. For this

reason, this approach results in converter voltages free from even order com-

ponents under any load scenario. This result can be confirmed by the FFT for

vaz provided by Fig. 3.24.

In consequence, the grid current shown in Fig. 3.25 presents higher qual-

ity because its distortion levels have remained unchanged from the balanced

vab

vaz

1980 Hz 2340 Hz

Figure 3.24. Experimental converter voltages with method 2. Ch1 phase volt-

age vaz (250 V/div). Ch2 line-to-line voltage vab (500 V/div). ChM FFT for

vaz (20 V/div, Span 10 kHz, Center 4.8 kHz). Time scale 3.4 ms/div.
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vga
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4020 Hz 4740 Hz

Figure 3.25. Experimental grid signals with method 2. Ch3 grid current iga (20

A/div). Ch4 grid voltage vga (200 V/div). ChM FFT for iga (100 mA/div,

Span 10 kHz, Center 4.8 kHz). Time scale 3.4 ms/div.

condition of Fig. 3.22a. This result is confirmed as its harmonic content still

concentrates most of its energy in the components around 2mf . The result-

ing THD for iga during unbalanced operation is 11.1%, and its increase is only

related exclusively to the reduction in the fundamental amplitude, which is

now 7.61 A. This means that the TDD has remained constant. Therefore, the

system will meet the grid code requirements under any load condition re-

gardless of the duration of the unbalanced operation.

3.9 Summary

A novel architecture for fast charging stations for EVs is proposed and vali-

dated. The architecture is based in the use of a single grid-tied NPC converter

that enables a bipolar dc bus. Its main features are the megawatt range capa-

bility, a single ac-dc stage for powering several charging units, the sustained

step down effort of the chargers, a balanced operation during any load sce-

nario and the possibility to include additional storage or generating units

into the system. The structure can be installed in different locations through-
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out the city, which enables alternatives for refueling EVs in shorter times, in

order to increase its acceptance.

The use of a multilevel converter enables the application in MV (lower

currents, smaller ac chokes), and improved THD and power quality. Such a

converter also enables a possible scale up in the power ratings, if necessary.

The limited unbalanced operation of the converter is used to provide a com-

plimentary solution and overcome its limits, which allows the operation in

any load scenario.

Regarding the balancing techniques proposed, two methods are success-

fully validated through experiments, maintaining the balance in the system

under severe unbalanced operation. The complimentary balancing concept

reduces the dc current flowing in the balancing circuit, to only a fraction of

the demanded current. This concept reduces the stress on the switches, the

size of the inductor and also use higher switching frequencies. This is possi-

ble because the scheme exploits the balancing capabilities of the modulator

and only uses the balancing circuit as a complement. In the case of the vir-

tual disconnection of the neutral point, the balancing tasks are exclusively

performed by the additional leg. Thus, the current stress in the dc choke is

higher, altering the efficiency of the balancing dc-dc stage and the inductor

design. However, this approach allows to keep the distortion of the input

currents to be constant under any load scenario, thereby maximizing the the

high power quality offered by the central NPC converter.

The distributed dc bus structure allows to reduce the power conversion

stages in the system, thereby also reducing the costs and improving the over-

all efficiency. In addition, the structure facilitates the integration of PV gen-

eration and energy storage systems. Such an integration enables the oppor-

tunity to reduce the power demand of the chargers and provide support to

the grid.
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CHAPTER IV

EV CHARGING STATION WITH AN ENERGY

STORAGE STAGE FOR DC BUS VOLTAGE

BALANCING

I
N THE PREVIOUS chapter, the bipolar dc bus architecture is validated for

its continuous operation, even under severe load unbalances. This valida-

tion is conducted by adding an additional circuit to the system, which en-

hances the balancing capabilities of the grid-tied converter. The result leads

to balanced dc voltages even under severe unbalanced load conditions.

Taking a different approach, this chapter provides the additional balanc-

ing capabilities using an energy buffer. As mentioned earlier, the selected

charging station architecture allows the inclusion of optional ESSs, which are

intended to be used in energy management tasks. However, it is possible to

extend its operation, and the complimentary balancing capabilities required

by the central converter can be provided. The presence of a stationary load in

the system can be utilized to balance the dc voltages. This eliminates the ad-

ditional NPC leg, thereby reducing the system cost. Moreover, the presence

of this stage will allow the use of off-the-shelf products for both the central

converter and the fast charging units. This use of such standardized compo-

nents decreases hardware costs and improved system robustness, aside from
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Figure 4.1. Proposed charging station architecture with balancing ESS

resulting in cost-effective implementation and maintenances [37].

In the following sections, the inclusion of a battery ESS in the system is

discussed. This additional stage performs the energy buffer tasks and the

complimentary balancing of the dc voltages. In order to do so, a dc-dc stage

with access to both of the dc buses must be included, to avoid having two

batteries in the system, as shown in Fig. 4.1. To meet this purpose, a three-

level dc-dc stage is featured. A control scheme is developed and proposed,

which covers the partial balancing tasks. A comparison with the balancing

leg approach is also discussed.

The overall performance of the system is validated both in simulation and

experiment.

4.1 Three-Level DC-DC Stage for ESS

As stated earlier, the ESS must have access to both dc buses in order to per-

form the balancing compliment to the grid-tied converter. Considering this

requirement, a three-level dc-dc converter will be used as the dc-dc stage.
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Figure 4.2. Circuit diagram for the three-level dc-dc stage for the ESS.

This selection is further justified by the reduced voltage stress on the switch-

ing devices, thereby allowing the use of conventional low-voltage-rated switches

with improved output current waveform and improved efficiency in com-

parison to conventional two-level-based topologies [67]. This particular ap-

plication requires including only a single ESS, as such converter is able to

compensate currents in both of the dc buses.

The power circuit of the selected topology is presented in Fig. 4.2, which

presents three input terminals that can be directly connected to the bipolar

charging station. The converter is composed of four switching devices, along

with their corresponding freewheeling diodes and output inductor Lo and

capacitor Co for filtering purposes.

Considering its structure, the basic requirement that Vi1 = Vi2 = Vi, and

the valid combination of its switching signals, the converter generates four

voltage states, which are resumed in Table 4.1, using the same nomenclature

employed in the NPC to identify the switching states. Each state results in a

different equivalent circuit, as presented in Fig. 4.3. These states are depicted

as follows: When the inner switches Sk2 and Sk3 are turned on, the output

voltage is equal to zero. When Sk1 and Sk3 are on, vo becomes Vi. When the

switches that are on are Sk2 and Sk4, the same output voltage is generated.

Finally, when the switches Sk1 and Sk4 are turned on, the output voltage vo
is equal to the total input voltage 2Vi. Please note that the switching states

v1P and v1N generate opposite neutral point currents, revealing the balancing
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Table 4.1. 3L dc-dc converter switching states

States
Switching Output Neutral

State Voltage Current

v0 [OO] 0 izk = 0

v1P [PO] Vi1 izk < 0

v1N [ON] Vi2 izk > 0

v2 [PN] 2Vi izk = 0

Vi

Vi

Vo

Dx2

Dx3

(a) v0

Vi

Vi

Vo

Dx3

Sx1

(b) v1P

Vi

Vi

Vo

Dx2

Sx4

(c) v1N

Vi

Vi

Vo

Sx1

Sx4

(d) v2

Figure 4.3. Four switching states and their equivalent circuits.

capabilities of the converter. This state will be denominated mid-state for the

rest of the chapter.

4.2 Operation Principle

According to the circuit diagram in Fig. 4.2, the operation of the outer switches

Sk1 and Sk4 must be complimentary to the inner switches Sk2 and Sk3, respec-

tively, in order to avoid short-circuiting the input voltage sources. Therefore,

the operation of the converter is regulated through two independent gat-

ing signals g1 and g4. These signals are usually generated using pulse-width

modulators with phase-shifted carriers [67,68]. However, taking into account

the generated switching sequence, it can also be synthesized by the a single

phase SVM approach. The sequence will vary wether do ≤ 0.5 and do > 0.5.

This topic is discussed further in the succeeding sections.
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4.2.1 Small Duty Cycle

To start the analysis, the average value of the output voltage is given by

Vo =
1

Ts

∫ Ts

0

vo(τ)dτ, (4.2.1)

This voltage is applied to the terminals of the ESS. By assuming that this

voltage results in do ≤ 0.5, the required reference that synthesizes it is defined

as

Vo =
1

Ts

(tav1P + tbv1N + tcv0) , (4.2.2)

where ta, tb and to represent the dwell times of each state.

On the other hand, the duty cycle do is defined by the ratio between the

output and input voltages, according to:

do =
Vo

2Vi

. (4.2.3)

Considering the output voltages in Table 4.1 and replacing (4.2.2) into

(4.2.3) the following expression are obtained:

do =
daVi1 + dbVi2

2Vi

, (4.2.4)

dk =
tk
Ts

, where k = (a, b, c). (4.2.5)

Please note that the duty cycles da, db and dc have been introduced.

The previous result reflects that, during normal balanced operation, the

duty cycles for the outer switches are equal to do, as the voltages Vi1 and Vi2

are equal. In the presence of different dc voltages, the duty cycles da and db
will be redistributed according to this voltage drift, in order to retrieve the

balance condition. This results in the five segment sequence for the SVM

principle shown in Fig. 4.4a.
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(a) Small duty cycle do ≤ 0.5
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(b) Large duty cycle do > 0.5

Figure 4.4. Five segment switching sequence for SVM.

