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ABSTRACT

Plug-in Electric Vehicles (PEV) battery chargers are mostly connected to the low-voltage
grid for charging, hence their increased penetration coupled with uncoordinated charging could
impact the distribution system in terms of voltage unbalance and transformer overloading.
Although PEV battery charging is increasing, impact on the distribution system is not fully
understood.

This study focuses on voltage unbalance caused by uneven distribution of PEV
penetration among the phases. Using real data provided by utility, a distribution system has been
modeled and tested using MATLAB-SIMULINK. PEV penetration level at 10-80% is studied,
voltage unbalance is calculated and transformer overloading is analyzed. In the simulations
conducted without PEV penetration, the real data at intellirupters of the system were close to
simulated system voltages and currents. As PEV adoption is expected to increase, the impact on
the distribution system will increase. Coordinated or smart charging of PEVs will be essential for

consumers and utilities.
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CHAPTER 1

INTRODUCTION

1.1 Background

The traditional dependence on fossil fuels has undoubtedly made the transportation a
primary contributor to the greenhouse emissions. As passenger vehicle is accounting for more
than half of the total electrification of transportation energy requirement, it is the major
consumer of the energy [1]. However the technological strides that are made and being made in
the field of plug-in electric vehicles (PEVs) are becoming central to combating greenhouse gas
emissions, namely the Battery Powered Electric Vehicle (BEV) and Plug-in Hybrid Electric
Vehicle (PHEV).

The promising direction of PEVs for transportation is two-fold; PEVs can reduce the
reliance on fossil fuels hence limiting the greenhouse gas emissions, as well, electricity as an
energy source for passenger cars is less expensive per mile than fossil fuels [2]. While Hybrid
Electric Vehicles (HEV) are earlier cousins of EVs, in comparison, PHEVs and BEVs have more
onboard energy storage than HEVs, and also give owners the ability to charge the vehicle battery
from a stationary electrical source for example, an outlet in the garage or a charging station at a
work place. Lately there has been a widespread EV adoption by consumers, which is only
expected to increase manifold in near future [3, 4]. Essentially such an adoption would put more
stress on electric utilities particularly at the distribution level as more and more consumers

expect to use more energy in the form of electricity. PEV chargers are the devices that transmit
1



electric energy from grid into the PEV batteries. Currently there are three levels of battery
charging techniques available to recharge the PEV batteries, classified as Level 1, Level 2 and
Level 3 chargers [5]. Level 1 and 2 are single phase and Level 3 is three phase. Level 1 chargers
are standard 120 V/16 A wall outlet and has a corresponding charger rating of 1.8 KW and are
primarily located at homes [6]. Level 2 chargers have higher voltages, typically 208-240 V and
draws more current up to 80 A. They could be charged at home or at public chargers. They have
shorter charging time than Level 1 chargers. Level 3 is a three phase battery charger and has a
maximum capacity of 96 KW, rated at 208-600 V/400 A. Generally level 3 chargers are not
available in residential areas, because this type of chargers draw much more current than Level 1
and 2 chargers, and hence require very short period of charging time [7, 8]. Of these three levels,
only Level 1 and 2 chargers could impact a distribution system in terms of voltage unbalance and
transformer overloading.

This study is focused on impact of Level 2 chargers on the residential distribution grid.
While the potential societal and economic benefits of PEVs are undeniable, safe and reliable
operation of the electrical network is still a primary utility concern due to expected stress on the
grid. Thus, understanding and accurately predicting PEV electrical system impact on the grid is
important for all the stake holders, namely automotive manufacturers, consumers, and more

importantly the utility companies particularly at the distribution level [9].

1.2 PEVs Market and Government Policy

The goal set by the Obama administration is one million plug-in electric vehicles (PEV)
on the road by 2015 in the US. This goal is being supported by government incentives and
stimulus investments to accelerate market acceptance, including grants and loans to manufacturer

2



and tax credits to consumers [10]. Projected market penetration of conventional vehicles (CVs),
hybrid electric vehicles (HEVs), and PHEVs from 2010 to 2030 is illustrated in figure 1.1 [11-
13] with HEVs representing about 15% of the market new vehicle sales when PHEVs were
expected to enter the market in 2010. PHEVs could reach a maximum of 10% new vehicle

market share by 2015 timeframe [9].

i T el HIEW e P HE W

BERE

¢

Percentage of fleet (Sham of Mew Vehicle Sales)

T
2010 2015 2020 2025 2030

Figure 1.1 Projected New Vehicle Market Share Categories [9]

In addition, various U.S state governments have passed their own laws to promote PEV's
by providing grants for electrical vehicle research, funding for PEV charging infrastructure, and
loans or tax credits for “green technology” related businesses. PEVs cost more than a
comparable conventional vehicle. The difference in cost is currently offset by Tax credit from

the government. The Tax Credit provides a $2,500 for vehicles with batteries of at least four



kWh. With the size of the battery credit steps up to a maximum of $7,500 as battery size is major

determinant of cost for PEV [14].

1.3 Statement of the Problem

From the consumer point of view, the PEV batteries have to be charged so the driver can
drive off with a fully-charged battery. That brings in the question of place and time for charging
these batteries. There are two main places where the PEV batteries can be recharged: either on a
corporate or public car park, or at home. Irrespective of the location, uncoordinated power
consumption that can result from this charging activity on a local scale can lead to grid problems.
The charging of PEVs has an impact on the distribution grid because these vehicles consume a
large amount of electrical energy and this demand of electrical power can lead to extra large and
undesirable peaks in the energy consumption. The impact of these extra single phase electrical
loads can be analyzed in terms of power losses and voltage unbalances [15].

From the distribution system operator point of view, the power losses during charging are
of an economic concern and transformer and feeder overloads are of a reliability and safety
concern [16]. In addition, power quality (e.g., voltage profile, unbalance, harmonics, etc.) is
essential to the distribution grid operator as well as to grid customers. Voltage deviations are a
definite power quality concern [17].

In this regard, measuring these voltage imbalances over a distribution grid due to wider
consumption of electricity for charging PEVs is central in finding a solution such as "smart" or

"coordinated charging".



1.4 Thesis Organization

The primary objective of this study is to assess the impact of PEV battery charging on a
residential distribution system, where the impact has been reported in terms of voltage unbalance
and transformer overloading.

In the chapter 1, general introduction of PEVs, their market penetration, and specific
statement of problem have been presented. Chapter 2 of this study contains a review of the
literature on types of PEVs, their charging characteristics and their impact on electric grid. The
focus of chapter 3 is modeling a distribution system using MATLAB-SIMULINK, with
emphasis on components that are modeled such as single-phase distribution transformer,
overhead and underground cables, and system breakers.

Chapter 4 consists of the estimation of reactive power consumed by the residential
customers based on the load data provided by a power distributor. In chapter 5, the testing and
simulation of the developed model of 12.47 KV distribution system has been presented along
with comparison between simulated voltages and actual voltages (as provided by the power
distributor). Various levels of PEV penetrations and voltage unbalance calculations are also
shown in chapter 5.

Summary of the study findings and proposed recommendations to mitigate the potential
impact of PEV on the distribution system and overall conclusions of this study are presented in

Chapter 6.



CHAPTER 2

LITERATURE REVIEW

2.1 Types of Plug-in Electric Vehicles

The drivetrain architecture of a Plug-in Electric Vehicle (PEV) typically includes the
following components; an electric motor, a battery and a device to charge the battery through
connecting to the electricity grid [4]. Depending on which of these components exist in and
different drivetrain architectures, Plug-in Electric Vehicle (PEV) can be divided into BEVs,

PHEVs, and Extended range electric vehicles (EREVs).

2.1.1 Battery Electric Vehicles

BEVs are pure electric vehicles i.e. with no internal combustion engine and require
recharging at the end of their designed driving range. Given their complete dependency on
battery, BEVs generally have the highest all-electric range (e.g., 60-100 miles) and the largest
battery capacity (e.g., 25-35 kWh) [18]. Battery recharging time varies with the type and capacity
of the EV battery and the output capacity of charger. Examples of BEV include Nissan Leaf and
Tesla Roadster. Battery electric vehicle is often referred to as a zero-emission vehicle (ZEV), but
this can be misleading as the entire energy cycle, including power plants or other generation

units needed to produce electrical energy, must be considered to determine the emissions.



2.1.2 Plug-in Hybrid Electric Vehicles

A PHEV is commonly equipped with a drivetrain that contains an internal combustion
engine, an electrical motor, a battery storage system and means of recharging the battery system
from an external source of electricity [19]. Its battery capacity is usually several kWhs or more,
to power the vehicle in all electric drive mode [20] and its internal combustion engine can be
engaged to extend its drive range when the battery’s charge is not sufficient [21]. The modified
Toyota Prius with plug-in capability is an example of PHEV.

Compared to BEVs, PHEVs have an extended range because they contain a small internal
combustion engine for longer distances, and PHEVs also have a lower purchase price since the
battery pack is the most expensive part of electric vehicles and BEV's battery pack is
comparatively larger than that of PHEV. Larger battery pack of BEV's is more expensive and

demands longer time to charge [22].

