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Abstract

In this thesis, the aim is to investigate the unbalanced voltage behaviour of the fast charging
stations and their effects on distribution power systems. In the first stage, the fast charger is
developed to derive the response of the charger to the unbalanced input voltage. This response
allows us to model the charging station as a load in power flow analysis. In the next stage of
the study, a simplified model is proposed to incorporate the behaviour of the fast charger in
power flow analysis. Different feeders data of IEEE benchmarks such as IEEE 34-bus, 37-bus,
and 123-bus are used in the base benchmark, which is IEEE 30-bus, using the proposed
simplified model. Then, maximum charging capacity of the stations and unbalanced voltage
ratio (UVR) is calculated for any bus of interest that the charging station has been connected
to. This task is done while the system is exposed to two constraints of UVR and voltage. The
power flow analysis results indicate that for the different feeders’ data, UVR of the system after
connection of charging stations is the dominant constraint for some buses and it prevents
further integration of fast charging station to the distribution system. Therefore, in order to
mitigate unbalanced voltage in the system, partial transposition is utilized. In the partial
transposition, the feeders are transposed and divided in two equal sections. After applying
partial transposition to the feeders data, for the case of IEEE 34-bus, the UVR after connection
of charging station was below the permissible value of 3%, but for IEEE 37-bus and 123-bus
some buses still suffer from high UVR. Accordingly, a modified partial transposition was
adopted as another alternative. The results demonstrate that the UVR of the system after
applying modified partial transposition to the feeder data of IEEE 37-bus and 123-bus has
decreased below the standard value of 3% and the system can accommodate higher capacity of
fast charging stations. Finally, according to the power flow analysis a power distance table is
acquired for the feeders’ data that predicts the maximum charging capacity that can be
connected to the system based on its distance from the main source without violating the

system’s operational constraint.
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Chapter 1

1.1 Introduction

Global warming resulting from excessive emission of industry and transportation sections has
prompted to the emergence of renewable energies and plugged-in electrical vehicles (PEVs)
[1]. From the transportation sector’s perspective, in order to alleviate the detrimental effect of
greenhouse gases, rapid substitution of eco-friendly PEVs with internal combustion engines
(ICEs) 1s a potent solution [2]. Moreover, PEVs can greatly be effective in reducing air
pollution, such that based on Energy Information Administration, their contribution can lead
to the reduction of 50% to 70 % of carbon emission [3]. In spite of attracting a lot of attention
for aforementioned merits, PEVs carry demerits including short range coverage, high initial
cost, and long charging duration [1]. In order to overcome these obstacles and increase
widespread acceptance of PEVs, many academic and industrial investigations have been
conducted to fortify the infrastructures for PEVs. Some investigations are devoted to the
development of the PEVs’ batteries for more efficiency, longer life-span, and less loss. For
example, employment of lithium-ion battery for PEVs benefits them more compared with the
other batteries such as lead acid or nickel cadmium [4]. In [5], the authors have used a charging
strategy to increase the efficiency of the battery. In another investigation [6], the authors claim
that increasing the capacity of batteries is not a promising solution to decrease the range anxiety
as the performance of PEVs will decrease due to increase in car weight. Instead, they propose
a runtime power management which is contingent upon velocity, weight, and acceleration of

the car. Adopting this method, the energy consumption and range anxiety would decrease [6].



In addition to improving PEVs’ battery infrastructure, wide adoption of charging stations for

PEVs is another alternative to tackle the mentioned problems.

The charging stations have been introduced to the market with different power levels.
Generally, they are divided to two groups of slow and fast chargers. The vast integration of
charging stations exposes the power system to important challenges including power
unbalance, system instability, voltage deviation and power quality issues [7]. Therefore it is
significantly crucial to speculate about these problems while charging stations are connected

to the power system.

There are myriads of research studying the impacts of charging stations on power grid and
proposing different solutions to mitigate those impacts. As for energy management and power
system stability point of view, intermittent charging behaviour and load uncertainties
considerably affect the power grid, thus a coordinated charging schedule is mandatory [8].
Zheng et al. [9] have proposed an online scheduling method to coordinate the tasks among
charging station for the minimization of energy cost considering power flow and voltage
constraints. There are also literatures dealing with interaction of PEVs and charging station
with energy storage systems (ESSs) and renewable energy systems (RESs) to define
optimization function for various objectives. In [10], the authors include the stochastic
behaviour of charging stations in addition to ESSs and renewable energy systems RESs in
distribution expansion planning model to minimize operational and investment cost. In order
to minimize the uncertainties of charging demand, photovoltaic (PV) and ESS are installed in
charging stations. In this manner, not only the integration rate of RES increases but also
different planning can be made for generation and demand management [11], [12], [13].
Recently, optimal sizing and siting of charging station along with RES and ESS are attracting
a lot of attentions. Islam ef al. [14] have employed an algorithm for optimized planning of the
fast charging stations. In this paper, transportation loss and power grid utility loss are
minimized and optimal site and location of the fast charging stations are determined. In addition
to power loss another aspect of power grid constraints such as voltage is regarded, but on the
other hand the incorporation of RES and ESS are denied. A fast charging station equipped with
ESS has been studied in [15]. In this paper, an optimization of ESS capacity is conducted to

2



minimize the station and storage cost based on the calculation of energy demand by the EV
users considering their driving behaviour. Moreover, energy flow optimization between the
grid and charging station has been investigated. A comprehensive allocation and sizing have
been devoted to DGs, charging stations, and ESS in [16]. The authors claim that their study is
the first one considering all DGs including solar and wind generation, ESS, and charging
station. Another contribution of the mentioned study is consideration of time varying DGs
generation and load consumption profile. Given this background, it is worth to note the other
impacts of charging station on power quality and different equipment of power grid such as
transformers should be taken into account. Considering harmonics, on account of employment
of power electronic equipment in chargers, they are considered as nonlinear loads polluting the
power system with current and voltage harmonics. [17] proposes a photovoltaic (PV) assisted
fast charging station in which PV inverter is used as an active filter to reduce the harmonic of
voltage and current. [18] reports harmonic contamination of current in a distribution system
and claims that as the charging station capacity increases due to nonlinear characteristic of
chargers, the total harmonic distortion (THD) increases as well. An algorithm for fast detection
of current harmonic while PEVs are charging has been proposed by Peng ef al. [19]. In another
investigation, total harmonic distortion (THD) of current and voltage have been calculated
based different modes of charging including slow, medium, and fast charging modes. The
results indicate that the higher the charging level the lower the current’s THD, and the THD is
higher than the associated limit which is detrimental for the power grid. The proposed solution
for suppression of the harmonics is employment of single-tuned filters [20]. In another study
[21], a fast charger has been utilized in IEEE 34-bus benchmark and THD of voltage is
calculated before and after installation of fast charging station. The results indicate that the
THD rises above the permissible amount but to cope with this problem, authors have used LCL
filter to mitigate the harmonics. Concerning the charging stations impacts on voltage flicker,
Alshareef and Morsi [22] have conducted a research according to which charging station has
been installed at the end of IEEE 4-node test feeder, and 4 different rated power of 60 kW, 150
kW, 240 kW, and 350 kW have been taken into account. The results indicate that voltage
flickering violates IEEE 141 standard values at the last three rated powers. Voltage fluctuation

and deviation have been investigated in [23] according to which a probabilistic arrival-time for
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PEV has been taken into consideration for a charging station of 720 kW. In order to prevent
voltage deviation, a capacitor bank is added to the system but this remedy does not cure voltage
fluctuation. In [24], two aspects of power quality issues have been investigated. In this study
the authors have adopted IEEE 34-bus benchmark for their analysis according to which the
impacts of home PEVs’ chargers in terms power loss and voltage deviation are studied. A
coordinated charging scheme with objective of minimizing voltage deviation and power loss
in residential distribution system has been employed and the results are compared with
uncoordinated charging scheme. However, in this paper other aspect of power quality such as
unbalance has been ignored and only the effect of slow chargers has been studied. In another
study in which a field measurement has been carried out on a six bus distribution level system
with four slow charging stations connected to one of the buses, and power quality
measurements including harmonic, voltage flicker, and voltage/current trend are observed. The
authors claim that all of the above-mentioned are stem from another buses which non-linear
loads have been connected to them not from the bus with PEVs’ charging station [25]. In
another study [26], the effect of electric bus charging on the power distribution system a case
study IEEE 33-bu is investigated. The sizing and location of the DGs are optimized using
Newton-Raphson algorithm to adjust the voltage level to the standard value. Reconfiguration
of feeder is an alternative method proposed in [27] to reduce the effects of the PEV charging
station on overloading of the feeders, drop voltage, and power loss. Moreover, it helps with
more integration of charging station for future planning. However, the effect of both charging
station and reconfiguration has not been discussed in this paper. Also, in [28] methodologies
are developed to analyse unbalanced phase voltage due to unbalanced line configurations and
unbalanced loading level. One of the methods to mitigate unbalanced voltage in unbalanced
feeders is positive/negative phase shift sequences which could be considered as partial
transposition. However, this study does not consider the effect of charging stations as load
in the distribution system. [29] uses the transposition of the lines in order to mitigate
unbalanced voltage due to electric train. However, the conventional transposition is done, and
it does not mitigate unbalanced voltage perfectly. Pinto ef al. [30] have conducted a field power
quality measurement for recharge of PEV in a residential area in Brazil. Their investigation

consists of measuring power consumption, neutral current, voltage deviation and unbalance
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voltage at service transformer and PEV connection point. Regarding EV connection point, the
voltage deviation, THD and neutral current are not problematic concerns. Moreover, the
measurement on service transformer side manifests that there is no violation in voltage
magnitude, neutral current, and UVR. It is worth noting that only the effect of slow charger has

been taken into account.

Given this background and with respect to ever-growing integration of PEVs and charging
stations, it is highly essential to discuss power quality issues stemming from more connection
of the charging stations. This is the first study investigating the effect of fast charging station
on distribution system considering the behaviour of fast chargers under unbalanced input
voltage. Unbalance issue can create critical problems for different equipment of power system
and lead to their mal-functioning. Additionally, unbalanced current resulted from unbalanced
voltage aggravates the situation and causes more damages. Thus, a comprehensive
investigation is needed to overcome this problem. In the first part of the thesis, a practical fast
charger of 50 kW is developed. In order to avoid high computational cost, the battery has been
modelled as variable resistor that can be charged during the simulation time. Moreover,
constant current-constant voltage approach has been chosen as the charging strategy. The
behaviour of the charger is examined under unbalanced input voltage and is compared with
normal operation of the charger. Then, the derived characteristic is utilized in power flow
analysis by defining unbalanced current ratio (UCR). UCR characteristic provides the ability
to model the charging station as a load in power flow analysis. In the power flow analysis the
distribution system is studied based on equivalent impedance of each bus from the main source.
IEEE 30-bus benchmark has been selected as the base benchmark. In order to have an
exhaustive study, different feeders data from IEEE benchmarks such as IEEE 34-bus, 37-bus,
and 123-bus have been utilized in the base benchmark. In order to use these data, a simplified
electrical model has been proposed which uses an unbalanced impedance for simulating the
feeders’ data and a balanced impedance for simulating the existing loads in the system. Then,
the BUVR, which is the UVR due to unbalanced feeder, for each feeder is calculated to ensure
that the power system is operating under normal condition. Moreover, maximum capacity for

charging station and UVR after connection of charging station are obtained while the system



is subjected to UVR and voltage constraints. The results indicate that as for IEEE 34-bus the
UVR after connection of charging station reaches its maximum value of 3 % for some buses.
In other words, UVR is the dominant constraint for these buses that hinders further connection
of charging station to the system. However, for the other buses with lower UVR, the dominant
constraint is the voltage. The simulation results for the other two cases demonstrate that all of
the buses are restricted by the UVR, and the system cannot accommodate more charging
station. The results imply that a promising solution is required to mitigate unbalanced voltage
in the feeders for integration of charging station with higher capacity. It has been well
investigated that interactions of phases of the feeders leads to mutual impedances resulting in
unbalanced voltage in the feeders. Therefore, one of the promising ways to reduce the
interaction is transpositions of the lines. A partial transposition has been used in this thesis
according to which the feeders are divided into two equal sections. By doing the same analysis
for calculation of BUVR, the results indicate that the BUVR is decreased compared to the case
of non-transposed lines which results in higher capacity of charging station. However, for [EEE
37-bus and 123-bus, some buses suffer from high UVR. In other words, partial transposition is

still a deficient method for these feeders.

