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Abstract

Plug-in electric vehicle (PEV) will soon be conrezttto residential distribution networks. They aommsidered as huge
residential loads when being charged. Howevethadbattery technology and required facilities inya® they will also be able
to support the network as small dispersed generatiots which transfer the energy stored in theittdry into grid. Even
though the PEV connection gradually increases,r thennection points and charging/discharging levalsdomly vary.
Therefore, such single-phase bi-directional powew fcan have adverse effect on the voltage unbalasica three-phase
distribution network. In this work, impact of plug-electric vehicles on voltage imbalance in dgition system is presented.
In G2V as well as V2G modes, the voltage unbalamtalysis is carried out for various cases. Adddlbn the voltage
unbalance due to PEVs discharging and other typesstiibution generator such as solar photovoltaid wind turbines are
investigated. Finally, some voltage unbalance miitm techniques are summarized.
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1.Introduction

World is already started confronting with energigis and climate change. The world’s future gges at risk due to volatility
in petroleum prices, security concerns associatiéldl imported oil. Global warming refers to an exfiliand continuing rise in
average global temperatures. The most of globamivey problems are caused by increasing in cond@mtsaof greenhouse
gases such as Carbon Dioxide @@roduced by human activities. In other words,bglowarming also refers to the
anthropogenic climate change. The transportatiartosgSandalowet al, 2009 and Shoret al, 2009) is one of the major
contributors of carbon dioxides, where the passewgkicles account for half of the emissions frdma sector. It is necessary for
global to look for alternative vehicle technologibsit are more efficient and emit less carbon diexhan traditional. Electric
Vehicles (EVs) are considered as one of the progiiture technologies that increase energy secantl reduce greenhouse
gases emissions. Therefore, Electric Vehiclesdtit (EVI) policy forum was dedicated by multi-ggmment to accelerating the
introduction and adoption of electric vehicles wavide.

Plug-in electric vehicle (PEV) (PEV, 2014) iedkic vehicle that can be plugged into an eleatrautlet or public charging
station to recharge its battery, and the elecyrisibred on board drives or contributes to drive\iineels. In BLUE Map scenario
(IEA, 2013; IEA, 2011; Nemret al, 2009) the transport sector is set to reduce CO2zomis levels to lower than 30% in 2050
comparing with 2005 levels. According to this sa@mdEA estimates that EV/PHEV sales share willlaee convention vehicles
and will increase to at least 50% of LDV sales waitle. Since 2010, EVs and PHEVs have begun totpaehe market. EVs
are expected to reach 2.5 million vehicles salesypar by 2020 whilst PHEVs reach nearly 5 millisales by 2020. Sales of
PHEVs and EVs are expected to achieve even greateds of market share and begin declining aftefl®y 2050, 50 million in
annual sales is the ultimate target to achievé i types of vehicles.
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This means that PEVs can operate as loads (G2V nfbdtendreet al, 2006 and Liet al, 2009) or generators (V2G mode).
Although the adoption level of PEVs gradually irases, the charging/discharging patterns of PEM®s$idential distribution
system depend on customer behavior which is unaitettte. Therefore, PEVs as a large single-phasdirbetional power flow
can have adverse effect on the voltage unbalaneetlifee-phase distribution network. For examplepuld cause the voltage
unbalance in the three-phase distribution systeh,adso leads to the unbalanced current flow irtraéwire. The neutral current
has an effect on the system losses du®,to = IZ.....; % . Fundamentally, when the system losses increhsehéat will
rapidly rise and damage equipment.

The study of the impacts of PEV battery chargirtgsawhich comparing the different charging ratehsas slow, medium and
fast charging, PEV penetration levels, chargingooksr and existing load variations (Masoetal, 2010) demonstrated that the
medium and quick PEV charging at peak period migtte significant impact on the transformer loadimdpigh-voltage system
(23 kV). This study also presented that PEV chaygin the low-voltage system can cause distributitcansformer to
overburdened and considerably reduce loss of Vifdtage deviation, power losses, and peak demanthénsmart grid are
significantly affected by PEV charging period.

Typical EVs are provided with batteries havingergy storage capacities from some kWh up to séwena of kWh (Liet al,
2012 and Brook®t al, 2002). Accounting losses, charging such battemesns even higher energy usage from distribution
network. It has to be kept in mind that for prowigliacceptable convenience level for the EV ownerbidittery would require full
recharge in time of just limited hours. To accomiplthis, power of the chargers is expected to gk, lstarting from 1.6 kW for
single phase onboard chargers for home use (&halp2011) reaching into hundreds of kW for ultrafasamging (Hdimojeet al,
2010). As the most probable location for EV chaggis home (Zhaet al, 2010) the likelihood of addition of powerful siegl
phase loads to the residential network is very high

The increasing use of EVs is being promotedvalstifor several benefits in environmental aspeutd energy efficiency.
Assuming thermal power plant origin of power, olleEV efficiency is at least 23.1% (Ra# al, 2009) while a vehicle with
internal combustion engine utilizes 12.5% of fughyary energy. Discussions in public are howeverraegarding the effects to
electrical networks and it is often presumed thatdistribution networks provide the necessary lve@d and are ready to accept
the EV charging loads (Greesi al, 2010) The distribution network transfer capacityitability has recently seen quite much
discussion, with results presenting clearly that distribution networks can have limitations in ERarging (Richardsoset al,
2010). Reference (Tikkat al, 2011) supports even for a relatively low EV peatdn levels. As a remedy, several control and
moreover smart charging scenarios have been prdgosecrease the charging capabilities to the odtwWGolbuff et al, 2007
and Trovacet al, 2011).