4.2.2 Large Duty Cycle

If the output voltage is larger than Vi, the sequence varies as follows. In this

case, the output voltage is synthesized by

Vo =
1

Ts

(tav1P + tbv1N + tcv2) . (4.2.6)

Regardless the relationship between Vi1 and Vi2, the duty cycle for v2 is equal

to

dc = 2do − 1. (4.2.7)

Finally, replacing (4.2.7) into (4.2.6) and clearing the total duty cycle lead

to

do = 1−
daVi1 + dbVi2

2Vi

(4.2.8)

The previous operation mode is illustrated in Fig. 4.4b. An important re-

mark from the operating conditions displayed in Fig. 4.4, is the confirmation
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that the redundancies of the state v1 generates opposite currents circulating

through the neutral point izk. When the positive redundancy is employed, a

negative average current flows through the neutral point, whereas a positive

average value for izk is imposed when v1N is used. This concept will be used

to develop the balancing scheme employed in this chapter.

4.3 Voltage Balancing Technique

As established in the previous chapter, the asymmetrical operation of the

bipolar dc bus requires a minimal power ratio between the dc buses, which is

determined by the grid-side modulation stage. The motivation of this chap-

ter is to use the ESS to perform the balancing tasks when the system is driven

out of its balanced zone. The fundamental difference with the previous tech-

nique is that the minimal load condition is no longer emulated, as the ESS

remains permanently connected to the system. This approach redistributes

the power consumption in order to satisfy the minimal power ratio allowed

by the modulator, by concentrating it to the bus with lighter load. The com-

plete analysis is given in the following sections.

4.3.1 Small Duty Cycle

For the first case, is necessary to revisit the example presented in Fig. 4.4a

and assume there is no load connected to the upper bus, while the lower one

is operating under rated condition. The last chapter demonstrated that, in

order to keep the dc voltages from drifting, the following condition must be

met under any scenario:

min{Pd1, Pd2} ≥ ϵmax{Pd1, Pd2}. (4.3.1)

As stated earlier, the imbalances are compensated by redistributing the usage

of the mid-states. This condition allows selecting which bus provides power

to the ESS. Accordingly, the redistribution is conducted in such a way that

the positive bar current ipk must be equal to ϵId2. From Fig. 4.4a, it can be
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deducted that this current is related with the output current io according to

ipk = daio. (4.3.2)

Additionally, assume that in order to meet the minimal load condition, the

output current is such as it requires to exclusively use the positive redun-

dancy of v1. This requirement leads to da = 2do. In consideration of the

previous analysis, the minimal value for io that allows to meet the balancing

condition is defined as

io =
ϵId2
2do

. (4.3.3)

This is an interesting result, as it demonstrates that an ESS with a power

equivalent to ϵPb/(2 + ϵ) is required in order to guarantee a balanced opera-

tion of a system rated at Pb. Moreover, it is worth mentioning that, despite

the redistribution that the modulator is performing, the power delivered to

the battery remains unaltered for this duty cycle range.

In the case the imbalance is located at the lower dc bus, the procedure is

analogous because the battery requires to drain at least a current defined by

io =
ϵId1
2do

, (4.3.4)

while employing exclusively the mid-state v1N.

4.3.2 Large Duty Cycle

The balancing principle is the same for different modulation indexes, and the

generated compensation current changes are demonstrated below. Using the

example provided in Fig. 4.4b, and again assuming the unbalance location is

the upper bus, the required value for ipk to achieve the dc voltage balance is

still set by (4.3.1), which must be equal to ϵId2. The relationship between this

current and io is modeled by (4.3.2). Given that the positive redundancy is

being exclusively used, the required output current is now defined as

io =
ϵId2

2(1− do)
. (4.3.5)
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This result demonstrates that, for large duty cycles, the minimal ESS power

rating that can keep the system balanced under any load scenario is given by

ϵdoPb/(2 − 2do). In other words, in this duty cycle range, the ESS required to

maintain the system balanced has higher power ratings. In case of having the

imbalance located in the lower bus, the equations must change accordingly,

assuming that only v1N is being used.

4.4 Proposed Control Scheme

Considering that the ESS remains as a stationary load to in the system, which

can drain power from any of the buses, its usage can be maximized. This is

done by using its charging process to compensate for the imbalances in the

system. For this reason, the overall structure of the grid-side controller that

regulates the central NPC converter does not need to be modified. How-

ever, a change is introduced in the switching sequence employed in order

to overcome the generation of even-order harmonics during the unbalanced

operation.

4.4.1 Modified Sequence Under Unbalanced Operation

Considering the results obtained in the previous chapter, the main disadvan-

tage of the control scheme was the presence of even-order harmonics in the

line current during unbalanced load operation because the half-wave sym-

metry is missed. This is not desirable for grid-connected tasks because the

grid code sets stringent limits for this particular components and must there-

fore be solved. The SVM switching sequence is modified during these in-

stants in order to retrieve the half-wave symmetry and guarantee line cur-

rents without even-order harmonics.

As mentioned earlier, the dwell times for positive and negative small vec-

tors are redistributed according the dc voltage deviations, using a PI con-

troller to maintain the balance. To do so, the controller actuation ∆s is fed to
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1st
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2nd
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v2N

[OON]

6th
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t

Switching Period Ts

vab

(a) Switching sequence for region I-2a
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5th
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t
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(b) Switching sequence for region IV-2a

2nd
v10

[NOP]

3rd
v5P

[OOP]

5th
v5P
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6th
v10

[NOP]

4th
v4N

[NOO]

1st
v4P

[OPP]

7th
v4P

[OPP]

t

Switching Period Ts

vab

(c) Modified sequence for region IV-2a

Figure 4.5. SVM switching sequences during unbalanced operation.

the SVM modulator to adjust the dwell times according to (3.3.16).

Considering the same voltage reference of the scenario in Fig. 3.5b, but

in the presence of an unbalance at the dc side that results in ∆s = −1/3.

This condition leads to taP = 2taN , and the resulting sequences are the ones

shown in Fig. 4.5. It becomes clear how the balancing mechanism modifies

the switching sequence, which leads to a lack of half-wave symmetry on the

line to line voltages. This yields of even-order harmonics on the line currents.

Given that dwell times redistribution is necessary to balance on the dc

voltages, a modification of the switching sequence is proposed to maintain

the symmetry, and it will only be used when the dc loads are different. This

modification is simply to swap the position of the negative and positive vec-

tors in one of the the sequences, in order to retrieve the half wave symmetry.

In the studied case, the type B sequence is modified by swapping v5P and

v5N. Is important to note that the condition of changing only two switches

per segment is missed because of the swapping of the small vectors. This

modification leads to the switching sequence presented in Fig. 4.5c for the
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region IV-2a. Figure 4.5 shows that the symmetry in the line-to-line voltages

is retrieved. However, the retrieval is achieved at the expense of increasing

the number of switchings per sampling period.

4.4.2 ESS Controller

The following operation principle is proposed to regulate the ESS. First, the

battery controller will not be modified in any way, generating the required

duty cycle value do to regulate its voltage. Second, depending on the location

of the imbalance, the dc-dc stage redistributes the usage of the mid-states v1P

and v1N such that it drains the minimal current from the less congested bus.

This redistribution is entirely related with the usage of the small vectors of

the central stage controller. Thus, the same actuation ∆s can be used for

this purpose. In addition, in order to minimize the required battery power

ratings, the ESS voltage is selected to be lower than Vi

The required controller for the ESS is presented in Fig. 4.6, which confirms

that the controller for the battery is the conventional cascaded loop, that op-

erates in constant current (CC) or constant voltage (CV) modes depending

on its SOC. Additionally, it can be seen that the whole regulation of the ESS

is governed by the battery management system (BMS), emphasizing that the

main purpose of the ESS is to perform the energy management tasks. This

structure generates the required do, and the modulator stage performs the

redistribution of the states, using the information provided by the midpoint

controller. This modification is done to the duty cycles da and db according to

SVM

BMS

PI
PICP

V ∗
o

Vo

i∗o

io

do Sk

Sc

∆s

SOC

Vcell

Figure 4.6. Proposed controller for the balancing ESS.
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da = do(1 +∆s) (4.4.1)

db = do(1−∆s). (4.4.2)

4.5 Simulation Results

Considering the proposed compensation technique to keep the dc-link volt-

ages balanced, the system is simulated using the same dynamic scenarios

forced in the previous chapter. In addition, the proposed switching sequence

Table 4.2. Simulation and experimental parameters for ESS system

Paramenter Symbol Value

Grid Voltage Amplitude Vg 1 pu

Grid Frequency fg 1 pu

Input Filter Inductance Lg 0.1 pu

Input Filter Resistance Rg 0.02 pu

dc-Link Capacitance Cd 4.5 pu

dc-Link Voltage Vd 2.2117 pu

Output Filter Inductance Lo 0.18 pu

Output Filter Capacitance Co 1.8 pu

ESS Rated Power Pss 0.1402 pu

Switching Frequency fs 36 pu

Amplitude Modulation Index ma 0.6433

Frequency Modulation Index mf 36

Critical Load Ratio ϵ̂ 0.2823

Simulation Base Voltage VB 4160/960 V

Simulation Base Power PB 1.38 MW

Experimental Base Voltage VB 208 V

Experimental Base Power PB 3 kW

Base Frequency fB 60 Hz
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correction is performed in order to keep the ac side currents free of even-

order harmonics. The simulation parameters are presented in Table 4.2. Only

the power rating of the station has been increased in order to include the ESS.

In this case, a 1.38 MW charging station is simulated using Matlab/Simulink R⃝.

4.5.1 Dynamic Performance

The study of the dynamic performance in the presence of severe load im-

pacts is the first stage of validation. As mentioned earlier, this validation is

designed simulate the volatile loads that the EVs represent. Figure 4.7 ex-

hibits the dynamic evolution of the dc currents in the system. It is possible

to see that before t = 0.05 s, the system operates with symmetrical dc loads,

as Id1 = Id2. Hence, any current compensation does not need to be generated

with the balancing ESS. Given that the usage of the mid-states does no need

to be redistributed, the average value of izk is zero, while the ESS continues

its charging process. Then, at the instant when the first load impact occurs,

the current Id2 goes to zero, and in order to keep the voltages from drifting,
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Figure 4.7. Simulated dynamic performance of the ESS system. (a) Neutral

point current izk and its average value Izk. (b) Bus 1 current Id1. (c) Bus 2

current Id2.
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Figure 4.8. Simulated dynamic performance of the ESS system. (a) DC bus

voltages Vd1 and Vd2. (b) Grid current iga. (c) Grid voltage vga.

the system forces the power demand to be exclusively from the lower bus.