As for another approach to mitigate the effect of mutual impedance, the involving factors for
calculation of mutual impedance of the lines were investigated. In the proposed approach, the
diameter and length of the feeders are optimized such that it leads to minimum mutual
impedance minimizing the unbalanced voltage. This approach is called modified partial
transposition. The results demonstrate that after applying modified transposition to the feeders,
not only the maximum charging capacity will be increased but also UVR will be less than
maximum limit. Ultimately, a power distance table is provided which enables the system
operators to predict the maximum capacity for the charging station based on the distance of
connection point from the main source. This table can be obtained for any system by doing the
similar analysis that have been done in this thesis for different feeders’ data, and provides the

ability for future planning of the power system.



1.2 Thesis Overview

This thesis aims to investigate the effect of fast charging station on power systems in terms of
UV. Thesis overlay has been illustrated in Figure 1.1. Chapter 2 reviews the charger
topologies, and a widely used charger is employed to simulate charging characteristic of the
battery. Constant current- constant voltage charging scheme is used for charging the battery
and based on this algorithm, the power consumption of the charger is derived. More
importantly, another objective for designing the charger is to study how the charger responses
to the unbalanced input voltage then this response is used for further studies in the next
chapters. Chapter 3 is dedicated to power flow analysis to obtain load flow voltage and
Thevenin impedance for each bus. Then a simplified model using the data from load flow
analysis is proposed such that the obtained charger’s characteristic under unbalanced input
voltage can be employed for unbalance studies. Based on the proposed model, in order to have
a comprehensive understanding of charging stations’ impacts on UV, different feeder
configurations have been employed in chapter 4. It is worth noting that in all of the cases, the
maximum charging station capacity is calculated such that UVR for the bus of interest would
not be violated. The methodology for reducing UVR is also introduced in this chapter. In order
to mitigate the adverse effect of the charging stations, a modified transposition method has
been developed which not only reduces UVR but also enables the power system to adopt more
charging stations and fulfil PEV owner’s need. Finally, conclusions and future works are

presented in chapter 5.
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Chapter 2 Review of PEVs’ Chargers

2.1 Chargers’ Infrastructure

Generally, PEVs’ chargers consist of AC/DC and DC/DC converters. A general schematic of
the charger has been shown in Figure 2.1. As it is evident in this figure, EV chargers are
divided in two groups namely, on-board (installed on the vehicle) and off-board (installed at
the charging station) chargers [1]. With regard to the on-board chargers, both converter
modules are mounted on the PEV, but considering the off-board chargers, the AC/DC module
is installed on charging station while the DC/DC is mounted on the PEV.
PEVs’ charging system is also classified based on power transfer from the grid to battery,
namely, conductive and inductive transfer [31]. In the former approach, cables and cords are
utilized between the EVs and charging stations to transfer power. The advantages of this
method are the simplicity and high efficiency. In the latter approach, there is no physical
linkage between the charged object and the charging station, and the energy is transferred
through induction coils based on electromagnetism principal [31]. Inductive transfer carries the

merits of durability and safety.

Another method for charging the EVs is known as battery swapping. In this technique, EV
owners swap their battery which may be partially charged or fully discharged with a fully
charged battery. This action is done in dedicated places called battery swapping stations. This
method reduces the charging process time effectively and increases battery life but, on the other
hand initial investment and huge room for keeping all different batteries which should be

compatible with EVs are considered as demerits of this method [32].
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Figure 2.1- Generic schematic of a PEV charger with onboard and off board configurations.

2.2 Charging stations

Charging stations’ power levels determine charging duration, location of the station, cost,
needed equipment, and most importantly the effect on the power system [31]. EV charge cords,
charging slots, power inlets and outlets, and connectors are considered as PEVs’ supply
equipment [33]. The configuration of these equipment varies from country to country which

dependent on the grid codes and standards of the location [34].
2.2.1 Level 1 Charging

This charging is the slowest power one. Level 1 charging stations require single phase outlet
of 120 Va, and they are installed at residential areas. The maximum power they can provide is
2 kW. They are mostly employed at overnight when there is off-peak rate in loading profile.
The corresponding charging duration lays between 7-17 h [35]. The installation cost for this
charging level has been estimated to be $500-$880 [36].

2.2.2 Level 2 Charging

Level 2 charging is considered as semi-fast charger which requires single or three phase outlet
of 240 Vac. This type of charging station are mostly found in public areas. The maximum
amount of power that they can deliver reaches 20 kW [35]. This charger is the most common
charger, since its outlet supports both single and three phase connection and is installed in many

public places such as hotels and shopping malls. They can provide charging time in the range
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of 3-7 h to their users [35]. The installation cost for this charging level has been estimated to

be $1000-$3000 [37]. Worth mentioning that level 1 and level 2 charging are on board chargers.
2.2.3 Level 3 Charging

Fast chargers cast in level 3 charging stations and they are classified by level 3 AC fast charges
and level 3 DC fast chargers. The former is compatible with three phase outlet of Vac= 206-
600 V and delivers maximum power of 100 kW. The latter is compatible with DC outlet of
Vde= 200-600 V and transfers maximum power of 240 kW. These chargers are installed in
highways, shopping malls, and commercial places. Due to ability of providing vast amount of
power, EV owners can diminish the charging time to 20 min- 1.2 h [35]. The installation cost
for this charging level has been estimated to be between $30,000 and $160,000 [38]. There are
different organization including society of automotive engineers (SAE) and IEEE to establish
policies for transportation electrification. The above-mentioned charging levels were
implemented by SAE. Table 2.1 summarizes different charger levels implemented by different

standards in US and EU.
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Table 2.1 — Types of ch

arging power levels [1].

Charging Level Charger Location Usage Power Level (kW)
SAE Standards
Level 1
Vo120 V(US) Single phase Residential or Office P:1.9 (20 A)
V4230 V(EU) On-board arcas P:1.4 (12 A)
Level 2
Vo240 V(US) Single/Three phase Public Places P:19.2 (80 A)
V,:400 V(EU) On-board P:8(32 A)
Level 3
Three phase Commercial Area P:50
Vae:206-600 V
Oft-board P:100
DC fast level 1
Off-board Dedicated Places P:40 (80 A)
V4:200-450 V
DC fast level 2
Oft-board Dedicated Places P:90 (200 A)
V4e:200-450 V
DC fast level 3
Off-board Dedicated Places P:240 (400 A)
V4e:200-600 V
IEC Standards
AC Power Level 1 Single phase Residential or Office
On-board areas P:4-7.5(16 A)
AC Power Level 2 Single/Three phase
On-board Public Places P:8-15(32 A)
AC Power Level 3 Three phase
On-board Commercial Area P:60-120 (250 A)
DC Rapid Charging Off-board Dedicated Places P:100-200(400 A)

1

2




2.3 International Standards and Charging Codes for EVs

In order to reinforce the appropriate operation of chargers, promising standards and charging
codes should be enacted [1]. Moreover, as standards evolve, there would be more complicated
and more expensive infrastructure for chargers [39]. According to National Electrical code
[35], the connectors and cables should de-energize before connecting to EVs for the first two
levels of chargers. This example shows the relation between the standards and cost of hardware
part of the chargers. Various organizations which have been established to prepare international

standards and charging codes are as follows:
2.3.1 Society for Automotive Engineers (SAE)

o J1772: EV conductive connector and charging method.
o J2849: Issues of power quality.

. J2836/2847/2931: Communication purposes.
o J1773: Inductive coupled charging.
o J2293: Finding requirements for EV and EVSE for power delivery.

2.3.2 International Energy Agency
2.3.3 Deutsches Institut Fur Normung

. DIN 43538: Batteries’ system

2.3.4 International Electrotechnical Commission (IEC)

. IEC TC 69: Regarding infrastructure of charging and safety requirements.
o IEC-1000-3-6: Issues of power quality.

. IEC TC 21: Regarding battery management.

. IEC TC 64: Electrical installation, electric shock protection.

2.3.5 Institute of Electrical and Electronic Engineers (IEEE)

. IEEE 2030.1.1: Quick DC charging for EVs.
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J IEEE P2690: Charging network management, Vehicle authorization.
J IEEE P1809: Electric transportation guide.
J IEEE 1547: Interconnecting electric system with distributed resources/Tie

o IEEE 1901: Provide data rate while vehicles charged overnight.
J IEEE P2030: Interoperability of smart grid.

2.3.6 Infrastructure Working Council IWC)
2.3.7 National Fire Protection Association (NFPA)

. NFPA 70: Safety management.

o NEC 625/626: Charging systems for EVs.

. NFPA 70E: For safety.

o NFPA 70B: Maintenance for electrical equipment.

2.4 Charger Topology

Charger components play an indispensable role in power system and charger infrastructure.
Preeminent factors such as low cost, low weight, and high power factor contribute to
effectiveness of charger stands. Therefore, reliable operation of the chargers is contingent upon
numerous circumstances such as topologies of chargers and power electronic components,

control scheme, etc [31].

Typically, chargers include several stages, namely, electromagnetic interference filter, AC/DC
rectifier, power factor correction, and DC/DC converter, and each stage has its specific
features. It is worth to mention that there are numerous studies dealing with topology of each
stage to modify the characteristic of chargers to meet standards requirements in terms of

allowable harmonic injection and power factor [31].

In terms of power direction, chargers are classified into two groups of: 1- unidirectional and 2-

bidirectional chargers.
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2.4.1 Unidirectional Charger

In this type of charger, active power is injected from the grid to the EV. Single and three phase
diode bridges are utilized for AC/DC rectifiers to transfer the power. As that of DC/DC
converter topology, series resonant converter [40], interleaved [41], etc. are utilized. The
remarkable features of these chargers are simple control system, low cost, and small volume.

As an example, a topology of unidirectional charger has been shown in Figure 2.2 [40].

Power Factor Unidirectional Series Resonant
Rectifier Correction DC/DC Converter

N N JV;:”\ Do -LJ]] ?} HFTR N iy

Yy

] | 7= T T T

N N

[
}_é_%
B

Figure 2.2— Single phase unidirectional resonant charger.
2.4.2 Bidirectional Charger

These chargers are able to transfer the power either from the grid to the EV or from EV battery
to the grid. The comprising stages of the charger are the same as unidirectional charger,
however, instead of utilizing diode bridges, active bridges are formed by bidirectional switches
such as IGBTs. Single phase full bridge and half bridge and three phase full-bridge rectifiers
are among common AC/DC rectifiers used for chargers. With regard to DC/DC converter dual
active bridge, Three-level diode-clamped bidirectional are used for single phase and three
phase converters [31]. As an example, a configuration of bidirectional charger has been shown

in Figure 2.3.
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Figure 2.3— Single phase bidirectional resonant charger.
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2.5 Charging Methods

Different charging methods have been developed and improved in order to decrease charging
duration and the deterioration due to overcharging and increase cycle life of the batteries [42].

Charging approaches are listed below:

. Constant Current (CC)

. Constant Voltage (CV)

. Constant Current- Constant Voltage (CC-CV)
. Pulse-Current (PC)

. Multistage Constant Current (MSCC)

2.5.1 Constant Current

In this method a constant flow of current is applied to the battery, and the process is sustained
till the battery voltage reaches a pre-defined value. This method may expose the battery to
overheating issues because of high rate of current injection to the battery at the onset of the

charging process [1].
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2.5.2 Constant Voltage

In this method, a constant voltage is applied to the battery and charging current declines during
charging process to a pre-set value and the process is stopped. Since the rate of current is less
than CC method, overheating issues are prevented but on the other hand charging duration

increases [1].
2.5.3 Constant Current- Constant Voltage

Kang et al. [43] combined the first two methods and created a faster and safer charging process
called constant current-constant voltage. In this approach as shown in Figure 2.4 (a), the
process consists of two stages; in the first stage the charging process commences by injecting
a constant current to the battery till the voltage of the battery reaches a pre-set value (Vset). At
this very moment the second stage starts. In the second stage, the pre-set voltage is fixed on
battery’s terminal and the current starts decaying as the battery charges. The current deteriorate

till it reaches a pre-set value (around 0.1C or Is) and the charging process is terminated [42].
2.5.4 Pulse Current

In this method, current pulses with a specific duty cycle are exerted to the battery, it is worth
to mention that both the magnitude and duty cycle can be varied during the charging procedure
[42]. The criteria for charging termination is approach of the battery voltage to a pre-
determined voltage, and the frequency of pulses lays between 0.2 Hz and 100 Hz [44]. Figure
2.4 (b) shows this method of charging.

