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Stability Cogitated Electric Vehicle Charging
Infrastructure Planning

C.H. Dharmakeerth&udent Member, |EEE, and N. Mithulananthargenior Member, |EEE

Abstract—Electrification of the transportation is taking place
at an accelerated rate. Even though, electric velas (EV)
evidently bring numerous environmental and economidenefits,
their impact on power systems should not be overléed. It has
been identified that EV load characteristics can ginificantly affect
power system voltage stability and small signal shélity. Hence, it
is important to consider mitigating of stability impacts right from
the planning stage of bulk EV charging stations. Hwever,
unavailability of suitable stability evaluating indexes that could fit
into planning algorithms is a hindrance. This studyproposes two
computationally efficient indexes to compare stahity status in
different planning options. The developed indexes ave been
tested, verified and utilized in a multi objectiveplanning algorithm
to identify a comprehensive solution, which satiséis the grid
operator, EV customer and the charging facility inestor
optimally.

Index Terms-- Eigenvalue analysis, electric vehicle, EV
charging stations, loading margin, oscillatory staliity, power
system planning, steady state voltage stability.

I. INTRODUCTION

Therefore it is wise to consider the issues duichgrging
station planning so that potentially expensive rdieg can be
completely avoided or delayed.

A number of planning strategies have been introdweiéh
different objectives in recent literatures for aceessful
transformation to an electrified transportation tegs The
objectives of the planning study given in [11] &eminimize
charging station construction and operation costd the
accessing cost to the charging facility. The plagnétudy in
[12] identifies the location of the charging stativased on the
locations of residential communities, refuellingatgins,
parking lots and power transmission stations. Ttiategy
given in [13] aims providing services to most cuséos from
the given investment, while [14] intends to selve ¢ustomers
reliably. Further, the studies in [15-18] considg@nimization
of investment and operational cost of EV chargimbile grid
limitations have been considered within the plagnin
constraints. The planning study in [19] has coneget on
maximum utilization of the charging station withnler power
losses and lower voltage deviations. It is evidbat most of
the planning objectives are traditionally aimingsitisfy the

EPLETING fossil fuel resources, environmental andequirements of EV consumers or investors [11],[114], [20-

health problems associated with vehicular emissams

24]. Only scant attention has been given to the guogrid

the energy security concerns have highlighted thespects in planning studies so far. However, a cehgmsive

requirement of electrified transportation. Hend¢® tountries

planning strategy should consider not only geogragbhand

around the globe provide EV consumers with abundaatonomical aspects, but also the technical aspétte power

financial and non-financial incentives to make Edpplar [1,
2]. These efforts have resulted in a rapid eldécéiion of the
transportation as reflected in recent incremenglobal EV
sales. According to [1] the global EV sales havaeased by

grid.

Stability cogitated system planning become impdrizsn
system instabilities become more frequent, withrtfeximum
utilization of the system assets in modern powestesys.

twofold during 2011 and 2012. One unavoidable comceHowever, system stability has not been considememiast of

associated with this transformation is the grid acts of EV
charging.

Researchers have identified several grid impacisciated
with EV grid integration. Overloading of primary stgm
components, voltage regulatory limit violations,crieased
system losses and harmonic issues are among thefrufer,
EV charging impacting power system oscillatory sigband
voltage stability have also been reported in [4-10]
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the present planning studies. Unavailability otalie stability
evaluating indexes to incorporate within planningoathms
suggests the importance of deriving computationefficient
indexes which are having good physical interpreteti Hence,
this study introduces two indexes to identify datdry stability
and voltage stability preserves planning solutibime indexes
are validated analytically and numerically. Figathe derived
indexes are utilized in an EV charging infrastruetplanning
task to build charging facilities which not onlytiséies the
requirements of EV customer and the charging fadilivestor,
which should also preserve a secured and econorgiigl
operation.