This condition is confirmed by the positive average value of izk. Similar to

that in previous chapter, Id1 remains unaltered, thereby demonstrating the

independent operation of the dc buses.

Later on, the asymmetrical operation is reversed at t = 0.13̄ by disconnect-

ing the load in bus 1 and reconnecting the rated load to bus 2. This reverse

process demonstrates how the polarity of the current in the neutral point

changes, as a result of the exclusive use of only the positive redundancy of

the mid-state.

When the system returns to balanced operation at t = 0.216̄, no com-

pensation actions from the ESS are necessary. Hence, the distribution of the

mid-states is conducted equally, which results in zero average current flow-

ing through the midpoint. A remarkable fact from the proposed method is

the reduced current stress in the output dc choke, because the ESS power

rating is merely 14% of the rated power of the station.

The proper regulation performed at the dc side keeps the voltages per-

fectly balanced throughout the entire simulation. This situation is confirmed
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by Fig. 4.8a, which shows how the voltages of the dc capacitors remain track-

ing their reference. As in the previous method, the proposed balancing tech-

nique allows to overcome the limitations of the conventional NPC.

Given that the balancing technique keeps the dc voltage balance, the cur-

rents at the input side exhibit a sinusoidal waveform during any scenario, as

shown in the waveform of iga in Fig. 4.8b. Finally, the unity power factor op-

eration remains unaltered during the load impacts, as the currents are kept

in phase with the grid voltage vga plotted in Fig. 4.8c.

4.5.2 Steady-State Analysis

Following with the validation of the proposed balancing scheme, the steady-

state waveforms of the converter voltages are discussed. Figure 4.9 presents

these waveforms for the balanced and unbalanced cases.

The behavior of the system for symmetrical operation can be seen in Fig.

4.9a, which displays that no corrections are applied to either of the voltage

signals because no difference exists between the dc loads. The generated volt-

ages presents half-wave symmetry which leads to an spectral content that has

no even-order harmonics, as shown by the FFT of vaz . Then, in the presence

of imbalances, a dc drift is injected to the phase voltage with balancing pur-

poses, which results in a positive dc drift due the lack of load in the lower

bus, as presented in Fig. 4.9bii. The modification of the switching sequence

for the asymmetrical operation can also be observed, as vaz exhibits some

extra switchings per fundamental cycle.

The presence of the dc injection is confirmed by the spectrum of vaz of

Fig. 4.9biii. The dc voltage injection has led to a lack of symmetry between

the positive and negative half cycles of the converter phase voltages, which

is confirmed by the presence of even order components in Fig. 4.9biii.

As in the previous method, the dc bias injected to vaz is not reflected to-

ward the line-to-line voltages because the three phases are modified equally.

This result is confirmed by Figures 4.9ai and 4.9bi.
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To complete the analysis, the input signals for steady-state regimen are

presented in Fig. 4.10. The input current iga exhibits a sinusoidal nature for

both balanced and unbalanced cases, with the corresponding increase in its

ripple during the unbalanced operation. However, the effectiveness of the

modified switching frequency is confirmed, as the currents have maintained

0 10 20 30 40 50 60 70 80 90 100
0

0.5

-2

0

2

0.265 0.27 0.275 0.28 0.285 0.29 0.295

-1

0

1

(i)

(ii)

(iii)

V
o

lt
ag

e
[p

u
]

V
o

lt
ag

e
[p

u
]

V
o

lt
ag

e
[p

u
] Time [s]

Harmonic Order

THDv = 88.69%

(a) Case I

-2

0

2

0.095 0.1 0.105 0.11 0.115 0.12 0.125

-1

0

1

0 10 20 30 40 50 60 70 80 90 100
0

0.5

(i)

(ii)

(iii)

V
o

lt
ag

e
[p

u
]

V
o

lt
ag

e
[p

u
]

V
o

lt
ag

e
[p

u
] Time [s]

Harmonic Order

THDv = 63.06%

(b) Case II

Figure 4.9. Simulated converter voltages of the ESS system. (i) Line-to-line

voltage vab. (ii) Phase voltage vaz . (iii) FFT for vaz . (a) Case I, balanced opera-

tion. (b) Case II, unbalanced operation in bus 2.
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Figure 4.10. Simulated grid signals of the ESS system. (i) Grid voltage vga. (ii)

Grid currentiga. (iii) FFT for iga. (a) Case I, balanced operation. (b) Case II,

unbalanced operation in bus 2.

the half-wave symmetry. This result is confirmed by its harmonic content,

presented by Fig. 4.10biii, because no energy is concentrated in the even-

order components.
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4.6 Experimental Validation

The final step to demonstrating the effectiveness of the proposed balancing

approach is through experimental verification. In order to do so, the 3 kW

NPC prototype exhibited in Fig. 4.11 is employed. This experimental plat-

form is composed of an isolation transformer, an inductive input filter and

the central NPC converter (four leg three-phase) in the ac side, while the dc

side has an IGBT based three-level dc-dc stage for the ESS interface and the

resistive loads for each bus. Both of the loads are connected to the dc bus

through a solid state relay to force the asymmetrical operation. The control

platform used is an eZdsp (TMS320F28335) from Spectrum Digital, which

is performing the main calculations and control actions, along with an Al-

tera Cyclone FPGA (EP1C6T144C8) to manage the peripherals and protec-

tions, aside from generating the dead-times for the switching signals. In this

case, the SVM algorithm is programmed to have an equivalent switching fre-

quency of 1020 Hz per device. The control scheme is applied to the converter

using the parameters presented in Table 4.2. The same dynamic test of the

simulations is performed to validate the approach.

Input Filter

Isolation
transformer

Controller

Relay units

Oscilloscopes

3L-NPC

dc loads

BESS Converter

Figure 4.11. Photograph of the experimental setup.
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4.6.1 Dynamic Performance

The obtained results are displayed on Fig. 4.12. Once again it is possible to

observe a close similarity with the simulation results obtained earlier.

Figure 4.12a displays the behavior of the dc currents during the entire test.

It is important to remind that the ESS is performing its charging tasks during

the entire scenario. Considering that system starts in balanced operation, no

current compensation is required from the ESS. Therefore, its draining power

equally derives from both dc buses, as indicated by the average neutral point

current Izk, which is zero. Later on, when the lower dc bus is disconnected

(i.e., Id2 is set to zero), it immediately changes to a positive value to keep

the dc voltages from drifting. Consequently, when the imbalance is reversed

(i.e., Id1 is now zero), it changes its direction in order to reach the minimal

load condition. When the system returns to balanced regimen, the current

compensation is no longer required and Izk returns to zero.

As a continuation of the analysis, the evolution of the quantities related

with the grid-tied regulation is presented in Fig. 4.12b. The figure shows how

the severe asymmetrical operation is overcome by forcing the minimal load

condition at the dc side. The dc bus voltages present an improved dynamic

response by returning rapidly to their reference. This improved response

leads to a balanced operation during the entire test. A proper regulation of

the input current iga is achieved, which exhibits a highly sinusoidal wave-

form, and does not distort excessively. In addition, the current maintains

its phase disposition with the grid voltage, hence keeping the unity power

factor operation.

Although the ESS interface is able to redistribute its power consumption

and provide the complimentary balancing capability, its main function is still

charge or discharge the battery. In order to highlight this issue, Fig. 4.13

shows the evolution of the current injected to the battery io and the voltage

generated by the dc-dc stage vo. It becomes clear that these outputs remain al-

most unaltered during the entire dynamic test, with the exception of a slight
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operation
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operation

No load bus 1
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No load bus 2
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(a) dc currents

Vd2

Vd1

iga

vga

(b) VOC signals

Figure 4.12. Experimental dynamic performance of the ESS system. (a) DC

currents. ChM Neutral point current average value Izk (4 A/div). Ch2 Neu-

tral point current izk (5 A/div). Ch3 bus 1 load current Id1 (5 A/div). Ch4

bus 2 load current Id2 (5 A/div). (b) VOC signals. Ch1 dc bus 1 voltage Vd1

(100 V/div). Ch2 dc bus 2 voltage Vd2 (100 V/div). Ch3 grid current iga (14.8

A/div). Ch4 grid voltage vga(200 V/div). Time scale 30 ms/div.

increase in the current ripple. The reason for this increase is the exclusive use

of one of the redundancies of the mid-state, which leads to a reduction of the
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Figure 4.13. Experimental dynamic performance of the ESS system. Ch1 ESS

input current io (5 A/div). Ch2 ESS input voltage vo (200 V/div). Time scale

30 ms/div.

apparent switching frequency. This results demonstrate that the operation of

the ESS can be integrated with the complimentary balancing required by the

grid-tied converter.

4.6.2 Steady-State Analysis

Finally, the results in steady state are analyzed in order to complete the val-

idation of the balancing approach, which are displayed on Figures 4.14 and

4.15.

As it could be expected, the converter voltages during the symmetrical

operation from Fig. 4.14a do not present major differences with those ob-

tained in the earlier chapter because the modification of the switching se-

quence only takes place during the unbalanced operation. This result is con-

firmed by the waveforms in Fig.4.14b, in which the effort to maintain the

symmetry of the line to line voltages is reflected in the additional switch-

ings in the negative half cycle of vaz. The line-to-line voltage vab retrieves the
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vab
vaz

(a) Case I

vab
vaz

(b) Case II

Figure 4.14. Experimental converter voltages with balancing ESS. Ch1 phase

voltage vaz (200 V/div). Ch2 line-to-line voltage vab (500 V/div). ChM FFT

for vaz (20 V/div, Span 10 kHz, Center 4.8 kHz). (a) Case I, balanced opera-

tion. (b) Case II, unbalanced operation in bus 2. Time scale 3.4 ms/div.

half-wave symmetry as expected, leading to an input current with no energy

concentrated in the even-order harmonics.