2.5.5 Multistage Constant Current

In this method, as shown in Figure 2.4 (c), the CV mode of CC-CV method is substituted by
stepwise changing current. Thus, at each stage when the corresponding voltage reaches its pre-
set value the current is levelled down. The charging procedures carries on till the current

reduces to the pre-set value. Due to inherent feature of this method, the charging speed

17



decreases in compare to CC-CV but on the other hand, low cost, simplicity in control design

are the advantages of this method [42].
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Figure 2.4— Charging methods. (a) CC-CV. (b) Pulse Current. (c) MSCC.
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2.6 Charger Simulation

In this thesis, in order to observe the impacts of fast charging stations on the power system in
terms of voltage drop and unbalance voltage issue, it is mandatory to investigate the behaviour
of a charger 1) during its operation from a type of the load perspective and ii) while an
unbalanced input voltage is applied to the charger. To carry out this study, a three phase fast
charger with maximum output power of 50 kW has been developed in EMTP-RYV simulation
environment. A three phase boost active power factor correction (PFC) AC/DC converter and
a Buck DC/DC converter form the fast charger. These converters were selected since they are
considered as a widely-used type of the converters. In this study, the battery is modelled as
variable resistor and it is charged with CC-CV method. Figure 2.5 illustrates the simulated fast
charger schematic. In the following subsection, the design of the charger and the simulation

results will be discussed.
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Figure 2.5— Simulated fast charger schematic.
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2.6.1 AC/DC Converter Design

In this study, it is assumed that the input voltage of the charger is 480 VLLrms and the frequency
of the grid is 60 Hz. With respect to the three phase active boost PFC it is preeminent to
maintain the DC link voltage fixed and provide near unity PF to avoid reactive power loss in
the grid. In order to achieve these two essential goals, a control system is needed. In this paper,
for the sake of convenience, a simple and widely-used control system which has been
developed in [21] and [45] has been utilized. The control system has been shown in Figure 2.6.

In this control system, the input currents (I, I, and I¢) are transformed to dq frame (14 and Ig)
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using equation (2.1) in which o is the angular frequency of the grid. Then, Is and I are
compared with Lser and 0, respectively. It is worth to mention that Iy is responsible for
maintaining output voltage at a desired value, and I, determines the power factor. To reach this
goal, PI controllers which have been shown as PI block in Figure 2.6 have been employed.
Then, a dg to abc transformer is utilized (equation (2.2)) to translate PI controller outputs to
sinusoidal waveforms to be compared with a sawtooth waveform and generate on-off signals
for the switches. Worth mentioning that the PI coefficients are adopted from PSIM software.

The parameters of the grid and the three phase active boost PFC rectifier has been shown in

Table 2.2.
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Figure 2.6— Power factor correction control system.
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Table 2.2 — Power system and AC/DC converter parameters [46], [47].

Parameter Value
Grid three phase voltage 480 VLLrMS
Grid frequency 60 Hz
Lin 1 mH
AC/DC converter switching 100 kHz
frequency
DC-link voltage 800V
DC-link capacitor 200 pF

The DC-link voltage is selected such that it should be greater than the input voltage of the
converter based on equation (2.3) since otherwise the diodes of the switches will be positively
biased and conduct. In the case of mal-operation, the PWM rectifier acts as a diode bridge
rectifier. Thus it is necessary to keep the diode negatively biased so that they will conduct when
at least one switch turns on and the instantaneous ac voltage will be favourably provided [48]
and [49]. This is another major reason to employ the aforementioned controller. As that of Li,
and Caclink, the values have been selected based on literatures [46], [47] and these parameters
have been modified using trial and error to provide the best answer. In equation (2.4) [50],
Vpmax 1 the maximum amount of the fundamental component of the converter’s ac side voltage
with the characteristic of Figure 2.7, accordingly. The fundamental component is calculated

by Fourier series formula (equations (2.5) and (2.6)) to obtain Vpmax. In equations (2.5) and

Vs
Vpmax

(2.6), d is duty cycle. Vs is RMS phase to neutral supply voltage. §paxis c0s™( ), ldcmax
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and Vg are dc current and dc voltage of the dc side of the converter, respectively. w is the

angular frequency of the grid.
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Figure 2.7— Voltage waveform of converter’s switch.
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2.6.2 DC/DC Converter Design

As shown in Figure 2.5, in this thesis a Buck converter has been employed as the DC/DC
converter. This converter has a chief role in PEVs’ charge since it is responsible for delivering
power from the AC/DC converter to battery. In order to design the input inductor and output
capacitor of the buck converter the flowing equations have been utilized [51].

Vout (Vin - Vout)

L = 2.7
Buck AIL xfs % Vin ( )

Al

= — 2.8
Cout(mm) 3 st % AVout (2.8)

Where, Vin is the input voltage of the converter, Al; is inductor ripple current which is assumed
to be 9 % of the maximum output current of the converter, f; is the switching frequency, and
AV,,.+ 1s the desired output voltage ripple which is considered to be 10 V. Given that, the buck

converter parameters are listed in Table 2.3.

Table 2.3 —DC/DC converter parameters.

Parameter Value
Vin 800V
Lpuck 3 mH
DC/DC converter switching

5 kHz

frequency
Vout 350V
Cout 35 MF

In this thesis, CC-CV method has been adopted for charging the simulated battery. The
flowchart of this algorithm has been depicted in Figure 2.8. The battery has been modelled as
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a variable resistor [52]. The charger controller has been shown in Figure 2.9 demonstrating the

employed PI controllers to regulate the voltage and current.
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Figure 2.8— Flowchart of CC-CV charging method.
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Figure 2.9— CC-CV charging controller.

2.7 Simulation results

The fast charger has been designed such that it delivers maximum power of 50 kW to the
battery. As discussed in previous section, maintaining the PF close to unity and output voltage
of the AC/DC converter at the desired value are the objectives of this converter. But more
importantly, the main objective is to figure out the behaviour of the charger in power systems
and its effects on the voltage drop and when it is fed by an unbalanced input voltage. Therefore

two scenarios are conducted in this section.
2.7.1 First Scenario: Charger Operation under Normal Condition

In this scenario, the charger has been implemented in the EMTP-RV time-domain simulation
environment. The duration of the simulation is 1 second and at t=0.2 s charging process
commences and terminates at the very end of the simulation. During the scenario, the charger
is fed by balanced input voltage, meaning that there is no negative and zero sequence in the
power system. As it is evident from Figure 2.10, input current and voltage are in phase, in other
words during both the CC mode and CV mode of charging process, the controller is able to

provide unity power factor. Moreover, Figure 2.11 shows the THD of input current for phase
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A. According to IEEE 519-2014 standard [53] the input current THD should be less than 5%.
In this scenario, the input current fulfils this requirement. The other task of the AC/DC
converter is to provide the desired voltage at the output of this converter. Figure 2.12 shows
the dc link voltage. As it was expected, the link voltage is approximately 800 V both in CC and
CV mode of charging process. It only suffers from +0.625 % deviation which is negligible.
More importantly it does not put a significant influence on charger operation as the buck
converter can operate for wide range of input voltage. The voltage and current of battery during
the charging process has been shown in Figure 2.13. This figure manifests that the charging
protocol is functioning properly, and one noticeable fact is that when the charging process
transition from CC mode to CV mode occurs there is no violation neither in voltage nor in

current of the battery.
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Figure 2.10— Phase input voltage and current of the charger. (a) During the whole simulation. (b) Zoomed-in

during CC mode. (¢) during CV mode
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Figure 2.12— DC link voltage of AC/DC converter.
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Figure 2.13— Voltage and current of battery.
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2.7.2 Second Scenario: Charger Operation under Unbalanced Condition

In this scenario, the charger is fed by an unbalanced input voltage. This action is carried out by
applying negative sequence voltage to the charger at t=0.25 s. More information about the
relations of symmetrical sequences can be found in Appendix A [54]. This study is conducted
to investigate the corresponding negative sequence current drawn from the power system by
the charger. Therefore, in order to calculate the UVR the following equation has been utilized
[30]:
UVRY% = V|
V.

Vil

* 100 (2.9

Where |V_| and |V, | are negative and positive sequence voltage magnitudes. In this scenario it
is presumed that UVR rises linearly from 0% to 10 % at the very end of the simulation. Figure

2.14 shows the UVR during the simulation.

10

8,
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Figure 2.14—- UVR percentage applied to the charger.

Figure 2.15 (a) shows the entire profile of three phase input voltage of the charger after exerting
negative sequence voltage. Figure 2.15 (b) is zoom-in version of Figure 2.15 (a) at end of the
simulation, since the UVR reaches its highest value. It is evident from the figure that the voltage

of the phases are different from each other in term of both magnitude and phase angle.

Although the main concern of this scenario is to derive negative sequence current caused by

the unbalanced input voltage, it is beneficial to investigate potential risks that UV might put on
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PF, input current harmonics, and dc link voltage. Figure 2.16 demonstrates the input voltage
and current for phase A. This figure starts from 0.2 s since the charging process commences at
the same instant and to skip the initial transient of the charger. According to this figure, the PF
will not be significantly affected by the UV. But on the other hand it seems that the current is
distorted by harmonics during the CV mode. The THD of input current for phase A has been
calculated and shown in Figure 2.17. One may conclude that since the URV is relatively high
during the CV mode, the current suffers from the high harmonic content and does not meet the

requirement for IEEE 519-2014 standard [53].
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Figure 2.15— Three phase input voltage of the charger after applying negative sequence voltage.
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Figure 2.16— Input voltage and current of phase A after applying negative sequence voltage.
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Figure 2.17— THD of input current after applying negative sequence voltage (Phase A).

The dc link voltage has been shown in Figure 2.18. Comparing this figure with Figure 2.12, it

demonstrates that before imposing negative sequence voltage, the voltage of the two figure are
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the same, but after applying unbalanced voltage to the charger at t=0.25 s, the dc link voltage

suffers from high fluctuations.
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Figure 2.18— DC link voltage of AC/DC converter after applying negative sequence voltage.

Another important characteristic to be observed is the voltage and current of the battery. The
aforementioned features have been plotted in Figure 2.19. As evidenced by this figure, UV
does not exert any impact on current and voltage of the battery. One may deduce that in spite
of high fluctuation in input voltage of the DC/DC converter, this converter operates

appropriately, and the associating controllers can overcome the input voltage fluctuation and

follow CC-CV charging algorithm.
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Figure 2.19— Voltage and current of the battery after applying negative sequence voltage.