Topics for the analysis of EV charging impaaisdtstribution networks can be listed as thermalding, voltage regulation,
harmonic distortion levels, unbalances, losses twadsformers loss of life (Tayloet al, 2009). Masoumet al, (2010)
demonstrated that the medium and quick PEV chargimmpak period might have significant impact o tifansformer loading in
high-voltage system (23 kV). Pielta@ al, (2011) studies the impact of plug-in electric wis on distribution network by using
a planning model for large-scale distribution netwdPutruset al, (2009) presented the current and result of voliagsalance
that had been experimented for a car park andivebathigh power transformer (1 MVA) was employedlyfor the supply of
140 units EV single-phase chargers with rated otrof 10 A Comparing to standards for compatibiligyels of 2% in LV
networks (IEC, 2002) there is still some headrotmugh not very much. Shahréd al, (2011) conducted voltage unbalance
analysis using the voltage unbalance sensitivitindion in terms of a function of EV charging Idgan in the grid and the
charging current.

Another stochastic model was applied by (Qaml, 2010) for estimation of load demand in UK disttibn system resulting
from EV charging. Some modeling aspects presemté@allin et al,2011) and seen impact in (Clement-Ngbsl, 2010).

To compare the results of EV charging in differscgnarios like smart charging and uncoordinatedgatg, various studies have
tried to implement the demand side management a@nagjii.e. critical peak pricing, real time pricing dynamic pricing, peak
time rebate and time of use rate etc.

Once this problem of overloading transformeresolved, there are more options to solve otherestike short transformer life
and high costs of up-gradation (Shetal, 2011).

Reference (Singlet al, 2010) studied the impacts of EV connection on posglity including voltage deviation and system
losses in the Indian Grid by considering differEn penetration levels as well as different patterhEV charging.

Reference (Chuat al, 2012) suggested the technique for the voltage lanba mitigation due to high penetration level &f &y
using energy storage system (ESS).

However, PEV could be the serious cause of voltagmlance in three-phase distribution system. lar ieture, the adoption
level of PEV is going to grow rapidly, it is impartt to investigate the impact of PEV on voltageafahce in distribution system.
Therefore, voltage unbalance analysis and the atitig techniques are focused in this work.

This paper aims to summarize the investigationgaesl until now about the aspects of harmonicsl@ad unbalance associated
with EV charging. Therefore, the main objectivetbis work aims to investigate the impact of PEV \mitage imbalance in
distribution system as well as to suggest and anatlye technique to mitigate the voltage unbalahbe.specified objectives are
as follows:

1. To investigate the voltage unbalance of PEVs charai distribution system in G2V mode.



78 Panich and Singh / International Journal of Engirieg, Science and Technology, Vol. 7, No. 3, 2@p5,76-93

2. Toinvestigate the voltage unbalance of PEVs digghg in distribution system in V2G mode.
3. To Suggest and analyze the techniques to mitipatedltage unbalance.

2. Methodologies

2.1 Plug-in Electric Vehicle (PEV)

Electric vehicles are separated into three bagiegythat include (1) conventional hybrid electrahicles (HEVS), (2) battery
electric vehicles (BEVs) or all-electric vehiclesd (3) plug-in hybrid vehicles (PHEVS) or electrihicle conversions of hybrid
electric vehicles and conventional internal comiomstengine vehicles. Ref. (Center for Sustainablevdlopment, 2010)
concluded “Although HEV have a battery, they canobé/ continuously recharged power from the intég@mbustion engine
and regenerative braking and cannot be recharged dn external energy source. As a result, HEVatderlong to the category
of plug-in electric vehicles”. Therefore, the tgpef PEV are only BEV and PHEV.

2.1.1 Plug-in Hybrid Electric Vehicle (PHEV)

A plug-in hybrid electric vehicle (PHEV or PHV),sal known as a plug-in hybrid, is a hybrid vehiclbiat include both an
internal combustion engine and an electric motoother words, PHEV is simply an HEV with the aglial ability to recharge
its battery by plugging in a standard electricaletwor charging station.

Plug-in Hybrid Battery Electric
Electric Vehicle (PHEV) Vehicle (BEV)

Engine

Power

Power
Controller

Controller

Gasoline
Tank

Battery
Pack

Electric

Electric Motor

Motor

Figure 1. System technology of PEV
Depending on the model and driving conditions, PHE¥n travel about 15 to 50 miles after fully cleardpy using little or no
gasoline. Once the battery is nearly depleted, P$1&N switch to gas engine. The example is thev@héolt which has a battery
range of 40 miles (mileage), which could be mosmtthe average distance from home to work, withisirig gas.