The effectiveness of the modified switching sequence can be observed in

Fig. 4.15b. In the presence of asymmetrical dc loads, iga maintains its si-
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vga

iga

(a) Case I

vga

iga

(b) Case II

Figure 4.15. Experimental grid signals with balancing ESS. Ch3 grid current iga
(10 A/div). Ch4 grid voltage vga (200 V/div). ChM FFT for iga (100 mA/div,

Span 10 kHz, Center 4.8 kHz). (a) Case I, balanced operation. (b) Case II,

unbalanced operation in bus 2. Time scale 3.4 ms/div.

nusoidal behavior and retrieves its half-wave symmetry, which can be con-

firmed by the exclusive presence of odd-order harmonics in its spectrum. Is

important to keep in account that the balancing actions performed by the

central converter results in a reduction of the apparent switching frequency

on the line-to-line voltages, as it can be appreciated in the cases of Fig. 4.14,
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which explains the shift of input current dominant harmonics into lower fre-

quencies.

4.7 Summary

A different complimentary balancing approach is developed and success-

fully validated. This approach utilizes from the optional stages allowed by

the distributed dc bus architecture. In this case, the presence of an ESS, inter-

faced with a three-level dc-dc converter, eliminates of the balancing leg and

provides the supplementary balancing capability required. These features re-

duce the overall cost of the charging architecture because as the requirements

for the rectifier stage are reduced, allowing to use off-the-shelf equipment.

It is important to highlight that although the ESS converter is provid-

ing the additional balancing ability, its presence in the system is for energy

management purposes and not exclusively for the dc voltages balance. It is

demonstrated that this additional function does not dramatically alters its

operation, which keeps its main function, that is, the charging and discharg-

ing of the battery toward the energy management strategy. Given the na-

ture of the three-level dc-dc converter, the minimal load condition does not

impose a significant restriction on the battery sizing, which means that the

battery ratings are still set by the selected approach to energy management.

As the previous balancing methods, the current method provides a solu-

tion that maintains high quality input signals, despite the presence of severe

imbalances. In addition, the alternate switching sequence performs the com-

plimentary balancing while keeping the current symmetrical.
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CHAPTER V

ENERGY MANAGEMENT STRATEGY

T
HE SELECTED configuration for the fast charging station features the

direct inclusion of several optional stages into the system, such as en-

ergy storage units, renewable generators, fuel cell generators, and so on. The

connection is made at the dc side; therefore additional synchronization mech-

anisms, control and sensor sets are not required, neither issues with reactive

power are present. Nevertheless, this feature has implications on the man-

agement of the available energy because such stages provide an additional

degree of freedom that enables the fast charging station to perform secondary

services, such as energy arbitrage, standalone operation in case of grid faults,

and other grid ancillary services (e.g., load leveling, power pulsation mini-

mization, frequency regulation, etc.), depending on its power ratings.

Accordingly, an energy management strategy is necessary to optimally

use the available resources. The main objective of this chapter is to develop

a generalized optimization model, which is intended for studying the eco-

nomic effects of dedicated ESS and locally installed renewable generators on

the overall operation costs of the station. This generalized structure provides

flexibility in studying the different types of ESSs or DGs available for the sta-

tion [69], without changing the formulation of the problem. The proposed

method also provides an operation schedule for the storage stage in order
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to maximize its life-span or to perform additional objectives, such as grid

support.

The flexibility and effectiveness of the proposed method are evaluated

in different scenarios, and its possible extension to a larger number of fast

charging stations is proposed to perform the grid ancillary services.

5.1 Optimal Energy Management Based on Linear Program-

ming

Before formulating the optimization problem, a discussion is required re-

garding the potential demand of the fast charging station. The number bat-

teries to be fast charged has a direct impact on the sizing of the components

of the charging station (e.g., power rating, number of charging units, size of

the ESS). Furthermore, it also has an impact on the coordination required

from the distribution and transmission system. This information is also nec-

essary for the optimization process, as it influences the operation of the ESS.

However, as the fast charging process is still not a widespread practice, there

is no data regarding the pattern of the charging or the energy levels involved.

Considering this, the load profiles that are generated in this chapter will con-

sider the traffic patterns and conventional drivers behavior as a starting point

of the study.

On the other hand, the selected dc bus configuration allows the inclusion

of DGs. This increased generation capacity can help alleviate the effect on

the grid that these stations are likely to create in the coming years [15]. Con-

sidering the location and limited space of these installations, Photovoltaic

(PV) energy conversion systems are typically used [15,18], assuming that the

majority will be located in the urban areas of the cities. Therefore, the inclu-

sion of the PV potential of the station in the optimization model is relevant

to quantify the associated benefits in the design stage. To achieve this, real

irradiance data of the city to be studied are considered accordingly in the op-

timization model. Another important aspect for this optimization is the elec-
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tricity cost associated to the operation of the charging station. The electricity

price varies depending on the yearly energy consumption of the station and

the peak demanded value, as established by the Independent Electricity Sys-

tem Operator (IESO). Thus, an accurate estimation of the demand is needed

to correctly estimate the operation costs. After formulating the correspond-

ing demand, generation and price profiles, the design and operation of the

fast charging infrastructure can be coordinated [18], allowing the system reg-

ulator to properly set the location of the station, selecting the adequate type

of ESS or its capacity and power ratings. The optimization method will use

these profiles in order to schedule the operation of the ESS, aiming to reduce

the electricity costs of the station while extending the life-span of the selected

energy buffer.

5.1.1 Demand, Generation and Price Profiles

As established in the previous chapters, the model assumes an EV FCS with

dedicated installed charging ports for simultaneously recharging up to nev

vehicles. In case no storage nor generator stages available in the station, all

the electricity used for recharging the batteries of the EVs must be purchased

from the grid at the corresponding price. However, this may not be bene-

ficial for the customer because the current price may be higher than during

other hours, but also represents a negative impact on the utility grid [9]. This

negative effect is due the uncontrolled pattern of the charging [12], which is

enhanced by the high-power levels. This issue becomes critical, as shown in

the following sections; the busiest hours of the station may match the peak

electricity consumption hours, so that the electric system cannot fulfill this

demand [18].

The motivation behind this strategy is to redistribute of the energy con-

sumed from the grid, with the use of DGs and ESS. This strategy reduces the

FCS operation costs and also develops an intelligent system that considers

the grid congestion and works toward the benefit of the electric system.
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Table 5.1. Time leaving for work, Toronto from [70]

Hour range Total Percentage Hour range Total Percentage

5:00-5:59 104,605 4.089% 8:00-8:59 446,515 12.454%

6:00-6:59 298,800 11.680% 9:00-11:59 217,650 8.508%

7:00-7:59 487,290 19.048% 12:00-4:59 204,960 8.012%

*Note: The percentage values are calculated with respect to the total

of people commuting to work as a driver.

5.1.2 Traffic Demand Forecast

A model for estimating the EV fast charging demand is required to begin

the formulation of the optimization strategy. The availability of such model

facilitates the development of a suitable infrastructure and coordinates its

integration in the utility system.

Several assumptions have to be considered to obtain the potential de-

mand. First, the pattern for the refueling process of the EVs depends on

several factors whose nature is entirely random, such as the initial state of

charge of the batteries to be replenished, the beginning and ending of the

charging process, battery chemistry and specific energy capacity. The gen-

eral pattern is also strongly influenced by traffic habits and the electricity

rates [12].

Second, if the fast charging process is assumed to complement the con-

ventional overnight charging, then the process occurs most probably dur-

ing daytime, and more specifically, when the EV drivers are commuting to

work. Based on these assumptions, the National Household Survey (NHS)

database [70] provides useful information on the time leaving to work, means

of transportation used for commuting, the average commuting time, and so

on, which can be used to estimate the behavior of the EVs to be recharged.

Following this, an initial estimation of the fast charging demand is then

generated. The data related to car commuting in Toronto City, as presented

in Table 5.1, are used. The information provided contains only the data cor-
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Figure 5.1. Traffic distribution for commuting trips and estimated EV rate of

arrival to FCS in Toronto.

responding to commuters using a car, truck or van as a driver, regardless if

driven alone or with passengers. The average work day is assumed to be 8

hours in length, in order to extrapolate the time leaving from work. This as-

sumption facilitates a rough estimation of the traffic distribution throughout

the day, which leads to the commuting pattern shown in Fig. 5.1. The re-

sulting pattern is similar to the one in the United Kingdom presented in [12].

Please note how the resulting pattern presents two peaks during the day.

One is during the morning (between 6:00 to 8:00), and the other during the

evening (16:00 - 18:00). This evening peak might require some special at-

tention, as it coincides with the peak consumption hours, as shown in the

following sections.

Assuming that the EV driver exhibits similar habits to those of a regu-

lar driver, then the busiest hours in terms of traffic may also be the busiest

hours of operation for the charging station. This is on the premise that, as

it happens with conventional vehicles, the refueling process usually takes

place when the car is being used. In other words, as fast charging is assumed

as a complimentary method, drivers will stop in the charging station during

the commuting. Hence, the number of EVs arriving for recharge to the sta-

tion is accordingly assumed as a Poisson-distributed random variable with
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parameter λ, due the discrete nature of the counting process. Therefore, the

probability of having k EVs for recharge their batteries in a given period of

time is given by the following probability mass function

f(k,λ) = Pr (X = k) =
e−λλk

k!
, (5.1.1)

where X is the poisson distributed variable representing the number of EVs

to charge and λ is the mean value of EVs to arrive per hour. However, for this

particular application, the rate of arrival of EVs will vary hourly depending

on the usage of the vehicles. Hence, λ varies throughout the day according

to the traffic pattern presented in Fig. 5.1. Using this approach, the follow-

ing scenario is considered for the study: the transportation fleet has a heavy

penetration of EVs, and the rate of arrival λ will be the one given by the blue

line in Fig. 5.1. Note that, under these assumptions, the peak rate of arrival

is such that the charging station expects to run at full capacity nev during its

busiest hours.