2.1.3 Extended-Range Electric Vehicles

An EREYV is similar to a PHEV in terms of drivetrain architecture, i.e. it has an internal
combustion engine, an electrical motor, and a battery. However it offers more pure electric
driving capability in the initial driving range, referred to as all-electric range (AER). While
PHEVs derive most of their power from a gas engine. EREVs are pure electric vehicles that
utilize a small combustion generator to generate more electricity and extend the range of the
vehicle beyond its battery pack. To realize pure electric driving in all driving conditions, EREVs
are equipped with a full-sized traction motor powered by the battery pack. The large battery

capacity allows all electric driving range of about 40-60 miles. However EREVs have increased



system cost due to the full-sized traction motor and power requirements for the battery [23].

Chevrolet Volt, built by General Motors is an example of EREV.

2.2 PEV Charging Characteristics

The power needed to charge PEVs vary based on the specific battery pack and charging
equipment and therefore it is desirable for the vehicle to control battery charging; currently
charging systems are set to provide the maximum available current by default. However the
functionality details in standards have been developed for the U.S. through Society of
Automotive Engineers (SAE). The common electric vehicle conductive charging system
architecture has been defined by SAE J1772 [11]. It covers the general physical, electrical, and
performance requirements for the electric vehicle conductive charging system and coupler for
use in North America. According to the SAE, the charging methods for electrical vehicle are

classified into three types as follows; AC Level 1, AC Level 2 and AC Level 3 [7, 24]

2.2.1 AC Level 1 Charger
AC Level 1 charger uses a standard electrical outlet dedicated at 120V/16 A and has a
capacity up to 2 KW, which is the most commonly found outlet in a household. Depending on
the initial SOC (State of Charge) and capacity of the battery, Level 1 chargering takes about 5-8
hrs to fully charge the vehicle's battery [7, 9] . While these chargers are ideal for overnight
residential charging purposes, these are not suitable for quick commercial or public charging

purposes due to the time required for the charging.



2.2.2 AC Level 2 Charger

Level 2 charging is done using a 240 V electic out let, more like residential appliances
such as: an electric hair dryer, electric oven or a central air conditiong system. It operates at 208-
240V, power demand up to 15 KW and a current level not greater than 80A [7]. Level 2 offers a
smaller window of charging time, usually half the requirement of Level 1. Level 2 chargers are
the commonly found in homes and commercial areas and must be permanently hard-wired cord
set into a special box with safety electronics [25] to the premise for EV charging purposes only.
Vehicle owners seem likely to prefer Level 2 charging technology owing to its faster charging
time and standardized vehicle-to-charger connection availability. This study focuses on voltage

unbalance caused by Level 2 battery charging on a distribution system.

Level 2

Figure 2.1 Level 2 charging station [26]



Level 3 is a 3-phase charger and rated at 208-600V AC, maximum current uptot 400A
and power demand greater than 15-96 KW. Level 3 is commericial fast charging and offers the
possibility of charging time about 10-15 mins to fully charge a vehicle battery, depending on the
capacity and state of charge of the battery [3, 8]. Naturally these chargers use higher power in
comparison with residential charging. A lower power demand of charger is an advantage for
utilies, paticularly at distribution level seeking to minimize on-peak impact. High power
penetration of charging can increase power demand and has the potential to quickly overload
local distribution equipment at peak times [27] . Level 2 charging can increase distribution
transformer losses, voltage unbalances, harmonic distortion, peak demand, and thermal loading

on the distribution system [25]. Table 2.1 shows standard charging ratings for different charging

levels.

2.2.3 AC Level 3 Charger

Table 2.1 PEV charging characteristics for various levels

Type Nominal Voltage (V) Max Current (A) Power level
AC Level 1 120V, 1 phase 16A 2 KW
AC Level 2 208-240V, 1 phase 32A 8 KW
AC Level 3 208-600VAC, 3 phase 400A 15-96 KW

The new standard has an SAE J1772 [28] ac charge connector on top and a two-pin dc

connector below and is intended to enable either ac or dc fast charging via a single connection, as

shown in Figure 2.2.
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Figure 2.2 AC/DC Combo Coupler and Receptacle based on SAE 1772 TM [28]

2.3 Impact of PEVs on the electric grid

An electric grid consists of generation, transmission, and distribution systems. The
generation system composed of power plants that generate electricity from a variety of sources
such as coal, gas, solar, wind etc. The transmission system consists of transmission lines that
transfers electricity between generation and distribution systems [29], and it also includes
transformers to step up the electricity to the higher voltage. The distribution system mainly
consists of substations, and transformers to step down the electricity to a level used by end-use
customers; usually 120/240 V for residential customers, and larger voltage levels for some
commercial and industrial customers. The impact of PEV charging on the electric grid as a whole
is mainly influenced by two aspects; (1) the level of PEV penetration, and (2) the point in time

and the duration of PEV charging.

2.3.1 Impact on Generation
A significant amount of increased PEV penetration would immediately result in extra
energy requirement that must be generated by a generation system. Given the paucity of storage

11



availability on an electric grid, it would result in challenge of instantaneous and continuous
matching between demand and generation [30]. In addition, uncoordinated PEV charging in
terms of time and duration may introduce new peak for the system load, which in turn may result
in increased time during which the power plants may have to work at full power and thereby

increasing costs and reduced system reliability [31].

2.3.2 Impact on Transmission
With increased PEV penetration, there will be a definite need for increased transmission
capacity that is needed to meet the additional energy requirement of PEV charging [22].
Therefore without coordinated charging, the transformers may be overloaded for extended
periods. This would result in reduced lifetime of the transformers as well as reliability constraints

[32, 33].

2.3.3 Impact on Distribution

PEVs are likely to have more impact on the distribution system than they will have on the
generation and the transmission systems. A distribution system can be affected by PEV charging
by the same two elements explained above. It is important to know the relationship between the
penetration level of PEVs and the components of a distribution system such as feeders,
substations, and transformers; as with higher penetration levels of PEVs, the latter may become
overloaded. Overloading of the transformer does not immediately result in device failure, but
reduces its lifespan [16]. A low-voltage grid is not capable of handling situations where everyone
is charging simultaneously. Local demand profiles will change significantly because of such
simultaneous or uncoordinated charging. If many PEV owners charge their vehicle

12



simultaneously in a district, it will have a major impact on local infrastructure and local peak
demand. Several studies have concluded [9, 34] that PEVs will influence the distribution grid
for certain. The extent of the impact depends on the penetration level of the PEVs and their

charging behavior.

2.4 Implications of voltage unbalance

Voltage unbalance is a power quality problem that has a detrimental effect on the
performance and efficiency of three phase induction motors. It is frequently encountered in weak
networks at the industrial and distribution levels. It is caused by uneven distribution of single-
phase loads over the three phases and by asymmetry of impedances over three phase lines. This
problem is expected to worsen by PEV battery charging on the distribution system. The
definition of voltage unbalance used by the power community is the ratio of negative sequence
voltage to the positive sequence voltage [35]. National Electrical Manufacturer Association
(NEMA) defines percentage voltage unbalance (%PVU) as the ratio of maximum voltage

deviation to the average of three phase voltages.

Maximum voltage deviation from the average voltage

% PVU = %100
Average voltage

According to NEMA motor standard, a maximum unbalanced voltage up to 1 percent at
the motor terminal is allowed. This recommendation is not suitable for all motors with different

classes, sizes, and loads [36].
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CHAPTER 3

MODELING OF A DISTRIBUTION SYSTEM USING MATLAB - SIMULINK

3.1 Matlab - Simulink Software

A 12.47 KV distribution system in this study has been modeled and tested using
Matlab/Simulink/SimPowerSystem (Version 7.12 R2011b), which is a modern design software
that allows scientists and engineers to rapidly and easily build models that simulate power
systems. The Simulink environment of MATLAB, not only allows the drawing of the circuit
topology rapidly, but also the analysis of the circuit which can include its interactions with
mechanical, thermal, control, and other disciplines. This is possible because all the electrical
parts of the simulation interact with the extensive Simulink modeling library [37].
Simulink/SimPowerSystem has number of advantages over its contemporary simulation software
(like PSPICE) due to its open architecture, a powerful graphical user interface and versatile

analysis and graphics tools [38].