2.1.2 Battery Electric Vehicle (BEV)

A battery electric vehicle (BEV) is a type of eléctvehicle (EV) that relies solely on energy stbie rechargeable battery packs.
BEVs use electric motors and motor controllersdadtof internal combustion engines (ICEs) for ptsipn. Today’s BEVs can
travel at least 60 to 160 miles on a full charge. &ample: Nissan Leaf and Mitsubishi i-MIiEV.

2.1.3 Plug-in Electric Vehicle Specifications

Table 1.Charging/discharging power rate and times with 2@@ages and 15 amperes level

Nissan LEAF | GM Chevy Volt | Mitsubishi i-MIEV
Battery Capacity 24 kWh 16.5 kWh 16 kWh
When charging the Plug-in Electric Vehicle (G2V)
Maximum charging rate 3.3kW 3.3 kW 2.6 kW
Charging time (fully charge) 8 hours 5 hours 7 hours
When supplying power to the grid (V2G)
Maximum discharging rate 3.3 kW 3.3 kW 1.5kwW
discharging time (fully discharge) 8 hours 5 hours hadrs

In this study, Nissan LEAF, GM Chevy Volt and Mitsshi i-MiEV, which have 24, 16.5 and 16 kWh of teay capacity
respectively, are the major used models. AccorthngEC61851-1 (IEC, 2011) standard, Mode 1 spexifie slow charging from
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household socket that related to the EV conned¢tiohC supply system using socket-outlets with therent that is not exceeding
16 A and the voltage that is not exceeding 250 Vsi@le-phase or 480 V AC three-phrase. Moreoweextend battery life, the
PEV users should avoid to fully charge or fully idesd, therefore, the recommended range of battepadity is to maintain

between 30-70% of SOC (State-of-Charge). The sumimé&rmation of EV connection are shown as Table 1

2.2 Calculation of Voltage Unbalance

The three basic components of symmetrical thresgkaltages are the positive, negative and zenoeseg voltage (Fortescue,
1918). The positive sequence voltage is also knasvthe "abc" and often denoted by the supersctipot' “+". By the negative
sequence voltage, the sequence of the phasors apfiosite direction from the positive sequencé (astead of abc.) and often
denoted by the superscript "2" or "-". Lastly, #exo sequence components of voltages are zeno-pliase sequence phasors and
equal in magnitude and often denoted by the suppt$0".

According to (IEEE Standards, 1995) voltage unbzdamccurs when the three phase voltages are unegoraignitude and/or do
not differ in phase angle by 120 degree. The veltagbalance in three-phase network can be obsawedrelation of negative
sequence voltage to positive sequence voltagep&reentage of voltage unbalance is calculated as

VU (%) =1-r |x100 (1)

Where, fand \, is thle positive and negative sequences of thageltrespectively.
Based on PEA Grid Code (PEA, 2009), the acceptablémum voltage unbalance is limited to 2%.

2.3 PEVs Behavior Models for Charging and Discharging

The study of the voltage unbalance needs to estatiie PEVs charging and discharging behavior nsadebrder to define all
of the possible situations. In general, the utitiigs to balance the system by distributing edoadls in every phase, as well as
residential loads. However, voltage unbalance mmblpossibly occurs when large and/or unequal sipléese load are
connecting and disconnecting into the system dérdint interval time. After that, the PEV loads Iwdharge equally in every
phase and the voltage of system will balance. Taerein this study the voltage unbalance is aredyanly at the moment of
PEVs are plugged-in and unplugged both of G2V aB& Whode as shown in Fig. 2. The start times of PE&\mection in phase
A, B, Cis t, t,, t3, respectively while the end times of PEVs conneciiophase A, B, C is;tts, ts, respectively. In addition, the
interval time between each phase is 15 minute.

---------- Power of charge Phase A-N
— — = Power of charge Phase B-N
——Power of charge Phase C-N
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o %VU A
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I A AV A !
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Fig. 2. Model of PEVs charging and discharging védraon the distribution system

2.4 Suggested Methods to Reduce Voltage Unbalance

2.4.1 Time-of-Use rate (TOU)
Table 2. Electricity Prices in terms of Time of Use Rat®©()

Energy Charge .
Votage vl oo vy

Peak|Off Peak
22-33 kV 4.5827 2.149% 312.24
less than 22 ki5.2674 2.1827 38.22
Peak Monday — Friday 09.00 AM — 10.00 PM
Off-Peak: Nay — Friday 10.00 PM — 09.00 AM
: Saturday—Sunday and all day dfdiafl Holiday, excluding Substitution Holiday.
Time-of-use (TOU) (PEA. Home-Smart Grid, 2012 aftAPThe report of feasibility..., 2012) rate is a ln@iganized technique
of demand side management (DSM) that encouragesmsass to avoid their electricity demand on peakigoebecause of high
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price and shift the usage to off-peak period bytirsgtthe different price at different time perioBSM can be called as
measurement to help electricity consumers for lgaeimeap and efficient consumption. It also helfiities to be more efficient
hence reducing cost of system improvements.

