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ABSTRACT The increasing expansion of devices such as electric vehicle charging stations, renewable
energy resources, and electric subways, will cause an imbalance between load and production in the
distribution network, which will lead to an increase in power losses, a decrease or increase in voltage and
ultimately impose more costs on the independent system operator (ISO). In this paper, we have presented
a mixed integer quadratic programming (MIQP) optimization model to improve the distribution network
performance in the presence of these devices. The proposed model is a mixed integer model including
demand side management modeling, energy storage system, battery to subway (B2S) system, optimal control
of on-load tap changer (OLTC), step voltage regulator (SVR), fossil generation resources, renewable energy
and capacitors, and shunt reactors. The considered multi-objective function is a scenario-based stochastic
model, which accurately models the uncertainties in renewable energy resources. Paying attention to the
nature of the proposed model will guarantee globally optimal solutions. The proposed model runs on the
standard network of 33 buses, and the simulation results guarantee the optimal and accurate performance of
the proposed model. The simulation results demonstrate that the outage of three distributed generation units
from the network causes an average increase of 55% in energy losses, and the outage of three renewable
units leads to an increase in emissions of about 40%. Another point received from the results illustrated that
with the implementation of the proposed model under any load level of the network, as well as the outage
of fossil and renewable distributed generation (DG) resources, no load shedding will occur in the network
during the 24 hours. Finally, due to the short execution run time, the proposed model can be used for real
and online grids.

INDEX TERMS Distribution system, optimization, renewable energy, storage, D-FACTS.

NOMENCLATURE MIQP Mixed integer quadratic programming.
1SO Independent system operator. OLTC  On-load tap changer
B2S Battery to subway. ShR Shunt reactor.
MILP Mixed-integer linear programming. DG Distributed generation
SVR  Step voltage regulator. EV Electric vehicle '

RDG  Renewable energy resources.
ESS Energy storage system.
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DR Demand response.

MO Multi-objective.

CVR Conservation voltage reduction.

D-FACTS Distributed flexible AC transmission system.
V2G Vehicles to the grid.

I. INTRODUCTION

In today’s electricity distribution networks, it faces serious
challenges to maintain voltage and reduce losses due to
the presence of various large-scale electrical devices such
as electric vehicle charging stations, electric subways, and
renewable energy resources. The existence of an efficient and
optimal mathematical optimization model that can improve
the voltage and system losses along with other network indi-
cators by considering these tools is one of the main challenges
of researchers in distribution system operation studies. So far,
various methods and models have been presented for the
optimal operation of distribution systems, each of which has
shortcomings that are discussed in the next section.

