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Abstract— This paper proposes an improved self-organizingahnahical particle swarm optimization with time-
varying acceleration coefficient (ISPSO-TVAC) folving multi-objective optimal number of vehiclesgrid (V2G)
and generation scheduling in a smart grid. V2G cischarge electricity to the grid to minimize geater fuel cost
with valve point loading and emission of greenhogas. The proposed ISPSO-TVAC is a new hybrid leetwself-
organizing hierarchical particle swarm optimizatiavith time-varying acceleration coefficient (SPSWAL) and two
movement strategies for multi-objective PSO toctoé crowded areas and explore new areas. ISPS8ETé4N find
a better compromised solution than weighting faetod non-dominated sorting genetic algorithm-II @FS11) on the
modified ten-unit smart grid system. Accordinglyhetter compromised solution leads to a better éradf solution
between generator fuel cost and emission reduction.

Keywords— Multi-objective self-organizing hierarchical particle swarm optimization, vehicle to grid, generators scheduling, and
smart grid.

1. INTRODUCTION Optimal multiple electrical vehicles and generator
- . . . , . scheduling are nonlinear programming problems which
Smart grid is an intelligent power grid equippedfwi o6 heen solved by various methods including lambd
information and communication technology connecting iteration [3], improved chaotic particle swarm
rengwable generators, energy storages, and eleCtriSptimization (’ICPSO) [4], chaotic self-adaptive timie
vehicles (EVs) loads [1]. V2G is an energy storage gy arm optimization (CSAPSO) [5] and TVAC-IPSO [6].
technology which shows directional power flow be#we  £q - ingtance, the intelligent unit commitment WitBG
a v_ehicle’s battery and _the ut_ility [2]. In Fighere are in [3] was t'o minimize the generator fuel cost and
various components including a smart home with ¢ nisgion by conventional PSO. However, the fuek cos
renewable energy, and EVs. V2G is a small _p_ortablefunction did not consider valve point loading effedn
plant supplying the electricity to the grid at efeity 14 5 improved chaotic particle swarm optimizatio
parking lot charging stations. On the other hahd,BEVs (ICPSO) and Chaotic particle swarm optimization
are charged from the grid when they return to_,smart(CSAPSO) for dynamic economic dispatch (DED)
homes. Independent System Operator (ISO) of unhuy_ problem were to minimize the total generator fuestc
control optimal number of V2G and generation yw valve point loading effects. However, the
scheduling to minimize fuel generator cost and el ;reennouse emission was not considered. The i'mqirove
PSO with time-varying acceleration coefficients S
TVAC) method is used to optimize DED problem to
Uiy schedule online power generation to minimize thalto
production cost over the specified time horizon [Bje
DC/AC non-convex economic power with valve loading effect
) was solved by SPSO-TVAC [7]. Reinitializing the
A velocity vector whenever particle stagnated aniisty
% proper balance between local and global searchiege
£ Y added in conventional PSO to overcome premature
Rooftop OAC convergence. SPSO-TVAC could find a better solution
PV than adaptive weight PSO and passive congregation
based PSO (PCPSO) [7]. However, SPSO-TVAC is
Fig.1. The diagram of smart grid with V2G. developed for a single objective optimization pesbl
which cannot find a trade-off solution in a multi-
objective function. As a result, there is a needutther
develop SPSO-TVAC for multi-objective optimization.
Witoon Prommee (corresponding author) is with Fgcof Optimal generator scheduling in economic didpatc
Engineering, Rajamangala University of Technolognha, Chiang (ED) for minimizing fuel cost and emission was salv
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assign the particles’ leaders. However, CD cannot The rest of this paper is organized as follows:tiSac
explore the unexplored space. Moreover, V2G and the? presents the problem formulations including sngl
best compromised solution are not considered. combined objective and multi-objective functions |

For optimal multiple electrical vehicles schedulimg  Section 3, the IPSO-TVAC method is applied for rault
[10-12], unit commitment (UC) with V2G are considdr  objective optimal multiple V2G and generator
in [10, 11]. A multi-objective operational scheadhdi scheduling in the smart grid system. Section 4 shibsv
proposed in [10] was minimizing the total operatibn numerical results. In Section 5, conclusion isegiv
costs and DG emission by augmented constraint
method. However, the valve point effect of genarato 2. PROBLEM FORMULATION
fuel cost and emission are not considered. In [1H14,
optimal EV charging by mixed-integer linear
programming (MILP) is to minimize the total opecatal
costs. However, the emission is not consideredin@pt
scheduling for charging and discharging of EV ikved
by a convex program to minimize the total chargingt
[12]. However, the total fuel costs and emissioa ot 2.1 Single Combined Objective function
considered.