3.2 Modeled Distribution System

The existing distribution system consists of residential metered and primary metered
customers. Like most distribution systems, the modeled system is a radial system, receiving
power from a three phase source at 12.47 KV. Figure 3.1 shows a one line diagram of a

distribution system provided by a power distributor for this study.
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Figure 3.2 Two sections of one line diagram of the studied system

While the distribution system consists of several sections, this study is based on the first

two sections of the system for the household metered customers (as shown in figure 3.2). The

distribution system feeds power to the metered customers through a main feeder. The main

feeder

line consists of several branch lines. The main feeder has overhead (OH) lines and the
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branch lines consists of overhead (OH) lines and underground (UG) cables. Each service
transformer serves the demand of the metered customers connected to it. The service transformer
serves the customers at 480V, 240V and 120V. The modeled system is comprised of total 44
service transformers; of which 41 are single phase (7200-120/240V) and 3 three phase
transformers. Single phase transformers ratings range from 15-100 KVA and three phase

transformers sizes ranging from 15-500 KVA.
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Figure 3.3 MATLAB-SIMULINK model of studied system

As shown in the figure 3.3, subsystems section 1 and section 2, are comprised of a
primary and a secondary distribution feeder lines. The detailed view of the subsystem section 1
and 2 are shown in figure 3.5 and figure 3.6 respectively. As shown in figure 3.4, the modeled
distribution system includes two circuit breakers one is located nearer to the substation bank and

the other one is located at the end of the section 2

16



Section 1
PN

3_PhT/F

Distribution
Substation

Load

=t

161/12.47 KV
15 MVA

s

Section 2

Figure 3.4 Simplified one line diagram of distribution system layout

Three-Phase| Three-Phase|
Parallel RLC Load| Parallel RLC Load

1247248 kv 54 owsp2z2  L[T 1247043KV

500KV,

5T/

OW5P165 3 T/F2
225KVA -
Volts

owsooe 7.2K/120 V

To Workspace
reephavoltsatloal

To Workspace2 ’
‘ byse phase volages i Vol
B
(RMS e, e phase o &
V-1 Meas at 3ph load] °
s
VoI Meas at 3ph7[0ad2\_§ <3 o B -
— J i sl R Loas

1/0ALXIp LS | £
L A 1L

OWS5568
25 T/F1
I B RL Loy
1/0ALXIp_L4 g7
[ 2% =
1 . [
s )
Il
1033 AL_L6 Comnd
Node P&nnection

L
= 7.2K/12
1033 AL_LS
Conn6

033 AL_L4 :
s 72138y

@1 1033 AL_L1
2660

-t
Conn3 1033 Aenal
1504 1033AL L2 103115‘“- L3
A5566 25 5y TIEAYS56T 1/0AL L4.
37KVA
Conn$ 888 R1 Load 1
37KVA -% 'I l_”_l
V-aiBl| >t )
VoltsZ
37 _TIFOC
I RL Load §

K/120 V

To Workspace4fTy)
To Workspacesil]

< owsro %
1/0ALXIp L6 10ALXp_L7 1/OALXIp L8
ﬁ ﬁ e 0WsP026
: 37185 C
7.2K/240 V & RL Loispo24 tl‘l‘ﬂ,_r_lc OWSP% - il - —.ﬁTll-
7.2K/120 V M R. RL Ly | B o L R Load?
L
37Kvi——' h L 72x240 T 72KM20V
Figure 3.5 Simulink distribution system layout of subsystem section 1

17




s RLLost 31
Rl RLLow 32

Rtod
by
= w1
. p
a1
o

72Kk v

3
owsess owssi

12KV B ks T30
owsisn [T S G soa 31
L=
soxva_T20 s [T
owsis 2skva 22
. E TOAL
L. 000 - = 20 e
- L
owsins " owssn
o— 000000 - 5 SIS 1
= ey
72240V
i - B
Pale RLC Lo oy L , -
VA M st t ot b s 12 RLLow2t
== » AT
IR owsss7
R owsies
| +
Mt
RLLowt I L
RLLow 17 AL
ey bos 11 2k
RLT 5 owss i Ty

Rz

RLLowd 25
2KV
E 1SKVA_TIS
= owsses
£ ooa

7SKVA TIS!

owssor
= A 20 L1 Rz
PR RLLowd 18 = - R Lotz
g SOKVA_T23
] - b

owerzis
, H ] s
.

L
1 72K120V RL
y 2w Rl
owsese ! o +
10 Al 17 -
. s7va e
2L <+ vz
o Wokspac wokPeeto o

e

Viund

Bs2

Comnt7

vrats =3
; [ -
Tomsse]
l:. - -
iy
) s o L e

; I 1oL x
0 v i w00 R.m,...m
w e g

N 61 | [

WAL
owseiio 37 owsrin
E RLLowt2 i sakai0v

2 p ﬂw
owsse KA T T 66, L1
i

owspiiz
RL6
1 7RV
o1 S R Lo 15

j 100KVA_T4

£ 2

owssss rva s

owsts 22K120V
AL
l 161 = CVKVALTII
= owsor?
owssis 1oL *
stz K240V

2 ITKVA TI2
,

155 L1 *
22K20 v
. i R i R Loat 10
oar L svats 2
foi 12 owssoo
72K200 V.

Figure 3.6 Simulink distribution system layout of subsystem section 2

3.3 Overhead lines and Underground cables
The distribution system is comprised of both OH lines and UG cables. The over head line
conductor sizes ranging from 1033 aerial primary feeder to 4/0 aluminum. In the Simulink
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modeled system, OH lines and UG cables are represented by three phase pie section block as
shown in figure 3.7. In this study, the transmission line is represented by its pie equivalent
circuit. The pie model consists of one set of RL series elements connected between sending and

receiving end terminals and two sets of shunt capacitances lumped at both ends of the line [37].
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Figure 3.7 Three phase pie section line block [37]

Positive sequence and zero sequence impedances and admittances of the lines are
provided by the power distributor are shown in table 3.1. The conductor impedance values are

given in ohms/feet. However as PI model block requires the parameters to be in

ohms/kilometers, the necessary conversion was performed.
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Table 3.1 Impedances of Overhead Lines

Size of the] Material | Positive Sequence | Zero Sequence Positive Zero

conductor Impedance Impedance Sequence Sequence
(ohms/1000ft) (ohms/1000ft) | Admittance | Admittance
(us/1000ft) (us/1000ft)

R1 X1 RO X0 |Gl B1 GO BO
1033 Aerial 0.01777 | 0.1157 | 0.1233 | 0.3735 | O 1.354 0 0.6314
1033 AL | Aluminum | 0.01800 | 0.1166 | 0.1138 | 0.3924 | 0 1.349 0 0.5870
1/0 AL | Aluminum | 0.16770 | 0.1437 | 0.2731 | 0.4014 | O 1.086 0 0.5666
4/0 AL | Aluminum | 0.08376 | 0.1356 | 0.1892 | 0.3934 | 0 1.155 | 0 | 0.5847

Table 3.2 shows the calculated values for positive and zero sequence resistances,

inductances and capacitances in S.I units for the length of the conductor line. The 1/0 ALXLP

(Aluminum Cross Linked Polyethylene) in table 3.2 represents an underground cable. The values

for resistances, inductances and capacitances of this cable are provided by the power distributor.

Table 3.2 Resistances, Inductances and Capacitances of OH lines and UG cables

Size of the Positive Sequence and Zero Sequence Resistance, Inductance and Capacitance
conductor

R1 (Q/km) | RO (Q/km) | L1 (H/km) | LO (H’km) | C1 (F/km) | CO (uF/km)
1033 Aerial | 0.05830052 | 0.40452757 | 0.00100649 | 0.00324915 | 0.011778713 | 0.005492673
1033 Al 0.05905512 | 0.37335959 | 0.00101432 | 0.00341356 | 0.011735217 | 0.005106429
1/0 Al 0.55019686 | 0.89599740 | 0.00125007 | 0.00349185 | 0.009447328 | 0.004928965
4/0 Al 0.27480315 | 0.62073492 | 0.00117961 | 0.00342226 | 0.010047573 | 0.00508642
1/0 AIXLP | 0.56000000 | 0.96140000 | 0.00064935 | 0.00069257 | 0.06885428 | 0.026584886
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3.4 Service Transformers

In the modeled system, most of the service transformers are single phase and modeled as
a three winding transformer, the primary side of the transformer is connected to 7.2 KV. The
secondary side of the transformer consists of 120/240V. Typical single phase distribution
transformer connection diagram shown in figure 3.8. Each service transformer parameters are

manually entered on the transformer parameter block. A sample of the transformer parameter

block of SimPowerSystems is shown in figure 3.9.
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Figure 3.8 Connection diagram of a single phase transformer
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Figure 3.9 Sample SimPowerSystems block for the single phase transformer [37]

The modeled distribution system service transformer impedances provided by the power

distributor, are listed by their rating as shown in the table 3.3.

Table 3.3 Service transformer Impedances by rating

Transformer Positive Sequence Zero Sequence X/R Ratio
Rating (KVA) Impedance (%Z1) Impedance (%Z0)

15 2.5 2.5 4
15 (3 phase) 4.5 4.5 4
25 4.5 4.5 4
37 4.5 4.5 4
50 4.5 4.5 4
75 3.0 3.0 4
100 4.5 4.5 4
225 4.5 4.5 4
500 3.94 3.94 10
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For a single phase transformer supplying single-phase service, the full load current in
amperes is calculated as follows:

Transformer K'VA ratingx1000
Voltage Rating

Full load current =

Table 3.4 below lists full load current, shows the list of transformers used in this study.