This initial approach shows that it is possible to forecast the EV load,

which is assumed as the expected value of EV arrivals in the corresponding

time band. In addition, it is also assumed that the rated energy capacity for

all the vehicle models is the same and equal to Eev = 24 kWh (Nissan Leaf,

Ford Focus battery pack). Is important to mention that the fast charging pro-

cess is not intended to give a full recharge process, because this may be diffi-

cult for some Li-ion chemistries. For this reason, it is assumed that each car

will stop its charging process when 80% of its rated capacity is reached [15].

In addition, it is also expected that the drivers charge their vehicles when the

battery SOC drops to 20%. These assumptions lead to the following expres-

sion for the EV energy demand,

xevi
= 0.6Eevλi, (5.1.2)

where xev is the energy demanded from the EVs, Eev is the rated capacity

of the EV battery pack and λi is the rate of arrival of EVs to charge during

the time band i. Please note that under this assumptions, the peak in the de-

mand during the evening matches also the peak in the demand of the utility.
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Figure 5.2. Sun irradiance hourly distribution in downtown Toronto.

Therefore, coordination may be required in the upcoming years to avoid any

shortages issues in the system.

5.1.3 PV Generation Modeling

To mitigate the impact of integrating the charging station into the utility sys-

tem, especially during peak consumption hours, the inclusion PV generation

into the system is also studied from the economic point of view. Given that

the charging station provides an ESS, it enables the shift of cheap electricity

during the low-demand hours to high-demand hours (energy arbitrage), in-

stallation of PV modules in the station roof, and harvesting energy to further

reduce the operating costs.

However, the benefits of having such feature vary from one geographical

zone to another, as the sun irradiance, temperature and weather change from

one place to another. For this reason, real irradiance measurements are used

for a realistic estimation of the PV potential of the station. Another important

factor in the irradiance values is its seasonality, as in some places the differ-

ence in terms of daylight hours and sun irradiance throughout the year varies

considerably. In order to illustrate this, two sets of data are collected in the

city of Toronto: one corresponding to five consecutive days in August during

summer season and five days in February during winter season. The values

of the sun irradiance are presented in Fig. 5.2. These values correspond to

the Plane of Array Irradiance (PAI) measured in kilowatts per square meter

(kW/m2).

103



Chapter 5 – Energy Management Strategy

Table 5.2. Sunpower SPR-E20-327 module data

Parameter Symbol Value

Nominal Power Pnom 327 W

Average Efficiency ηpv 20.7%

Rated Voltage Vmpp 54.7 V

Rated Current Impp 5.98 A

Open-Circuit Voltage Voc 64.9 V

Short-Circuit Current Isc 6.46 A

Area Apv 1.559x1.064 m2

Determining which kind of PV modules will be installed in the charg-

ing station is also necessary to estimate of the energy that will be generated

under such conditions. Considering its high conversion efficiency and the

power per square meter, the module used in this study corresponds to Sun-

power SPR-E20-327, with a rated power of 327 W and an average conversion

efficiency of 20.7%. The full specification of this module is presented in Table

5.2.

Now, it is possible to determine the generated power by each installed

module, which is defined as follows

Ppvi
= ApvηpvPAIi, (5.1.3)

where Apv is the area of each PV panel, ηpv is its conversion efficiency and

PAI is the measured irradiance in the plane of the PV array.

The overall power generated in the station will depend on the area avail-

able for the installation of the PV arrays. Considering that the average area

of a mid-sized gas station is about 400 m2, it is assumed as the area for the

charging station as well. Considering this, the number of panels npv installed

in the station is approximated by

npv ≈ floor(At/Apv). (5.1.4)

where At is the total area available in the station for the PV modules. An

installed capacity of 80,115 W is consequently obtained. In other words, 245
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Figure 5.3. Nodal Price and HOEP fluctuations during a weekday in Toronto

PV modules are installed in the station. The average generated energy is then

given by

xpvi
= npvPpvi

∆t (5.1.5)

5.1.4 Energy Price

Based on the assumptions made in the earlier sections and on the proposed

power rating of the charging station [20], the projected energy usage will

be comparable to the large electricity consumers in the system, in which the

yearly consumption is over 250,000 kWh, as set by the IESO. In addition, the

peak demand is in the range of 50 kW to 5 MW, which is considered in the

category of a Class B customer. For these reasons, the electricity price that

applies is the Hourly Ontario Energy Price (HOEP) plus the Global Adjust-

ment (GA) rate. Although this rate applies for the entire province, it is not

the only cost to account for. Depending on the point at which the system

is connected into the grid, the economical effect of the location differs from

node to node. The price to be considered in the optimization model therefore
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corresponds to the nodal prices because they promote the efficiency of the

system by discouraging the demand in the congested nodes of the transmis-

sion system, thereby reflecting the scarcity of transmission capacity at each

point of the grid [71]. Is important to note that nodal pricing is currently not

effective for customers in Ontario.

Figure 5.3 presents the variations in the HOEP, and the Nodal Prices of the

Darlington node (Toronto) in Canadian dollars per megawatt hour ($/MWh)

of a typical weekday to illustrate the difference between them. It can be seen

that although both prices follow similar trends, the congestion existing in

the Darlington node results in higher prices. This result is due to the more

expensive transmission at congested points on the utility system. The idea

is to incentive a decrease demand in these locations, which in turn alleviates

congestion in the short term [71].

5.2 Problem Formulation

The analysis is conducted by discretizing the time in intervals of length ∆t,

assuming that during each interval the power demanded from the EV charg-

ers is kept constant. Is important to mention that this study only considers

the CC mode of the charging process because it is the operating mode for

SOC under 80% of the battery capacity. All the vehicles are assumed to be

capable to complete their charging processes during the corresponding time

interval. To guarantee that, the rated power of the charging ports is selected

in such a way that is able to fully recharge the batteries in a time shorter than

∆t.

Having defined the forecasting model for the demand, the potential of PV

generation in the system, and the cost of the energy purchased it is possible

to formulate the optimization problem.
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5.2.1 Constraints

The following constraints are required for the operation of the proposed sys-

tem.

EVs Energy Demand

The main purpose of the charging station is to provide a fast way for EV

drivers to replenish their batteries. Therefore, the mandatory and main re-

quirement of the facility is to satisfy the energy demand from EVs at any

instant, which leads to the following expression:

xgi + xpvi
+ x−

ssi − x+
ssi ≥ xevi

, ∀i (5.2.1)

where xevi
, xgi , xpvi

x+
ssiand x−

ssi stand for the energy demanded by the EV

chargers, the energy purchased from the grid, the energy generated by the

PV modules, the energy of the discharging and charging cycles of the stor-

age unit during the i-th instant, respectively. Note that the energy used to

charge and discharge the storage unit is separated into two different vari-

ables to facilitate the preservation of the linearity of the system, especially

when measuring the energy throughput of the ESS.

Charging Rates and Energy Storage Level of the ESS

Another critical aspect is the physical limitation that the energy storage unit,

more specifically in terms of the energy that can be effectively stored in it and

the rate of change at which this energy is charged and discharged. Let SOCi

represent the state of charge of the ESS at the beginning of the i-th instant.

Then, depending on the depth of discharge predefined for the ESS, the state

of charge must be contained in a specific range, thereby leading to

SOCmin < SOCi < SOCmax, ∀i, (5.2.2)

where SOCmin and SOCmax stand for the lower and upper boundaries for the

state of charge, respectively. Assuming that the storage unit has a certain
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efficiency ηss in the charging/discharging process, then the SOC is related

with the battery energy as follows [16]

SOCi+1 = SOCi −
σss

Ess
+

ηss

Ess
x+

ssi −
x−

ssi

ηssEss
, ∀i, (5.2.3)

where σss represents the self-discharge loss and Ess is the specific energy of

the ESS.

On the other hand, considering that the storage device has the same rating

for the discharging and charging powers given by Pss, then the energy that

can be effectively transferred to/from it is limited in each time band to
∣

∣

∣

∣

ηssx
+
ssi −

x−
ssi

ηss

∣

∣

∣

∣

≤ Pss∆t, ∀i. (5.2.4)

Grid-tied Converter Power Rating

Another constraint that restricts power is related with the rating of the grid-

tied converter Pg to guarantee that the optimal solution is within the safe

operating zone. The energy that can be consumed from the grid in each time

band is accordingly limited by

xgi ≤ Pg∆t, ∀i. (5.2.5)

5.2.2 Objective Function

The final step in the optimization formulation is the selection of the cost func-

tion. The idea of this proposal is to study the impact of the station with an

ESS and the inclusion of on-site PV generators on the operation cost. There-

fore, one of the terms in the objective function is related with the cost of the

energy involved in the charging of the EV batteries. The usage of the ESS

must also be considered, in order to estimate the costs of its usage, to protect

it, and to extend its life-span. Accordingly, the following objective function

is chosen:

min
N
∑

i=1

cgixgi +
LCOEssEss

LET(αd)

N
∑

i=1

(x+
ssi + x−

ssi) (5.2.6)
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where cgi represent the price per megawatt hour of the purchased energy

from the grid during the i-th time band in $/MWh, and corresponds to the

Darlington nodal price plus GA, as established in the earlier sections. LCOEss

is the levelized cost of energy in $/MWh of the ESS, and LET is the ESS life-

time energy throughput, which is a function of the depth of discharge αd.

According to the previous formulation, the decision variables of the model

will be the energy purchased from the grid xgi and the energy for charging

and discharging the storage unit x+
ssi and x−

ssi .