In this paper, an improved SPSO-TVAC (ISPSO-
TVAC) is proposed to determine the optimal humbfer o
V2G and generator scheduling for minimizing multi- . . .
objective the generator fuel cost with valve paffect Minimize  TC (@)
and greenhouse gas emission. SPSO-TVAC from [7] (NVZG,t’Pi,t)
alone cannot find Pareto front solutions in the tmul
objective problem. As a result, SPSO-TVAC and
movement strategies of particles (MBd MS) are
newly combined to avoid the crowded area and egplor P, is output power of" unit at hout, respectively.
new areas in the converge space of the multi-abect The total running cost and emission equation isneef
problem.  Moreover, the TVAC uses the varying gq 3]
acceleration coefficients with time to converge e
optimal solution. For minimizing-C,,e,, SPSO-TVAC
from [7] for a single combined objective functioms
compared to differential evolution (DE), hybrid
evolution programming and sequential quadratic .-~ _ - < _
programming (EP-SQP), hybrid particle swarm TC_;;MC(FC‘(R"HSC' @ U""l))+W€(E‘(R"))}J"‘
optimization and sequential quadratic programming (2)
(PSO-SQP), deterministically guided particle swarm \yhere
optimization (DGPSO), modified hybrid evolution
programming and sequential quadratic programming "¢ "' .
(MHEP-SQP), improved particle swarm optimization €mission function (1, 1),

(IPSO), hybrid differential evolution method (HDE), FC (R,)is the fuel cost function af' unit at timet,
improved differential evolution (IDE), artificial d@ SGis the start up cost of unit,

colony (ABC), modified differential evolution (MDE) . dh
covariance matrix adapted evolution strategy (CMBES Yic Uir-1 IS theiT unit status at hourandt-1 (on /off),
artificial immune  systems (AIS), hybrid swarm g (p )is the emission function df" unit at timet.
intelligence based harmony search algorithm (HHS), '

artificial immune systems and sequential quadratic2.2 Multi-objective functions

programming (AIS-SQP), chaotic sequence based o L L .
differential evolution (CS-DE), chaotic differentia The mult|-0bje_ct|ve function is to minimize the ingped
evolution (CDE), improved chaotic particle swarm fuél costfunction [8]

optimization (ICPSO), improved particle swarm

optimization with time varying acceleration coeiifiots ~ Minimize  {FC __,E ..} (3)
(IPSO-TVAC), and chaotic self adaptive particle swa (N = )

optimization (CSAPSO) on the ten-generator unit tes * V&' 't

system. In minimizing RChewEnew) Without V2G,  Subject to:

ISPSO-TVAC is compared to Weighting factor [7] and ~Maximum number of V2G limit over H hours,
NSGAIl [8]. Minimizing (FChewEnew with V2G by

ISPSO-TVAC is finally compared with minimizing H

(FCrewtEned With V2G by SPSO-TVAC. The impact of ) Nyae, < NJES (4)
50,000 EVs with 50% of state of charge (SOC), the t=1

maximum number of V2G per hour is 5,000 EVs and

85% efficiency are considered in the test smart gri  Power balance equation,

systems [3, 8].

Mathematically, the multi-objectives function can
determine a trade-off solutions whereas the single
combined objective function is simply a sum of each
weighted objectives. The objective functions and
constraints can be formulated as:

The single combined objective function is to mirdmi
total cost TC) as [3]:

where N, ,is number of vehicles to grid at haur

Minimize

W,,w, are weight factor of a cost function and an
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N
Zui,tpi,t +R/oet =Pot + Plosst » 1=1,...H,

5)
i=1
Generator operating limit,
P™ <R, <P™ i=1,..N, (6)
Maximum hourly number of V2G limit,
0< Nygg <5000, t=1,....H. 7

where
NJ%& is the maximum number of vehicles to grid
(50,000 units),

Ny, IS the number of vehicle to grid at haur

Posst is the real power loss at hoyr

Po: isthe load demand power at hour

R/2c, is the total real power of electric vehicle to gaid
hourt,
Pimax’ Pimin

of uniti.

are the maximum and minimum real power

(a) Generator fuel cost with valve point loadind’(g,)

Here, the valve point loading effects are considdrg
adding a rectified sinusoidal component to a quadra
function as:

H N
FCoow= YD (3R +HR, +G; +[d; Sin@ (R yin ~R)))

t=1 i=1
®)
where
a3 ,b.G,d,,e are the cost coefficients 8t unit [8],

P is the output power af" unit at hout,
P ¢min 1S the minimum output power F unit at houtt.

(b) Start cost (SC)

The startup cost is considered only in the totat ¢bC)
when the thermal unit restarts. Moreover, the spacbst
related to the temperature of the boiler is given a

HSG,MD; < X' < H "

SG(t) =
CSG, X >H

(9)

H°" =MD, + CSH (10)

where
SG(t) is the startup cost @f unit at timet,

HSG is the hot startup cost af" unit,
MD; is minimum down time oif” unit,

Xi‘?tff is continuously off time af" unit to timet,

CSG s the cold startup cost of' unit,
CSH is cold start time oif” unit,

H ™ is sum of minimum down time and cold start time
of i unit.

(c) Emission of greenhouse gas (Enew)

Here, the quadratic emission function considering
sulphur oxides (S{ and nitrogen oxides (NQ is
improved by adding a new exponential component.

Enew = ii(ai RZ+AR, +n+&edAR,) Ay

t=1 i=1
where
a B .y.&,A is the emission coefficients 8t unit [8],
P is the output power af" unit at hout.
(d) The total real power loss (PLosS)

The total transmission loss is approximated by Bhe
matrix coefficients as [8].