The rest of the paper is organized as follow. Becti
describes EV load model and its influence on posystem
stability. The theoretical background relating 8atiry and
static voltage stabilities is introduced in SectibnSection 1V
develops and validates two indexes to examinelgtaiohpact
of EV loads, while section V reports a planningecagidy and
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the results. Finally, Section VI provides conclusioof the
paper.
Il. EV LOAD MODEL

The EV load is found to be having characteristidsciv

The x, yi and u; are system state variables, algebraic
variables and input variables, respectively, whilendg; are
non-linear functions. If the system equilibriumtstes disturbed
by a small perturbation, the first order Taylorisgexpansion
can be applied to obtain a linear approximationatmve

combines negative exponential and constant powad loexpressions by neglecting the higher order terrasshown

behavior, as shown in (1) [7] .

1)

The negative exponential component has been eglsiudtm
the resistances present in the ac to dc convextdilter and the
lead conductor. Studies show that the higher thistances the
bigger the negative exponential load component A7]oad
model which is based on Iinfilter inductor parasitic
resistance, 2@ switch turn on state resistance and @0ad
conductor resistance [7] is incorporated in thiglgt The load
model parameters ae=0.07,b=0.93 and»=3.1, as per (1).

The constant power load increase its current copiomat
lower system voltages while the negative exponkmdiad
component increase its power consumptions at l@system
voltages. Hence, the both load components congriktot
degrade system voltage stability significantly dgra voltage
instability incident.

The EV load is found to be affecting the systemtage
stability negatively as reported in [4, 6, 7]. O tother hand,
studies in [4, 5, 10] have identified that EV chaggaffects
system oscillatory stability. Therefore, from powsility point
of view, it is important to consider these issuesrdy charging
station planning.

Il. THEORETICALBACKGROUND

Basic theory behind the oscillatory and static ag#
stability is explained in this section before imuging the new
indices developed for stability cogitated planning.

A. Oscillatory Stability

The power system oscillatory stability describes ability
of the system to remain synchronism when undergoesl|
disturbances [25]. Understanding of the problemuireg
studying of the electromechanical oscillations lie system.
Generation and load changes, fast exciters, negetieraction
among controllers are contributing to system aatiiihs [26].
The factors that determine the system responsecto system
variations include the initial operating point, ¢ypf excitation
control and the strength of the transmission sy$&sh

The oscillations should be damped, as sustainetiatiens
cause excessive wear and fatigue in power systempaoents.
Furthermore, these oscillations could grow in atagk and if
not controlled they could lead to instability arlddkouts. The
Eigenvalue analysis methodology for identifying teys
oscillatory stability status is described below.

The power system dynamics can be described by afset

first order differential equations and a set okhlgic equations
as shown below.

)
3)

% = fi(x,y,u)
0=gi(xy)

below.
Ax = AAX + BAy + EAu
0=CAx+ DAy

(4)
(%)

The A is known as the system state or the plant matrix.
Eliminating 4y from (4), will result

AX = Ay X+ EAU (6)

where,
Ay =A-BCD™

Eigenvalue analysis o is carried out to determine the
stability of the system. Eigenvaluek)(can either be real or
complex. Real Eigenvalues represent non-oscillatoodes.
Positive real Eigenvalues represents aperiodicaliilty.
Negative real ones represent decaying modes. Thgerlthe
magnitude is the faster the decay.

Complex Eigenvalues represent oscillatory modesy Hne
appearing as conjugate pairs. The associated dgmglios(i
of them can be described by,

A =0+ (7)
_ —0i
e ©

The negativer; values represent damped oscillations, while
the positive values corresponding to oscillatiomewgng in
amplitude. The smaller the damping ratid3 the lower the
system stability. Modes of oscillation can be ided by
analyzing participation factors.