In this investigation, PEA’s TOU tariff rate is assed to use for both buy (consume) and sell (géseedectricity from and to
the grid. PEA provides TOU rate for residentialvéms during 2011 to 2015 as presented in Table 2.

2.4.2 Energy Storage System (ESS)

Plug-in electric vehicle can work in two modes.sEiit can work as load in Grid-to-Vehicle (G2V) d®that consumes electric
power from the system. Second, it can work asidigied generator in Vehicle-to-Grid (V2G) mode tganerates electric power
return to the system. As a result, the demand afsPdepends on customer behavior that cannot cdatbtel In this study, the
capacity of energy storage system is assumed wuffieient to deal with the voltage unbalance cdulsg the plug-in electric
vehicles. The concept allows energy storage systeprovide power to help balance loads by "vallgyn§" (charging when
PEVs exceed generation) and "peak shaving" (sermubmger back to the PEVs when demand is high). Tiglesphase energy
storage device is required to install in each hadoserder to mitigate the voltage unbalance. Thagls-phase energy storage
system (ESS) is more suitable than the three-pE&s: because of lower cost, the ability to locatg @nnect in single-phase
residential system. ESS will operate in peak petmdnitigate the voltage unbalance in the systenstoying electricity when
PEVs exceed deliver electricity into the grid amdyiding stored electricity for PEVs when the dewhds high. The single-phase
energy storage device specification is assumedrnteswvith Nissan Leaf battery and its capacity vaagd enough to cover all of
PEVs demand.

3. System studies

Test system used is a practical distribution systiesignated as Feeder-9, Nakhon Sawan-2 substafiBmnovincial Electricity
Authority (PEA) in Thailand. The test system hasmbdles and load points. The network technical dag@ven in the Table A.1 in

Appendix and its configuration is shown in Fig.heTtotal loads (approx. 4,500 customers) in théesysaare 10.5 MW and 3.6
MVAr.

NSB

E
;‘a Tﬂ'&—-v"\
[—
NS | ovstoad |
10 Mw A A A A A A A A A A
wo |l LU LTI
el =TT
VVYVVVYVVVVYVYVVYVYYYYVYY
— }—nse 10 Hemmelllaee

Figure 3. Configuration of the test system

The test system given in Fig. 3 is used to investighe effects of PEV on distribution networkislimportant to note that the
three-phase voltage and current of system are tadawhen no PEVs are connected. According to (Bouke 1918), the voltage
unbalance is to be measured at 10 minute timeviderThe transient and intermittent characterigfi®EVs and loads are not
focused in this study. Consequently, the PEVs amuraed as constant current load and generator h &2 V2G mode,
respectively.

Further, it has been assumed that the 100% PEWinaéine level means every house has one PEV. Memdn this work, a
deterministic approach in DigSILENT Power Factacghsed by PEA (PEA. Home-Smart Grid, 20ba% been used for analysis
which has five various penetration levels, PEVsnemted location, PEVs model that have differentrging rate, and charging
period as well as the impact of plug-in electribietes on voltage imbalance in distribution system.

3.1 Results and Discussions in G2V mode
In this study, there are five steps to conduct ating to objectives.
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First, define the PEVs load characteristic andubkage unbalance in three phase distribution syst&econd, define the load
profile characteristic of residential distributi@mystem. Third, define the load profile charactaristf residential distribution

system. Next, investigate the voltage unbalancPE¥s charging in distribution system (G2V mode)r Bos scenario testing
variables in this case, it includes the penetraigwels, PEVs connected location, PEV model thaetdifferent battery capacity,

and charging period. Table Il shows the case esiftir different scenarios in G2V mode.

Table 3.Scenario Test Variables when PEVs Charging inrDigtion System (G2V Mode)

Scenario| Testvariables| PEV Model Location Connecteddiiod| Penetration Level (%)
No.1 [Penetration Levgl Nissan Leaf Uniformly Distributepl eaR 5( 10 1% 20 2 30
Beginning of feeder 5 10 15 20 25 BO
No.2 Location Nissan Leaf Middle of feeder Peak 5 10 15 20 25 30
End of feeder 5 10 1p 20 25 30
Peak 5/ 10 1% 2p 25 30
No.3 | Charging Periog Nissan Leaf Uniformly Distributefl ~ Off-Peak 5( 19 1% 2p 25 30
During Day 5( 10 15 20 26 30
Nissan Leaf 5110| 15 20 25 30
No.4 Charging Levell GM Chevy Volt |  Uniformly Distributed Peak 5110| 15 29 25 30
Mitsubishi i-MIEV 5 (10| 15 20 25 3

3.1.1 Results of variation in the PEVs penetration levels
For the first scenario, Nissan Leaf which is chdrg¢ 3.3 kW with 220V/15A home charger is used aBPE/s model.

Furthermore, the household customers are 1,50phmese. The charging time is peak load period. PENepation level of 5%,
10%, 15%, 20%, 25%, and 30% are considered reaigpatb, 150, 225, 300, 375 and 450 PEVs per phaseeXample, 5% of
PEV penetration level means 5% of 1,500 that e@®PEVs per phase. In this case, it is assumedPH¥s are equally

distributed through the feeder.