In this stage, the negative sequence current stemming from unbalanced voltage is derived to be

utilized in our studies in the next chapters. In order to capture this characteristic, input currents
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are transformed to symmetrical sequences using the equation discussed (A.14) in A-1.
Accordingly, the ratio of negative sequence current over positive sequence current, which is
called unbalanced current ratio, versus time and UVR has been plotted in Figure 2.20 and
Figure 2.21, respectively. It is clear from the figures that UCR increases as the UVR increases
but by the end of simulation where the charger process is terminated it seems that the UCR
tends to be reduced. One may conclude that despite the decreasing positive sequence current,
negative sequence current remains high. This means that it is contingent upon negative
sequence voltage, thus remedies should be taken into account to mitigate UVR and eventually

adverse effect of UCR which will be discussed in the next chapters.
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Figure 2.20— UCR of input current after applying negative sequence voltage in terms of time.
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Figure 2.21— UCR of input current after applying negative sequence voltage in terms of UVR.
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It is worth mentioning that in the above graph UVR and UCR have been calculated based on

the rated input voltage and current, respectively.
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Chapter 3 Power Flow Analysis of Studied System

3.1 Introduction

In this chapter, IEEE 30-bus system is studied under balanced conditions to obtain positive
sequence voltage for each bus in the system. Then, in order to investigate the effect of fast
charging station on power quality of the system, a simplified circuit is proposed. To have an
all-inclusive study, different feeders from different benchmarks including IEEE 34-bus, 37-
bus, and 123-bus are translated to the base benchmark (IEEE 30-bus benchmark) and the same
analysis is conducted on each of them. Power flow analysis is a useful tool for future planning
of the system in terms of economy, development and operation. So it is a promising way to
investigate the effect of fast charging station on the system voltage drop and voltage regulation.
Therefore, in this chapter power flow analysis is solved by Newton-Raphson algorithm in

MATLAB.

3.2 Power Flow Solution

In order to find power system’s operating conditions including line current, bus voltage, and
active and reactive power, nodal solution is a promising way. Since the functions to be solved
are non-linear, iterative methods are utilized to solve the equations. Therefore, in this chapter
Newton-Raphson numerical method is adopted in MATLAB to analyse IEEE 30-bus power
system. This method has been explicitly discussed in B.1 [54].

In power flow solution, four parameters are of interest to find. These values are voltage
magnitude |V|, phase angle &, active power P, and reactive power Q. Moreover the buses of

the system are classified into the following types [54]:
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Slack bus: There is only one slack or swing bus in the system. The voltage and phase angle
of this bus is constant, and it is responsible for making equilibrium between the generated

power and scheduled loads.

Load buses: Load buses are known as PQ buses. Active and reactive power of these buses are

known while the voltage magnitude and phase angle are unknown.

Regulated buses: These buses are known as P-V bus since voltage magnitude and active power

are known parameters. Reactive power and phase angle for these buses should be determined.
3.2.1 Bus Admittance Matrix

Node-voltage equations can be obtained from and expanded to a n bus system by following a

simple example of two node circuit below:

Y12

Y10 Y20

Figure 3.1- A simple circuit.

In the circuit above the admittances are in per unit on a common MVA base. Based on KCL:

L =y10V1 + y1.(Vi — V)

I = y0Vo + y12(Vo — Vy)

3.1)

Or

I = (Y10 + Y12)V1 — ¥12V>
(3.2)
I = (Y20t Y12)V2 — y12V4

Introducing the following admittance:
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Yi1 = Y10 + Y12

Yoo = Y20 + Y12 3-3)
Yio =Y = —Yy12

The nodal equations reduces to

L =Y11Vh + Y.V,

(3.4)
I; = Y1 Vi + Y2,V
Expanding the above equation to a n-bus system:
[11] [Yi1 Yip - Yln][V1]
L] | & = o ot | E
|1i|:| Yo = % o Y ”Vii (35
lInJ lYnl EUI YR YnnJanJ
Or
Iyus = YousVpus (3.6)

Where I, is in the injected current to each bus and the sign of the current is dependent on
the direction of the flow. The current is positive when it flows towards the bus and is negative
when it flows away from the bus. V}, is the voltage of each bus, and Y},sis the admittance of

the system where diagonal elements are called self-admittance and are equal to

n
Yy = z}’ij VR (3.7)
j=0
And the off-diagonal elements are known as mutual-admittance and are equal to:

Yij =Y =~y (3-8)
The inverse of admittance matrix is called impedance matrix.
Zous = Ypus (3.9)
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The diagonal elements of this matrix are Thevenin equivalent impedance seen from the

corresponding bus and these values are going to be employed in our study.

3.2.2 Newton-Raphson Power Flow Solution
For a typical bus of the power system which has been shown in Figure 3.2 current equation

using KCL can be expressed in (3.10).

Yio

Figure 3.2— Typical bus of the power system [54].

L =yioVityu(Vi—=Vi)+ -+ yi(Vi = V)

(3.10)
= Wio+Yia + -+ YidVi —yuVi — ViV — - — YV
or
I = Vi Yisoyij — Xj=1YiY) J#FL (3.11)
Active and reactive power at this bus can be calculated from:
P +jQ; = Vil} (3.12)
or
P —jO;
I; = 3.13

Substituting for [; in (3.11) results in:
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p 0 n n

. —] .

l = = Vizyij - Z}’ijv} (3.14)
t j=0 j=1

The above equation is non-linear equation which should be solved by Newton-Raphson

algorithm.

In order to express the system electrical quantities in polar form, equation (3.10) can be written

as:

n n
=) YV =) |v|[Vj] /6, + 5 (3.15)
j=1 j=1
The complex power at bus i is
P, —jQi = LV} (3.16)
Substituting from (3.15) for /; in (3.16):
n
P —jQ;= (|Vi|/_—5i))Z|Yij||Vj|/_9ij+5j (3.17)
j=1

The real and imaginary parts of the above equation are

n
P, =Z|yij||vj||vi|cos(9ij+5j—si) (3.18)
j=1
n
Qi = = ) % lIViIIVilsin(8y; + ;= 5 (319
j=1

Therefor the above equation consist of independent variables. Two equations ((3.18) and
(3.19)) are used for PQ buses and equation (3.18) is used for P-V buses. If we expand the above
mentioned equations by Taylor’s series around the initial estimate and neglect high-order

terms, the following matrix result:
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Slack bus is considered as bus number 1 and since the voltage magnitude and phase angle for

this bus is known, the above equation does not contain busl. In the short form we have the

following equation:

Pl_[h J

3 J4

illaw,

(3.21)

After solving the above matrix, new phase angle and voltage magnitude are calculated by

following equations:

The procedure goes on until the convergence criteria are met:

(k+1)
6i

_ 50 4 pas®
= 6{9 + A6

|Vi(k+1)| — |Vi(k)| +A|Vi(k)|

AR < €

|AQ§")| <e

41

(3.22)

(3.23)

(3.24)

(3.25)



3.2.3 Studied System Data

In this thesis, IEEE 30-bus benchmark is of interest. It is essential for our study to investigate
system conditions in terms of voltage stability and UV before integration of any fast charging
station to the system. Figure 3.3 shows the single line diagram of IEEE 30-bus system in which

the placement of the loads and generators have been indicated.

The system data for initial estimate of voltage magnitude and phase angle of the buses and type

of the buses, and line parameters have been listed in Table 3.1 and

9 3 1 0 0 0 0 0 0 0
10 3 1 0 0 19 5.8 2 0 0
11 2 1.082 0 0 16.2 0 0 -6 24
12 3 1 0 0 0 11.2 7.5 0 0
13 2 1.071 0 0 10.6 0 0 -6 24
14 3 1 0 0 0 6.2 1.6 0 0
15 3 1 0 0 0 8.2 25 0 0
16 3 1 0 0 0 35 1.8 0 0
17 3 1 0 0 0 9 5.8 0 0
18 3 1 0 0 0 32 0.9 0 0
19 3 1 0 0 0 9.5 3.4 0 0
20 3 1 0 0 0 22 0.7 0 0
21 3 1 0 0 0 17.5 11.2 0 0
22 3 1 0 0 0 0 0 0 0
23 3 1 0 0 0 32 1.6 0 0
24 3 1 0 0 43 8.7 6.7 0 0
25 3 1 0 0 0 0 0 0 0
26 3 1 0 0 0 3.5 23 0 0
27 3 1 0 0 0 0 0 0 0
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28 3 1 0 0 0 0 0 0 0
29 3 1 0 0 0 24 0.9 0 0
30 3 1 0 0 0 10.6 1.9 0 0
Table 3.2, respectively.
G1 G2 G3 G4
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1 2 5 !
[ | | I—
) - , I L 1 1
6 l
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15 [ ] 2

v
Figure 3.3— One line diagram of IEEE 30-bus benchmark [55].
Table 3.1 —Bus data for IEEE 30-bus benchmark.

Bus Type \% Theta Pai Qai Pui Qui Quin Qmax
1 1 1.06 0 0 0 0 0 0 0
2 2 1.043 0 40 50 21.7 12.7 -40 50
3 3 1 0 0 0 12.4 1.2 0 0
4 3 1.06 0 0 0 7.6 1.6 0 0
5 2 1.01 0 0 37.3 94.2 19 -40 40
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6 3 1 0 0 0 0 0 0 0
7 3 1 0 0 0 22.8 10.9 0 0
8 2 1.01 0 0 373 30 30 -10 40
9 3 1 0 0 0 0 0 0 0
10 3 1 0 0 19 5.8 2 0 0
11 2 1.082 0 0 16.2 0 0 -6 24
12 3 1 0 0 0 11.2 7.5 0 0
13 2 1.071 0 0 10.6 0 0 -6 24
14 3 1 0 0 0 6.2 1.6 0 0
15 3 1 0 0 0 8.2 25 0 0
16 3 1 0 0 0 3.5 1.8 0 0
17 3 1 0 0 0 9 5.8 0 0
18 3 1 0 0 0 32 0.9 0 0
19 3 1 0 0 0 9.5 34 0 0
20 3 1 0 0 0 22 0.7 0 0
21 3 1 0 0 0 17.5 11.2 0 0
22 3 1 0 0 0 0 0 0 0
23 3 1 0 0 0 32 1.6 0 0
24 3 1 0 0 43 8.7 6.7 0 0
25 3 1 0 0 0 0 0 0 0
26 3 1 0 0 0 35 23 0 0
27 3 1 0 0 0 0 0 0 0
28 3 1 0 0 0 0 0 0 0
29 3 1 0 0 0 2.4 0.9 0 0
30 3 1 0 0 0 10.6 1.9 0 0
Table 3.2 — Line data for IEEE 30-bus benchmark.
From Bus To Bus R (pu) X (pu) B/2 (pu) Tap changer (a)

1 2 0.0192 0.0575 0.0264 1

1 3 0.0452 0.1652 0.0204 1

2 4 0.057 0.1773 0.0184 1

3 4 0.0132 0.0379 0.0042 1
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2 5 0.0472 0.1983 0.0209 1
2 6 0.0581 0.1763 0.0187 1
4 6 0.0119 0.0414 0.0045 1
5 7 0.046 0.116 0.0102 1
6 7 0.0267 0.082 0.0085 1
6 8 0.012 0.042 0.0045 1
6 9 0 0.208 0 0.978
6 10 0 0.556 0 0.969
9 11 0 0.208 0 1
9 10 0 0.11 0 1
4 12 0 0.256 0 0.932
12 13 0 0.14 0 1
12 14 0.1231 0.2559 0 1
12 15 0.0662 0.304 0 1
12 16 0.0945 0.1987 0 1
14 15 0.221 0.1997 0 1
16 17 0.824 0.1923 0 1
15 18 0.1073 0.2185 0 1
18 19 0.0639 0.1292 0 1
19 20 0.034 0.068 0 1
10 20 0.0936 0.209 0 1
10 17 0.0324 0.0845 0 1
10 21 0.0348 0.0749 0 1
10 22 0.0727 0.1499 0 1
21 23 0.0116 0.0236 0 1
15 23 0.1 0.202 0 1
22 24 0.115 0.179 0 1
23 24 0.132 0.27 0 1
24 25 0.1885 0.3292 0 1
25 26 0.2544 0.38 0 1
25 27 0.1093 0.2087 0 1
28 27 0 0.396 0 0.968
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27 29 0.2198 0.4153 0 1
27 30 0.3202 0.6027 0 1
29 30 0.2399 0 0 1
8 28 0.0636 0.2 0.0214 1
6 28 0.0169 0.0599 0.065 1

In Table 3.1, type 1 is the slack bus, type 2 and type3 are P-V and PQ bus types, respectively.
Pgi and Qg; are the generated active and reactive powers at bus i, respectively. Pri and Qv are
scheduled active and reactive powers of the load at bus i, respectively. Eventually, Qmin and
Qmax are minimum and maximum reactive powers for P-V buses to generate or consume. In
Table 3.2, R, X, and B are resistance, inductance, and susceptance of the each section,
respectively. Tap changer ratios are utilized to compensate voltage drop in the lines from one

bus to another.