B. Voltage Sability

Voltage stability of a power system is preserved if
acceptable voltages are maintained in all netwodses during
normal operating conditions and after being subgdb a
disturbance [25]. During a voltage instability evére system
voltages decline progressively and uncontrollablihis
happens majorly when system generation and trasemiare
unable to meet the system reactive power demandvikje
loaded lines, system contingencies, increased iveapbwer
consumption of the loads, limitations in reactivewer
generations and actions of voltage control devizessome of
the main factors which affect voltage instabilitiBgrformance
indexes are important to determine proximity to tzgé
collapse. A widely accepted voltage stability assemnt index,
the static loading margin is described below.

A quasi-steady state description of a power systih is
applicable to voltage stability analysis can becdbed by a set
of differential and algebraic equations as give(@n

x=f(xy,A4)
0=9(x Y, 1)

(9)
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The state variables are represented,byhile y represents has been evaluated in this research. The systeiflatmy
the algebraic variables. THerepresent a parameter or set obehavior is affected by the equilibrium point, whican be

parameters which are slowly changing with time. the 4
changes system moves from one equilibrium poirartother
until it reaches the collapse point. The set ofagigns in (9)
can also be represented by (10), alternatively.

m ~F(xy)

0 (10)

An equilibrium point Ko, Yo, 10) can be characterized by,

F(Xo, Y0, 40) =0 (11)

Based on the non-singularity assumption of algebra

equations, an equilibrium point where the Jacolmfif9) is
singular, is known as a singular bifurcation pdixt, y*, A*)
[27]. If the system load is taken as the parametéch varies
slowly, loading margin or the static voltage stépimargin
(SVM) can be achieved by (12). The loading parameténeat
current operating point is denoted by

SWM =X -, (12)

studied with steady state analysis. Hence, theifgignce of
operating point in determining system oscillatotgbdity is
taken into consideration in deriving the index.

System oscillatory stability is determined by mdagtors
and initial operating point is dominant among théris evident
that when power systems are stressed or operalisgrcto
their limits they are vulnerable to become unstavien due to
a smaller system disturbance. Hence, it is advaoiag to
identify a quantity that can relate the influendesteady state
operating point to the system oscillatory stabibtatus. Any
system planning strategy which relies only on sjesthte
Isystem analysis can utilize that quantity to idgriscillatory
stability status of different planning solution.i¥hesearch has
introduced an index by considering the relation&tdpwveen the
network bus angles and the damping ratio of thecalimodes.
The index is based on the sum of the individual boitage
angle deviations of the system buses with respeitiet system
reference bus angle.

There are few studies which link bus voltage adglgation
to system stability. The study in [28] incorporales voltage
angle information to develop a methodology to daitwo bus

The loading margin is the additional load incremengquivalent of the whole network using synchrophataie, to

(increased in a specific pattern) required to dtive system
towards instability from the current operating goirhe pattern

determine distance to the steady state stabitititdi The study
in [29] follows the same concept to describe hbe angle

how the System loads are increased and how th@mystinformation from PMU data can be utilized to moniﬂystem

generators are arranged to respond to that loaénrent is

defined by the load and the generation directioespectively.

Loading margin identifies how close the currentragiag point

to the voltage collapse point. It is an accuratdein that

considers the system nonlinearities and limits tieegenerator
reactive power limits, the line MVA flow limits etevhich are

encountered during system load increments.

The continuation of power flow (CPF) method is wjde
incorporated to determine the static loading margdin
incorporates an iterative method consists of a ipredand
corrector to generate the PV curve. The nose ofctihee
represents the voltage collapse point. A statitagal stability
study is carried out in this research using PSAGWE System

voltage stability status. An index called integrsduare
generator angle index has been introduced in [31] f
contingency ranking and screening. Adapting theesamathod
[31] proposes integral square bus angle index fedipting
instability and for designing remedies to loss yrichronism.
The index takes the time integral of the summatiérthe
weighted and squared angle deviations in selecetd/ank
buses.