After selecting of the objective function, the constraints are rearranged to

the canonical way, i.e., with the decision variables on the left hand side of the

equations. Given that the decision variables are the energy consumed from

the grid and the charging and discharging energies of the ESS. In addition

to the previously discussed constraints, the non-negativity of the decision

variables is included to the model, thereby leading to

−xgi − x−
ssi + x+

ssi ≤ −xevi
(µev, σev) + xpvi

(µpv, σpv) (5.2.7)
i
∑

j=1

ηssx
+
ssj −

x−
ssj

ηss
≤ Ess(SOCmax − SOC1) + iσss (5.2.8)

i
∑

j=1

x−
ssj

ηss
− ηssx

+
ssj ≤ Ess(SOC1 − SOCmin)− iσss (5.2.9)

ηssx
+
ssi −

x−
ssi

ηss
≤ Pss∆t (5.2.10)

x−
ssi

ηss
− ηssx

+
ssi ≤ Pss∆t (5.2.11)

xgi ≤ Pg∆t (5.2.12)

xgi, x
+
ssi, x

−
ssi ≥ 0, ∀i, (5.2.13)

where µev and σev correspond to the mean and standard deviation of the EV

demand forecast error, respectively; µpv and σpv are the mean and standard

deviation of the forecasted PV generation and SOC1 is the initial state of

charge of the ESS. It can be seen that the formulated model is linear with

respect of the variable decisions. Hence, linear programming can be used
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to find the optimal point if the problem is bounded. The model is also for-

mulated such that it can include any additional stage in the charging station

(e.g., micro wind generation, fuel cell, etch) simply by modifying the right

hand side of the constraints. Their effect can also be studied with the use of

the corresponding shadow prices vector without the need to solve the entire

problem again.

5.3 Optimization Results

Considering the formulated model, the following scenario is studied: assum-

ing that the time is discretized in time-band of 15 min each, a typical business

Table 5.3. Simulation parameters for EMS

Paramenter Symbol Value

Grid-Tied Converter Rated Power Pg 1.2 MW

Fast Charging Port Rated Power Pev 100 kW

Number of Charging Ports nev 12

EV Battery Rated Capacity Eev 24 kWh

ESS Rated Capacity Ess 500 kWh

ESS Rated Power Pss 300 kW

ESS charging/discharging Efficiency ηss 0.95

ESS Maximum State of Charge SOCmax 100%

ESS Minimum State of Charge SOCmin 20%

ESS Depth of Discharge αd 80%

Time Band Length ∆t 0.25 hr

PV Module Rated Power Ppv 327 W

PV Modules Installed npv 245

PV Module Conversion Efficiency ηpv 0.207

Li-ion Battery Self Discharge Loss δss 0.001% per day

Li-ion Battery Levelized Cost of Energy LCOEss 350 $/MWh [69]

Li-ion Lifetime Energy Throughput LET 2400 MWh
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Figure 5.4. Simulated Case I, no ESS: (a) EV energy demand xev and grid en-

ergy consumption xg. (b) Darlington Nodal Prices August 4th-8th 2014.

week window is analyzed (Monday to Friday). The following assumptions

also hold: the behavior of the EV demand is as expected, and the sun irradi-

ance is similar to the measured data. In each case, three scenarios are studied.

The first scenario only considers the presence of the fast charging units in the

system (Case I). The second scenario adds the presence of only the ESS (Case

II). The third scenario studies the presence of both ESS and PV in the charg-

ing station (Case III). The system parameters are presented in Table 5.3. The

obtained results were obtained considering a Lithium Ion Battery as the ESS.

The optimization results are generated using MATLAB R⃝, with the linprog

Optimization Toolbox.

Before analyzing the different scenarios, Fig. 5.4 presents the results from

the base case with neither PV generators nor ESS installed in the system. The

grid energy consumption follows exactly the shape of the EV demand, as it

can be seen in Fig. 5.4a. In addition, Fig. 5.4b presents the variations for the

Darlington nodal prices between August 4th to 8th during 2014, which will

be used as the coefficients cgi in (5.2.6).

The results for case II, in which only the ESS is considered, are given in

Fig. 5.5. It can be seen that the addition of the ESS allows to perform the en-

ergy arbitrage towards the minimization of the total electricity cost required

to recharge the EV batteries. The optimal operation of the ESS leads to a dif-
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Figure 5.5. Simulated Case II, Li-ion ESS: (a) EV energy demand xev and grid

energy consumption xg. (b) ESS Energy xss. (c) ESS State of Charge.

ference between the grid consumption and the EV demand, which is dictated

by the variation of the prices throughout the week. This result is confirmed

in Figures 5.5a and 5.5b. The results from Fig. 5.5 confirm that the formulated

problem is bounded because the optimization tool returns an optimal point,

while none of the restrictions is voided.

Given that the secondary objective in the optimization scheme is to avoid

a large number of charging/discharging cycles in the ESS, it can be seen in

Fig. 5.5d, the average utilization of the energy storage system is controlled

to be approximately 1.8 cycles per day. The presence of the ESS in the system

reduces the operation costs of the charging station in 7.81%. The reduction of

the operation costs directly affects the revenue of the charging station, as the

same energy demand is covered.

To estimate the improvement on the profits consider that the price for fast

charge is a flat rate 0.12 $/kWh (i.e., assuming that a larger penetration of

EVs in the transportation fleet will reduce the price, current price in British

Columbia is 0.35 $/kWh [72]). Considering that the total amount paid by
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Figure 5.6. Simulated Case III, Li-ion ESS and PV Arrays: a) EV energy de-

mand xev and grid energy consumption xg. (b) PV Generated Energy xpv (c)

ESS Energy xss. (d) ESS State of Charge.

the customers is kept constant, the presence of the ESS in the system allows

to improve the profit in 38.72%. Is important to mention that this is only to

quantify the improvement on the daily profits of the charging station, with-

out considering any installation or maintenance costs.

Following the analysis, the study the behavior of the system under the

same demand scenario but using a combination of ESS and locally installed

PV arrays that are sized according to the average area of a regular gas sta-

tion. The ESS rated values are the same as those used in the previous case.

The results are presented in Fig. 5.6. Despite the is a similar trend in the re-

sponse of the variables, the inclusion of the PV generation allows to further

decrease the energy requirements from the grid, thereby obtaining a reduc-

tion up to 16.47% in terms of the electricity costs. However, this result may
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be misleading because only the data corresponding to the summer season are

considered. This profit must be averaged with the results corresponding to

the rest of the year, as the sun irradiance varies dramatically in certain places,

especially in Toronto City. Repeating the analysis for the rest of the seasons

(i.e., corresponding prices and irradiance data are considered for each sea-

son) the average cost reduction of this configuration is 14.37%. In this case,

a significant cost reduction improves profits at an average of 71.24%. Under

this configuration, additional constraints can be included in the model, in or-

der to evaluate wether is better to sell the PV generated energy back to the

grid or use it locally to reduce the overall grid consumption. However, con-

sidering the available area for installing PV modules, the power generation

capability of the station is much smaller than the expected demand, hence

the reverse power flow operation is unlikely to happen. Additionally, even if

there is a small surplus of power available during off peak periods, most of

this power will be wasted in the form of energy conversion losses. Under this

conditions, it is more economical to use this energy locally instead of selling

to the grid.

An interesting result is that under this optimization scheme, given that

the objective function uses the nodal prices to perform the minimization, the

reduction in the overall operation costs benefits both the energy user (i.e.,

the owner of the charging station or the EV driver) and the grid. This is ex-

plained as follows, the scheme reduces the electricity cost by prioritizing the

purchases during the instants when the price is lower and discouraging them

when the price is higher. However, the prices indirectly reflects the current

status of the grid. A low price means that the system is more likely to provide

energy, whereas a high price restricts the consumption during peak hours. If

this scheme is extended through all the charging stations throughout the sys-

tem, the fast charging infrastructure could be used as a support to the grid,

performing tasks to regulate the frequency, reactive power compensation,

peak power shaving, among others.
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Table 5.4. Energy management strategy daily results for Toronto

Case Total Cost $ Savings Revenue Daily Demand

Case I 450.07 - - 4.516 MWh

Case II 415.74 7.81% 38.72% 4.541 MWh

Case III* 376.78 16.47% 81.65% 4.147 MWh

*Case III is only considering data corresponding to summer season.

Note: The prices are in Canadian Dollars.

5.4 Sensitivity Analysis

5.4.1 Uncertainty in the Forecasted Demand

One premise of the proposed energy management strategy is that the EV

demand can be forecasted to schedule the operation of the ESS based on it.

A relevant study then is how the profit is affected when the real demand

takes different values compared to the mean forecasted demand. Assum-

ing that the forecasted error is normally distributed, the uncertainty is rep-

resented using different values of its standard deviation σev. In this analysis,

five scenarios are considered, corresponding to percentage dispersions from

the mean of 7.5%, 15%, 22.5%, 30% and 37.5%. Figure 5.7 illustrates how the

profit of each case is affected when the error in the forecast has larger values

of σev. In the three studied cases, the profit shows a slight decreasing trend

as the uncertainty in the forecast model increases. Despite of this trend, the

obtained results confirm the robustness of the proposed model to the uncer-

tainty in the EV demand model.

5.4.2 Sensitivity to the Market Price Bandwidth

The proposed method is based on the reduction of the operational costs by

shifting the energy consumption from high to low priced periods. Thus, it is

interesting to analyze the behavior under different bandwidths between the

highest and the lowest price of the analyzed period. To do so, the revenues
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Figure 5.7. Revenue of the FCS for the studied cases for different EV charging

demand forecast uncertainties.
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Figure 5.8. Daily revenue of the FCS for the studied cases for different band-

widths in the market price

for the three analyzed cases are studied in four sensitivity cases with different

bandwidths for the electricity prices shown in Fig. 5.4b: 50%, 75%, 125% and

150% of the original price. It is important to mention that only the variation

of the prices is modified, while maintaining the average price and its pattern.