Given this background, voltage magnitude and phase angle of all buses are obtained by power
flow analysis and are listed in Table 3.3. These two values are taken into account since this
study aims to investigate the effect of fast charging station on the voltage drop and UV of the
system. Thus, it is preeminent to be assured that the power system operates without any
violation, under normal conditions. In this thesis, it is assumed that the bus voltages are

subjected to the following constraint:

Vi,min < Vi < Vi,max (3.26)

where V; in and V; 4, are acceptable minimum and maximum voltage for each bus, and are
considered to be 0.94 pu and 1.06 pu , respectively. Another constraints to be taken into

consideration is the bus UVR which should be less than 3%, according to [30].

UVR; <3% i =1y bus (3.27)

Table 3.3 —Voltage magnitude and phase angle of buses.

Bus number Voltage magnitude (PU) Phase angle (Radian)
1 1.06000000000000 0
2 1.04300000000000 -0.093329865290079
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3 1.02167525354617 -0.131682084574441
4 1.01292003367193 -0.162297253909451
5 1.01000000000000 -0.247037498288121
6 1.01208404921763 -0.193522455818889
7 1.00346757096807 -0.224682474120420
8 1.01000000000000 -0.206016653734980
9 1.05072386265965 -0.246725783384267
10 1.04375822323106 -0.274612497716169
11 1.08200000000000 -0.246725783384267
12 1.05760459333750 -0.260780212488752
13 1.07100000000000 -0.260780212488752
14 1.04287919933158 -0.276187549236744
15 1.03844462257161 -0.277683300436243
16 1.04451977839670 -0.271376277837106
17 1.03865357452134 -0.277256711489410
18 1.02815793085378 -0.288720252363474
19 1.02521032012796 -0.291946384717171
20 1.02906226753052 -0.288612486495189
21 1.02926054918307 -0.283550412420992
22 1.03528849545803 -0.280540190800211
23 1.02913413639521 -0.283665572535845
24 1.02365162730254 -0.286947064013502
25 1.02015660273942 -0.280193761023655
26 1.00253007325140 -0.287477022457034
27 1.02651795677777 -0.271499328026698
28 1.01086397688358 -0.204965097147239
29 1.00674903362462 -0.292826604855710
30 0.995314695636118 -0.308131659437778

The results in Table 3.3 demonstrate that the voltage of the buses are within the acceptable

range except for some P-V buses which their voltages are fixed at predetermined values.
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It 1s also worth mentioning that since line sections connecting the buses of the system are
balanced and there is no unbalanced load in the system, the UVR for all of the buses is equal

to zero which is less than 3 %.
3.2.4 Investigation of System Behaviour with Unbalanced Feeders

Typically in reality the feeders are not balanced and in addition to zero, positive, and negative
sequence impedances, they have mutual impedance resulting from mutual interaction of

phase’s lines. Thus, the impedance matrix will be:

Zoo Zor Zoz
Zfeeder = |Z10 Z11 Z12 (3.28)
Zyo Zy1 Zp
Using Zgeeger in the following equation:
Vo Zoo Zo1 Zo2][lo
Vi[=1210 Z11 Z12||h (3.29)
V2 Zyo Zz1 Zypll

This matrix implies that due to mutual interaction of the feeder’s lines and negative sequence
impedance, the consequence will be rising of the negative sequence voltage and accordingly

increasing in UVR of the system.

In order to have a comprehensive investigation of the effect of unbalanced feeders on the
studied system, different feeders’ information of the other benchmarks are utilized such that
the Thevenin positive sequence impedance of the base system (IEEE 30-bus benchmark)
should remain the same at each feeder’s impedance matrix and other elements of the matrix
should be accordingly scaled. This action is carried out to best simulate the studied system with

the unbalanced feeders.

In order to employ the other benchmarks’ feeders and obtain the corresponding negative

sequence voltage, a simplified model has been proposed and shown in Figure 3.4.
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Figure 3.4 Simplified proposed model.

This model has been implemented to simulate feeder impedance for each bus individually and
investigate the effect of unbalanced feeder on UVR of the corresponding bus. In Figure 3.4,

the equivalent impedance seen from bus i is:

ZThevenini = Zf,i | |Zg,i (3.30)

Where Zrpepenin,i 15 €qual to diagonal elements of Zp, ; matrix. Moreover, Viis the voltage of

ith bus from Table 3.3 and Viiack=1.06. The voltage division between Z¢; and Z; yields to

Zgi Vi
Zg,i + Zf,i Vslack

(3.31)

Solving equations (3.30) and (3.31), the values of Z; ; and Z;; for each bus are obtained. Zy ;
is utilized for translating other feeders data to the existing one, and Z;; is considered as a
balanced and symmetric load, so this matrix only contains diagonal elements which are equal

to each other .

[Zro0,i  Zro1i  Zfo2,i]
Zri = |Zr10i  Zrii Zrazi (3.32)
Zp20i  Zf21,i  Zf22,i]

[Z 500, 0 0
Zgi=| 0  Zgi O (333)
0 0 Zg22,i]

This allows to evaluate the system along with integration of fast charging station in terms of
voltage drop and UV. In order to obtain positive and negative sequence voltage of the proposed
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model, KVL equation are used to extract the aforementioned voltages. It is worth to mention
that the zero sequence voltage is not considered in this study as the system is grounded and
there is no zero sequence current flowing in the system. Additionally Z,; and Z,, in (3.29) are
relatively small and do not contribute to create a significant zero sequence voltage. Thus, KVL

equation for positive and negative sequence of the proposed model for i bus is:
Zei1i Zr12 1 [1 Vi
[1.06] _ [ F11,i f12,l] [ 1,1] + [ 1,1] (3.34)
0 Zeari Zpazid Uzl Vo

Where I;; and I,; are positive and negative sequence of current I shown in Figure 3.4,

respectively. V;; and V5 ; are positive sequence of voltage Vi, respectively. I, ; and I, ; can be

calculated by:
Vi
Iy :
u Zg11,i
. (3.35)
2,i
L, =—=
2t Zgll,i
Substituting for I ; and I, ; in (3.34) results in:
Vi
1.06 — Vl,i] _ [Zfll,i Zflz,i] Zg11,i (3.36)
0—"Vy Zeari Zfao,i [ Vai J '
Zgll,i
Or
Vi Vai
106 -V, —Zfy1j=———Zr15;—— =0
1,1 f11,i Zgll,i f12,i Zgll,i
y y (3.37)
Vai+ Zson, Zi + Z522, Zi =0
gl1,i gl1,i

In order to obtain the negative and positive sequence voltage at each bus the above equations
should be solved. In this study these equations are solve by Newton-Raphson method, and

UVR is obtained.
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In the following subsections IEEE 34-bus, 37-bus, 123-bus feeders are translated to 30-bus
system and voltage drop and UVR are investigated for different feeders. In this case, the
integration of fast charging station to the system is avoided so that the BUVR can be calculated.
In other words, BUVR is the unbalanced voltage ratio stemming from the unbalanced feeders
without connection of any additional load to the system. It is worthy to clarify that since Vi (in
Figure 3.4) is calculated by power flow analysis, it means that the existing loads of the system
are included, thus the change of the feeders does not change positive sequence voltage,
however it causes the increase of negative sequence voltage which may exceed the acceptable
limit. Thus it is required to first investigate BUVR for the aforementioned feeders and then
find the maximum capacity of the fast charging station that can be connected to the system
without threatening power quality and voltage stability which means that the system should be

subjected to the constraints (3.26) and (3.27).

3.24.1 General Information for Feeders

3.24.1.1 Overhead spacing model

Different kinds of overhead lines are listed in Table 3.4 [56]. Accordingly, the schematic of
spacing IDs listed in Table 3.4 have been shown in Figure 3.5. In this figure, the distance

between the phase conductors and the neutral conductor have been shown in inches.

Table 3.4 — Overhead line spacing.

Spacing ID Type
500 Three-Phase, 4 wire
505 Two-Phase, 3 wire
510 Single-Phase, 2 wire
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Figure 3.5— Overhead line spacing [56].

3.2.4.1.2 Conductor Data

Various conductors’ characteristic have been listed in Table 3.5. The columns data

correspond to [56]:

1 — Conductor size in AWG or kemil

2 — Type of conductor

AA = All Aluminum

ACSR = Aluminum Conductor Steel Reinforced
CU = Copper

3 — 60 Hz resistance at 50 degrees C (ohms/mile)
4 — Conductor outside diameter (inches)

5 — Geometric Mean Radius (ft.)

52



6 — Ampacity at 50 degrees C (amps)

Table 3.5 — Conductor Data.

1 2 3 4 5 6
1000 AA 0.105 1.15 0.0368 698
556.5 ACSR 0.1859 0.927 0.0313 730

500 AA 0.206 0.813 0.026 483
336.4 ACSR 0.306 0.721 0.0244 530
250 AA 0.410 0.567 0.0171 329
#4/0 ACSR 0.592 0.563 0.00814 | 340
#2/0 AA 0.769 0.414 0.0125 230
#1/0 ACSR 112 0.398 0.00446 | 230
#1/0 AA 0.97 0.368 0.0111 310
#2 AA 1.54 0.292 0.00883 156
#2 ACSR 1.69 0.316 0.00418 180
#4 ACSR 2.55 0.257 0.00452 140
#10 Cu 5.903 0.102 0.00331 80
#12 Ccu 9.375 0.081 0.00262 75
#14 Cu 14.872 0.064 0.00208 20

3.24.1.3  Cable Spacing Models:

Cable different types and the spacing ID numbers are listed in Table 3.6 [56]. Figure 3.6

shows the corresponding spacing IDs.

Table 3.6 —Cable spacing.

Spacing ID Type
515 Three-Phase, 3 cable
520 Two-Phase, 2 cable
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Figure 3.6—Cable spacing [56].

3.24.14 Cable Data

The features of different neutral cables are listed in Table 3.7, and the column numbers are

matched with the following descriptions:
1 — Conductor size in AWG or kemil

2 — Diameter over insulation (inches)

3 — Diameter over screen (inches)

4 — Outside diameter (inches)

5 — Copper 1/3 neutral (No. x AWG)

6 — Ampacity in 4 inch duct

Table 3.7 — Neutral 15 kV All Aluminum (AA) Cable.

1 2 3 4 5 6
2(7x) 0.78 0.85 0.98 6x14 135
1/0(19x) 0.85 0.93 1.06 6x 14 175
2/0(19x) 0.90 0.97 1.10 7x14 200
250(37x) 1.06 1.16 1.29 13x 14 260
500(37x) 1.29 1.39 1.56 16 x 12 385
1000(61x) 1.64 1.77 1.98 20x 10 550

3.24.2 IEEE 34-bus Feeder Data and BUVR Analysis

In this stage, the IEEE 34-bus feeder data (Configuration 300) has been listed in
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Table 3.8, and the corresponding impedance has been expressed in (3.38) [57].

Table 3.8 — IEEE 34-bus Phasing | Phase ACSR | Neutral ACSR | SpacingID | feeder data (Configuration
300). BCAN 1/0 1/0 500
Phasing | Phase ACSKR | Neutral ACSR | Spacing ID
BCAN 1/0 1/0 500

1.3368 + j1.3343  0.2101 + j0.5779
1.3238 + j1.3569

0.2066 +j0.4591

0.2130 + j0.5015
0.2066 + j0.4591
1.3294 + j1.3471

thase_ 34—bus(/mi) = |0-2101 + j0.5779 (3.38)

0.2130 + j0.5015

The above impedance matrix has been expressed based on the phase impedance. In order to

express this matrix to sequences impedance the following equation is used:

— 41
ZOlZ_34—bus =4 thase_34—busA (3.39)

Zy12 34—pus 18 translated to IEEE 30-bus feeder according to what discussed in section 3.2.4.