A. BACKGROUND REVIEW

Many papers have been presented today for the optimal
operation of the distribution system, and each of them has
shortcomings in terms of the type of model and the devices
used to optimize the system, which will be discussed fur-
ther. In the taxonomy tables (1) and (2), a comparison has
been made between this paper and similar references. In this
table, according to the type of modeling, the use of capacitor
(SC) and shunt reactor (ShR), on-load tap changer trans-
former (OLTC), step voltage regulator (SVR), battery to the
subway system (B2S), distributed generation (DG), electric
vehicle (EV) charging stations, renewable energy resources
(RDG), stochastic model, demand response management
(DR), energy storage system (ESS) and multi-objective func-
tion (MO) are compared. In [1], stochastic programming is
presented to increase the flexibility of the distribution system
by considering renewable and fossil energy resources along
with batteries. In [2], an operating model for the distribution
systems using the demand response program and system
reorganization to reduce peak load costs is presented. In [3],
the authors have presented a stochastic operation model to
reduce losses and the number of OLTC tap changes, consid-
ering renewable energy resources in the active distribution
system. In [4], a non-linear model for optimizing the dis-
tribution system using distributed generation resources and
reconfiguration to reduce losses and improve voltage has
been presented. In [5], an optimal strategy based on a non-
linear model is proposed for voltage control of the distribution
system in the presence of battery, SVR, and SC. In [6],
the authors presented a robust two-stage model for the opti-
mal operation of the distribution system considering electric
vehicles to reduce load shedding. In [7], a method using
OLTC transformers has been presented to prevent overvoltage
caused by distributed generation resources in distribution sys-
tems. In [8], using OLTC transformers and shunt capacitors,
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the authors presented a method to reduce the conservation
voltage reduction (CVR) factor considering the high pene-
tration of PV resources in the distribution network. In [9],
a multi-level model has been proposed for the simultaneous
operation of the transmission and distribution network, taking
into account DG and wind resources. In [10], the authors
presented an optimal control strategy for voltage maintenance
in unbalanced distribution networks. In [11], using an evo-
lutionary algorithm and metadata, a method for optimizing
distribution systems to increase the profit and flexibility of
the network in the presence of renewable energy resources
and batteries is presented. In [12], the authors presented an
algorithm for optimal utilization of the energy storage system
in distribution networks to reduce the network peak. In [13],
the authors presented a model for connecting electric vehicles
to the grid (V2G) and electric vehicles to the subway (V2S) to
reduce the energy cost of the entire system. In [14], a model
for battery and PV connection to subway station (B2S) is
presented with the aim of stability of distribution network
load distribution. In [15], an energy hub portal is presented
to integrate distributed renewable generation resources, elec-
tric vehicles, and the subway to reduce the network peak.
In [16], an evolutionary algorithm for optimizing the power
quality of microgrids by considering distributed flexible AC
transmission system (D-FACTS) devices is presented. In [17],
the authors presented a hybrid model including a step volt-
age regulator, capacitor, and battery to reduce the voltage
and current harmonics of the distribution network. In [18],
a multi-objective optimization approach has been proposed
to prevent voltage decrease and increase in microgrids using
FACTS devices. In [19], the authors presented the problem of
demand-side management to optimize the distribution system
to reduce the cost of load congestion. In [20], a method based
on game theory to optimize distribution systems to reduce
losses and energy costs by considering distributed production
resources and demand-side management is presented. In [21],
a non-deterministic model is presented to model renewable
energy sources and electric vehicles to maintain the opti-
mal voltage of distribution networks using the evolutionary
particle swarm optimization algorithm. In [22], the authors
presented a model based on energy storage and reactive power
compensating systems to maintain voltage stability in the
presence of wind farms. In [23], to prevent the reduction of
voltage fluctuations in the presence of high penetration of PV
resources in the distribution network, the authors have also
suggested the use of OLTC and battery. In [24], an innovative
method for locating distributed active and reactive generation
sources to reduce power losses and improve the voltage pro-
file in various distribution networks is presented.

As seen by reviewing previous literature and according to
tables (1) and (2), the model presented in this paper is com-
plete compared to previous papers, which can optimize the
indicators considered in the objective function as compared
to previous studies. Table (2) demonstrates a comparison
between the optimization indicators considered in this paper
compared to similar papers.
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TABLE 1. Comparison of this research with previous studies.

Ref Model SC ShR OLTC SVR B2S DG EV RDG Stochastic DR ESS MO
This MIQP v v v v v v v v v v v v
paper
[ 1] MIQP x x x x x v x v v x v v
2] MINLP x x x x x x x x x v x x
[3] MILP v x v v x x x v v x x v
[4] MINLP x x x x x v x x x x x x
[5] NP v x v v x x x x x x v x
[6] MILP x x x v x x v x v x x v
7 NP v x v v x v x x x « y «
[8] NP v x v x x x x v x x x x
[9] MILP x x x x x v x v x x x v
[10] NP v v v x x x x v x x x x
[11] MILP v x v x x x x v x x v x
[1 2] NP x x x x x x x v x x Ng N
[13] MILP x x x x x v v v v x v x
[1 4] NP x x x x v x X v x x v x
[ 1 5] NP x x x x x x v v x x v x
[16] NP v v x x x v x v x x v v
[17] NP v x x v x x x x x x v v
[18] MILP v v v x x v x v x x x v
[1 9] NP x x x x x x x x x v x v
[20] MILP x x x x x v X x v v v v
[21] MINLP x x v x x x v v v x x v
[22] MINLP v v v x x x x v v x v v
[23] MINLP x x v x x x x v x x v v
[24] NP v X X x x v x v x x x x

TABLE 2. Comparison of optimization indicators.