From the obtained results presented in Fig. 5.8, it is possible to identify

how the price bandwidth affects the FCS revenue. If the station does not

includes an ESS, a slight decrease of the profits is observed for prices with

large variations. However, in the presence of an energy buffer, the revenue is

increased for larger bandwidths, as the effect of shifting the consumption to

lower priced periods is enhanced.
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Figure 5.9. Daily revenue of the FCS for the studied cases under different nodal

prices forecast uncertainties σnp.

5.4.3 Uncertainty in the Nodal Prices

To complete the sensitivity analysis, the effectiveness of the proposed method

is tested under the uncertainty of the representative nodal price. Is important

to mention, that as occurs with the HOEP, the nodal price is known only after

the corresponding period has passed, therefore the real values are not known

and have to be forecasted. This study then uses five different measures of the

nodal price forecast error, assuming that this error is normally distributed.

The chosen values for the standard deviation σnp are 12.5%, 25%, 37.5%, 50%

and 62.5%, which are applied to the prices shown in Fig. 5.4b.

From the results in Fig. 5.9 it can be seen that the revenue under the pro-

posed strategy exhibits a considerable sensitivity to the forecast error in the

electricity prices. This sensitivity is explained as the optimization function

considers the prices to redistribute the electricity throughout the scheduled

period, in this case the week. Therefore, as the error in the forecast increases,

the scheme shifts the energy consumptions to inconvenient periods. This re-

sults reflect that the forecasting of the nodal prices becomes a critical issue in

the performance of the method.
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5.5 Summary

A generalized linear programming optimization model is formulated for the

optimal energy management of the optional ESS in a EV fast charging sta-

tion. The proposed model offers flexibility in terms of the nature and type

of storage and generators used, thereby making it suitable to study the effect

of having different energy storage technologies connected to the system. The

validation studies are carried out using a Li-ion battery as the ESS.

Although the estimation for the EV demand is rather simple because only

a few factors are considered in forecasting it, the approach offers the possibil-

ity to include more sophisticated forecast methods to improve the estimation,

including the probabilistic distribution of the initial state of charge, begin-

ning of the charging time, and differences in the battery capacities. A more

realistic EV demand forecast gives a better understanding regarding the real

effects of EV fast charging into the utility system and therefore enables the

coordination of measures that will alleviate or reduce this effects.

Using the proposed approach, the operation of the ESS is scheduled based

on the forecasted quantities involved in the station to reduce the electricity

costs and improve the daily revenues. The results show that, without consid-

ering the initial investment cost for this stage, the strategy always generates

savings in terms of the energy purchased from the grid, thereby improving

the profits. Furthermore, the inclusion of distributed generators enhances

the effectiveness of the proposed scheme. Depending on the location of the

fast charging station, different generation methods can also be considered.

For example, highway-located stations may also include wind energy gener-

ators.

The proposed approach presents robustness toward the uncertainty of the

estimated EV demand and is rather sensitive regarding the forecasted nodal

prices. Thus, special attention must be given to the forecasting method cho-

sen for the prices. Finally, the method shows and improved performance

under prices that undergo larger variations because of the increased effect of
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the energy arbitrage in the overall electricity cost.
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CHAPTER VI

CONCLUSIONS

O
VER THE last decade, significant attention and effort have been given

to the EV technology. With the constantly increasing EV fleet, several

challenges have arisen to prompt the current electric system to adapt to the

requirements of this growing application. Assuming a large-scale adoption

of EVs and PHEVs in the coming years, the development of a fast charging

network infrastructure will be required. Therefore, considering the power

ratings of these fast charging stations, multilevel-converter-based equipment

emerges as the most suitable power converter technology. Modifications and

newer coordination methods for the utility are also needed in order to absorb

the EV charging load, and does not merely requires having sufficient gener-

ation capacity. The stochastic behavior of the EV load needs to be addressed

properly for the actual electric system to satisfy this growing demand.

The main objective of this dissertation is the development a fast charging

architecture based on the bipolar dc-bus concept. The idea is to provide a

solution that enables the widespread of the fast charging process without

affecting negatively the the utility grid.
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6.1 Main Contributions and Conclusions

The main contributions of this work are as follows:

1. A bipolar common dc-bus architecture is developed for the grid inte-

gration of the charging ports. The use of a split dc-bus reduces the

step-down effort of the fast charging units without sacrificing the MV

capability of the system. The concept is based on the 3L-NPC converter.

Therefore, its performance under asymmetrical loads is crucial because

the intended application has a stochastic behavior, and the loads in the

system are only temporarily. In order to guarantee the proper operation

of the station regardless the load profile, the minimal load conditions

are forced through additional circuits.

2. A formal definition of the unbalanced operation is given and two bal-

ancing methods are proposed to overcome this limitation. The results

allow to understand that the inability of the 3L-NPC to handle any dc

load asymmetries is related to its limited neutral point current handling

capabilities. Considering this fundamental limitation, different balanc-

ing schemes are developed: emulating the minimal load condition at

the dc side and simply avoiding the circulation of any current through

this point.

Both balancing techniques are proven to be effective. The system can

keep its voltages from drifting during the worst-case scenario, when

the rated-load condition is forced in one of the buses while the other

remains idle.

3. Considering the possibility of including additional stages in the system,

a third balancing mechanism is developed. Unlike the EVs to charge,

these stages are stationary loads in the system. Therefore, they can be

designed in such a way that they can force the minimal load condition

in any of the buses. The proposed balancing technique uses a battery

ESS with a three-level dc-dc converter as the interface. Moreover, it
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does not alter the main function of the battery, which is to move the

energy through time according to the energy management strategy of

the charging station.

The power ratings requirements related to complimentary balancing

are also rather low and do not result in excessive conditions in the siz-

ing of the ESS.

4. A scaled-down fast charging station is designed and constructed to val-

idate the architecture and the different balancing approaches. The pro-

totype is based on four NPC leg modules and a laminated dc bus bar for

the grid-tied converter. The ESS stage consists of two 2L-VSC modules,

which can be used to study the performance interleaved three-level

topology for further research. The system is regulated with a single

control platform, which is based on the eZdsp (TMS320F28335) along

with an Altera Cyclone FPGA (EP1C6T144C8).

5. A generalized linear programming optimization model is formulated

for the optimal energy management of the optional storage stage the

fast charging station. The proposed model offers flexibility in terms of

the nature and type of storage and generators used, thereby making

it suitable to study the impact of having different energy storage tech-

nologies connected to the system. The approach offers the possibility

to include more sophisticated forecast methods to obtain a better es-

timation, including the probabilistic distribution of the initial state of

charge, beginning of the charging time, differences in the battery ca-

pacities and chemistries.

Using the proposed approach, the operation of the ESS is scheduled

based on the forecasted quantities involved in the station, aiming to re-

duce the electricity costs and improve daily revenues. The results show

that, without considering the initial investment cost for this stage, the

strategy can generate savings in terms of the energy purchased from

the grid, thereby improving the profits. Furthermore, the inclusion of

DGs enhances the effectiveness of the proposed scheme. Depending on
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the location of the FCS different generation methods can also be con-

sidered.

6.2 Suggested Future Work

1. The system performance should be evaluated using different modula-

tions and control schemes. Non-linear control schemes such as direct

power control or model predictive control, can offer enhanced perfor-

mance. Nevertheless, a fixed switching pattern is required in order to

meet the grid code requirements. Comparisons can also be conducted

on switching frequency and semiconductor losses, aiming to determine

the most suitable modulation strategy for fast charging applications.

2. The efficiency, reliability and availability differences between the ac bus

concept and the proposed one should be demonstrated and evaluated.

3. The inclusion of second-order filters at the input side is relevant to fur-

ther improve the performance of the charging station, especially con-

sidering the altered spectrum distribution using the balancing capabil-

ities of the NPC. Suitable damping strategies must be considered to

avoid any resonance issues.

4. Regarding the energy management strategy and the possibility of per-

forming ancillary services to the utility, a cooperative generalization of

the proposed strategy can be conducted. The overall power can aug-

mented using several charging stations in a coordinated way. This coor-

dination has a significant influence on the electric system, which leads

to the possibility of performing power peak shaving, frequency regula-

tion and reactive power compensation to name a few.
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APPENDIX I

PER-UNIT SYSTEM CALCULATIONS

T
HE PRESENT thesis uses the per-unit system to present simulation and

experimental results. The base values used for the calculations in the

per-unit system are provided in Table A.1.

Table A.1. Definitions of base values for the per-unit system

Base Apparent Power SB = SR VA SR – Rated apparent power

of the power converter.

Base Active Power PB = PR W PR – Rated active power of

the power converter.

Base Voltage VB = Vg V Vg – Grid rated voltage.

Base Frequency ωB = 2πfg rad/s fg – Grid rated frequency.

Base Current IB =
PB

3VB
A Ig Rated current of the

power converter.