N-1N-1 N
Plosst = z Ry B P+ 2PN,IZ Bu: R + BunPis
i=1 j= i=1
12)
where
Bj,Bun,Bng is the transmission loss formula
coefficients,

P, is the output power gf" unit at hourt.

3. IMPROVED SELF-ORGANIZING
HIERARCHICAL PARTICLE SWARM
OPTIMIZATON FOR MULTI-OBJECTIVE
OPTIMAL NUMBER OF V2G AND
GENERATION SCHEDULING

Particle Swarm Optimization (PSO) is a population
random search method which learns from the previous
personal and global best position memory of theigar
swarm movement to guide particles to better pasitio

ISPSO-TVAC is the proposed PSO which composes
of SPSO-TVAC and two practical movement strategies
for soving multi objective optimization.

(a) Self-organizing hierarchical PSO with time-viaugy
acceleration coefficient (SPSO-TVAC)

For conventional PSO, the particles may converge
prematurely to local optima when the particle viloc
becomes zero. In SPSO-TVAC, the velocity vectoa of
particle is reinitialized when it stagnates in thearch
space. Moreover, TVAC is used to control the glairal
local exploration of the swarm. The updating péetic
velocity and position equation of SPSO-TVAC are
shown as [13].

k+1

Vid =CLXrlx(pik,d ‘Xik,d)"‘czxrzx(gilfd _Xik,d) (13)
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K+l _ K k+1 E
+ +
Xid =Xig *Vid (14)
where, pi’d and gi'fd denotes the position of the personal 3 k
and global best at particleat thek™ generation on two R4 cyrrent Position
dimensions which represent generator powers and the i L]
number of V2G.The time varying acceleration o SRy b
coefficients of the personal and global best corepts( “ ® -_ New Position
c,,C,) are determined by: D2 D12=D1-D2 “af
T "
— T Y R1d
c Cimi i
_ 1max 1min -
€1 = Cpax _(TJ xk (15) D1 f;
Coi —C Fig. 2. The direction of MS1 and MS2 in bi-objectivespace.
C2 = C2min _(—Z,mln Zmaxe k (16) L .
Kmax Combination of M$ and MS algorithm can be

where, € max
acceleration coefficient of the personal bestn . Co max
are the minimum and maximum acceleration coefficien
of the global best.k,is the maximum number of

generations. All parameters are shown in Table 1.
SPSO-TVAC can overcome this weakness by
reinitializing the velocity vector of a particle whever it

stagnates during the search as [13]

If vi§t =0andr, < 05then

K _ k
Vid = T4 XV max

 Cpmin are the maximum and minimum described in 4 steps as follows.

m el

0.-35

é’[l +1] - ¢gli —1];

f max _

f _mln

Step 1 CalculateCD by the Eq. 18 in Fig. 2, [14].

(18)

where, CDis the crowding distanceCD) of solutioni.
lefand m are the number of solutions and objectives.

f]-max and f]-mi” are maximum and minimum of function

else j. &i +1]]- and &i —1]j are solutions adjacent tQi]j.
K o_ k
Vidg = 7T5 X Vd max CD, andCD,; the crowding distance of solutiori' &nd
K+l _
Vid S|gr(v| d )x mm(abS(Vl d+Vd max)) the final number of solution€D; andCD, are ignored.
end

k

Xd max Xd max

Vd max {— (17)
R

where, x§n.candx§ ., representing supplying real
power size and number of V2G, are the maximum and
minimum particle position ond ™ dimension at
generatiork. Ris chosen as 5 which is a mean value for
reinitializing the velocity of particles. f ,,r5,r,,15 are
random numbers in the range [0, 1].

(b) A global guidance located in the least crowdegas
and perturbation with different evolution

Two practical movement strategies (MS) are used to
avoid the crowded areas and explore new areas I[i4].
the first movement strategy (M)S the particles with
higher crowding distances (CDs) are located inl¢ss

b,
gli—1]
S[i]J

eli+1], \

;
q Particle swarm

\
X

Crowded area
\

/
\
<y

5[|5

il

Pareto front

],

1,

>

Fig. 3. The parameters of CD in bi-objective space.

Step 2 Sort in a decreasing order©b values.
crowded area. In the second movement strategy)(MS

the particles with lower CDs are located in the enor Step 3The particles are randomly selected from top

crowed area. The particlegly q and y&,q guide the ~ 10% (Yiaq) and bottom 20% Y, 4) of CDs as the

better direction byD vectors summation and the 9lobal guidance in Fig. 2.

candidate particle will be moved at a new positigrthe Step 4Update velocity of particlé™ at dimension
time varying acceleration coefficients in Fig. 2. d" at iteration k+1 as following [14]

k+1
|d _C.I.Xrl

(pi'fd Xy )*% XTy xl.(ykRLd ‘ﬁ%d)*(yléxd ‘ykrad)J
(19)
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yléa,d and yléz,d are randomly selected particlég and max-min approach method as following [15]

R, from top 10% of the&CD order sorted of ascending in
elite group for dimensiond at iteration k (global x{min{ FchaX -FC; ’ Emax — Ej }} 22)

guidance). For considering the personal guidamﬂ%l j max — FCrmin  Emax — Emin
in the multi-objective minimization,  p{y = X'y
initially. After the first generation, pi'fd :xi'fd if Step 9 Stop.