Table 3.4 Nominal current ratings of single-phase transformers

Transformer Current at 7200 V Current at 120 V Current at 240 V
Rating (KVA) (Amps) (Amps) (Amps)
15 2.08 125.00 62.50
25 3.47 208.33 104.17
37 5.14 308.33 154.17
50 6.94 416.67 208.33
75 10.40 625.00 312.50
100 13.90 833.33 416.67

3.5 Distribution system load

Fifteen minutes intervals load data of four days (01/09/2013 - 01/12/2013) for the
distribution system are provided by the power distributor. The load data measured at the
substation include all residential metered customers and primary metered customers served by
the system. Primary metered customers are major customers who purchase bulk energy.
However the primary metered customers are not considered in the modeled system for this study
because of lack of data for those customers. Figures 3.10 and 3.11 shown below are the active

and reactive load profiles of the distribution system respectively.
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3.6 Residential Power Demand

Power distributor provided the residential smart metered customers' load data at fifteen
minutes intervals of 4 days (01/09/2013 - 01/12/2013) for the modeled system. The provided
smart meters data was energy (watt hours) consumed by each residential metered customer. The

data is then converted into real power (watts). The estimated reactive power (var) is chapter 4.

3.7 Level 2 battery charger model using MATLAB-SIMULINK
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Figure 3.12 Battery charger model using MATLAB-SIMULINK

A level 2 battery charger has been modeled for this study using MATLAB-SIMULINK
as shown in figure 3.12. Since level 2 charger is a single-phase AC charger and operated at 208-
240V, 32A current rating and power level up to 8 KW, it is necessary to convert the current

provided by an external energy source by a rectifier to direct current . The battery component for
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this model is sourced from MATLAB-SIMULINK. A simulation has been attempted by
integrating the battery charger model with the modeled distribution system in this study.
However the simulation has failed due to incompatibility of power electronics component of
battery charger with the existing MATLAB-SIMULINK blocks. Hence the battery charger
integrated with modeled distribution system has not been considered for this study, however it

can be considered for future research.
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CHAPTER 4

DISTRIBUTION SYSTEM LOAD DATA ANALYSIS

4.1 Introduction

The studied model for the distribution system is shown in figure 4.1 below. By having
total active and reactive load data for the entire system and knowing residential metered
customers energy usage for the first two sections, calculations are made to estimate the reactive
power consumed by the metered customers for those two sections of the system. Intellirupters
AS55661 and B51432 in figure 4.1 represents circuit breakers CB1 and CB2 respectively in the
Simulink modeled system. The data provided at CBI1 represents the load data for the entire
system, whereas the data at CB2 represents the load data for the later part of the system. Given
that the load data for the sections 1 and 2 that are part of this study, essentially represented by the

difference of load data at CB1 and CB2.
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Figure 4.1 Two sections of one line diagram of studied system
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Out of four days (01/09/2013 - 01/12/2013) load profile data, one day's (01/10/2013) load
data has been selected for testing the Simulink modeled system and the simulation results are
compared with real load data provided by the power distributor for that particular day. The
objective of this study is to assess the impact of PEV on the distribution system during peak and
off peak load demand. From the provided load data at CB1, it is observed that the peak demand

occurred at around 2.30 PM and off peak demand at 6.30 AM on 01/10/2013 as shown in figure

4.2 & 4.3.
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Figure 4.2 True Active Power at CB1
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Figure 4.3 True Reactive Power at CB1 on 01/10/2013

4.2 Reactive Power Calculations

Since the peak and off-peak true active power and true reactive power for CB1 have been
observed at 2:30 PM and 6:30 AM respectively, the true active power and true reactive power for
CB2 observed at those same time points have been taken into consideration to estimate the
reactive power consumed by the residential customers (Section 1 & 2 of the figure 4.1). The total

active and reactive power consumed by the modeled system are calculated as below;

Total Active Power at CB1 - Total Active Power at CB2 = Total Active Power Consumed by the
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By substituting the active and reactive power values at peak and off-peak power demands for
CB1 and CB2 in equations (1) and (2) respectively, the resultant differences between CB1 and

CB2 are presented below in the table 4.1.

Table 4.1 Peak and Off-Peak Active and Reactive Powers for CB1, CB2

Type of Load Date: 01/10/2013 CB1 CB2 | CBl1-CB2

True Active Power (MW) Peak (2:30 PM) 4.026 | 1.303 2.723

Off-Peak (6:30 AM) | 2.702 | 1.048 1.654

True Reactive Power (MVAR) Peak (2:30 PM) 0.494 | 0.224 0.270

Off-Peak (6:30 AM) | 0.315 | 0.220 0.095

4.3 Active to Reactive Power Ratio at Peak and Off-Peak

Table 4.2 Active to Reactive Power Ratio of the system

Date: 01/10/2013 Type of Load CB1 -CB2 Active to Reactive
Power Ratio
Peak (2:30 PM) True Active Power (MW) 2.723
True Reactive Power (MVAR) 0.270 10.085
Off Peak (6:30 AM) True Active Power (MW) 1.654
True Reactive Power (MVAR) 0.095 17.410
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As presented in the table 4.2 above, at the peak, the ratio of active power to reactive
power = 2.723/0.27 = 10.085, and at the off-peak, the ratio of active power to reactive power =
1.654/0.095 =17.41.

These peak and off-peak ratios of active power to reactive power (10.085, 17.41) include
residential customers as well as primary customers. Due to lack of the load data of primary
metered customers, for the purpose of this study, above estimated ratios of active power to
reactive power are assumed to be only that of residential customers i.e. section 1 and 2 of
modeled system (figure 4.1). With that assumption, based on these ratios of active power to
reactive power, the reactive power consumed by the residential customers is calculated. Table
4.3 lists total real and reactive power for all service transformers (at peak and off-peak) and
number of customers connected to the distribution transformers for section 1 and section 2 of the

modeled system (figure 4.1).
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Table 4.3 Real and Reactive power demands for all service transformers

Transformer Transformer No. of Peak demand (2.30PM) Off-Peak demand (6.30AM)
Labeling KVA customers | Real Power | Reactive Power | Real Power Reactive Power
Rating connected (KW) (KVAR) (KW) (KVAR)
OW5006 50 1 1.094 0.108 0.986 0.057
OW51142 25 2 8.800 0.873 8.112 0.466
OWS51325 15 1 0.252 0.025 0.288 0.017
OW5562 37 8 6.412 0.636 9.940 0.571
OW5567 37 1 0.652 0.065 2.448 0.141
OWS5568 25 2 1.072 0.106 0.980 0.056
OW5656 25 4 7.536 0.747 1.760 0.101
OW5657 25 1 0.180 0.018 5.508 0.316
OW5658 25 7 3.088 0.306 13.328 0.766
OW5666 37 9 13.068 1.296 4.488 0.258
OW5739 37 2 1.472 0.146 2.192 0.126
OW5741 37 3 4.236 0.420 3.916 0.225
OWS5800 15 1 0.272 0.027 0.032 0.002
OWS5880 37 2 0.268 0.027 1.016 0.058
OW5882 25 1 3.484 0.345 0.700 0.040
OWS5883 25 2 1.348 0.134 2.848 0.164
OW5884 37 1 0.448 0.044 0.392 0.023
OW5913 25 1 3.244 0.322 0.448 0.026
OW5915 50 2 1.116 0.111 1.096 0.063
OW5917 37 2 3.592 0.356 2.804 0.161
OW5925 37 2 3.100 0.307 5.876 0.338
OWS5P024 37 1 6.404 0.635 0.248 0.014
OWS5P025 37 3 5.404 0.536 6.540 0.376
OWS5P026 50 3 5.072 0.503 7.588 0.436
OWS5P109 100 18 24.888 2.468 19.348 1.111
OWS5PI110 100 18 22.152 2.197 21.960 1.261
OWS5PI111 100 18 15.412 1.528 19.988 1.148
OWS5P112 100 18 12.556 1.245 25.560 1.468
OWS5P232 500 1 0.264 0.026 0.128 0.007
OW5932 50 2 1.116 0.111 1.096 0.063
OW5502 50 3 1.094 0.108 0.986 0.057
OWS51593 50 2 1.116 0.111 1.096 0.063
OW5566 15 1 0.272 0.027 0.032 0.002
OWS5557 25 4 8.800 0.873 8.112 0.466
OWS5558 25 1 1.072 0.106 0.980 0.056
OWS5P018 75 1 1.304 0.129 4.896 0.281
OWS5683 37 1 6.412 0.636 9.940 0.571
OWS5835 37 9 0.652 0.065 2.448 0.141
OWS5838 37 3 13.068 1.296 4.488 0.258
OWS51657 25 7 7.536 0.747 1.760 0.101
OWS5839 50 3 5.072 0.503 7.588 0.436
OW5840 25 2 0.180 0.018 5.508 0.316
OWS5P165 225 1 0.325 0.032 0.156 0.009
OWS5P244 75 2 0.756 0.075 1.620 0.093
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Figures 4.4 and 4.5 are the graphical representation for total real and reactive power of
each distribution transformer modeled in the system, for peak and off-peak power demands.
From the figure 4.4, it is observed that total real power demand for some service transformers are

higher at 6.30AM (off-peak) than at 2.30PM (peak) and vice versa.
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Figure 4.4 Total real power of each service transformer at peak and off-peak demand

Similarly from the figure 4.5, it is observed that total reactive power demand for some service

transformers are higher at 6.30AM (off-peak) than at 2.30PM (peak) and vice versa.
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Reactive Power Demand in KVAR

Total Reactive Power Demand
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Figure 4.5 Total reactive power of each service transformer at peak and off-peak demand
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CHATPER 5

CASE STUDY AND SIMULATION RESULTS

As discussed in previous chapters, the modeled distribution system consists of two
sections as shown in figure 5.1, which is a simplified drawing of the Simulink modeled
distribution system. This system has a total of 177 customers, of which 174 customers are on
single-phase and 3 customers are on three-phase for their daily use of electricity served by the
161/12.47 KV distribution substation. In order to assess the impact of PEV battery charging on
the distribution system, various locations have been selected to measure the three-phase voltages
based on the number of customers connected to the modeled 12.47 KV distribution system at

each of the selected locations.