The new index introduced in this study is named as
oscillatory stable placement inde@49P1), which can be utilize
to evaluate relative voltage stability status ifiedent planning
solution. The voltage angle of a system biis() is a relative
guantity. The total of individual bus angle dewats of the

Analysis Toolbox). Loading margin has been utilized toSystem busses with respect to the slack or theitefous angle

compare the performance of the proposed inQ&e().

IV. DEVELOPMENT OFSTABILITY INDEXES

The indexes for oscillatory stability and voltagahslity
cogitated planning are described
performances of the indexes have been verified utfito
established stability evaluating techniques.

A. Index for oscillatory stability

It is important to evaluate impact of EV load astillatory
stability during charging station planning, assitibulk system
load. The Eigen value analysis and the time domsianulations
are the most widely used oscillatory stability gsal
methodologies. These methodologies require detdiyedamic
representation of system components. However, sysem
planning studies are based on steady state systaiyss.
Therefore, an index which can be incorporated iaticst
planning studies to identify a better oscillatotgtde placement

in this sectiorhe T

(6inr), described in (13), is a fixed value for a steagtgtem
operation point.

|
OsPl = Z(gbus,i =Gt )
i=1

(13)

A higher positiveOSPI indicates a better oscillatory stable
case, on the other hand higher negative indicatesrse case.
The validity ofOSPI to determine relative oscillatory stability
status has been proved analytically and numericaly
verifying relationship between th@SPl and the damping ratio
of the critical modes in the following section.

1) Analytical Verification:

Analytical verification of the relationship betwe®sPI and
the damping ratio is carried out here considermg tases: A
single machine infinite bus (SMIB) system with sedwrder
synchronous machine model and a three bus tegmnsysith
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third order synchronous machine model, as descritzdolw.
The relationship between tH@SPl and damping ratio of the
critical mode can be easily identified on a SMIBtsyn with
the generator represented by the second order madel
infinite bus is considered as the reference bugrdtbre, the
OSPI simply becomes machine angleThe damping ratio of
the oscillatory mode associated with complex Eigéumes can
be approximated by (14) [25].

1 Ko

" 4H {aEcosa'}
2XH

3 (14)

It is evident that the higher thiethe higher the damping ratio.
It proves that a highé€dSPI indicates a better oscillatory stable

system. This relationship can further verify anabity with a
SIMB and a load bust test system shown in Fig. ith the

generator represented by the third order model, clwhi

incorporates field circuit dynamics.

ELs VinfLO
- linf< ¢ Xinf
Ps R
1:a VLI_e
X |L<
P+jQ:

Fig. 1. Single machine infinite and load bus system.

The linearized system state equations are derplimiving the

methodology given in [5]. The linearized systentestgjuations
can be described in the following form, with thergraeter
defined in Appendix.

| Ke K K 1
Ay 2H 24 2H |[Aw | |2H AT
AS 2| 0 0 [[ad |+]0 O { AE“’ }
. fd
Ay 0 Kys Ky |[AWq | |0 Kgg

The generator data is given in Appendix- Table AHe system
data incorporated in the analysis ¥k, Vin, Pe, Xi, X, R, @
andEare 0.4 p.u.,1p.u, 1p.u., 0.15p.u., 0.1p.a50.u., 1 and
1.08 p.u., respectively. The load is having adipewer factor
of 0.95 lagging. Its magnitude is varied from 0.3-@.u. to
obtain different system operating points.

The damping ratio of the critical modes and thealtoff
system bus angle deviations with respect to thereete bus

40

35 B

30 B

251 B

20+ B

Damping Ratio%

10F b

I I I I I I
0.38 0.4 0.42 0.44 0.46 0.48
Total of bus woltage angle deviation w.r.t. reference (rad)

5
0.36 0.5

Fig. 2. The relationship between the total budeadgviation OSPI) and the
damping ratio of the critical mode.

Itis clear that the higher the total bus voltaggla deviations
with respect to the reference bus voltage an@ligP() the
higher the damping ratio. It prov&sPI is a good indicator of
system damping status. Further, numerical invetstiga are
carried out in IEEE 14 bus test system.