Peak Load Period

2.5 ——EV 5%
—B—EV 10%

—de—EV 15%
—=FEV 20%
—=EV 25%
—0—EV 30%

Time (hour)

Figure 4.%VU vs. Time (h) with different PEVs penetrati@véls in G2V mode

In G2V mode, it is expected that the voltage unfiadawill increase if penetration level increasésan be observed that, the
voltage unbalance is still within the PEA limit whadoption level of PEVs are 5%, 10%, 15%, 20% 2% charged into the

system .In the worst case, the connection of a REN 30% penetration levels caused voltage unbalahring 17.45 h to 21.00

h and 24.00 h to 2.45 h as shown in Fig 4. In &dithe maximum number of PEVs charging that thkage unbalance does not
exceed the 2% standard limit is 400 PEVs per pba26.67% penetration level of PEVs.

3.1.2 Results of variation in PEVs connected location
For the second scenario, there are three condititich are used. First, a PEVs model is Nissan kgath is charged at 3.3 kW

with 220V/15A home charger. Second, there are 1fsehold customers per phase. Third, the chatgimg is during peak



82 Panich and Singh / International Journal of Engirieg, Science and Technology, Vol. 7, No. 3, 2@p5,76-93

load period. As a result, the consequences ofstiuidy investigate the voltage unbalance when atBfeVs connected location
including the beginning, middle and end of the feat all penetration level.

3.5 .
3 - -|-EV25% Middle
2.5 #=EV30% Middle
2 2
> —=EV25% End
X115
] EV30% End
0.5 ==EV20% End
0 Node
1 2 3 4 5 6 7 8 9 10111213 14

Figure 5. %VU vs. Time (h) with different PEVs connecteddtion in G2V mode

As expected, the voltage unbalance increases teeREV is connected to the far end nodes of thdeieand the impact is
more when it is connected to the end of the fed@i®mm Fig5, it can be seen that generally when the PEVs @neexted to the
end of the feeder, the %VU at the end points ofitsvork is increasing when the PEVs are connectélde beginning or middle
of the feeder. The voltage unbalance starts to the=limit when 25% PEVs charged at the middi¢hef feeder and 20% PEVs
charged at the end of the feeder.

Moreover, the maximum number of PEVs, that theagdt unbalance does not exceed the 2% standard dirit350 PEVs per
phase or 23.33% penetration level of PEVs when ectedl PEVs at the middle of the feeder, and 25@sRter phase or 16.67%
penetration level of PEVs when connected PEVseetid of the feeder. In contrast, the voltage wniza is still within the limit
at all penetration level when PEVs connects ab#ggnning of the feeder.

3.1.3 Results of variation in PEVs charging rate

For the third scenario, there are three conditishigh are used. First, there are 1,500 househdtbmers per phase. Second, the
charging time is during peak load period. Third M8Evere uniformly distributed through the feeder3886 penetration level.
According to Table 1, Nissan LEAF, GM Chevy Voltdahlitsubishi i-MIiEV are the models to study to camg different PEV
charging rates. Furthermore, the combination ofP&ElMs model are also studied and compared with ezmtel. The ratio of
PEVs combination is 50:35:15 (Nissan Leaf: GM Ch&jt: Mitsubishi i-MiEV) according to global salesf the best-selling
PEVs available for retail sales or leasing in Seyter 2013.

1.5 + -
i-MIiEV
;% . Leaf
B Chevy Volt
Mix
0.5 1
D 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 Node

Figure 6.%VU vs. Time (h) with different PEVs charging raweG2V mode

As Fig. 6shows, the voltage difference between the phasesased if PEV has a higher charging rate. Theageltunbalance
exceeds the 2% standard limit when connecting Wigsan leaf, GM Chevy Volt and the combination bfraodels. Because
Nissan leaf and GM Chevy Volt have same batteraciyp size that is larger than Mitsubishi i-MiEVy addition, majority of
combination ratio are Nissan leaf. The maximumaifage unbalance percentage is 2.14 that occurds-t4.
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3.1.4 Results of variation in PEVs charging period
For forth scenario, there are three conditions Wwiaie used. First, a PEVs model is Nissan Leafwisicharged at 3.3 kW with

220V/15A home charger. Second, there are 1,500ethmld customers per phase. Third, PEVs were unifodistributed along
the feeder at 30% penetration level. As a resudt,consequence of this study investigates the g@ltenbalance when alter PEVs
charging period including the peak, off-peak andirduday at all penetration level. As mention ahowpeak period is during
18.00PM to 24.00AM; off-peak period is during 24200 to 08.00AM and during day period is during 0&80to 18.00PM.

B Off-Peak
O Day

[ Peak

14 Node

1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 7. %VU vs. Time (h) with different PEVs charging petiin G2V mode

As expected, the voltage unbalance increases ifotds demand are high. Figure 7 shows the commeofi PEVs in peak load
period resulting in the voltage unbalance drambyidacreases and exceeds the 2% standard limiesirode-6 onwards. The

worst case occurred when PEVs connect to the syistgeak load period at node-14 and the voltagealamize is 4.446 %.