Section 1

3_PhT/F

Distribution ; le Cable
Substation — i

—F

161/12.47 KV
15 MVA

UG Cable /

Load

Section 2

Figure 5.1 Simplified diagram of the modeled distribution system.
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In figure 5.1, L1, L2, L3, and L4 indicates the locations where the three-phase voltage
and current measurements are being observed, because each of these locations have more than 10
customers connected to the sub branch line. The dotted lines in the figure 5.1 indicate
underground cables. Also, three-phase measurements were observed at CB1 and CB2 to identify

voltage variations at the beginning and at the end of the modeled system.

5.1 Simulink model testing without PEV penetration
5.1.1 Voltages and currents at peak demand
In order to establish a benchmark from which to compare PEV impact, the modeled
distribution system is analyzed with no PEVs first. The distribution system is modeled for both
peak and off-peak power demand. Figures 5.2 and 5.3 show three-phase peak voltages and

currents measured at the beginning of the system (CB1) for peak demand (2.30 PM) on
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Figure 5.2 Measured three-phase voltages at CB1 of the system at peak demand
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Three phase Currents

Current Amplitude (Amps)
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Figure 5.3 Measured three-phase currents at CB1 of the system at peak demand

Table 5.1 has the measured and actual voltages of phase to ground and phase currents at
peak demand on 01/10/2013. Actual voltages shown in table 5.1 are provided by power
distributor for the modeled distribution system. All voltages and currents shown in table 5.1 are

measured in root mean square (RMS).

Table 5.1 Measured and actual phase voltages and currents at CB1 at peak demand

At peak demand Phase to ground voltages (KV) Phase currents (A)
for CB1
Va Vb Ve Ia Ib Ic
Measured Values 7.112 7.113 7.117 189 187 178
Actual Values 7.141 7.115 7.094 197 195 186

Figures 5.4 and 5.5 show simulation results of three phase voltages and currents for CB2

at peak (2.30 AM) demand on 01/10/2013 for the modeled system respectively.
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Figure 5.5 Measured three-phase currents at CB2 of the system at peak demand
Table 5.2 shows the measured and actual voltages of phase to ground and phase currents

for CB2
Measured Values
Actual Values

At peak demand

Table 5.2 Measured and actual phase voltages and currents at CB2

for peak demand on 01/10/2013.




5.1.2 Voltages and currents at off-peak demand
Figures 5.6 and 5.7 show measured three-phase peak voltages and currents at the

beginning of the section (CB1) for off-peak power demand (6.30 AM) on 01/10/2013.

Three phase Voltages
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Figure 5.6 Measured three-phase voltages at CB1 of the system at off-peak demand
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Figure 5.7 Measured three-phase currents at CB1 of the system at off- peak demand

Table 5.3 shows the measured and actual voltages of phase to ground and phase currents

at off-peak demand on 01/10/2013.
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Table 5.3 Measured and actual phase voltages and currents at CB1 at off-peak demand

At off-peak demand | Phase to ground voltages (KV) Phase currents (A)
for CB1
Va Vb Ve Ia Ib Ic
Measured Values 7.139 7.141 7.145 130.25 127.17 117.23
Actual Values 7.120 7.100 7.069 135.00 131.00 123.00

Figures 5.8 and 5.9 show simulation results of three phase voltages and currents for CB2

at off-peak (6.30 AM) demand on 01/10/2013 for the modeled system respectively.

4 Three phase Voltages

Voltage Amplitude (volts)

Time (sec)

Figure 5.8 Measured three-phase voltages at CB2 of the system at off- peak demand
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Three phase Currents

Current Amplitude (Amps)
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Figure 5.9 Measure three-phase currents at CB2 of the system at off- peak demand

Table 5.4 shows the measured and actual values of phase to ground voltages and phase to

ground currents at off-peak demand on 01/10/2013.

Table 5.4 Measured and actual phase voltages and currents at CB2 at off-peak demand

At off-peak demand Phase to ground rms voltages Phase to ground rms currents (A)
For CB2 (KV)
Va Vb Ve Ia Ib Ic
Measured Values 77706 | 7.127 7.124 | 4893 | 49.01 49.06
Actual Values 7.106 7.086 7.068 48.00 62.00 43.00

5.2 Simulink model testing with PEV penetration

In this section, the modeled distribution system is being tested with Level 2 charging
load during peak and off-peak power demand. As discussed in chapter 2, Level 2 charger has
ratings of 240V, 32 A and 7.680 KW. A single-phase level 2 charger can have significant impact
on the distribution system, which is measured in terms of voltage unbalance. According to IEEE

standards, voltage unbalance is defined as the ratio of maximum voltage deviation from the
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average phase voltage to the average phase voltage [39, 40]. It is also known as the phase voltage

unbalance rate (PVUR), and is given by

Maximum voltage deviation from the average phase voltage

% PVUR = %100
Average phase voltage

The IEEE uses the same definition of voltage unbalance as NEMA, the only difference
being that the IEEE uses phase voltages rather than line-to-line voltages. In this study,
percentage voltage unbalance (VU) calculations have been according to IEEE standards.

As discussed in initial section of this chapter, there are 174 single-phase residential
customers utilizing electricity from the modeled distribution system. Out of these 174 customers,
81 customers have been drawing power from phase-A, 81 customers from phase-B, and 12

customers from phase-C.

5.2.1 Studied system with 10% PEYV penetration
For 10% of PEV load, it is assumed that there are 17 customers (~10% of 174) have a
PEV in that neighborhood and recharge their PEV batteries. In this instance, for 10% of
penetration level in simulation, out of 17 PEVs, 8 PEVs' load is added to the phase-A, 8 PEVs'

load is added to the phase-B, and 1 PEV load is added to the phase-C.
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Figure 5.10 Distribution system model with 10% of PEV penetration

Figure 5.10 shows distribution system model with 10% of penetration level, where the
locations of PEV charging in each phase are shown with car symbols along with number of
PEVs. Each phase in figure 5.10 can be identified based on ending character of transformers
(example: The transformer "T/F_A" is in Phase-A).

Table 5.5 list the measured phase voltages, calculated voltage deviation, and percentage
voltage unbalance for 10% penetration level of PEVs for both peak and off-peak power demand

for all locations in the simulated system (CB1, L1, L2, L3, L4, CB2).
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Table 5.5 Phase voltages at peak and off-peak demand for 10% penetration of PEVs

PEV

. CB1 Locationl Location2 | Location3 | Location4 CB2

Penetration Power

Level Demand
Phase | VA | 7109.01 | 7079.03 | 7071.06 | 7067.06 | 705925 | 7057.80
Voltages | VB | 7109.73 | 7092.71 7088.25 7084.61 707927 | 7088.66
(V) VC | 711727 | 7101.14 | 7098.18 | 7096.43 | 7090.12 | 7077.80
Average 7112.01 | 709096 | 7085.83 708270 | 707621 | 7074.76
Voltage (V)

Peak :

Maximum
voltage 5.268 11.931 14.768 15.64 16.961 16.952
deviation (V)
0,
% Voltage 0.074 0.168 0.208 0.221 0.239 0.239

10% Unbalance

0 Phase | VA | 713593 | 711494 | 710881 7105.19 | 709832 | 7097.10
Voltages | VB | 7137.36 | 713129 | 7129.06 | 712607 | 7122.10 | 7129.21
(V) VC | 714530 | 713831 7137.11 713590 | 713044 | 7120.86
V‘.;Z:r‘fc‘g(‘:,) 7139.53 | 7128.18 | 7125.02 | 712239 | 711695 | 7115.72
Off-Peak g

Maximum
voltage 5.766 13.236 16.206 17.199 18.63 18.623
deviation (V)
0,
% Voltage 0.081 0.186 0.227 0.241 0.262 0.262
Unbalance

For 10% penetration level of PEVs, following deviations are observed from the

beginning of simulated system (CB1) to the end of simulated system (CB2) at both the peak and

off-peak demands.