In other words, based on Thevenin positive sequence impedance resulting from Z,,5, Vi from

load flow analysis, and Zppgse 34-pus» sequences impedance for each feeder (Zf ; in Figure 3.4)

is calculated by:

Zei1i
7 f11,i
[

= Z —pus(2,2
i ZOlZ_34—bus(2'2) 012 34 bus( )

(3.40)

Where Zf14,1s positive sequence impedance calculated by (3.30) and (3.31) and i corresponds
to the bus number. This provides the way to calculate BUVR of the system based on the new
feeder data. The results for BUVR has been shown in Figure 3.7. The results demonstrate that
UVR for each bus is below the permissible limit of 3%, it and does not put risk on the system

and the associating components in terms of power quality issues.
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Figure 3.7- BUVR of system buses.

According to the obtained BUVR, maximum charging station capacity that could be connected
to each bus subjected to (3.26) and (3.27) constrains is calculated. This means that a three phase
load should be connected to bus i in Figure 3.4, and two terms should be added to (3.36) which

yields to:

Z .
gLt (3.41)

1.06 = Vi1 [Zr1ni Zrizi
Vai

0—Voi | Zr1i Zgaa

Vii
][ - + 1) pes

+ I3 pcs

g11,i
Where I pcs and I ¢ are positive sequence and negative sequence current of the fast charging
station. In order to solve equation (3.41), I; pcs and I, pcs should be expressed in terms of
voltage. Obtaining I; pcsis straight forward and it can be calculated by the power equations,
however, I, ¢sis contingent upon negative sequence voltage. In order to express this current
in terms of negative sequence voltage, Figure 2.21 is utilized such that the function which best

fits the characteristic is extracted. This is done using MATALB curve fitting tool. Thus, I; gcs

and I, pcs are expressed by:

PFCS

I 1,FCS = 37,
3V, (3.42)

Iy pes = —0.00023230V5; + 0.007092V3; — 0.07226V5; + 0.2209V; + 0.5094V;}; + 0.002003
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Given that, the maximum fast charging station capacity and UVR for each bus has been shown

in Figure 3.8 and Figure 3.9, respectively.

0.8r

0.6

Charging station capacity (pu)

04 1 | 1 1 | 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Bus number

Figure 3.8— Maximum fast charging capacity.

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Bus number

Figure 3.9— UVR after connection of fast charging station.

It is evident that some buses meet the maximum limit for UVR and for the rest, other constraints
prevent that bus to host more charging capacity. The reason lies behind the fact that different

buses have different sequences impedance which may lead to different situations.

3.24.3 IEEE 37-bus Feeder Data and BUVR Analysis

In this stage, the IEEE 37-bus feeder data (Configuration 721) has been listed in Table 3.9

and the corresponding impedance has been expressed in (3.43) [57].
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Table 3.9 — IEEE 37-bus feeder data (Configuration 721).

Phasing Cable Spacing ID

ABC 1,000,000 AA, CN 515

0.2926 +j0.1973  0.0673 —j0.0368  0.0337 — j0.0417
Zphase 37-bus(a/mi) = | 00673 —j0.0368  0.2646 +0.1900 0.0673 — j0.0368 (3.43)
0.0337 —j0.0417 0.0673 —j0.0368 0.2926 + j0.1973

The same procedure as described in section3.2.4.2 will be followed to obtain BUVR, maximum
fast charging station capacity, and UVR after the connection of charging station. Figure 3.10
shows UVR of each bus before connection of any charging station. It is evident that bus number
30 has exceeded beyond the permissible level, thus it is expected that no charging station can
be connected to this bus. Moreover, BUVR for this specific feeder is much higher than IEEE
34-bus feeder. One may conclude this is stemming from different configuration of the feeders

which have been tested.

2571 1

UVR (%)
N

1571 1

1 L L 1 1 1 | | | 1 Il Il 1 1 N
2 4 6 8 10 12 14 16 18 20 22 24 26 28 3
Bus number

Figure 3.10—- BUVR of system buses.

Figure 3.11 demonstrates maximum charging station capacity that can be integrated in the
system at each bus. As it was expected the charging station capacity at bus number 30 is zero
since BUVR at this bus was almost 3%. Moreover, due to high BUVR for this feeder comparing
to IEEE 34-bus feeder, the maximum amount of the charging station capacity is significantly

lower.
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Figure 3.11- Maximum charging station capacity.

Figure 3.12 shows the UVR after connection of the charging station. It implies that the
maximum capacity for charging station has been obtained until UVR constraint is met and the
voltages of all buses are within the acceptable range and are not violated. It is worthy to mention
that the utilized feeder in this section is cable while the one in the previous section was an

overhead line feeder and it may lead to the differences between the results of these two sections.

3.008
3.006
<
@ 3.004
>
>
3.002 |
3 N~ T
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
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Figure 3.12— UVR after connection of charging station.

3.244 IEEE 123-bus Feeder data and BUVR analysis

In this stage, the IEEE 37-bus feeder data (Configuration 1) has been listed in Table 3.10 and

the corresponding impedance has been expressed in (3.44) [57].
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Table 3.10 — IEEE 123-bus feeder data (Configuration 1).

Phasing Phase Cond. Neutral Spacing ID
ACSR Cond. ACSR
ABC 336,400 26/7 4/0 6/1 500

0.4576 +j1.0780  0.1560 +j0.5017 0.1535 + j0.38497
Zpnase 123-bustaymiy = | 01560 +j0.5017 04666 +j1.0482  0.1580 +j0.4236 (3.44)
0.1535 +j0.38497 0.1580 +j0.4236  0.4615 +j1.0651

The same procedure as described in section 3.2.4.2 will be followed to obtain BUVR,
maximum fast charging station capacity, and UVR after the connection of charging station.
Figure 3.13 shows UVR of system buses before connection of any charging station to the
system. It is clear that buses number 29 and 30 go beyond permissible limit for UVR preventing
system operator to integrate the charging station at these buses. Figure 3.14 shows maximum
charging station capacity. Comparing Figure 3.13 and Figure 3.14 implies that the higher the
BUVR, the less the charging capacity.
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Figure 3.13— BUVR of system’s buses.
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Figure 3.14— Maximum charging station capacity.
Figure 3.15 indicates that all buses reach the limit and their voltage is within the acceptable
range. In the figure below UVR of bus number 29 and 30 have not been shown in order not to

lose the resolution of the figure, however the corresponding UVR for bus number 29 and 30

are 3.004 and 3.16, respectively. The feeder used in this section is the overhead line feeder.
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2 3.0004 ¢

UVR (%

3.0002

3 1 L 1 L 1 L L L L L L L
2 4 6 8 10 12 14 16 18 20 22 24 26 28

Bus number

Figure 3.15— UVR of system buses after charging station connection.
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Chapter 4 Mitigation Method

4.1 Introduction

In the previous chapter, it was investigated that the unbalanced voltage through the feeders is
caused by the interaction of the phases leading to mutual impedance in all phases of the feeders.
The increase of the negative sequence current would be an adverse and destructive consequence
of this effect which prevents the integration of fast charging stations into the power system. In
addition, since negative sequence component rotates at synchronous speed but in opposite
direction of the positive sequence, it results in induction of double frequency current in rotor
of the electrical machines and causes rapid heat increase. Increase in rotor temperature may
lead to failure of insulation and loss of mechanical integrity [58]. These consequences are
inevitable in the presence of negative sequence current. Thus a promising solution to reduce
unbalanced voltage in the system is mitigating the effect of mutual impedances in the feeders.
This not only neutralizes negative sequence current but also allows more connection of fast

charging station in the system.

In order to eliminate the mutual impedance in feeders’ impedance matrix, transposition of the
feeders is a guaranteed way to follow. When the lines are transposed, the phases of the lines
are displaced by their position counteracting their mutual effect on each other. Mutual
impedances tends to zero only if the transposition is done completely. In other words, the feeder
should be divided by three equal sections and the displacement should be done perfectly. But
a complete transposition is not always feasible due to some limitations such as geographical
features of the area, connection of the loads between the sections which changes the symmetry,
etc. Thus in some occasions, partial transposition is carried out. Although, partial transposition
does not completely eliminate the mutual impedances, it highly reduces their effect. In this
chapter, a modified partial transposition is carried out such that it mitigates mutual impedance

effect more than common partial transposition. The feeders’ data of IEEE 34-bus, 37-bus, and
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123-bus are partially transposed and implemented in IEEE 30-bus system, and maximum
charging capacity that can be connected to the system due to partial transposition will be
calculated. Then, in order to enhance power quality of the system, partial transposition is
implemented by applying a modifying factor to off-diagonal elements of the impedance matrix
such that the buses of the system will not experience more than 1 % BUVR while the buses are
still subjected to voltage constraint. Then the modified transposed feeders’ data will be
employed to calculate maximum fast charging capacity, and the results will be compared with

the previous analysis.

Eventually, a power distance table will be presented according to which fast charging station
capacity will be expressed in term of electrical distance. In other words, in analogy with
distance relay which operates based on the impedance of the line, power distance table is used
to determine fast charging station capacity based on impedance of each bus from the main

substation.

Power distance table can be used for meshed systems. Since these systems are interconnected,
and in contrary to the radial networks the impedance of the buses do not change linearly. Thus,
power distance table provides the ability for system operators for making better decision about

the connection of the loads in the power grid without jeopardizing the system stability.
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4.2 Line Transposition

This section describes the alternatives to mitigate the effect of mutual impedances of the

feeders.

Suppose the three-phase line impedance shown in Figure 4.1. The length of the line is assumed
to be per unit and mutual impedance of the ground has been neglected for sake of ease. zaa, Zbb,
and z. are self-impedance of each phase, and za, Zac, and z,. are coupling or mutual-

impedances.

Zaa
a I ’
— AN/, &
T
b Iy Zob ?:1/ T b’
H N !
<T AVAVAY, . 1
} Zcc g
< ¢ — J lC'
A AYAY
=
T ' 1 per unit——mm

Figure 4.1— A three-phase line.

The voltage of each phase would be calculated by:

Va Zaa Zab Zac Ia
Vol =Zab  Zbb  Zbc||Ip| V/unit length (4.1)
Vc Zac  Zpc  Zcc Ic

It is clear from (4.1) that the voltage drop in each phase depends on the self and mutual
impedances. The voltage drop for each phase might be different depending on configuration of
the lines and conductors distance [59]. In other words, since mutual impedances are unequal,
the voltage drop is unequal, as well. Thus in order to make mutual impedance equal to each
other, transposition is suggested as a promising remedy. A transposition is physical
displacement of conductors such that the conductors are changed by their physical position and
moved to next physical position in a controlled manner like a-b-c, c-a-b, and b-c-a. If the line

is divided into three equal segments and the conductors are transposed within each segment
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according to the regular manner, this is called complete transposition. Figure 4.2 shows the

transposition for a line.

Position 1

Position 2

Position 3

}%1/d1 per unit 1/d2 per umtﬁ’Hl/dg per un|

1 per unit

Figure 4.2— The transposition of a line.

In the above figure, the line has been divided to three section with different lengths. The

impedance of each section would be defined as follows:

Zmn—s = d—Zmn 4.2)

Where, s=1, 2, or 3 is section indicator, m, n=1, 2, 3 indicating the position, - is length of
S

section s, and Z,,,, 1s the total impedance corresponding to position m, n. thus voltage

equation for each section can be obtained as follows:

For section 1, positions 1, 2, and 3 correspond to phase a, b, and c.

Va 4} Z11-1  Z12-1 Z13-1|[la = L4
Vp| = V2| = |221-1 Z22-1  Z23-1||lp = I | V/unit length (4.3)
Ve Vs Z31-1 Z32-1 Z33-1lll, =I5

For section 2, positions 1, 2, and 3 correspond to phase c, a, and b.