3.2 Results and Discussions in V2G mode
Then, investigate the voltage unbalance of PEVshdigying in distribution system (V2G mode). For sisenario testing variables
in this case, it also includes the penetrationlg&WREVs connected location, PEV model that hafferdint battery capacity, and

charging period. Table IV shows the case studiediféerent scenarios in V2G mode.

Table 4. Scenario Test Variables when PEVs Dischargingigtridution System (V2G Mode)

Scenario| Testvarables| PEV Model Location Connected PerigdPenetration Level (%)
No.5 |Penetration Level Nissan Leaf Uniformly Distributed Peak 5| 10 15 280} 30
Beginning of feeder 5 10 15 20 25 B0
No.6 Location Nissan Leaf Middle of feeder Peak 5/ 10 15 20 25 30
End of feeder 5 10 1p 20 35 30
Peak 5/ 10 1% 2p 26 30
No.7 | Charging Period Nissan Leaf Uniformly Distributed Off-Peak 5/ 10 1% 20 2p 30
During Day 5( 10 1% 20 25 30
Nissan Leaf 5110| 15 20 25 30
No.8 Charging Level| GM Chevy Volt | Uniformly Distributed Peak 5110| 15 20 25 30
Mitsubishi FMIEV 51 10| 15 20 25 3(
Nissan Leaf Uniformly Distributed| Peak, During Day |5 (10 (15| 20| 25| 30
No.9 Type of DG Photovoltanics Uniformly Distributed Peak 5 [0 |15 (20 (25| 30
Wind turbine Uniformly Distributed During Day b 10 15 20 p5 (30

However, when PEVs are discharging to the systéey are working as one type of distributed genena{DG). Therefore,
photovoltaic and wind turbine which are others typé DG will be compared with PEVs at same powechiarging rate and

different working time period.
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3.2.1 Results of variation in the PEVs penetration levels

For the first scenario, Nissan Leaf which is disged at 3.3 kW with 220V/15A home charger was uasch PEVs model.
Furthermore, the household customers are 1,50ph@ese. The discharging time is peak load period, penetration level of 5%,
10%, 15%, 20%, 25%, and 30% were considered refpat5, 150, 225, 300, 375 and 450 PEVs per pHagihis case, it was
assumed the PEVs are equally distributed alondeiner.

Peak Load Period
7 .
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6 =l—=EV 10%
5 1 —h—EV 15%
24 —mEV 20%
3 ——EV 25%
—o—EV 30%
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Figure 8.%VU vs. Time (h) with different PEVs penetrati@véls in V2G mode

In V2G mode, it is expected that the voltage umadawill increase if penetration level increasee3e results prove that, the
voltage unbalance is still within the standard timhen adoption level of PEVs is 5% discharged thi® system. However, the
connection of a PEV with 10%, 15%, 20%, 25% and 3@Hetration levels cause voltage unbalance d@1n@0 h to 24.00 h as
shown in Fig. 8. The maximum of voltage unbalaneecentage is 6.350 that occurred at node-14. litiaddthe maximum
number of PEVs discharging that the voltage unlza@atoes not exceed the 2% standard limit is 130sP#&Y phase or 8.67%
penetration level of PEVSs.

3.2.2 Results of variation in PEVs connected location
For the second scenario, there are three condititcsh are used. First, a PEVs model is Nissan kddath is discharged at 3.3
kW with 220V/15A home charger.
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~
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g v

—#—EV25% Middle
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——EV25% End
~o—EV30% End
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Figure 9. %VU vs. Time (h) with PEVs connected location iB& mode

Second, there are 1,500 household customers pse phhird, the discharging time is during peak lpadod. As a result, the

consequences of this study investigates the voliagalance when alter PEVs discharging locatiotudting the beginning of the

feeder, the middle of the feeder and the end ofdlder at all penetration level.

As expected, the voltage unbalance increase wheRHY is connected to the far end nodes of theefeadd the impact is more
when it is connected to the end of the feeder. i§s & shows, it can be seen that generally wherPt¥s are connected to the
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end of the feeder, the %VU at the end points ofrievork is higher when the PEVs are connectetiédoeginning or middle of
the feeder.

However, the maximum of PEVs penetration leveimsted to 15% due to contingency in the systenmaddition, the maximum
numbers of PEVs that the voltage unbalance doeexuated the 2% standard limit are 150, 150 andeMshper phase when
connecting PEVs at the beginning, middle, and drilefeeder, respectively. Otherwise, the maxinpanetration of PEVs is
limited to 10%, 10% and 3% when connecting PEMS@ateginning, middle, and end of the feeder, retbpsy.