At peak demand;

The increase in Maximum Voltage Deviation(V) from CB1 to CB2 = 16.952 -5.268 =11.684 V

The increase in %Voltage Unbalance from CB1 to CB2 = 0.239 - 0.074 =0.165

At off-peak demand;

The increase in Maximum Voltage Deviation(V) from CB1 to CB2 = 18.623 -5.766 = 12.857 V

The increase in % Voltage Unbalance from CB1 to CB2 = 0.262 - 0.081 = 0.181
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From the above, the increases in Maximum Voltage Deviation and %Voltage Unbalance
from CB1 to CB2 are almost similar at peak and off-peak demand for 10% level of PEV

penetration.

5.2.2 Studied system with 30% PEV penetration

For 30% of PEV load, it is assumed that there are 51 customers (~30% of 174) have a
PEV in that neighborhood and recharge their PEV batteries. In this instance, for 30% of
penetration level in simulation, out of 51 PEVs, 24 PEVs' load is added to the phase-A, 24 PEVs'

load is added to the phase-B, and 3 PEVs load is added to the phase-C.
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Figure 5.11 Distribution system model with 30% of PEV penetration

Figure 5.11 shows distribution system model with 30% of penetration level, where the

locations of PEV charging in each phase are shown with car symbols along with number of
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PEVs. Each phase in figure 5.11 can be identified based on ending character of transformers
(example: The transformer "T/F_A" is in Phase-A).

Tables 5.6 list the measured phase voltages, calculated voltage deviation, and percentage
voltage unbalance for 30% penetration level of PEVs for both peak and off-peak power demand

for all locations in the simulated system (CB1, L1, L2, L3, L4, CB2).

Table 5.6 Phase voltages at peak and off-peak demand for 30% penetration of PEVs

PEV
Penetration Power CB1 Locationl Location2 | Location3 | Location4 CB2
Level Demand
Phase | VA | 7101.68 | 706426 | 7053.91 7049.18 | 7041.02 | 7039.57
Voltages | VB | 710226 | 7087.14 | 7083.12 | 7078.62 | 7073.16 | 7091.48
4% ve [ 711629 | 710239 | 710020 | 7099.13 | 7092.94 | 7071.60
Average 7106.74 | 7084.60 | 7079.08 | 7075.65 7069.04 | 7067.58
Voltage
Peak -
Maximum
voltage 9.55 20.34 25.16 26.46 28.02 28.00
deviation
0,
% Voltage 0.134 0.287 0.355 0.374 0.396 0.396
30% Unbalance
Phase | VA | 712848 [ 7099.98 | 709143 | 7087.07 | 7079.98 | 7078.76
Voltages | VB | 712983 | 712588 | 7124.12 | 712028 | 711647 | 7131.73
4% Ve [ 714432 | 713949 | 7139.12 | 713852 | 713296 | 7115.22
’é,“l’trage 713424 | 712178 | 711822 | 711529 | 7109.80 | 7108.57
Off-Peak 0'tage
Maximum
voltage 10.10 21.80 26.79 2821 29.82 29.81
deviation
0,
/0 Voltage 0.142 0.306 0.376 0.397 0.419 0.419
Unbalance

For 30% penetration level of PHEVs, following deviations are observed from the

beginning of simulated system (CB1) to the end of simulated system (CB2) at both the peak and

off-peak demands.

At peak demand;

The increase in Maximum Voltage Deviation from CB1 to CB2 = 28.006 -9.55=18.456 V
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The increase in %Voltage Unbalance from CB1 to CB2 = 0.396 - 0.134 = 0.262
At off-peak demand;
The increase in Maximum Voltage Deviation (V) from CB1 to CB2 =29.812-10.109=19.7 V
The increase in %Voltage Unbalance from CB1 to CB2 = 0.419 - 0.142 = 0.277

From the above, the increases in Maximum Voltage Deviation (V) and %Voltage
Unbalance from CB1 to CB2 are almost similar at peak and off-peak demand for 30% level of
PEV penetration. However from 10% level of PEV penetration, there is a significant increase
(>50%) in the differences between CB1 and CB2. For example: The difference in increase in
Maximum Voltage Deviation from CB1 to CB2 at 30% level of PEV penetration at peak demand

(18.456 V) and at 10% level of PHEV penetration (11.684 V) is 6.772 V.

5.2.3 Studied system with 50% PEV penetration

Section 1
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161/12.47 KV
15 MVA
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Figure 5.12 Distribution system model with 50% of PEV penetration

For 50% of PEV load, it is assumed that there are 87 customers (50% of 174) have a PEV

in that neighborhood and recharge their PEV batteries. In this instance, for 50% of penetration
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level in simulation, out of 87 PEVs, 40 PEVs' load is added to the phase-A, 41 PEVs' load is
added to the phase-B, and 6 PEVs load is added to the phase-C. Figure 5.12 shows distribution
system model with 50% of penetration level, where the locations of PEV charging in each phase
are shown with car symbols along with number of PEVs. Each phase in figure 5.12 can be
identified based on ending character of transformers (example: The transformer "T/F_A" is in

Phase-A).

Table 5.7 list the measured phase voltages, calculated voltage deviation, and percentage

voltage unbalance for 50% penetration level of PEVs for both peak and off-peak power demand

for all locations in the simulated system (CB1, L1, L2, L3, L4, CB2).

Table 5.7 Phase voltages at peak and off-peak demand for 50% penetration of PEVs

PEV
Penetration Power CBI1 Locationl | Location2 | Location3 | Location4 CB2
Demand
Level
Phase | VA | 7094.424 | 7050.019 | 7037273 | 7031.041 | 7020.987 | 7019.549
Voltages | VB [ 7094.866 | 7081.291 | 7077.707 | 7072.955 | 7068.919 [ 7092.325
KV) | vc [ 7114866 | 7102.936 | 7101.580 | 7100.835 | 7093.779 | 7067.438
Average 7101.385 | 7078.082 | 7072.187 | 7068.277 | 7061.228 | 7059.771
Voltage
Peak
Maximum
voltage 13.481 28.063 34913 37.236 40.242 40221
deviation
0,
/0 Voltage 0.19 0.396 0.494 0.527 0.57 0.57
S0% Unbalance
’ Phase | VA [ 7121.093 | 7085254 | 7074208 | 7068.297 | 7059.022 | 7057.805
Voltages | VB | 712237 | 7120225 | 7118.953 | 7114.854 | 7112.393 | 7132.717
KV) | v [ 7142898 | 7140.043 | 7140518 | 7140257 | 7133.948 [ 7111.138
‘;“/Virage 7128.787 | 7115.174 | 7111226 | 7107.803 | 7101.788 | 7100.553
Off-Peak oltage
Maximum
voltage 14.111 29.92 37.018 39.506 42.765 42748
deviation
0
7 Voltage 0.198 0.421 0.521 0.556 0.602 0.602
Unbalance
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For 50% penetration level of PEVs, following deviations are observed from the
beginning of simulated system (CB1) to the end of simulated system (CB2) at both the peak and
off-peak demands.

At peak demand;

The increase in Maximum Voltage Deviation (V) from CB1 to CB2 = 40.221-13.48=26.74 V
The increase in % Voltage Unbalance from CB1 to CB2 =0.57 - 0.19 = 0.38

At off-peak demand;

The increase in Maximum Voltage Deviation (V) from CB1 to CB2 =42.748-4.111 =28.637 V
The increase in %Voltage Unbalance from CB1 to CB2 = 0.602 - 0.198 = 0.404 V

From the above, the increases in Maximum Voltage Deviation and %Voltage Unbalance
from CB1 to CB2 vary slightly at peak and off-peak demand for 50% level of PEV penetration.
In addition, from 30% level of PEV penetration, there is an increase observed in the differences

between CB1 and CB2 at peak and off-peak demand.

5.2.4 Simulink model with 60% PEV penetration

For 60% of PEV load, it is assumed that there are 104 customers (~60% of 174) have a
PEV in that neighborhood and recharge their PEV batteries. In this instance, for 60% of
penetration level in simulation, out of 104 PEVs, 49 PEVs' load is added to the phase-A, 48
PEVs' load is added to the phase-B, and 7 PEVs load is added to the phase-C. Figure 5.13 shows
distribution system model with 60% of penetration level, where the locations of PEV charging in
each phase are shown with car symbols along with number of PEVs. Each phase in figure 5.13
can be identified based on ending character of transformers (example: The transformer "T/F_A"

is in Phase-A).
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Figure 5.13 Distribution system model with 60 % of PEV penetration

Table 5.8 Phase voltages at peak and off-peak demand for 60% penetration of PEVs

PEV
Penetration Power CB1 Locationl | Location2 | Location3 | Location4 CB2
Demand
Level
Phase | VA | 7090.940 | 7041760 | 7027.563 | 7020.452 | 7008.996 | 7007.563
Voltages | VB [ 7091.205 | 7078.525 | 7075.160 | 7070.284 | 7066.857 | 7093.987
%) vC | 7114.402 | 7104.084 | 7103236 | 7102.709 | 7095.439 | 7065.371
Average 7098.849 | 7074.790 | 7068.653 | 7064.482 | 7057.097 | 7055.641
Peak Voltage
Maximum
voltage 15.553 33.029 41.09 44.029 48.101 48.077
deviation
0,
% Voltage 0.219 0.467 0.581 0.623 0.682 0.681
60% Unbalance
Phase | VA | 7117.607 | 7076.512 | 7063.89 | 7057.045 | 704621 | 7044.997
Voltages | VB | 7118.662 | 7117.495 | 7116451 | 7112223 | 7110273 | 7134.771
V) [ ve [ 7142443 | 7141386 | 7142419 | 7142.402 | 7136.001 | 7109.015
‘\*,V‘Ttrage 7126.237 | 7111.797 | 7107.586 | 7103.89 | 7097.495 | 7096.261
Off-Peak oftage
Maximum
voltage 16.206 35.286 43.697 46.845 51.285 51.264
deviation
0,
% Voltage 0.227 0.496 0.615 0.659 0.723 0.722
Unbalance
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Table 5.8 list the measured phase voltages, calculated voltage deviation, and percentage
voltage unbalance for 60% penetration level of PEVs for both peak and off-peak power demand
for all locations in the simulated system (CB1, L1, L2, L3, L4, CB2).