FCoen{<s )< FCoeulpst) . Otherwise, the personal 4. SIMULATION RESULTS

guidance position stays ep;'fgl_ For a single combined objective function, the 16t un
system with load demand and the unit charactesisifc

(c) Improved multi-objective self-organizing hiechical 10 unit system are from [3] which is the benchmafk
PSO with time-varying acceleration coefficient (§&» multiple V2G in Table 3. However, it is only useak f
TVAC) single objective similar to single combined objeetiFor
multi-objective function, the 10 unit system is iz
by adding V2G from [8] with load demand, ten-unit
characteristics, and the transmission loss coefiisi

For the proposed model, EVs are charged during off
peak period from smart homes and discharge to ke g
at parking lots during on peak period. The numbker o

minimize generator fuel cost and emission. V2G cany,5s at hourt is set to be less than 10% of all EVS in a

reduce greenhouse gas emission and shave peak lo C
ISPSO-TVAC procedure for optimal generator schedulggjwver system. In EV characteristics, 15 kW as ay@ra

) .~ “battery capacity per a vehicle unit, 5,000 units as
and number of V2G management can be described in aximum number of V2G at each hour, 50% departure
steps as follows.

state of charge (SOC), and 85 % efficiency are rgive
The EV power supplying at hour t can be expressed a

In this paper, SPSO-TVAC cannot form Pareto-front
solutions for the multi-objective problem. As a uks
SPSO-TVAC is improved by adding movement
strategies (M§and MS) to find Pareto-front solutions.
Optimal number of V2G and generation schedulintpis

Step 1 Initialize 20 particles with random position
and zero velocity. Set the iteration countgr<1.

R P P . o Paipa |
G11 G12 G13 G124 where
Fo21 : : - Poza R/ is the total real power of electric vehicle todgri
Xlkd - PG3,1 . . . rr) PG3,24 at hOUf‘t,
Ny, is the number of vehicle to grid at hdur
I:)GN,l IDGN,Z F>GN,3 oo I:)GN,24
| Nvags Nvasz Nyagsz - - Nyogos ) Table 1. Parameters of ISPSO-TVAC and NSGAII
Method ISPSO-TVAC NSGAII [8]
Step 2: Py, = pjmi“ +rx (ijax - ijin) (20) Pa}rticles 20 20
_ _ size
Nyzos = NVES +rx(NVSS -NJR) @D [ Number of 100 100
iterations
where, r is a random number in the range [0, By, Movement MS;, MS,, Crossovetr,
L Strategies TVAC Mutation
and xy,g, present power of generator upiat time ) c Decreasing Crossover
and the number of V2G at timg.( G o) (2.5-0.5) probability = 0.9
,max 1,min,
Step 3 Calculate generator fuel cost and emission C, Increasing Mutation
by Egs. (9) and (13) (Cz,min' Cz,max) (05-25) probability =02

Step 4 Determine a global non-dominated front.

In Table 2, the minimum, average, and maximum

generator fuel cost of SPSO-TVAC are clearly |dsst
Step 6 If the generation counter reaches 100, go tothe other methods [5, 6] with 30 particles and @,00

step 8. Otherwise, go to the next step. iterations on the 10-unit test system for ten sridlhe

_ ) . SPSO-TVAC can find better solutions than othergsin

Step 7 Update guidance, velocity, and position by g1 hecause the particles are reinitialized whery thee

ISPSO-TVAC. Update the iteration counter= k+1, stagnated in the local trap. As a result, the nelwoity

return to step 2. of each particle can avoid getting stuck at a logimal
Step 8 Determine the compromised solution by Solution.  Moreover, — time-varying  acceleration

Step 5 Keep members in an elite group.
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coefficients (TVAC) can control the global searaida

converge to a better solution.
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Table 2. Comparison statistical results for optimal
economic dispatch on the ten-unit test system witti2G in
100 trials for the single combined objective functin

Minimizing FCe,

Method Minimum | Average | Maximum

%) cost ($) (%)
DE [6] 1,019,786 NA NA
EP-SQP [6] 1,031,7461,035,748 NA
PSO-SQP [6] 1,027,3341,028,546| 1,033,986
DGPSO [6] 1,028,835 1,030,183 NA
MHEP-SQP [6] | 1,028,934 1,031,179 NA
IPSO [6] 1,023,807 1,026,863 NA
HDE [6] 1,031,077 NA NA
IDE [6] 1,026,269 NA NA
ABC [6] 1,021,576 1,022,686 1,024,316
MDE [6] 1,031,612 1,033,630 NA
CMAES [6] 1,023,740 1,026,307| 1,032,939
AlS [6] 1,021,980 1,023,156 1,024,973
HHS [6] 1,019,091 NA NA
AlS-SQP [6] 1,029,90( NA NA
CS-DE [6] 1,023,432 1,026,475 1,027,634
CDE [6] 1,019,123 1,020,870| 1,023,115
ICPSO [6] 1,019,072 1,020,027 NA
IPSO-TVAC |1,018,217| 1,018,965| 1,020,417
6
E:]SAPSO [5] 1,018,767 1,019,874 NA
SPSO-TVAC 1,013,432 | 1,015,989 | 1,019,786