3.2.3 Results of variation in PEVs discharging rate

For the third scenario, there are three conditishigh are used. First, there are 1,500 househdtbmers per phase. Second, the
discharging time is during peak load period. Thir&EVs were uniformly distributed along the feedeB@% penetration level.
According to Table I, Nissan LEAF, GM Chevy VoltcaMitsubishi i-MIiEV which have battery capacity &4, 16.5 and 16 kwWh
respectively are the studied model in order to carmplifferent PEV discharging rates. Furthermdre,dombination of all PEVs
model was also studied and compared with each mddelratio of PEVs combination is 50:35:15.
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Figure 10.%VU vs. Time (h) with different PEVs charging ratevV2G mode

As expected, the voltage difference between thaghancreased if PEVs has a higher dischargind. [&he voltage unbalance
exceeds the 2% standard limit for all of modelsneation since node-9 onward. As shown in Fig. b8, maximum of voltage
unbalance percentage is 6.350 at node-14, whehatgiog by Nissan leaf and GM Chevy Volt as showFig. 10.

3.2.4 Results of variation in PEVs discharging period

For forth scenario, there are three conditions Wwiaie used. First, a PEVs model is Nissan Leafwisicharged at 3.3 kW with
220V/15A home charger. Second, there are 1,500ethmld customers per phase. Third, PEVs were unifodistributed along
the feeder at 30% penetration level. As a resit,donsequences of this study investigates thagmltinbalance when altered
PEVs discharging period including the peak, offipaad during day at all penetration level.

Figure 11 shown, the voltage unbalance dramaticased and exceeded the 2% standard limit since-Baxhwards in every
discharging period including peak load, off-peakl @uring day period. The worst case occurred whe¥sPdischarged to the
system in peak load period and %VU is 6.350 at figte
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Figure 11.%VU vs. Time (h) with different PEVs dischargingripd in V2G mode

3.3Comparison of voltage unbalance due to PEVs diggihgrand other types of DG
In the previous studies, results of PEV dischargiagation are analyzed.
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Figure 12.PV and PEVs daily generation shape comparison
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As result of, PEVs when discharging to the systiéis,working as a one type of distributed genemi{DG). It is high interest to
investigate the voltage unbalance that caused MsREd other types of DG discharging into the systéherefore, the single-
phase photovoltaic (PV) and wind turbines, whiah @thers types of DG, are carried out to investiglais phenomenon.

The comparison daily generation shape from PV ddsHs shown in Fig. 12 while wind turbine and PE\shown in Fig. 13.

3.3.1 Comparison between solar PV and PEV

Figure 14 shown, the voltage unbalance comparistwden PV and PEVs that can observe %VU of eaclisB¥@ongly depends
on its power generation characteristics. BothVfalRd PEVs caused the voltage unbalance exceed&é¥ttstandard limit during
8.00AM to 16.00PM. However, the generation outptitPy systems fluctuates depending on solar radiadod weather
conditions. As this result, the voltage unbalancat ttaused by PV was fluctuated more than PEVs. Whiest case of PV
discharging occurred during 11. 15AM and %VU is8B.7In worst case of PEVs discharging occurrednduti3.15PM and %VU
iS 6.246.

1.45
2.15
2.45
3.15
3.45
14.15
14.45
15.15
15.45
16.15
16.45

Time (hour)

Figure 14.Voltage unbalance comparison between PV and PEVs

3.3.2 Comparison between Wind turbine and PEV

Figure 15 shows the voltage unbalance comparistwele® wind turbine and PEVs that can observe %VBagh DG is strongly
depends on its power generation characteristicswelder, the generation output of wind turbine systéluctuates depending on
wind speed.
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Figure 15. Voltage unbalance comparison between Wind turbimePEVs
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As this result, the voltage unbalance that causedavind turbine was fluctuated more than PEVs. PEd¥ssed the voltage
unbalance exceeded the 2% standard limit durin@0EBM to 2.45AM. In worst case of PEVs dischargirggwred during
13.15PM and %VU is 6.365. Wind turbine caused thkage unbalance exceeded the 2% standard limihgluir8.00PM to
20.45PM and fluctuate between 1.5% and 2% during5RM to 2.00AM. The worst case of wind turbinectisrging occurred
during 19. 15PM and %VU is 6.052.

3.4 Mitigation of Unbalanced Voltage
3.4.1 TOU tariff rate technique

« The result of load shift due to TOU rate
According to results of PEVs charging period vasiatn G2V mode, it is found that the voltage urvale increases if the loads
demand are high. Therefore, TOU tariff rate techaitp carried out to mitigate the voltage unbalance
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Figure 16.Voltage unbalance mitigation by load shift dud ©@U rate

Figure 16 shown, the voltage unbalance dramaticeased and exceeded the 2% standard limit since Bodnwards when
charging in peak load period of TOU. When PEVs ghdrin peak period, the maximum of voltage unbaanas 2.227% in
node 14. In contrast, the voltage unbalance whs\iin the limit when charging in off-peak logmkriod of TOU.

» The result of generation shift due to TOU rate
According to results of PEVs discharging periodiatéaon in V2G mode, it is found that the voltagebatance increases if the
loads demand are high. Therefore, TOU tariff ratdhique is carried out to mitigate the voltagealahce.
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Figure 17.Voltage unbalance mitigation by generation shii do TOU rate
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Figure 17 shows the voltage unbalance dramatieas®ad and exceeded the 2% standard limit bothsohaliging in peak load
and off-peak period. When PEVs discharged in peatod, the maximum of voltage unbalance was 5.86@%o0de 14.
Meanwhile, the maximum of voltage unbalance wa82%F when PEVs discharged in off-peak period.