For 60% penetration level of PEVs, following deviations are observed from the
beginning of simulated system (CB1) to the end of simulated system (CB2) at both the peak and
off-peak demands.

At peak demand;

The increase in Maximum Voltage Deviation (V) from CB1 to CB2 =48.077-15.553=32.524 V
The increase in %Voltage Unbalance from CB1 to CB2 = 0.681 - 0.219 = 0.462

At off-peak demand;

The increase in Maximum Voltage Deviation from CB1 to CB2 = 51.264-16.206 = 35.058 V
The increase in %Voltage Unbalance from CB1 to CB2 = 0.722 - 0.227 = 0.495 V

From the above, the increases in Maximum Voltage Deviation and %Voltage Unbalance
from CBI1 to CB2 vary at peak and off-peak demand for 60% level of PEV penetration. In
addition, from 50% level of PEV penetration, there is an increase observed in the differences
between CB1 and CB2 at peak and off-peak demand.

As shown in above table 5.9, almost all the Phase-B transformers in simulated system are
either overloaded (measured currents in red colored cells) or close to be overloaded (measured
currents in orange colored cells) by the PEV penetration level of 60%. The ratings against which

these loads are compared are highlighted in blue colored cells.
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Table 5.9 Rated and Measured Currents for Phase-B Transformers in the simulated system

Phase Power Transformer No. of Rated Measured Measured Measured Measured
demand | KVA rating | Customers | Current Current at Current at Current at Current at
Connected | at 240V 240V 240V 240V 240V
(Amps) (Amps) (Amps) (Amps) (Amps)
At 10% At 30% At 50% At 60%
PEV PEV PEV PEV
penetration | penetration | penetration | penetration
37 9 154.17 80.190 141.52 141.52
100 18 416.67 214.98 307.14 398.59
Peak 100 18 416.67 198.30 290.59 382.17
100 18 416.67 157.13 280.53 402.60
B 100 18 416.67 139.66 232.41 385.44
37 9 154.17 27.730 27.710 151.78
100 18 416.67 181.99 305.99 398.01
;gfl'( 100 8 41667 | 19798 32181 41372
100 18 416.67 185.89 309.81 401.77
100 18 416.67 219.95 343.50 404.60

Given that it has been deemed for simulation that no more PEV loads can be added to Phase - B
for additional levels of PEV penetration, i.e. during the 70% and 80% PEV penetration levels,

the number of PEVs added to Phase - B remain constant at 48.

5.2.5 Studied system with 70% PEYV penetration

For 70% of PEV load, it is assumed that there are 122 customers (~70% of 174) have a
PEV in that neighborhood and recharge their PEV batteries. In this instance, for 70% of
penetration level in simulation, out of 122 PEVs, 64 PEVs' load is added to the phase-A, 48
PEVs' load is added to the phase-B (same as at 60% penetration level), and 10 PEVs load is

added to the phase-C.
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Figure 5.14 Distribution system model with 70% of PEV penetration

Figure 5.14 shows distribution system model with 70% of penetration level, where the
locations of PEV charging in each phase are shown with car symbols along with number of
PEVs. Each phase in figure 5.14 can be identified based on ending character of transformers

(example: The transformer "T/F_A" is in Phase-A).

Table 5.9 list the measured phase voltages, calculated voltage deviation, and percentage
voltage unbalance for 70% penetration level of PEVs for both peak and off-peak power demand

for all locations in the simulated system (CB1, L1, L2, L3, L4, CB2).
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Table 5.10 Phase voltages at peak and off-peak demand for 70% penetration of PEVs

PEV
Penetration Power CBI1 Locationl Location2 | Location3 | Location4 CB2
Demand
Level
Phase | VA | 7079.695 | 7021.441 | 7004331 | 6995.801 | 6981.459 | 6980.02
Voltages | VB | 7091.011 | 7087.645 | 7086.564 | 7082.330 | 7080.233 | 7085.12
KV) 1 ve | 7112217 | 7096.153 | 7094.765 | 7094.107 | 7086.556 | 7078.73
Average 7094.308 | 7068.413 | 7061.887 | 7057.412 | 7049.416 | 7047.96
Voltage
Peak
Maximum
voltage 17.909 46.972 57.556 61.612 67.957 67.932
deviation
0,
% Voltage 0.252 0.665 0.815 0.873 0.964 0.964
0% Unbalance
7
° Phase | VA | 7105309 | 7052781 | 7036366 | 7027.333 | 7012374 | 7011.16
Voltages | VB | 7118.477 | 7127.993 | 7129.957 | 7126.819 | 7126.873 | 7125.64
®V)  T've [ 7140687 | 7134.027 | 7134.146 | 7133.801 | 7126.862 | 7125.60
Average 7121.491 | 7104.934 | 7100.156 | 7095.985 | 7088.703 | 7087.47
Off- Voltage
Peak Maximum
voltage 19.196 52.153 63.79 68.651 76.329 76.307
deviation
0,
7 Voltage 027 0.734 0.898 0.967 1.077 1.077
Unbalance

For 70% penetration level of PEVs, following deviations are observed from the

beginning of simulated system (CB1) to the end of simulated system (CB2) at both the peak and

off-peak demands.

At peak demand;

The increase in Maximum Voltage Deviation from CB1 to CB2 = 67.932- 17.909= 50.023 V

The increase in %Voltage Unbalance from CB1 to CB2 =0.964 - 0.252 = 0.712

At off-peak demand;

The increase in Maximum Voltage Deviation from CB1 to CB2 =76.307-19.196 =57.111 V

The increase in % Voltage Unbalance from CB1 to CB2 =1.077 - 0.27 =0.807 V

From the above, the increases in Maximum Voltage Deviation and %Voltage Unbalance

from CB1 to CB2 vary significantly at peak and off-peak demand for 70% level of PEV
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penetration. There is a 10 - 15% difference between peak and off-peak demands, with off-peak
increases being greater. In addition, from 60% level of PEV penetration, there is a significant
increase (>50%) observed in the differences between CB1 and CB2 at peak and off-peak

demand.

5.2.6 Studied system with 80% PEYV penetration

For 80% of PEV load, it is assumed that there are 139 customers (~80% of 174) have a
PEV in that neighborhood and recharge their PEV batteries. In this instance, for 80% of
penetration level in simulation, out of 139 PEVs, 79 PEVs' load is added to the phase-A, 48
PEVs' load is added to the phase-B (same as at 60% penetration level), and 12 PEVs load is
added to the phase-C. Figure 5.15 shows distribution system model with 80% of penetration
level, where the locations of PEV charging in each phase are shown with car symbols along with
number of PEVs. Each phase in figure 5.15 can be identified based on ending character of

transformers (example: The transformer "T/F_A" is in Phase-A).

Section 1
A

,a
4_PEVs ﬁ —
T/F_A
T/F_
/ m UG Cable
1_PEV
Capautor Bank

Distribution
Substation

5
¢

161/12.47 KV
15 MVA

UG Cable
CB2 Load

@

16-PEVs

Section 2

Figure 5.15 Distribution system model with 80 % of PEV penetration
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Table 5.10 list the measured phase voltages, calculated voltage deviation, and percentage

voltage unbalance for 80% penetration level of PEVs for both peak and off-peak power demand

for all locations in the simulated system (CB1, L1, L2, L3, L4, CB2).

Table 5.11 Phase voltages at peak and off-peak demand for 80% penetration of PEVs

PEV
Penetration Power CBl1 Locationl | Location2 | Location3 | Location4 CB2
Demand
Level
Phase | VA | 707113 [ 700491 | 6985.404 | 6975.693 | 6958.987 | 6957.56
Voltages | VB [ 7090.84 | 709557 | 7096.792 | 7093.188 | 7092.376 | 7080.03
KV) | ve [ 711229 | 7092.82 | 7090353 | 7089.471 | 7081.461 | 7090.87
Average 7091.42 | 7064.43 | 7057.516 | 7052.784 | 7044.275 | 7042.82
Voltage
Peak
Maximum
voltage 20.877 59.52 72.11 77.09 85.29 85.26
deviation
0
7 Voltage 0.294 0.843 1.022 1.093 1.211 1211
80% Unbalance
° Phase | VA | 7097.61 | 7040432 [ 7022.654 | 7013.23 | 6997.789 | 6996.57
Voltages | VB | 711837 | 7135.082 | 7138.816 | 713595 | 7136.343 | 712021
KV) 1 ve [ 714073 | 7129.934 | 7129.009 | 7128.526 | 7121.424 | 7135.06
‘;“/Virage 711890 | 7101.816 | 7096.827 | 7092.568 | 7085.185 | 7083.95
Off-Peak oltage
Maximum
voltage 21.825 61384 74.173 79.339 87397 | 87.375
deviation
V)
% Voltage 0.307 0.864 1.045 1.119 1.234 1.233
Unbalance

For 80% penetration level of PEVs, following deviations are observed from the

beginning of simulated system (CB1) to the end of simulated system (CB2) at both the peak and

off-peak demands.