2) Numerical Verification:

The Eigenvalue analysis and power flow analysighef
IEEE 14 bus test system are carried out using peystem
analysis tool (PSAT). The network data is giverj3g]. The
original network loads were reduced by 20%. A Q12 fpad,
having 0.95 lagging power factor is connected dfedint
network busses, during each simulation. The gemexare
modeled with sixth order dynamic models and withetywo
(IEEE model 1) exciters. The simulation results sttewn in
Table I. The load connected busses are ranked dingoto
impact on oscillatory stability. The obtained dangpiratio
associated with the critical modes and the totaldividual bus
angle deviations with respect to infinite b@SpPI) are plotted
in Fig. 3.

TABLE I. THE SIMULATION RESULTS

Damping ratio Bus rankin
Bus Number E’%)g OSPl | (mectta Worge)
6 4.505 -2.649 1
9 4.487 -2.658 2
10 4.445 -2.678 3
13 4.398 -2.687 4
14 4.308 -2.709 5

It is evident that there is a direct relationshgivieen damping
ratio of the critical mode and the total bus voitagngle
deviations with respect to the slack bus voltaggleafOSPI).
The bus ranking based on tB&PI is the same as bus ranking
based on damping ratio.

Both the analytical and the numerical studies iatichat

angle OSPI) are calculated for different operating pointseThthere is a direct relationship between dampingorafi the

results are shown in Fig. 2.

critical mode andDSPI.
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Dannping ratio of the critical modes (%)
q
-+
-+

425
272

-2.71 2.7 -2.60 2,68 -2.67 -2.66 2.65 -2.64

Total of bus voltage angle deviations w.r.t slackbus voltage angle (rad)

Fig. 3. The relationship between the total budeadgviation and the damping

ratio of the critical mode.

Further, it is evident that more positive total lendeviation is

The Qg pase is the RPR of the generatoat the base case,
while Qr; is the RPR of the generatioin a particular planning
case. Normalization is incorporated within the de give
more emphasis to the generators which are haviagemkRPR
(or which are about to reach the maximum reactosxegslimit)
at the base case. A weight] has been assigned to each
reactive power resource to indicate its relativpontiance in
maintaining system voltage stability. A higher wdigs given
to more critical resources so that those will zdilieast during
a planning exercise. Thus, placement of the EV &idacations
where theQRPI is lower will lower the impact on system
voltage stability.

1) Numerical Verification of QRPI:

A validation of the propose@RPI model has been carried
out in the IEEE 14 bus test system. The network @agiven
in [32]. The existing network loads are reduced2b6¢y6. The

better. This indicates a lesser stress to the grédnas the load loading margin, reactive power reserve, the weidjeactive

is partially met by the distributed resources, wikuced line
flows and power losses. On the other hand, moratiexgtotal
angle deviations with respect to the slack bus mdagher
stress on the main grid and its generators. THet&se higher
impact on oscillatory stability. ThereforeQSPl can be
maximized during planning study to identify bettecillatory

stable planning solutiol®SPI is calculated based on load flow

results, hence involves less computational effoMthough,
the
identification of a better solution will minimizéhe risk of
system become unstable due to a vulnerable openadimt.

B. Index for voltage stability

Bus Name Assigned weights
Studies have identified that EV charging load can 1 01
deteriorate power system voltage stability [4, }6,Therefore, 2 0.15
incorporating system voltage stability within th¥ Eharging 3 0.2
infrastructure planning process is of great impu&a 6 0.25
Drawbacks of currently available techniques in izitily 8 0.3

planning studies have been thoroughly discussg@3h The
importance of identifying simple and computatiopafficient
index yet having good physical interpretations Haeen
identified. This paper numerically validates thetesuility of
previously derived indexQRPI in [33], for identifying a
relatively better voltage stable planning solution.