Table 3. Unit commitment results on the ten-unit syem for
the single objective function

Total Totgl Mi
o running n
Method emission TCY
(kg/day) cost {
($/day)
Without V2G
Lambda [3] 260,066 565,325 825,39
SPSO-TVAC 190,190 494,350 | 684,540
With 50,000 V2G
Lambda [3] 257,391 559,367 816,758
SPSO-TVAC | 187,600 483,710 | 671,320

the Pareto-front curve which is solved by ISPSO-TO/A
The best trade-off solution will be selected by mair
approach using Eq. (22).

x10+5
10
9+ . i
- without V2G

8l with V2G
E Running cost + Emission
B T
-]
&
-*]
&
o
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=
5!
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Emission
2 e S -
1 . s ; ‘
0 200 400 600 800 1000

Number of iterations

Fig. 4. Convergence characteristics of SPSO-TVAC of
combined objective function of unit commitment withV2G
and without V2G

In Fig. 4, the convergence characteristics of SPSO-
TVAC of UC without and with V2G are shown. The
running cost and emission converge within 1,000
iterations. With V2G, the running cost V2G is lowtkan
those without V2G because V2G supply power to serve
load demand. As a result, V2G can further reduee th
running cost and emission. However, SPSO-TVAC
cannot solve the compromised solution of multi-
objective. In this paper, SPSO-TVAC is modified by
adding MS and MS to display Pareto-optimal front and
determine the compromised solution for multi-objext
function.

Table 4. Comparison of multi-objective economic disgtch
minimizing total emission and total generator fuelcost

In Table 3, for unit commitment minimizing combined
total running cost and emission without considering
valve point loading effect, SPSO-TVAC gives a lower
total cost and emission than lambda with and withou
V2G. The proposed V2G management strategy car
reduce the total emission and running cost from

Total Total
generator emission,
/Cl\a/lIS?h q fuel cost, Een
ethods l:Cnew (10‘5
(10°$/day) | kg/day)
1. Minimizing {FC,ey» Eneys Without V2G
Weighting factor [8] 2.5251 3.1246
RCGA [8] 2.6563 3.0412
NSGA-II [8] 2.5226 3.0994
ISPSO-TVAC 2.1432 2.0960

2. Minimizing {FCay+ Eney With 50,000 V2G

SPSO-TVAC | 26552 | 3.6563
3. Minimizing {FC,eu» Enens With 50,000 V2G

257,391.18 kg/day and $559,367.06 /day to 187,60

kg/day and $483,710 /day, respectively. Howevee, th
sum of minimum weighted running cost ($/day) artdlto
emission (kg/day) can give only one solution whicay
not lead to the best trade-off solution. Therefahe
multi-objective needs to find non-dominated solasian

52

ISPSO-TVAC | 17932 | 15220

In Table 4, for Case 1, ISPSO-TVAC can find a bette
compromised solution than the weighting factor, RCG
and NSGA-II method for optimal generators schedylin
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problem because two practical movement strategies a Pareto front with V2G is lower or better than trerd?o
used to avoid the crowded areas and explore neasare fronts without V2G because V2G can reduce emission
ISPSO-TVAC can search a better direction than theand generator fuel cost. The compromised solusche
weighting factor, RCGA, and NSGA-II method, which trade-off solution in the middle of the Pareto towith

lack exploring new area and the global best guiding
Case 2, for minimizing{FCneW, Enew} with 50,000 V2G,

the optimal number of EVs and generators schedding

and without V2G.

The convergence characteristics to Pareto front
solutions are shown in Fig. 6. Obviously, bettereRa

ISPSO-TVAC can reduce emission from 209,600 kg/dayTont are obtained as it converges. Note th@hey is
to 152,200 kg/day and generator fuel cost from selected to be a personal guide for ISPSO-TVAC.

$2,143,200 /day to $1,793,200 /day because of V@G.
Case 3, minimizing{FC, e, + Ene,p With 50,000 V2G,

the compromised solution of Case 3 is better tlen t
solution of single combined objective function cige 2
because multi-objective ISPSO can better
conflicting objective functions than a single comsxd
objective by SPSO-TVAC .
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Fig. 5. Comparison of Pareto-optimal front of the poposed
ISPSO-TVAC with V2G and without V2G.

B x10°6
B 2 e
oh
-
=
w —
° i
o 19 - o
@ ; S
£ = it
- o P
*E 1.8 | N i e
£ 4
g
o0 1.7 .- — R ey
BOIR sem e Cher D 3
ﬁ 18 17\;\\\- g L i 100
: S 80
X105 1.6 < 60
1.5 < 40

Total emission (kg/day) 1.4 20 Number of iterations
Fig. 6. Convergence characteristics of ISPSO-TVAC.