3.4.2 Energy storage system (ESS) installation technique

« The result of storage electricity for PEVs demamgéak period

ESS is controlled to operate in peak period togatg the voltage unbalance in the system by prewtiered electricity for PEVs
when the demand is high. For this scenario, thexdaur conditions which are used. First, a PEVslaehdgs Nissan Leaf which is
charged at 3.3 kW with 220V/15A home charger. Sdcadhe energy storage system is the single-phaseyerstorage device
installed at each house and it is assumed to hiaedatging rate at 3.3 kW with 220V/15A and its @eipy was large enough to
cover all of PEVs demand. Third, there are 1,560skhold customers per phase and uniformly diggdalong the feeder.
Forth, the studied time is during peak load period.

Figure 18 shows the voltage unbalance dramatie@sad and exceeded the 2% standard limit when EEAfged in peak load
before ESS installation. In the worst case, theimam of voltage unbalance was 2.038% at node-14ohtrast, the voltage
unbalance could still within the limit after ESSiallation.
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Figure 18.Voltage unbalance in G2V mode before and after BStllation

« The result of storage the exceed PEVs generation
ESS is controlled to operate in peak period togat# the voltage unbalance in the system by saleetricity when PEVs exceed
deliver electricity into the grid. First, a PEVs dab is Nissan Leaf which is discharged at 3.3 kvihwi20V/15A home charger.
Second, the energy storage system is the singleepbiaergy storage device installed at each houbét & assumed to have
charging rate at 3.3 kW with 220V/15A and its capawas large enough to cover all of PEVs demartdrdl there are 1,500
household customers per phase and uniformly dig&ialong the feeder. Forth, the studied timeiring peak load period.
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Figure 19.Voltage unbalance in V2G mode before and after iBStllation
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Figure 19 shows the voltage unbalance dramatieasad and exceeded the 2% standard limit since 3\atevard when PEVs
discharged in peak load before ESS installatiorihénworst case, the maximum of voltage unbalaree ®350% at node-14. In
contrast, after ESS installation, the voltage uabed could still within the limit and the maximurhwoltage unbalance was only
1.885%.

4. Conclusions

The voltage imbalance on residential distributiystem as a result of PEVs charging and disahgyrgis well as, the techniques
of the voltage unbalance mitigation are presentethis paper. Through this studies, it is showrt tha voltage imbalance will
increase if penetration level of PEVs charging iscliarging increases. It is also shown that PE\shaive greater impact on the
voltage imbalance at the end of the feeder. Monedkie results demonstrated the voltage differdrateveen the phases increased
if PEV has a higher charging rate. Furthermore,vititage imbalance increases if PEVs charging schdirging when the loads
demand are high. The comparison of voltage imbaldetween PEVs and other types of DG shown thabbarerve %VU of
each DG is strongly depends on its power generafi@macteristics. Finally, The voltage unbalance ttuPEVs integrated into
the system would mitigated by influencing the gyeronsumer to sign up for TOU tariff rate and afisthe single-phase energy
storage device at each home.

To get further improved performances, a stochagijgroach along with actual load profile, dynamiergy pricing (Time-of
Use), and active compensation techniques (voltagece based converters) to mitigate the voltagelanice could be carried out
in the future study.

Nomenclature

EV Electric Vehicle

EVI Electric Vehicle Initiative

ESS Energy Storage System

G2v Grid to Vehicle

PEA Provincial Electricity Authority
PEV Plug-in Electric Vehicle

BEV Battery Electric Vehicle

PHEV Plug-in Hybrid Electric Vehicle
HEV Hybrid Electric Vehicle

ICE Internal Combustion Engine
IEA International Energy Agency
LDV Light-Duty Vehicle

DSM Demand Side Management
TOU Time-of-Use electricity rate
SOC State of Charge

EPPO Energy Policy and Planning Office
V2G Vehicle to Grid

VU Voltage Unbalance (%)
Appendix

Network parameter of given system in Fig. 3 is shawTable A.1.

Table A.1: Technical Parameters of the Studiedribistion Network

Distance (km) |

Node | Load (MW) length | Cumulative length
1 0.00 0.00 0.00
2 0.40 1.00 1.00
3 0.70 0.50 1.50
4 0.50 1.40 2.90
5 0.80 1.20 4.10
6 1.00 1.70 5.80
7 0.50 2.50 8.30
8 0.60 1.80 10.10
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Distance (km) |
Node | Load (MW) length| Cumulative length
9 1.20 2.30 12.40
10 0.50 2.50 14.90
11 0.60 1.80 16.70
12 0.70 3.50 20.20
13 0.80 2.30 22.50
14 1.50 2.50 25.00
15 0.70 2.50 27.50
Total 10.50 27.50

—_
SN

Base load (MW)

S N s O

Time of Day (hour)
Figure A.1. Daily load profile of Feeder 9, Nakh®awan-2 substation
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