The evaluated index is based on the availableiveggbwer
reserve of the system. Reactive power resource geamnant
plays a big role in system planning and operat@mmaintain
voltage stability of a power system. The reactige/@r reserve
(RPR) preserves the ability of a power system tbugpon
contingencies. The reactive power reserve has talenlated
with respect to the maximum reactive power limit tbe
reactive power sources. The deriviRPI index in [33] is
described in (15).

QRP| - %{VVI (QRlbase _QR,i )} DVVI D (0,1)’ ZI“VVI :1 (15)

i=1 QR i base

index cannot quantify the system stability ustat

power reserve and th@RPI are evaluated when 2 MW load
having 0.95 lagging power factor is connected dfedint
network busses.

Each reactive power resource is weighed based en th
sequence they reach their reactive power limit durCPF
carried out for the base case. Higher weights ssigaed to the
sources which reach the reactive power limit fiastshown in
Table Il. The simulation results are shown in Table The
relationship between the loading margin and @RPI is
illustrated in Fig. 4.

TABLE Il. THE WEIGHTSASSIGNED TOEACH REACTIVE POWER SOURCE

TABLE Ill. THE SIMULATION RESULTS

Loading Reactive We|ghted Bus

. reactive :
Bus margin power ower QRPI ranking
Name (loading reserve P % (Best to
arameter) | (Mvar) reserve worse)

P (Mvar)

6 2.12 10.55632] 1.112974 0.3005 1
9 2.1134 | 10.55529 1.112829 0.3135 2
10 2.1105 | 10.55511] 1.112769 0.3189 3
14 2.0942 | 10.55427 1.112532 0.3401 4

It is clear from the simulation results that thésea direct
relationship betweerQRPI and loading margin. The bus
ranking based on th@RPI is the same as bus ranking based on
loading margin. Hencé&)RPI based on load flow analysis can
be incorporated to determine relative voltage $tglhetween
different planning solutions efficiently with lessmputational
efforts.
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Fig. 4. The relationship between QRPI and loadmaggin.

V. PLANNING EV CHARGING INFRASTRUCTURE

A. Problem formulation

A number of planning strategies have been introduoe
recent literatures for a successful transformatiomn an
electrified transportation. It is evident that mosthe planning
objectives are traditionally aiming to satisfy tteguirements
of EV consumers or investors [11, 12, 15, 20-24ie tudy in
[34] describes how voltage stability can be incogped within
a planning study. This study focuses on planningrgihg
infrastructure which not only place less impacthoth system
oscillatory stability and voltage stability, busalsatisfies the
investor and the customer requirements.

The particle swarm optimization tool is utilized faroblem
solving. As EV load being a voltage dependent thad\ewton
Rapson power flow algorithm should be slightly nimdi to

17)

(18)

F =Min3 (7 00)

Do, 00, Do =1
i=1 i=1

F = MI r{a—lﬁo$ + UZ(SLOS + U35p\ + JA OSDH- Jséinva + Jséhol + 0—7 QRPI}

Further, the following constraints are incorporated

The problem constraints;

- The load bus voltages should be maintained witht%at

- The power lines are kept within 90% of the thernadéihg.

- Qg is not allowed fall below the 90% of the base dABR
(Qrji base)-

- The number of allocated charging slots at eachssiteild be
kept within the site’s minimum required and thee’sit
maximum possible.

Two planning scenarios are introduced for compariso
purpose. The Scenario 1 described the best placeémehe
grid point of view, while the Scenario 2 is the mos
comprehensive one, which consider requirementsistbeer,
investor and grid operator, as described below.

Scenario 1-The main concern is the power grid and i
required to place the maximum number of chargeraviad
future unplanned charger integrations while caugieglowest
impact to the power system in terms of system ktyabind real
and reactive power losses.