In Fig. 5, the non-dominated solutions for minimgi
FC,ewand E,,with and without V2G are shown. The

new new

5. CONCLUSION

In this paper, the proposed ISPSO-TVAC method
effectively determines the best trade-off solutifor

handlemulti-objective optimal number of V2G and generator

scheduling on the modified ten-unit test system.
Moreover, ISPSO-TVAC with V2G is beneficial to
minimize generator fuel cost and emission on a smar
grid system. The optimal parking lots placement
considering state of charge (SOC) of EVs and ayiitiffi
peak demands for minimizing total real power loss
remains to be investigated.
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APPENDIX

Table A. Optimal multiple V2G and unit commitment on the ten-unit system by ISPSO-TVAC without valve pait effect

t P]”[ PZ,[ P3,[ P4.t P5.t Pﬁ.t P7.t Ps,[ P9,t PlO,t No. of Running Emission
(hr) [ (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | vehicles| Cost ($) (kg)
1 435.40| 256.36 1,292 13,555 6,481
2 455.00| 250.98 1,384 13,787 6,905
3 455.00| 162.60 63.77 1,568 15,112 6,229
4 455.00 282.61 67.25 1,753 16,138 7,612
5 455.00| 465.44| 55.66| 88.09 1,845 18,919 7,672
6 455.00)282.48| 47.13| 39.00|104.00 2,030 21,492 8,089
7 455.00| 246.09| 33.94| 67.05|105.55 2,122 19,338 7,620
8 455.00] 235.93| 90.72| 97.66|127.97 2,214 21,096 7,847
9 455.00({275.28| 31.98| 58.64| 67.17|48.20 | 47.90 2,399 22,606 8,389
10 455.00174.38| 63.98|111.02] 56.96|48.70 | 50.95 | 51.62 2,583 23,803 7,735
11 455.00 225.45| 39.68| 35.93|104.75/30.15 | 59.77|46.88 | 14.06 2,675 24,745 8,377
12 455.00 258.76|113.90| 109.54| 44.27|54.65 | 49.70/31.91 | 30.62| 42.76 2,768 28,784 9,458
13 455.00 342.66| 32.68| 69.21| 62.28|30.74 | 48.45|48.17 2,583 24,978 9,815
14 455.00 250.64| 30.03| 83.21{138.86|70.40 | 70.01 2,399 24,748 8,400
15 455.00 282.24| 81.28| 67.87|121.94 2,214 21,116 8,280
16 455.00 169.38] 34.09| 89.44| 63.96 1,937 17,536 6,816
17 455.00213.51| 72.64| 54.02| 87.47 1,845 18,833 7,206
18 455.00 154.15|122.98| 47.09| 62.93 2,030 18,043 6,926
19 455.00212.44| 62.70] 37.10f 72.00|55.88 | 46.28 2,214 21,527 7,594
20 455.00 280.70] 36.43|111.65|135.64|32.62 |65.43 |45.68 2,583 26,672 9,216
21 455.00287.68| 57.97| 42.53| 78.10|70.69 |34.15 2,399 22,910 8,593
22 455.00 357.65| 66.71| 89.65| 39.01 2,030 20,866 9,494
23 455.00 232.69 74.94 1,661 15,397 6,955
24 455.00 150.00 1,476 12,032 5,889

Total running cost = $483,710.00, Total emissiatB%,600.00 kg.

Table A shows optimal number of V2G and generatbeduling on the given time by ISPSO-TVAC for miiging
combined total running cost and emission witholke/@oint loading effects in Table 3
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Table B. Optimal generator scheduling by ISPSO-TVAC o the modified smart grid system for minimizing{ FC
without V2G of Case 1 in Table 4