Losses  Energy purchase  Load DG emission  Voltage EV Renewable DR
cost shedding cost deviation curtailment curtailment cost

This v v v v v v v v
paper

[1 ] x v N v x x X x
[2] v x x x x x x x
[3] v X x x v X X X
[4] v X x x X X X X
[5] x x X X v x X x
[6] x v v X x x X x
[7] X X x x v X x X
[8] x x X x v x x x
[9] v x N v x x 3 x
[10] X x X X v x X x
[ 11 ] v X X X x x X x
[12] x v N X x x x x
[ 1 3] x v X X x x X x
[14] x x X X v x X x
[l 5] X x X X v x X x
[16] v x X N x x X x
[17] v X v x v X X X
[1 8] X v 3 v v X X X
[1 9] x v X X x x X v
[20] v v x x v x x v
[2 1] v v X X v x X x
[22] v X 3 x v X X X
[23] x x N X v x x x
[24] v x X X x x X x

B. RESEARCH MOTIVATION

Due to the high penetration of smart devices such as elec-
tric vehicles, energy storage systems, demand response pro-
grams, battery-to-subway, renewable energy resources, and
distributed generation along with D-FACTS devices, coordi-
nation between these devices becomes complicated, which
causes more complexity in the optimal operation of distri-
bution networks. On the other hand, the possibility of the
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outages of renewable resources and DG makes the challenges
of the distribution network double. Therefore, the main moti-
vation of this paper is to present a complete and efficient
model for modeling all the devices in the distribution network
by considering a multi-objective function and guaranteeing
the achievement of globally optimal solutions in the shortest
execution run time, which can be used for real and online
systems.
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FIGURE 1. Methodology of the proposed approach.

C. CONTRIBUTION

The challenge that today’s distribution networks face com-
pared to other power sectors is the existence of various
devices such as electric vehicles, electric subways, renewable
resources, DG resources, batteries, D-FACTS devices such
as capacitors and shunt reactors, OLTC transformers, regu-
lators step voltage and the presence of smart loads in this
network, if considered in a complete and integrated model,
the performance of the network will be more accurate and
optimal. In summary, the main contributions of this paper can
be divided as follows:

e Providing an integrated optimization model including
demand side management problem modeling, optimal battery
charging and discharging, optimal utilization of distributed
generation resources, optimal utilization of capacitor and
shunt reactor, OLTC and SVR tap adjustment, battery to sub-
way system modeling considering the uncertainty of renew-
able energy resources and electric vehicles.

e Presenting a mixed integer quadratic programming
model and solving it by the powerful Gurobi solver, which
in addition to high speed in solving the problem, globally
optimal solutions are also guaranteed.

Figure (1) illustrates the methodology of the proposed
approach. In this figure, the input data of the problem, the
type of model and its solution, and finally the outputs of the
proposed problem are shown.

D. PAPER ORGANIZATION

In the next part, the proposed modeling is presented and then
the considered optimization algorithm is explained. In the
third part, the considered standard systems are introduced and
the simulation results are analyzed, and the conclusion of the
paper will be presented in the final part.

Il. THE PROPOSED OPTIMIZATION MODEL

In this section, the proposed optimization model including
the multi-objective function and the constraints related to the
problem is presented.
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A. OBJECTIVE FUNCTION

In this paper, a multi-objective function is considered to
optimize the distribution system for today. Equation (1)
represents the proposed multi-objective function. Here, the
considered objectives are, in the order of reducing line losses,
reducing the cost of buying energy from the substation, reduc-
ing the cost of active and reactive load shedding in the demand
side management program, reducing the cost of load shed-
ding, reducing the cost of DG unit emissions, reducing the
grid voltage deviation, reducing the cost of power outages of
charging stations for electric vehicles and finally reducing the
power outages of renewable energy resources. In this paper,
the power of renewable energy resources and the charging
power of electric vehicle charging stations are considered
randomly and in a scenario-based approach.

min ZbeB ZteT T xrp ((f;ft)2+ (fh({t)z)
+ZteT cfpf—i—c?qf
Do Dy @ (i = Dh ) g (4, = D)
Z:neN Z:teT n OP" +0’” +ZneN ZteT n (p" t)
+ZneN Zt T Ani +Z seS Os
(anN ZIGT ZAGS f’v ﬁf’vt § Pf,‘j;)

o (Pis —Piit) (1)