Scenario 2- this is a comprehensive planning giyatéhich
considers to meet the requirements of EV consurtier,
charging facility investor and the grid operatgstimally.

accommodate load voltage dependency. The power fiddy Case Study

equations and the diagonal elements of the powew fl

Jacobean matrix are modified as described in [33].

A multi-objective planning framework is progak to
identify a customer, investor and power grid conedr
charging infrastructure. The optimization problens
formulated to maximiz®©SPI and to minimizeQRPI, real and

A test case is created to identify optimal chaaercations
for four potential EV demand sites. The locatiorsraarked as
S1-S4 in the IEEE 30 bus test system as showngnS=iThe
IEEE 30 bus test system load flow data and line Mi6Av

i limits were obtained from [35] and [36], respeclveThe

individual chargers are rated at 100 kW and 0.§6ileg power

reactive power lossess and QLos) and charging station factor.
investment costGines). Further, the total number of charger

integrations Chyt) need to be maximized, while the charger

allocations are effectively following the demandtdbution in
the area under consideration ( measure®y The indexDy
measure the deviation of charger placeméit)( from the

desired placementwChit) considering the importance of the
site @), as shown in (16). HencB, needed to be minimized

during planning.

Ns

1
D, = WZ‘TkChtot _Chk‘

s k=1

Or, O (01), frk =1 (16)

Each individual objectivei() is normalized before fixing

into the final objective function, following the mh@dology
given in [34]. The weighed aggregated method deedriin
(17) is incorporated to build the objective funatishown in
(18).

The objective function;

Fig. 5. The locations of the EV sites on IEEE 88 hetwork diagram[35]



DHARMAKEERTHI AND MITHULANANTHAN: STABILITY COGITAT ED ELECTRIC VEHICLE CHARGING 7

Each individual site is assigned with a weighX {o indicate satisfied solution as it has not followed the EVmdad
its relative importance, as shown in Table IV. Rartthe distribution which is indicated by a highBg. The scenario 2
assumed investment costs and the charger requiteinezach provides a better solution with an overall objegtbatisfaction.

individual site are also shown TABLE Iv. TABLE VIII. THE PLANNING RESULTS

TABLE IV. PLANNING DATA FOR THEEV SITES Objective values Scenario 1 Scenario|2
- PLosd(MW) 18.0166 18.0747
Sit S1 S2 S3 S4
o 'h‘: e Quos(MVar) 24.2334 24.2958
eight assigned to indicate

Jveight assigned to Jnc 03 | 035| 02 0.15 Dy 104 0.25
importance of the sife) 0OSPI 7.6018 7.6067
Fixed investment cost 1.264 0.195 0.5p7 1.094] QRPI 0.3094 0.3032
Varlat_)le investment cost/ 1812 | 1629| 1.521 1.354 Cinves{(Units) 50.7640 50.2870
ch.arglng.space . Chot 31 29
Min required charging spaces 1 1 1 1 Charger distribution S1-S4 1,2,27,1 9,10,6,4
Max allowable charging
spaces 30 30 30 30

It satisfies the investor and the grid operator enatkly. It
Arandom weight is assigned to each reactive poagaurce has followed the demand distribution satisfactaaidydescribed
to indicate its relative importance for the purpotealculating by a lowerDy. Hence, it will provide a customer satisfied

QRPI. The values are given in Table V. solution.
TABLE V. WEIGHTSASSIGNED TOEACH REACTIVE POWER SOURCE VI. CONCLUSIONS
WQ rstsource G2 c5 c8 il Cip Evaluation of system stability status in plannitgdges is
el . . X
ass'igne q 03 0.15 0.1 0.25 02| animportant task. Two indexes have been evalualéch can

be utilized to determine relative voltage and datty stability
Initially, the PSO program is executed to get theximum  status. TheSPI index, which based on the total of individual
and minimum of each individual objective,_subjectedthe bus voltage angle deviations with respect to thiereace bus
problem constraints, the results are shown in TabléThese  gngje is in good agreement with the damping rattbecritical
maximum and minimum values will be utilized to nadine the mode, whileQRPI based on system reactive power reserve
individual objectives before fixing to the final mnization ¢ )1o0ws the system loading margin. Hence, the iregeaSPI

function. andQRPI, which are based on load flow results, can effittye
TABLE VI. THE MAXIMUMS AND THE MINIMUMS OF THE OBJECTIVES incorporate in steady state system planning progrdam
Objective Ross Qoss Dyl OSPI | ORPI| Gws | Cha determine the relative voltage and oscillatory iitgtstatus in