At peak demand;

The increase in Maximum Voltage Deviation from CB1 to CB2 = 85.26 - 20.877 = 64.383 V

The increase in %Voltage Unbalance from CB1 to CB2 =1.211-0.294 = 0.917
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At off-peak demand;
The increase in Maximum Voltage Deviation from CB1 to CB2 = 87.375 - 21.825=65.55V
The increase in %Voltage Unbalance from CB1 to CB2 = 1.233 - 0.307 = 0.926 V

From the above, the increases in Maximum Voltage Deviation and %Voltage Unbalance
from CB1 to CB2 are almost similar at peak and off-peak demand for 80% level of PEV
penetration. However, from 70% level of PEV penetration, there is an increase observed in the
differences between CB1 and CB2 at peak and off-peak demand.

Since Phase-A (79 out of 81 customers), and Phase-C (12 out of 12 customers) are almost
maxed out the number of PEVs can be added to the simulated system, further levels of
penetration (90%, 100%) cannot be simulated in this study. The primary reason behind Phase-A
and Phase-C being maxed out is that after 60% penetration level no more customers could have

been added to Phase-B.

5.3 Impact of PEV Penetration on Simulated System

As Maximum Voltage Deviation and %Voltage Unbalance are two primary metrics that
have been used to assess the impact of increased levels of PEV penetration (10%, 30%, 50%,
60%, 70%, and 80%) in the simulated system for this study. Figures 5.16 and 5.17 respectively
present the progression of Maximum Voltage Deviation and %Voltage Unbalance for the CBI

and the CB2 of the simulated system at peak and off-peak power demands.
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Figure 5.16 Maximum Voltage Deviation with level of PEV Penetration

From figure 5.16, it can be observed that for the peak and off-peak demands, Maximum
Voltage Deviation is constantly increased with every level of increase in PEV penetration, hence
displaying a significantly positive correlation between PEV penetration and Maximum Voltage
Deviation. Identical pattern can be observed for % Voltage Unbalance from figure 5.17 below, as
%Voltage Unbalance is derived from Maximum Voltage Deviation as a proportion of Average

Phase Voltage.
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Figure 5.17 %Voltage Unbalance with level of PEV Penetration

5.4 Impact of PEV Penetration on one phase

In the simulations conducted on phase A, B, and C of the distribution system with
varying penetration of 10-80%, the highest voltage unbalance observed was 1.23%. For
comparison purpose an additional study was conducted with 81 PEV's battery load connected to
phase A and no PEV penetration on the other two phases. It is observed that the highest voltage

unbalance for this case was 1.5% .
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CHAPTER 6

CONCLUSION

PEVs are projected to become a means of electrification of road transportation on the
heels of technological advances and demand for eco-friendly energy solutions. The adoption of
these vehicles will pose a challenge to the existing infrastructure of the electrical grid in terms of
generation, transmission, more importantly distribution; as higher penetration of PEVs and their
charging in an uncoordinated manner may introduce new peaks into the system, which have the
potential to overload electrical distribution components and cause power pollution problems.

This study examines the impacts of PEV battery charging on a 12.47 KV distribution
system at various penetration levels of PEVs. An existing residential distribution system is
modeled and simulated using MATLAB-SIMULINK software. This study is focused on
maximum voltage deviation, percentage voltage unbalance, and service transformers
overloading. It has been found that maximum voltage deviation and percentage voltage
unbalance are negatively impacted by increased PEV penetration levels in the residential
distribution grid. Transformer overload has also been observed for one of the phases of simulated
distribution system at a higher penetration level of PEVs.

Since these challenges will be inevitable with projected adoption of PEVs, smart or
coordinated charging, grid reinforcements, optimization of electric grid will become

indispensable to meet the new energy requirements without straining the infrastructure.
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APPENDIX A

DISTRIBUTION SYSTEM FOR VOLTAGE STUDY
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Impedances of Overhead Lines

H—1 AT

Size of the| Material | Positive Sequence | Zero Sequence Positive Zero
conductor Impedance Impedance Sequence Sequence
(ohms/1000ft) (ohms/1000ft) | Admittance | Admittance
(us/1000ft) | (us/1000ft)
R1 X1 RO X0 |Gl B1 GO BO
1033 Aecrial 0.01777 | 0.1157 | 0.1233 | 0.3735 | O 1.354 0 0.6314
1033 AL | Aluminum | 0.01800 | 0.1166 | 0.1138 | 0.3924 | 0 1.349 0 0.587
1/0 AL Aluminum | 0.16770 | 0.1437 | 0.2731 | 0.4014 | 0O 1.086 0 0.5666
4/0 AL Aluminum | 0.08376 | 0.1356 | 0.1892 | 0.3934 | 0 1.155 0 0.5847
Service transformer Impedances by rating
Transformer Positive Sequence Zero Sequence X/R Ratio
Rating (KVA) Impedance (%Z1) Impedance (%Z0)
15 2.5 2.5 4
15 (3 phase) 4.5 4.5 4
25 4.5 4.5 4
37 4.5 4.5 4
50 4.5 4.5 4
75 3.0 3.0 4
100 4.5 4.5 4
225 4.5 4.5 4
500 3.94 3.94 10
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Real power demand of all service transformers

Transformer Transformer No. of Peak demand Off-Peak demand
Labeling KVA customers | (2.30PM) (6.30AM)
Rating connected | Real Power (KW) Real Power (KW)
OW5006 50 1 1.094 0.986
OW51142 25 2 8.800 8.112
OW51325 15 1 0.252 0.288
OWS5562 37 8 6.412 9.940
OW5567 37 1 0.652 2.448
OW5568 25 2 1.072 0.980
OW5656 25 4 7.536 1.760
OW5657 25 1 0.180 5.508
OW5658 25 7 3.088 13.328
OW5666 37 9 13.068 4.488
OW5739 37 2 1.472 2.192
OW5741 37 3 4.236 3916
OW5800 15 1 0.272 0.032
OWS5880 37 2 0.268 1.016
OWS5882 25 1 3.484 0.700
OW5883 25 2 1.348 2.848
OW5884 37 1 0.448 0.392
OW5913 25 1 3.244 0.448
OW5915 50 2 1.116 1.096
OW5917 37 2 3.592 2.804
OW5925 37 2 3.100 5.876
OW5P024 37 1 6.404 0.248
OWS5P025 37 3 5.404 6.540
OW5P026 50 3 5.072 7.588
OW5P109 100 18 24.888 19.348
OWS5P110 100 18 22.152 21.960
OW5P111 100 18 15.412 19.988
OW5P112 100 18 12.556 25.560
OW5P232 500 1 0.264 0.128
OW5932 50 2 1.116 1.096
OW5502 50 3 1.094 0.986
OW51593 50 2 1.116 1.096
OWS5566 15 1 0.272 0.032
OWS5557 25 4 8.800 8.112
OWS5558 25 1 1.072 0.980
OWS5P018 75 1 1.304 4.896
OW5683 37 1 6.412 9.940
OW5835 37 9 0.652 2.448
OW5838 37 3 13.068 4.488
OW51657 25 7 7.536 1.760
OW5839 50 3 5.072 7.588
OW5840 25 2 0.180 5.508
OWS5P165 225 1 0.325 0.156
OW5P244 75 2 0.756 1.620
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APPENDIX B

INTELLIRUPTERS DATA
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Voltages and currents at peak and off-peak demand on 01/10/2013 for A55661

Power . .
Intellirupters | Demand X-side Y-side
Phase VA 7.143 7.141
Voltages (KV) |22 7.102 7.115
P VC 7.097 7.094
eak
A 197
Phase B TG
Currents(A)

A55661 IC 186
Phase VA 7.122 7.120
VB 7.087 7.100
Voltages (KV) Ve =075 7069

Off-Peak

A 135

Phase B &1

Currents(A) IC 03

Voltages and currents at peak and off-peak demand on 01/10/2013 for A55661

Power

Intellirupters | Demand X-side Y-side

Phase VA 7.125 7.122
Voltages (KV) |22 7.091 7.095
VC 7.088 7.090

Peak o =

Phase B =

Currents(A) ;

B51432 C 52
Phase VA 7.108 7.106
VB 7.082 7.086
Voltages (KV) Ve = 065 T

Off-Peak

1A 48

Phase B -

Currents(A) I vE
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