According to equation (1), n, b, ¢, and s are the indicators of
counting bus, line, time, and scenario, respectively, and their
sets are indicated by N, B, T, and S, respectively. Here, r}
represents the resistance of the line, f,ﬁ , and fb{{z are equal to
the active and reactive flow of the line, respectively. ¢/ and ¢/
are equal to the cost of buying real and reactive power from
the above distribution substation, respectively, while pf and g}
are equal to the active and reactive power purchased from the
substation, respectively. a;, and o are equal to the coefficient
of active and reactive load cut penalty in the demand side
management program, respectively. Here d,’,”, and Dﬁ,, are
equal to the initial active load and changed active load in the
demand side management program, similarly d,?’ ; and DZ’ Y
equal to the initial reactive load and the modified reactive load
in the demand side management program. OZ’, and oz’, are
equal to active and reactive network load shedding, respec—
tively, and ¢j, is equal to load shedding cost. c¢f and pn [ are
equal to the emission cost of DG production units and the
power of this source, respectively. The voltage deviation is
also shown by A, ;. Here, o, is equal to the probability of each
scenario. ¢’ and c¢]° are equal to the cost of disconnection
of electric vehicle charging stations and renewable energy
resources, respectively, similarly py’, . and p;’, are equal to
the actual charging power of electric vehicle charging stations
based on the scenario and the used charging power, as well as
Py and p;f, are equal to the real power of renewable energy
resources in each scenario and renewable energy resources
can be operated, respectively.
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B. LIMITATIONS OF POWER BALANCE AND OPERATION
IN THE NETWORK

Equations (2) and (3) show the constraints related to the bal-
ance of active and reactive power in the distribution network,
respectively. In this regard pd” and p , are the dlscharge and
charge power of the battery, respectlvely, and 7P% is equal
to the power factor of distributed generation resources. Also,
gy and qShR indicate the reactive power of the capacitor and
shunt reactor, respectively.

di
pt+pnli+pnt + 0, ot Pt Z ij,t Z it

ijeN JieN
:D” +p;Vt+p;ht VneN,teT 2)
qt+0n;+P,[l),G’7DG+Q}Yn szt Zjll
ijeN JieN
=D}, +¢® VneN,teT 3)

Equations (4) and (5) are the limits of active and reactive
power usage from the station in each hour, respectively, where
p* and ¢° are equal to the maximum active and reactive
power of the substation that can be used in each hour. In the
same way, relationship (6) and (7) demonstrates the maxi-
mum operation of active and reactive power of the substation
in the entire time, respectively. In these relations, p* and
¢* indicate the maximum active and reactive power of the
substation that can be used in the entire time considered,
respectively. Equations (8) and (9) indicate the active and
reactive power flow of the lines respectively, which fbp and
qu are respectively equal to the maximum active and reactive
power flow passing through the line, also y;, shows the status
of network lines. Equation (10) indicates the limitation of the
use of DG production, where 1356 is equal to the maximum
active power of these resources, where ¢, indicates the active
status of these resources. Equation (11) indicates the limit
of using renewable resources, and «, also shows the active
status of these resources. Finally, equation (12) demonstrates
the limitation of the charging power of electric vehicle
stations.

0<pl<p’ VneN,teT )
0<¢;<q" VneN,teT 5)
0<>p<p ©)
teT
0> aq=q ™
teT
op PP
~fyvo <fp, <fyve YbeB,teT 8)
—qul/b <qu, <quyb VbeB,teT )
O<pm<pn VneN,teT (10)
0<py, <pyi.skn VneEN,teT,seS (1)
0<py, <D,y YneN,teT,seS (12)
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C. DEMAND SIDE MANAGEMENT AND LOAD SHEDDING
CONSTRAINTS

Equations (13) and (14) indicate the maximum amount of
active and reactive load of the network after the demand
side management program, respectively, these relationships
guarantee that the total network loads after the demand side
management program are less than or equal to the total be
the initial loads of the network. Equations (15) and (16) also
demonstrate the changes in active and reactive load respec-
tively after the demand side management program. Here, &
is equal to the percentage of load changes considered in the
demand-side management problem. Equations (17) and (18)
illustrate the limitation of active and reactive load shedding,
respectively.