Base Impedance ZB =
VB

IB
Ω

Base Inductance LB =
ZB

ωB
H

Base Capacitance CB =
1

ωBZB
F
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APPENDIX II

INPUT CURRENT AMPLITUDE VARIATION IN

UNBALANCED SCENARIOS

I
N ORDER to determine the amplitude of the fundamental current in any

load scenario, a power balance of the system is established:

3

2
Re
{

vgi
∗
g

}

=
3

2
RgRe

{

igi
∗
g

}

+ Pd, (B.1.1)

assuming unity power factor operation, (B.1.1) can be rewritten in terms of

the amplitudes of the ac signals Vg and Ig as

3

2
VgIg =

3

2
RgI

2
g +

Vd

2
Id1(1 + ϵ), (B.1.2)

please note that the load on the upper bus is the rated value. On the other

hand, Vd and Id1 can be written in terms of the input side quantities:

Vd =

√
3Vg

ma

√

(1− rg)2 + l2g (B.1.3)

Id1 =

√
3

2
maIgNom

cos δ, (B.1.4)
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Figure B.1. Vector diagram of the system.

where rg and lg correspond to the per unit values of the input filter resistance

and inductance, respectively. From the vector diagram shown in Fig. B.1, it

can be stated that cos δ is given by

cos δ =
1− rg

√

(1− rg)2 + l2g
. (B.1.5)

Replacing (B.1.3), (B.1.4) and (B.1.5) and using the per unit value of the

input filter resistance leads to

3

2
VgIg =

3

2
rgVgIg +

3

2
VgIgNom

(1− rg)(1 + ϵ). (B.1.6)

Finally, clearing Ig leads to

Ig =
IgNom

2
(1 + ϵ). (B.1.7)

This result can be generalized, and it models the input current amplitude

between the balanced and unbalanced operation for a given fixed load at one
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of the buses. Considering that δ varies slightly for different load conditions,

the influence of these variations on the unbalanced current is neglected lead-

ing to

Igun ≈
Igbal

2
(1 + ϵ). (B.1.8)

Remark B1

The previous analysis is conducted considering that SVM is used, thereby explaining

the changes in the equations presented in [43]; however, the same final results are

obtained for carrier-based PWM.

129



Appendix B – Input current amplitude variation in unbalanced scenarios

130



APPENDIX III

AVERAGE USAGE TIME OF THE SMALL

VECTORS IN 3L-SVM

T
HE FOLLOWING approximation is established to estimate how much

dc drift can be injected under the SVM scheme. Considering that the

balance of the neutral point voltage in this scheme is related with the us-

age of the positive and negative small vectors and how its dwell times are

distributed, the idea behind this work is to calculate an average value of the

remaining time available for this vectors. In other words, under nominal con-

ditions, these vectors are used each switching period half of the correspond-

ing calculated dwell time for the small vector ta. Therefore, taP = taN = 0.5ta.

Considering this idea, under a certain midpoint voltage drift, the maximum

correction that the modulation scheme can perform is to use all the dwell

time ta exclusively for positive (or negative) small vectors. As the dwell times

changes depending on the voltage reference angle and its amplitude, an av-

erage value is calculated in order to obtain an measure of the maximum dc

drift that can be corrected.
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C.1 Calculation of the Small Vectors Average Time

To determine the average time only the positive half cycle of phase a is con-

sidered. Given that the system is symmetrical, this result is extended for the

remaining phases. The average time depends on the value of the amplitude

modulation index ma because the voltage reference crosses different regions

of the sector depending on its value, as displayed in Fig. C.1. It can be seen

that the value of ma will result in three possible scenarios of redistribution.

The normalized mean value for the voltage in phase a during its positive

half cycle is defined as:

S̄a =
1

π

∫ π

0

Sa(x)dx, (C.1.1)

where Sa corresponds to the switching function of the devices in phase a.

This switching function can be used to determine the additional dc drift that

can be injected to this voltage, by calculating the average time that the small

vectors are used, ta. This time can be redistributed under the limit condition

to the exclusive use of certain type of small vectors. Therefore, ta/2 remains

for balancing purposes. This remaining time is equivalent to the maximum

31a

1b

2b

2a

4

vref

v0 v1

v2 v7

v13

v14

θ

Figure C.1. Subdivision in six regions of sector I.
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dc drift that can be added to the modulating signal.

C.1.1 Small Modulation Index

If ma ∈ [0, 0.5], then the reference vector passes only through regions 1a and

1b of each sector, as displayed in Fig. C.1. Then, the sectors associated with

the usage of the phase a during the positive half cycle are I, II, V, and VI. The

small vectors at the beginning of the switching sequence are used to deter-

mine the remaining average time. If the vector is located in the beginning (or

center) of the switching sequence, then it is alternated with its corresponding

negative (or positive) small vector in order to achieve one switch transition.

This alternation does not occur if the vector occupies other positions in the

switching sequence.

For region I-1a the only small vector that use the phase a is v1, and its

average dwell time is given by

tI-1a
av1

=

∫ γ

0

2ma sin
(π

3
− x
)

dx. (C.1.2)

In region I-1b, the vectors are v1 and v2 and its corresponding average times

need to be calculated. However, only v2 is in the beginning of the sequence

(v1 has already been used the entire time, so there is no time left to use).

tI-1b
av2

=

∫ π
3

π
3
−γ

2ma sin
(

x−
π

3

)

dx. (C.1.3)

For region II-1a

tII-1a
av2

=

∫ π
3
+γ

π
3

2ma sin

(

2π

3
− x

)

dx. (C.1.4)

For region V-1b

tV-1b
av6

=

∫ 5π
3

5π
3
−γ

2ma sin

(

x−
4π

3

)

dx. (C.1.5)
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For region VI-1a

tVI-1a
av6

=

∫ 5π
3
+γ

5π
3

2ma sin (2π − x) dx. (C.1.6)

Finally for region VI-1b

tVI-1b
av1

=

∫ 2π

2π−γ

2ma sin

(

x−
5π

3

)

dx. (C.1.7)

According to (C.1.1) and assuming that γ = π/6 in this range for ma, the

remaining time is given by

ta
2

=
1

2π

(

tI-1a
av1

+ tI-1b
av2

+ tII-1a
av2

+ tV-1b
av6

+ tVI-1a
av6

+ tVI-1b
av1

)

. (C.1.8)

As established earlier, this time is equal to the normalized dc drift that can

be added to the modulating signal in order to achieve balance. Therefore,

α̂ =
−3ma + 3

√
3ma

π
. (C.1.9)

C.1.2 Medium Modulation Index

If ma ∈ [0.5, 1/
√
3], then the reference vector passes through regions 1a, 1b, 2a

and 2b. In this case, γ is the angle at which the reference changes the triangle

defined by the closest surrounding vectors, and it is defined as

γ = arcsin

(

1

2ma

)

−
π

3
. (C.1.10)

The expressions for the dwell times in the regions 1a and 1b do not changed,

(C.1.2) - (C.1.7) are still valid in this range, using the corresponding γ. The

remaining dwell times are the following:
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For region I-2a

tI-2a
av1

=

∫ π
6

γ

1− 2ma sin(x)dx. (C.1.11)

For region I-2b

tI-2b
av2

=

∫ π
3
−γ

π
6

1− 2ma sin
(π

3
− x
)

dx. (C.1.12)

For region II-2a

tII-2a
av2

=

∫ π
2

π
3
+γ

1− 2ma sin
(

x−
π

3

)

dx. (C.1.13)

For region V-2b

tV-2b
av6

=

∫ 5π
3
−γ

3π
2

1− 2ma sin

(

5π

3
− x

)

dx. (C.1.14)

In region VI-2a

tVI-2a
av6

=

∫ 11π
6

5π
3
+γ

1− 2ma sin

(

x−
5π

3

)

dx. (C.1.15)

For region VI-2b

tVI-2b
av6

=

∫ 2π−γ

11π
6

1− 2ma sin (2π − x) dx. (C.1.16)

By adding (C.1.2)-(C.1.16) and dividing by 2π, is possible to obtain the

average remaining time of

α̂ =
π
2
− 3γ + 3ma

(

1 + 2 sin
(

γ − π
6

)

+
√
3
)

π
. (C.1.17)
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Appendix C – Average usage time of the small vectors in 3L-SVM

C.1.3 Large Modulation Index

The remaining modulation index range is ma ∈ [1/
√
3, 1], and the idea behind

is the same as those of the previous ones. In this case, the regions that crosses

the reference vector are 2a, 2b, 3 and 4. The results in (C.1.11) - (C.1.16) are

still valid in this range, therefore the remaining average times are as follows

In the region I-3

tI-3
av1

=

∫ γ

0

2− 2ma sin
(

x+
π

3

)

dx. (C.1.18)

following with region I-4

tI-4
av2

=

∫ π
3

π
3
−γ

2− 2ma sin
(

x+
π

3

)

dx. (C.1.19)

then, region II-3

tII-3
av2

=

∫ π
3
+γ

π
3

2− 2ma sin(x)dx. (C.1.20)

Finally, region VI-4

tVI-4
av1

=

∫ 2

2π−γ

π2− 2ma sin

(

x+
4π

3

)

dx. (C.1.21)

Is important to note that in this range, the expression for γ changes into

γ =
π

3
− arcsin

(

1

2ma

)

. (C.1.22)

The average remaining time is the sum of (C.1.11)-(C.1.21) divided by π.

Therefore, the maximum dc drift that can be injected is defined by

α̂ =
π
2
+ 3γ − 3ma

(

1 + 2 sin
(

γ + π
6

)

−
√
3
)

π
. (C.1.23)
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C.1 Calculation of the Small Vectors Average Time

To conclude, an analogous analysis can be conducted to determine maxi-

mum negative dc drift β̂ that can injected by redistributing the small vectors

time, because the generated waveform is half-wave symmetrical, thereby

leading to

β̂ =

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎩

− 3ma + 6ma sin
(

γ + π
6

)

π
, ma ∈

[

0, 1
2

[

π
2
− 3γ + 3ma

(

1 + 2 sin
(

γ − π
6

)

+
√
3
)

π
, ma ∈

[

1

2
,
√
3

3

[

π
2
+ 3γ − 3ma

(

1 + 2 sin
(

γ + π
6

)

−
√
3
)

π
, ma ∈

[√
3

3
, 1
]

(C.1.24)

where γ is the angle at which the change of region occurs and is defined

according to

γ =

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎩

π

6
, ma ∈

[

0, 1
2

[

arcsin
(

1

2ma

)

−
π

3
, ma ∈

[

1

2
,
√
3

3

[

π

3
− arcsin

(

1

2ma

)

, ma ∈
[√

3

3
, 1
]

(C.1.25)
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