Va Vs, Zyg—o Zyz—2 Zo12][la =1,
Vp| = V3| = |%32-2 Z33-2 Z31-2||l, = I3| V/unit length (4.4)
Ve 4 Zi2—2 Z13-2 Zu-20lU.=1

And for section 3, positions 1, 2, and 3 correspond to phase b, ¢, and a.
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Vv, /A Z33-3 Z31-3 Z32-3|[la =13
Vol = V1| = |%13-3 Z11-3 Z12-3||lp = I | V/unit length 4.5)
V. v, Z33-3 Z1-3 Zz2-3lll. =1,

Thus the total voltage would be equal to summation of (4.3), (4.4), and (4.5):

Vae (z11-1 + Z22-2 + Z33-3)  (Z12-1 t Za3—2 + Z31-3)  (Zi3-1 + Z21-2 + Z32-3) | [I,
Vbe| = [(Z21-1 + Z32—2 + Z13-3)  (Zaa—1 + Z33—2 + Z11-3)  (Z23-1 + Z31-2 + Z12-3) | |Ip | V/unit length (4.6)
Ver (Z31-1 + Z12-2 + Z23-3)  (Zaz—1 + Z13_2 + Z1-3)  (Z33—1 + Za2—3 + Z253) | LLc
Substituting for Z,,,_s of (4.2) in (4.6) yields:
1 1 1 1 1 1 1 1 1
V., [(d_lzn + 3, %22 + d_3233) (d_1212 + 3, %23 + d_3231) (d_1213 + 2,721 + d_3232) :
1 1 1 1 1 1 1 1 1 .
I];bt = (d_1221 tgZet d_3213) (d_lzzz tgZst d_3211) (d_1223 tgzat d_3212) ib V/unit length 4.7)
ct 1 1 c

1 1 1
Z33) (d_1232 +_ZZ13 +—

1 1 1 1
(d_1231 + 2,12 + P Z31) (d_1233 + 2, %22 +—275)

ds ds ds
It is clear that for similar conductors Z11= Z22= Z33= Zs, and since the network is considered to

be linear Zmn= Znm. Thus (4.7) can be written as:

Vat Zs ZMl ZMZ Ia
Voe| = 1Zmr Zs  Zys||Ip | V/unit length (4.8)
Vct ZMZ ZM3 Zs Ic

It is apparent from (4.7), if the sections are equally divided, off-diagonal elements of impedance
matrix of (4.8) will be equal. The line would be completely transposed under this circumstance

which leads to:

Vat Zs ZM ZM Ia
Vee|=1Zm  Zs Zy||1p | V/unit length (4.9)
Vct ZM ZM Zs Ic

It is worth to mention that the above equation has been written based on phases abc, however
power solution which were used in the previous chapter for determination of the maximum
charging station were based on symmetrical sequences. Therefore, in terms of symmetrical

sequences (4.9) can be calculated by [60]:

ZOlZ = A_lzabCA (410)
Where A is matrix defined in A.1. Therefore:

66



Vol [Zo O 077l
v, Lo o zlln,
Where
ZO = ZS + ZZM

(4.12)
Zy=1Z;=Zs— 1y

It is evident from (4.11), that the mutual impedances are zero. Therefore in this case, negative

sequence voltage will not impose detrimental impacts on the power system and will not restrict

connection fast charging station. However, a complete transposition is not always practical due

to geographical features of the area, loading connection, etc.

So, one may conclude that in order to mitigate mutual impedances, partial transposition could
be a viable solution. A partial transposition is defined as whether unequal division of line

segments in one cycle or only transposing in c-a-b or b-a-c sequences.

4.3 Methodology

It was deduced from the previous section that the partial transposition could be a potential way
to reduce mutual impedance. In this section, partial transposition and modified partial

transposition are conducted and the results will be compared.
4.3.1 Partial transposition

IEEE 34-bus, 37-bus, and 123-bus feeders would be partially transposed such that the
transposition is done only for c-a-b sequence and the length of the two sections are equal. This
is conducted by using phase impedances of each feeder mentioned in section 3.2.4 and
equations (4.3), (4.4), and (4.10). The partial transposition for this method has been shown in
Figure 4.3. Then based on the obtained values for each benchmark the maximum capacity for
charging station will be obtained for the studied system (IEEE 30-bus benchmark) while the

system is subjected to UVR and voltage constraints.
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Figure 4.3— Partial transposition of the feeder.

For IEEE 34-bus feeder’s data, Figure 4.4, Figure 4.5, and Figure 4.6 show BUVR, the
maximum charging station capacity, and UVR after and before partial transposition for each

bus, respectively.
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Figure 4.4— BUVR of the system before and after partial transposition.
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Figure 4.5— Maximum fast charging station capacity before and after partial transposition.
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Figure 4.6— UVR of the system after and before partial transposition and after connection of charging
stations.
The above figures imply that BUVR of the system after partial transposition is within the
acceptable range (BUVR < 1.1%) providing safe operation for the power system in terms of
power quality. Moreover, the maximum capacity for charging stations have been obtained
while the UVR of the system is well below permissible limit (3%). This means that there would
be safe margin if other loads undergo unbalanced conditions in addition to the fast charging
station. Figure 4.6 proves that partial transposition facilitates integration of the fast charging

station by partially eliminating the impacts of mutual impedances.

For IEEE 37-bus feeder’s data, Figure 4.7, Figure 4.8, and Figure 4.9 show BUVR of the
system after partial transposition, the maximum charging station capacity and UVR after partial
transposition for each bus, respectively. The Figure 4.7 indicates that BUVR of the system is
less than 1.5 %. It is mandatory to investigate UVR of the system after connection of charging
station. If UVR touches the upper limit, it means that partial transposition is not a reliable
solution for this feeder. Furthermore, the maximum charging capacity has been obtained while
most of the buses of system have touched the maximum limit for UVR (3 %). For those buses
which do not suffer from high UVR, the limiting factor is the voltage constraint. Although the
capacity of the charging station can be increased compared with the non-transposed feeders, it
can be concluded that for this particular feeder, partial transposition with equal segments is not
an effective solution, since it does not provide a secure margin for future development of the

system.
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Figure 4.7- BUVR of the system after and before partial transposition.

N

After partial transposition
Before partial transposition

o
o
:

o
)

o
~
\

\

o
N
\

\

O L L 1 L L L 1 L 1 L 1 L L
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Bus number

Charging station capacity (pu)

Figure 4.8— Maximum fast charging station capacity after and before partial transposition.
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Figure 4.9— UVR of the system after and before partial transposition and after connection of charging
stations.
For IEEE 123-bus feeder’s data, conducting the same analysis, one may deduce from the Figure
4.10 to Figure 4.12 that the BUVR has been decreased, and the charging capacity has been
increased compared to the non-transposed feeder. Similar to the other figures, the restricting

factor for some buses is UVR and for the others is the voltage constraint. As mentioned for
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IEEE 37-bus feeder, since some buses are limited by UVR, integration of extra loads to this
buses is not feasible, thus a safe alternative should be taken into consideration to hinder the

increase of UVR due to integration of fast charging stations.
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Figure 4.10— BUVR of the system after and before partial transposition.
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Figure 4.11— Maximum fast charging station capacity after and before partial transposition.

— After partial transposition
—— Before partial transposition

2 4 6 8 1012 14 16 18 20 22 24 26 28 30
Bus number

Figure 4.12— UVR of the system after and before partial transposition and after connection of charging

stations.
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4.3.2 Modified Partial Transposition

In the previous section the data for three different feeders were implemented in the studied
system, and UVR analysis were done for partial transposition of the feeders. It was
demonstrated that the IEEE 34-bus feeder’s partial transposition responded appropriately, and
the UVR for each bus was well below the acceptable limit. As for other two feeders (in IEEE
37-bus and 123-bus benchmark systems), the results showed that despite the partial
transposition, UVR for some buses meets the limit and it keeps the system within bounds and
hampers the connection of additional. In other words, for some feeders, partial transposition is
still a flawed method. Accordingly, another approach should be adopted to compensate for this
deficiency. This would be encouraging to investigate the contributing factors for calculation of

line impedance, especially mutual impedance of the line.

Mutual impedance can be calculated by equation [54]:

Zap = jw2 x 1077 (In22 — 1) H/ unit length (4.13)

m

The same equation can be used for Z,. and Z,.. Mutual impedance depends on length of the

line section and D, which is calculated by:

D,, = 3/DgpDgcDpe m (4.14)

Thus in each section of a transposed line these two factors can be manipulated such that it

creates the least mutual impedance. Therefore, (4.13) can be rewritten as:

DZS ;= 1) H/ unit length (4.15)

Zap = jw2 X 1077y, (ln

Where a,, is the modifying factor. This factor is applied to off-diagonal elements of equation
(3.34). Having done that, Newton-Raphson algorithm is used to solve (3.34) and find
modifying factor for the different IEEE feeders’ data such that the corresponding BUVR would
be set to 1 %. The reason for this assumption has its roots in some restrictions which prevents

complete transposition. In addition to UVR constraint, voltage constraint is taken into
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consideration. In this case the lower limit remains the same value but the upper limit is turned
to be the voltages listed in Table 3.3 where the voltages are calculated when the system is
operating in normal conditions and without connection of any additional load or generation.
The modified transposition is applied to IEEE 37-bus and 123-bus feeders due to their high
BUVR (more than 1%) after partial transposition. Then, the maximum capacity for charging

station would be obtained while the system is subjected to UVR and voltage constraint.

For IEEE 37-bus the results are as follows after the modified transposition. Figure 4.13
demonstrates that after connection of fast charging station with maximum capacity, there is a

good marginal safety for system functioning in terms of UVR.

Modified partial transposition
— partial transposition

2 4 6 8 1012 14 16 18 20 22 24 26 28 30
Bus number

1.5

Figure 4.13— UVR of the system after modified transposition and charging station integration.
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Figure 4.14— Comparison of fast charging station capacity between partial transposition and modified

transposition.

Figure 4.14 proves that the modified transposition not only allows for connection of higher

capacity fast charging stations but also maintains the UVR of the system below the maximum
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acceptable level. Another remarkable fact about the results is that for bus number 21 since
initial UVR (BUVR) for this bus was set to be 1 % and after connecting the fast charging
station, the UVR reaches around 1.75 % which is less than the other buses, it conveys that the
voltage constraint is the dominant limiter for this specific bus and it causes less integration

compered to the partial transposition case.

For IEEE 123-bus feeder the following results are remarkable. Figure 4.15 shows the UVR of
the system after the modified transposition. It implies that the UVR does not exceed the limit.

So the voltage constraint is dominant to choose the maximum charging capacity.
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Figure 4.15— UVR of the system after modified transposition.
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Figure 4.16— Comparison of fast charging station capacity between partial transposition and modified

transposition.

Figure 4.16 shows the capacity can be increased due to the modified transposition.
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This section showed that the modified transposition is a promising way that can be relied on.
Power quality of the system can be provided through this method. Moreover, it was shown that

this approach is a comprehensive one since it includes different feeders with different data.

4.4 Power Distance Table

In this thesis, power distance table is defined as a tool to express maximum fast charging
capacity that can be connected to the system in terms of electrical distance (impedance) of the
installation point to the main substation. This method is analogous to distance relays which are
tuned based on electrical distance (impedance) of the transmission line and operate during
occurrence a fault whose impedance is less than the tuned value. This approach provides a fast
and effective way for utilities to have a better insight about resiliency of the system when fast
charging stations are connected. Moreover, it is applicable for both radial and mesh systems.
For instance, based on impedance and corresponding bus information, one may estimate the
amount of load that can be connected to the system looking up in the power distance table. The
results of the previous investigations has been listed in Table 4.1. According to this table, the
maximum capacity that can be connected to the system will be obtain based on the connection
point distance from the main source. Table below provides the information about the
investigated feeders’ data. As an example, for IEEE 34-bus feeder data, the maximum capacity
charging station for any distance between the provided values in the table can be obtained. In
order to obtain power distance table for any other power system, the same analysis should be
conducted. Thus, the distance of the feeders and bus information such as load’s type and level

determine the maximum capacity for the new power system.

Table 4.1 — Power distance table.