S Db, <> dl, vieT (13)
nenN neN
> i, <>adl, vier (14)
neN neN

&~ xe <D

n,t

<db,+d), xe VneN,teT

(15)

dg’,—d,'f’,xstZ’,fd,(f’t—l-dg’,xe VneN,teT
(16)

0<oh,<Dh, VneN,teT (17)

0<ol, <D}, VneN,teT (18)

D. VOLTAGE LIMITATIONS

Equation (19) demonstrates the definition of voltage in the
distribution network. In this relation, v; ; is equal to the square
voltage of the network bus, and rp, and x;, are the resistance
and reactance of the network lines, respectively. Equation
(20) shows the limitation of nodal voltage, where v, and v, are
considered as maximum and minimum voltage respectively.
Equation (21) represents the voltage in the reference bus of
the distribution network and equation (22) defines the voltage
deviation of the network bus, which is modeled linearly.

Vie = Vi —2 (rbf,f, +xbfb’{t) VijeB,teT (19)
Vy SVt =Vn VneN,teT (20)
vai=1 Vneref,teT 1)

Vpy—1<Ay;>1—-v,; VneN,teT (22)
E. ENERGY STORAGE SYSTEM

Relationships (23) to (27) indicate the battery in the distri-
bution network. Equations (23) and (24) are equal to the
condition of battery discharge and charge power operation,
respectively, where B, and z,, indicate battery capacity
and battery status, respectively. Equation (25) represents the
energy available in the battery, where e, , represents the
state of energy and 7" and 1% equal to the charging and
discharging efficiency of the battery, respectively. Equation
(26) demonstrates the limitation of using the energy in the
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battery, and equation (27) guarantees that there is no initial
energy in the battery in the first hour.

0<pls <B,(1—2,,) VneN,teT 23)
0<p <Bu(zni) VYneN,teT (24)
eniit = eni+n Py — 1Py, YneN. 1 €T (25)
O<en,<Pu VneN,teT (26)
eny =0,pi5 =0 VYneN,t=1 (27)

F. CAPACITOR AND SHUNT REACTOR MODELING

Equations (28) and (29) respectively indicate the limitation of
using a capacitor and shunt reactor. In this regard, g, and Z]ﬁhR
are the maximum usable reactive power of the shunt capacitor
and reactor, respectively, and ¢, ; indicates the active state of
the shunt capacitor, if equal with 1, otherwise, it is zero and

indicates the active state of shunt reactive.

0<gqy, <G ¢n: YneN,teT,pel01}

(28)
0<qgR<g"™(1-¢,) VneN,teT,pel01}
(29)

G. OLTC AND SVR MODELING

Relations (30) to (35) illustrate the modeling of OLTC and
SVR transformers in the network. In these relationships,
QOLTC and Q5VR are equal to the location of the OLTC bus
transformer and the location of the SVR in the network,
respectively. In the same way, M and m represent the set and
step-index considered for OLTC and SVR tap, respectively.
Binary variables lelff and G,flf/,R are auxiliary variables for
OLTC and SVR steps respectively, similarly, A,, and B,, are
equal to the set of steps considered for OLTC and SVR,
finally, V% and V3" are taps of OLTC and SVR.

n,t,m n,t,m

v =1x Vo vne QOC te T . meM (30)

n,t,m
Vi, = Z Am % 09
meM
Vne QOUC teT,meM,0 €{0,1} (31)
VieT (32)

oltc
D o<1
m

SVR P q
Vi = Vjr X Vn,t,m -2 (rbfb,t + xbfb,t)

Viie R reT (33)
SVR SVR
Vn,t,m = Z By x em,t
meM
Ve QR teT,meM,0 {0, 1} (34)
St vier (35)

m

H. BATTERY TO SUBWAY (B2s) MODELING

Equation (36) shows the batteries installed next to the subway
station, which, in addition to charging and discharging, also
have the task of supplying the power needed by the subway.
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Here, the required power of the subway is represented by

pﬁ,";’ . Equation (37) guarantees that the required power of the

subway is equal to the load of the metro. Here l;’f,h represents

the subway load.

., ch o dis
ent+1 = enyt + ﬂLth,;H - ndlspn,z-}-l _pfllff)
VneN,teT (36)
Pl =01"% VneN,teT (37)

In the next section, the results of the simulation written
using the Julia programming language and solved with the
Gurobi solver are presented.