new’ Enew}

t P Pa¢ Pt P Ps ¢ Ps.¢ Pz Ps.t Po .t Piot No. of | Running| Emission
(hr)| MW) | MW) | (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | V2G | Cost($)| (kg)
1 191.78 | 358.45| 193.9¢ 242,87 17512 11868  100.984.39 38.476| 27.778 - 99,560 11,103
2 234.09| 155.57| 125.8] 88.64 188.29 12443 8166 .0973 48.713| 11.996 - 71,88 5175
3 152.10 | 372.41] 246.2¢ 246.64 143.81  104{62 38|57 7.738| 39.710| 38.361 - 97,14 11,968
4 265.51 | 323.81| 197.5% 116.70  201.84 110/67 8473 8.937| 40.092| 23.101 - 97,28 9,32(
5 315.09 | 294.28| 228.4] 184.79  202.y3  120/99 27|39 4.647| 46.086| 26.449 - 103,650 10,939
6 25452 | 190.53] 135.0] 178.91 78.32 100{79  111.630.615| 39.242| 22.518 - 76,94 6,051
7 225.66 | 243.10] 166.95 107.36  176.20 74.57 96/36 .869Q 47.163| 31.094 - 80,65 6,400
8 238.86 | 292.47| 111.84 116.42  154.89 91.45 86/07 2.270| 63.558| 35.865 - 86,54 6,81(
9 383.30 | 168.04| 132.99 233.31 135.84 100{64 73|28 8.437 | 42.257| 26.567| - 97,68 10,487
10 | 24459| 193.88 13498 178.75 112.47 80.P6 48|15 2.385| 40.523| 23.753 - 74,47 5,823
11 | 231.27| 244.48] 147.49 105.88 185.58 94.52 51|74 5.325| 31.141| 26.238 - 78,21 6,141
12 | 24559 | 19497 14952 17716 186.66 10970 98]7180.28 34.995| 27.294 - 82,450 6,769
13 | 169.66| 265.37] 102.3 262.18 202.84 87.72 45|62 7.238 | 24.312| 27.692 - 81,60 8,04(
14 | 185.50| 257.01] 196.17 179.19 98.22 134/18  119.678.85 51.257| 16.425 - 82,580 7,242
15 | 229.00| 351.44] 257.2 188.66 160.29  118}59 59/1805.76 | 42.303| 34.954 - 102,200 11,354
16 | 222.17| 366.55| 108.02 151.47 173.93  122|55 68/6(81.98 26.822| 30.679 - 93,000 9,127
17 | 256.56| 277.22] 301.9 205.97 172.p4 83./'5 42|34 5.928 | 53.287| 41.703 - 98,64 11,276
18 | 261.49| 169.32] 286.3 159.81  169.16 78.97 43|57 9.237 | 40.758| 29.154 - 84,88 8,777
19 17750 | 224.62] 289.2 97.92 140.25 94.17 58{18 0.210] 54.301| 32.512 - 79,05 7,764
20 | 24356 | 262.16] 220.27 93.98 147.62 99.46 78/36 .8078 39.765| 25.956 - 85,97 7,43(
21 181.28 | 35255 176.9 160.09 160.p4 80.86 33]40 9.857 | 48.475| 31.963 - 88,94 8,69¢
22 | 296.72| 42830, 10241 97.7% 181.89  139|90 63(2208.40 | 57.713| 21.973 - 110,450 14,072
23 | 371.29| 192.65 276.89 213.24 19247 129{14  105.295.89 43.850| 25.051 - 109,690 13,001
24 | 271.93| 195.22 86.77 108.27  142.69 130|33  1071.984.53 35.400| 36.744 - 79,790 5,808

Total generator fuel cost = $2,143,200.00, Totaksion =209,600.00 kg.

Table C. Optimal multiple V2G and generator schedulag by ISPSO-TVAC on the modified

smart grid systemdr

minimizing {FC”9W+ E”ew} with V2G of Case 2 in Table 4

t Pl,t szx P311 P4,t PS,t PG,I P711 P8,I PQ,I PlO,t No. of Fuel Emission
(hr.) (MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW) V2G | Cost ($) (kg)

1 8.72 252.05 97.59| 165.82 166.45 81.90 4571 7373 42.56 26.93 706 66,170 5,096

2 28222 | 177.48 | 122.17| 14452 82.22 | 105.70 34.60 87.47 43.2 18.17 1,9175,870 5,816

3 344.47 244.50 195.11 105.26 96.88 8447 231 74.31 51.15 17.61 2,040 91,3P0 8,606
4 190.20 145.87 270.61 226.92 215.21 97.9% 18411 97.39 53.57 17.86 984 82,710 9,022
5 |421.48 | 279.26 9590 17591 171.99 75.06 3138, 11361 | 6494 | 2539 2,840 111,180 13,541
6 24492 | 429.81 205.44| 240.15 115.8f 126.35 966[1115.35 24.00 46.58 2,086 112,580 16,003
7 141919 | 437.49 | 101.37| 14539 21294 12649  10312675.20 | 53.54 | 21.77 831 132,970 20,843
8 429.17 309.01 230.89 238.55 173.3P 140.98 040.6106.88 71.60 26.99 1,249 128,400 17,955
9 |455.00 | 304.98 | 126.98| 201.25 76.96 80.31 .2%4 11273 | 26.32| 41.73 3,846 117,000 18,142
10 |[455.00 | 176.86 94.49| 187.31 204.1p 108.00 8039, 93.75| 38.38| 22.10 2,022 111,780 16,962
11 | 455.00 | 203.41 80.63 309.14 246.0p 200.18 .7833 72.59 37.00 17.75 3,548 124,960 20,716
12 | 455.00 | 175.12 83.86| 127.33 23958 106.59 .0176 83.80 | 2353| 14.62 1,896 105,4p0 16,219
13 | 455.00 | 283.12 209.72 123.55 117.8b 99.57 9510. 99.22 85.80 48.71 3,011 122,980 18,195
14 |438.49 | 450.31| 312.34] 17224 21938 158.29 0733 7259 | 37.00| 17.75 1,961 148,170 28,676
15 | 337.22 | 423.66 281.67 161.82 215.1p 90.70 .2793 82.49 54.13 34.70 184 127,150 18,249
16 [392.23 | 32455 | 180.44| 195.11 12215 122.82 5929. 98.47 | 47.91| 29.63 1,733 113,830 13,321
17 |287.96 | 394.02| 235.41| 118.09 197.1p 74.92 1649 50.32 | 44.28| 26.24 997 106,510  12,8p8
18 | 31454 | 237.79 304.23 121.58 223.7)7 149.92 .2998 69.49 70.26 29.53 1,342 104,860 11,724
19 [389.16 | 403.16 | 264.96] 283.59 94.98 68.96 7.054| 99.83| 71.78| 31.78 3,295 131,670 19,411
20 |455.00 | 206.24 | 388.96 145.56 209.5p 196.15 6089. 147.34 64.03 47.79 2,967 134,680 24,799
21 |[372.01 | 416.26 | 287.48] 230.70 21423 10548 2094, 76.62 | 77.73| 29.62 3,075 136,350 20,243
22 |252.86 | 405.33| 275.69| 140.64 181.77 10143 7026 7499 | 6491 | 2585 280 112,030 14,383
23 [ 270.41 | 177.43| 255.39] 186.09 82.3p 13746 426 76.09| 2869| 36.71 2,338 85,560 3,35
24 | 81.16 | 238.48 | 161.58] 203.8]1 162.0B 92.82 5.7&% | 77.94| 37.04| 32.06 4,894 71,040 1085,