Distance (km) 34-bus (MW) 37-bus (MW) 123-bus (MW)
2.033752 91.88 91.94 91.95
2.059 87.76 88.3 87.22
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2.1206 84.26 85.04 84.45
2.388 81.2 81.48 80.95
243153 72.68 73.08 72.95
2.45078 50.24 71.88 71.78
2.5034 47.73 47.84 47.83
2.5142 71.86 72.33 72.44
2.523 72.23 72.05 72.26
2.5288 71.86 71.86 72.44
2.538 46.04 46.24 46.16
2.54 75.94 75.78 75.59
2.54272 52.1 52.42 52.2
2.5488 70.64 70.04 70.17
2.558 71.25 71.37 71.29
2.56053 47.59 47.76 47.69
2.5618 72.4 72.49 72.48
2.5638 47.8 47.99 47.92
2.5645 57.51 67.32 58.04
2.565 48.3 48.49 48.58
2.59 70.88 71.01 70.97
2.6 47.22 47.42 47.37
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2.61 47.83 69.88 70.12
2.626 46.34 69.16 46.46
2.6279 49.27 68.2 68.42
2.628 46.27 46.4 46.38
2.6475 47.03 69.01 68.58
2.6592 47.11 68.95 472
2.7011 48.11 68.49 68.83
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Chapter 5 Contributions and Future works

5.1 Contributions and conclusions

In this thesis, a comprehensive study of the effects of fast charging station on the IEEE 30-bus
system using different feeders’ data was conducted. The investigation includes power quality
issues that the charging station may create such as UVR of the system. Thus, obtaining the fast

charger behaviour under unbalanced input voltage was inevitable.

Chapter 2 was dedicated for deriving this characteristic. In this chapter, a fast charger was
designed and developed. A boost PFC AC/DC converter followed by a Buck DC/DC converter
formed that charger. The simulation results showed that the rectifier operates with unity power
factor and provides a desired voltage at the output. The DC/DC converter functions with CC-
CV charging scheme and appropriately delivers the power to the battery based on the designed

procedure.

In order to capture the input current waveform of the charger under unbalanced condition, an
unbalanced voltage was applied to the charger. The applied voltage contained negative
sequence component in the range of 0-10 % of the positive sequence. During the unbalanced
conditions, the THD of the input current was calculated and compared with the normal (only
positive sequence) condition. The results demonstrated that during the normal operation, THD
of the input current does not exceed the corresponding permissible limit, however, the
unbalanced voltage input results in high harmonic contents in the input current. In this case,
the negative sequence current characteristic was derived in terms of negative sequence voltage
and it is used in chapters 3 and 4 for power flow analysis. This characteristic is employed to
determine the amount of the fast charging capacity that could be connected to the system

without violating the power quality and the voltage regulation in the power system.
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In Chapter 3, the IEEE 30-bus benchmark system underwent a power quality investigation.
Various feeder configurations from different benchmarks such as IEEE 34-bus, 37-bus and
123-bus were selected to adopt in the studied benchmark and conduct a comprehensive study
of the fast charging station impacts on the system UVR. These feeders include both overhead

line and cables making the study more complete and rigorous.

This chapter showed that the negative sequence voltage which results in the power quality
issues may rise due to the unbalanced feeder configurations. In order to calculate positive and
negative sequence voltage, two functions were developed based on the positive and negative
sequence voltages and solved with Newton-Raphson algorithm. Examination of different
feeders showed the fact that based on the various feeder configurations and the associating
impedances, different UVR values will be obtained. This can limit the integration of more loads
into the power system. It was observed that for the IEEE 37-bus and IEEE 123-bus feeders,
UVR was a significant restriction for the integration of the fast charging stations. In the case
of the IEEE 34-bus feeder, in addition to UVR limit, voltage constraint limited the integration
of the charging station, as well. However, since the BUVR for this feeder was less than the
other two cases, more capacity was allowed to be connected. Indeed, UVR has its roots in
mutual sequence impedances caused by interaction of the three phases. In order to neutralize
this effect and enable more connection of the fast charging stations, a solution is needed to be

taken into consideration.

Chapter 4 introduced a mothed to reduce the mutual impedance effects. The employed
approach is the partial and the modified transpositions. It was mentioned that due to some
restrictions in some places, a complete transposition which utterly damps the mutual impedance
effect is not feasible. Thus partial and modified transpositions would be appropriate solutions.
It was demonstrated that for the IEEE 34-bus feeder, the BUVR of the system is less than 1 %
(for some buses close to 1 %) only with adoption of the partial transposition, and after
connection of the fast charging station with their maximum capacity the UVR remains well
below the acceptable limit (3 %). On the other hand, as for the IEEE 37-bus and 123-bus
systems, the BUVR was within the acceptable range but with connection of the charging

station, the dominant constraint that prevented from more connection was the UVR. Thus, in
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these cases, a modified partial transposition approach was introduced to further mitigate the
effect of the unbalanced mutual impedances. In this approach, the distance between the phase
conductors and the length of each feeder section, which mutual impedance relies on, were
varied by a modifying factor. Then, implementing the modifying factor in the Newton-Raphson
algorithm, developed in Chapter 3, the value of modifying factor would be obtained such that
the BUVR is set to be 1 %. The simulation results demonstrated the effectiveness of this
method. It was shown that the charging station capacity increased without UVR touching the
upper limit value. In other words, the voltage constraint was the dominant one which prevented

more connection of the charging station.

Eventually, power distance tables for the studied feeders were developed and presented in
Chapter 4. From these plots, the power system planners are able to estimate additional loads
(in this thesis, the charging station) that can be connected to the system based on the Thevenin

impedance of the bus and the associating information such as the existing loads.

5.2 Future works

Regarding the increasing acceptance of PEVs in power grid and consequently the stochastic
behaviour of PEV’s drivers, it is highly crucial to conquer the challenges that PEVs and
charging stations may impose on power systems. Moreover, the important role of the renewable
energies in power system should not be ignored, since these natural sources of energy can be
utilized to counteract the adverse effect of charging stations and PEVs. Hence, future work

may include the following:

¢ Profound investigation of li-ion batteries characteristic for increasing the mile range of
PEVs. The batteries should be modeled precisely in the simulations, in order to avoid
loss of accuracy in practical experiments.

e Integration of renewable energies along with charging stations and consideration of
PEV drivers’ behavior. Coordination between the charging stations and renewable

energies can mitigate the adverse effect of charging station on power system.
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Investigating the effect of ultrafast charging station on power system. One of the ways
to reduce charging duration is using ultrafast chargers. But theses chargers impose
detrimental effects on power system due to high power consumption. Thus, it is
important to study the behaviour of ultrafast charging stations while they are connected

to the system and operating under both normal and abnormal condition.
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Appendix A Symmetrical Components

Unbalanced phase quantities such as current and voltage can be replaced by three individual

balanced symmetrical components.

Al Fundamentals of Symmetrical Components

Consider the phasor representation of a three-phase balanced current shown in (a)

(b) (©)

Fig. A.1. Conventionally the direction of the phasors can be considered counterclock-wise.

Therefore the three phasors are written as:

Icl

lp2
IaO
Ial IaZ IbO
» lea /

(a) (b) (©)

Fig. A.1 Symmetrical Components.

Therefore, the three phasors are written as:

lyr = 1g1/ 0 =1y (A1)

A-1



Ipy = Iq1/ 240 = a®ly,

Iy = 1Ia1/120 = alyy

Where a is defined as an operator causing 120" counterclock-wise rotation. A is defined as
below:

a=1/_120 = —0.5 + i0.866
(A.2)
a? = 1,,/ 240 = —0.5 — i0.866

It is clear that:

1+a+a*=0 (A.3)

The orde of the phasors is abc which is considered as positive sequence but if the order is acb,
it will be designated the negative sequence which is equal to the following equation:

Loz = 1g2/ 0 =1y,
IbZ == Iaz/_].zo = a]az (A4)

I, = 1,,/_240 = a?l,,

Another set of balanced phasors is called zero sequence. In this sequence the components are
equal in magnitude and they are aligned with each other. The following equation represents
zero sequence phasors:

loo = Ipo = I¢o (A.5)

It is worthy to mention that 0, 1, and 2 are indicating zero, positive, and negative sequence.
The symmetrical components were first introduced by C.L. Fortescue in 1918. According to
this theory any unbalanced three-phase system can be stated in three balanced system.

In this stage, it is interested to state three-phase currents by symmetrical components.
Therefore:

Ia == Iao + Ial + Iaz (A6)

A-2



Iy = Ipo + Ip1 + Iz

lo =10+ 11+ 1

Based on (A. 1), (A. 4), and (A. 5) the previous equation can be written in terms of phase a
components:

lo = Igo +1g1 + 1z
I, = Iy + a?lyy + aly, (A7)

IC = 1(10 + a]al + a21a2

Iy 1 1 17[ao
Ll=[1 a* al|lla (A.8)
I, 1 a a? laz

The above equation can be written as:

Iabc — AI((1)12 (A.9)

Where A is called transformation matrix transforming phasor currents into symmetrical
components, and is:

1 1 1
A=|1 a? a (A.10)
1 a a?
Given 1%°¢, the following equation solves for 1912:
1012 = p~tjabe (A.11)
And
Mmoo
A—l — § 1 a a2 (A]Z)
1 a? a

Substituting for A~ in (A.11):

IaO 1 1 1 1 Ia
lgq =3 1 a a?||h (A.13)
oz 1 a®> a I,
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Thus:

1
loyo = §(1a +1, + Ic)
la1 =5 (g + aly + a?I,) (A.14)

laz = 5 (g + a2l + al,)

Similar equations exist for the voltages. Unbalanced phase voltages in terms of the
symmetrical components are:

Vo =Vao + Va1 + Va2
Vb = Vao + aZVal + aVaZ (AIS)

Ve = Vao + aVgy + a?Vy,

Symmetrical components in terms of unbalanced voltages are:

Wl =

Vao =5 (Ve +Vp+ V)
Var = 5 (Vo + aVy + a?Vy) (A.16)

Vaz = 5 (Va + a2V + alf)
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Appendix B

B.1 Newton-Raphson Algorithm

This method is an iterative algorithm based on initial assumption of the unknown variables

and use of Taylor’s series expansion.

As an example the solution for a one-dimensional equation has been provided bellow:

fx)=c (B.1)

Considering x(© and Ax(® are the initial assumption and deviation from correct answer

respectively. Thus:

f(x©@ +Ax®) =¢ (B.2)

If the left-side of the above equation is expanded by Taylor’s series following equation would

be the result:

(0)
df 1 (d?*f
(0) HNO) A 4 — (2T (032 4 ... — B.3
fx )+(dx) Ax +2!<de> (Ax(©)Z + c (B.3)

If we presume that Ax (%) has very small value, the higher order terms are negligible resulting

n:

d
AC(O) — (é)(o) Ax(o) (B4)

where

Ac©® = ¢ — f(x©) (B.5)
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By adding Ax(® to x(®, second approximation is calculated and repeating this process results

in Newton-Raphson method.

Ac®) = ¢ — f(x®) (B.6)
Ac(k)
Ax(k) = (B 7)
ﬂ (3] ’
(G
x+1) = x () 4 Ax () (B.8)

Also equation (B. 7) can be written as:

df
Ac®) = Ax B (=L (&K) B.9
c x (dx) (B.9)

Now if we consider n-dimensional function the above mentioned equations are stated in

matrices. In this case the Taylor’s series would be:

af. af (0) af (]
(f)© + (6_9611)(0) Ax, @ + (a_x:) Ax, @ + -+ (i) Axn(o) =

af. af. (0 af. (]
()@ + (a_xj)(o) Ax, @ + (a_xzz) Ax, @ + -+ (#) Ax, @ =,

n

(B.10)

of. £\ of.
(f)©@ + (#)(0) Ax, @ + (a_x’;) Ax, @ 4+ -+ (#) Ax, @ =,
1 n

In the matrix form



i ©
Syo (27 . ()"
X1 X2 0x

[c1— (fl)(O)] of (0) of 0 a; © I[Axl(O)]I
le, — (@] _ (_2) (_2) (_2) | Ax, @ |
| : | 0x1 0x; dx, | B
lcn - (fn)(O)J E : (0) af (0) len(O)J

Do (287 - (32)

| axl axZ xn

The above equation can be summarized as follows:
ACTH) = pAx () (B.12)

Where (J)®) is called Jacobian matrix, and the elements of this matrix are partial derivatives
of n-dimensional functions at X ).

Finally
AX®) = (])(k)_lAc(k) (B.13)

Xk+1) = Ax(R) 4 y(k+1) (B.14)
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