IIl. SIMULATION RESULTS

In this section, the scenarios considered for the analysis of
the proposed model will be introduced and the results of the
simulation and verification of the correctness of the proposed
model will be presented. For this purpose, IEEE 33-bus net-
work has been selected for analysis. Figure (2) illustrates
the diagram of the 33-bus network along with the modeled
equipment. Table (3) demonstrates the data of the proposed
network in the presence of modeled devices. To check the
proposed model in each loading condition, three different
scenarios of light load, normal load, and peak load have been
considered. The efficiency of the batteries is 90% and the load
change percentage is 10%. The OLTC is located between the
substation and bus 1 of the network, and the step voltage regu-
lator is also installed in line 18 which connects bus 2 to bus 19.

A. OPERATION UNDER NORMAL CONDITIONS

In this case, it is assumed that all resources of power gen-
eration in the network are also working properly. Table (4)
shows the results related to light load, normal, and peak load
level of the network. As can be seen, in the light load mode,
indicators such as losses and voltage are at their best. Power
losses in light load, normal and peak mode are 4.36, 5.2,
and 6.67 MVA for one day, respectively. It can also be seen
that there was no load interruption in any of the modes. The
objective function in the light load mode is almost half of the
peak load mode. In light load mode, energy purchase is equal
to 1.5 MVA and in peak load mode it is equal to 1.54 MVA.
In the same way, the used capacity of DG resources for a
light load, normal, and peak load mode is equal to 13, 23.7,
and 38 MVA. The voltage deviation in light load mode is the
best possible and equal to 0.022 p.u. The simulation results in
the operating mode under different loading conditions show
the exact performance of the proposed model.

Figure (3) shows a comparison between the load in the
initial state and the changed load after managing the demand
side in the normal load level. It can be seen that the blue
bar graph shows the initial load and the orange bar graph
shows the modified load. In these changes, it is clear that the
peak load in the 18th, 19th and 20th hours after managing the
demand side has decreased a lot compared to the initial load.

Figure (4) demonstrates the energy purchase of the dis-
tribution network from the upstream network in the station.
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TABLE 3. Information of the proposed 33-bus network.

Bus Demand(kW) Demand (kVAr) DGMW) ESS(MMW) PV(MW) EV(MW) WindMW) SC(MVAr) ShR(MVAr) B2S(MW)
1 0 0 0 0 0 0 0 0 0 0
2 100 60 0 0 0 0 0 0 0 0
3 90 40 0 0 0 0 0 0 0 0
4 120 80 0 0 0 0 0 0 0 0
5 60 30 0 0 0 0 0 0 0 0
6 60 20 1 1 0 0.5 0 0.5 0.5 0.12
7 200 100 0 0 0 0 0 0 0 0
8 200 100 0 0 0 0 0 0 0 0
9 60 20 0 0 0 0 0 0 0 0
10 60 20 0 0 0.5 0 0 0 0 0
11 45 30 0 0 0 0 0.5 0 0 0
12 60 35 0 0 0 0.5 0 0 0 0
13 60 35 0 0 0 0 0 0 0 0
14 120 80 1 1 0 0 0 0 0 0.12
15 60 10 0 0 0 0 0 0 0 0
16 60 20 0 0 0 0 0 0 0 0
17 60 20 0 0 0 0.5 0 0 0 0
18 90 40 0 0 0 0 0 0 0 0
19 90 40 0 0 0 0 0.5 0 0 0
20 90 40 0 0 0.5 0 0 0 0 0
21 90 40 0 0 0 0 0 0 0 0
22 90 40 0 0 0 0 0 0.5 0.5 0
23 90 50 1 0 0 0 0 0 0 0
24 420 200 0 0 0 0.5 0 0 0 0
25 420 200 0 0 0 0 0 0 0 0
26 60 25 0 0 0 0 0.5 0 0 0
27 60 25 0 0 0 0 0 0 0 0
28 60 20 0 0 0.5 0 0 0 0 0
29 120 70 0 0 0 0 0 0 0 0
30 200 600 0 0 0 0 0 0 0 0
31 150 70 0 0 0 0 0 0 0 0
32 210 100 1 1 0 0 0 0.5 0.5 0.12
33 60 40 0 0 0 0.5 0 0 0 0

TABLE 4. Comparison of 24-hour operation under different load levels in % e 8
the 33-bus network. [ ]
Load level 26 27 28 29 30 31 32 3
Peak  Normal Light <