Mini 1(7M$A8%7 /(lzwzvgé)es 0 | 7614 | 0.0521 '(Ii”g?z 5 different planning options.

Inimum . . -l . . . . . .

Maximum | 18.1517| 24.443¢ 10.325-7.491 | 0.3099 | 55.446| 31 A mUIt"Ob_]eCt'Ve p_Iar_mmg fram_ework ha_s been deped
here to achieve satisfied planning solution for taoeer,

The grid preferred scenario (scenarios 1), consiger invgsto_r and grid operator. TIGBDI anQQRPI indexes could
placement which results lowest grid impacts. lbaiensiders ©2Sily integrate into planning algorithms to idgntbetter
placing maximum chargers in their favored locatitmsvoid ~ Planning solutions. Hence, these indexes can lepocated in
future abrupt charger placements. The grid stghigiforemost Panning studies which are based on steady stat@nsys
important compared to grid real and reactive povess, analysis, to identify stability cogitated plannisgjutions.
therefore relatively high weights are allocated@BPI and
OSPI compared td s andQLoss. The comprehensive planning
scenario (scenarios 2) gives priority to accommedaximum Vil. APPENDIX
number of chargers according to demand distribyfafowed
by a more grid stable and a lesser expensive salutihe other
objectives are weighted less as those are legpeficant in the Kes = {ECOS&_“L
final overall objective. The weights assigned toheabjective,

Esind(L; + L')}

in two planning Scenarios are shown in Table VHeplanning Koy = L
outcomes are shown in Table VIII. NL ¢4
TABLE VII. THE WEIGHTSGIVEN TO INDIVIDUAL OBJECTIVES K = 1 | Ecoso(L; + Laq) _Esing
1. s R —
Scenario Bss | Quoss Dpi OSPI| QRPI| Guest | Chot n Ra
Scenario1| 0.10] 0.08 0 014 018 0 0.46
Scenario 2| 0.08] 0.04 012 010 01p 01D 046 )
—_ (LI + Laq)l—
. . . . i dg — nR.L
It is evident from the results that scenario 1idastified a RaL g

grid preferred solution as indicated by lower readl reactive g
power losses and high®SPI, even for a higher number of EV K o =_L K
integrations. However, it is not an EV customer tidinvestor  4ad —  “ag™ad

yod = ~LagKas
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Kyay = ~LagKay
Kyas = ~L'Kgs

Lr

Kyay =—— K
vy =T dy

fd

Kts =¢WadoKgs igoKyas ~¥aqoKas ~1a0Kygs

KT(// :wadOqu// +quK¢d¢/ _waqOde _idOKz/,qt//

K = whRig Kygs
Yo —
L
K R Kyay @R
Wy
L L
fd fd

TABLE A-l. SYNCHRONOUSMACHINE DYNAMIC ORDER-3 DATA [25]

(1
(2]
(3]

(4]

(5]

6l

(7

(8]

9]

[10]

[11]

[12]

[13]

Parameter Value Parameter Value

Pg 1.0p.u. X 0.40 p.u.

Ra 0.003 p.u. R 0.0006 p.u.

Ly 0.16 p.u. Lau 1.65 p.u.

Laqu 1.6 p.u. ™ 0.153 p.u.

H 35s K 0

stincr 0.434 &qincr, 0.434

Ksg 0.8491 Kq 0.8491
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