Total generator fuel cost = $2,655,200.00, Totaksion = 365,630.00 kg.
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Table D. Optimal multiple V2G and generator schedulig by ISPSO-TVAC on the modified smart grid systemdr

minimizing { FC,,, E e} With V2G of Case 3 in Table 4
t P“ szx P311 P411 P511 PG,I Pu P8,I PQ,I PlO,t No. of Fuel Emission
ey [ (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | (MW) | V2G | Cost($)| (kg)
1 215.85 169.76 117.55 156.80 85.77 77.97 86)76 3487. 41.274 | 11.423 769 68,170 4,898
2 | 232.36| 14274 151.14 14312 12877 11771 73|58 9.497 | 25.834| 31.914 823 71,17D 5244
3 206.15 142.75 155.91 76.64 80.911 62.59 65.46 368.444.320 | 11.842 933 60,58 4,171
4 220.35 221.70 114.73 114.70 119.02 85.82 76|55 .7871 49.548| 12.947 359 71,560 5,082
5 | 302.00| 149.28] 14802 13311 92.72 6156  43]76 3352, 35.758| 11.705 1098  72,89p 5,085
6 226.63 171.35 105.93 92.08 190.50 64.41 34123 1175. 43.314 | 24.017 12084 68,200 4,827
7 | 29556 | 156.06] 184.11 130.13 146.J6 60.48 80|33 .1059 40.548| 19.958 1263  78,97D 6,645
8 261.29 196.38 119.14 164.87 125.85 148|25 71133 8.858| 22.065| 14.47% 1317 79,370 6,289
9 | 15558 | 145.10] 183.17 68.71 12049 8898 5900 3153 40.871| 25412 1427 59,09p 4,15]
10 | 439.64| 20522 88.48 199.77 126.03 7057 2418 .626] 30.483| 17.429 1540 100,630 14,138
11 268.24 306.83 152.91 83.58 133.28 93.17 30/33 4767 46.111| 32.284 1592 86,48D 7,371
12 | 237.10| 15027 109.6%5 103.12 78.50  70.13 5124 2679 47.533| 12.431 1641 63,51D 4,30
13 228.33 174.29 186.7¢ 77.87 143.23 85.70 60{14 .5068 42.633| 25.147 1537 71,370 5,348
14 | 168.63| 318.65 114.68 14450 79.19 7573 51|32 .4154 40.931| 29.793 1421 75,32 6,278
15 209.13 247.07 93.07 186.44 76.91 91.29 49168 9849. 31.595| 10.715 1317 71,310 5776
16 | 215.92| 228.71] 14321 129.79 159.87 647 25|98 2.476| 22.561| 18.190 115 71,59D 5,65p
17 234.58 141.11 256.39 166.97 123.74 67.04 73123 7.269 | 46.288| 20.78% 1098 76,780 7,306
18 186.93 287.92 95.75 173.6/7 91.41 64.95 23117 3661. 21.269| 27.384 1204 72,440 6,058
19 | 23954| 190.01 17955 163.92 9225 100/18 33|58 4.458| 45.978| 25.464 1317 76,130 6,14
20 190.95 194.63 92.42 68.98 130.56 12116 44198 .286Q 29.447| 14.421 1206 63,16pD 4,15
21 | 161.29| 22150 10458 117.01 100.80 83.80 57|99 4.317 | 33.511| 28.305 1427 64,310 4,28
22 | 331.34| 165.86] 88.12 611 9298 83.94 5844 164.339.005| 21.23Q 1208 75,430 5,96¢
23 | 439.23| 197.75] 1722 83.32 165.84 9504 63|93 5774 36.302| 29.51%5 988 104,330 13,892
24 | 356.53| 244.29] 14771 70.61 11563 86.18 45|50 027§ 39.241| 22.352 878] 90,430 8,260

Total generator fuel cost = $1,793,200.00, Totaksion = 152,200.00 kg.

Tables B and D show the compromised solutions winiclude optimal number of V2G and generator schiergwsing
ISPSO-TVAC considering valve point loading effedtheut and with V2G in Table 4.
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