Energy losses (MVAh) 6.67 52 4.36

Voltage deviation (p.u) 0.030 0.024 0.022

load shedding (MVA) 0 0 0 OTTO2 e &2 2 g ounnuBsienas

Emission (kt) 1.89 1.18 0.65 i R i

Minimum voltage (p.u) 0.9838  0.9859 0.9878

Maximum voltage (p.u) 1.014 1.010 1.01

Energy purchase (MVAh) 1.54 1.51 1.5

Maximum operation of DGs in 24 38 23.7 13 B v B ER 5 & =5

hours (MVA) Bus | | 102028 || 111926 || 6,142 @ 6142332 | [ 612172433 | @

Maximum operation of SCs in 24  24.2 27 28.9 o L i

hours (MVAr) FIGURE 2. 33-bus distribution network diagram.

Maximum operation of ShRs in 24 1.18 1.09 0.55

}Cl)%l;sct(il://leVAr) 461 325 204 between approximately 0.9859 p.u and 0.994 p.u. It can be

CPU time (s) 28 27 25 seen that the voltage changes during the considered 24 hours

It can be seen that there was no need to purchase energy in
hours 1, 10, 11, 17, and 18 due to the presence of scattered
production sources, renewable energy resources, and electric
energy storage batteries. As can be seen, hours 17 and 18,
which are the peak load of the network and have the highest
energy prices, have not purchased electricity during these
hours after optimizing the network.

Figure (5) illustrates the voltage of the 33-bus network
at 24 different hours of the day and night. For example,
in Bus 25 of the network, the voltage changes in 24 hours are

VOLUME 11, 2023

are between 0.02 per unit, which shows the lowest voltage
deviation, which can be attributed to the D-FACTS devices
modeled in the network. In the same way, the voltage changes
of each bus of the 33-bus distribution network for 24 hours
are shown in the form of a box in the box plot. It can be
seen that the voltage changes in each bus per hour are within
the permissible range. It is noteworthy from the box plot that
the voltage changes of each bus per hour were close to 1 p.u
(according to the boxes on a box plot).

Figure (6) also demonstrates the state of optimal charging
and discharging of the batteries in the network at a normal

17609
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FIGURE 3. Comparison of the initial load with the changed load in the
demand response problem in the normal load level of the network.
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FIGURE 4. Energy purchase in normal load level.
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FIGURE 5. The 33-bus network voltage in normal load level.

load level. In this figure, the negative axis indicates charging
and the positive y-axis indicates battery discharge. It can be
seen that the battery is charged in the early hours of the day
and discharged during peak hours. According to the mini-
mization of the multi-objective function of the problem, the
charge and discharge energy storage systems are optimized.
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FIGURE 6. Charging and discharging status of ESSs in normal load level.
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FIGURE 7. Charging status of electric vehicles in the 33-bus network.

Figure (7) illustrates the charging status of electric vehicles
for 24 hours. The charging status of electric vehicles has
nothing to do with the network and only shows the behavior
of electric vehicle owners for charging. It can be seen that the
most charging of electric vehicles from the network is related
to peak hours.

B. OPERATION CONSIDERING THE OCCURRENCE OF
FAILURE

To better examine the performance of the optimization model
in the condition of resource failure, several other modes
have been considered. For this purpose, according to the
relations (10) to (11) and the binary variables considered for
the network lines and the active state of the power genera-
tion resources, we also analyze the behavior of the network
according to the proposed model with restrictions on these
variables. In this situation, we assume that the load of the net-
work is normal. As seen in the table (3), there are 4 distributed
generation units and 6 wind and PV renewable energy units
in the network. Table (5) states of outage 1 and 3 units from
DG are analyzed from the network. According to the table (5),
it can be seen that with the increase in the number of DG units,

VOLUME 11, 2023
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TABLE 5. Comparison of 24-hour operation under the occurrence of DG
outage in the 33-bus network.

Outage of 1 Outage of 3
DG unit DG unit

Energy loss (MVAh) 5.14 8.07
Voltage deviation (p.u) 0.025 0.043
load shedding (MVA) 0 0.15
Emission (kt) 1.19 1.15
Minimum voltage (p.u) 0.986 0.965
Maximum voltage (p.u) 1.01 1.00
Energy purchase (MVAh) 1.51 1.49
Maximum operation of DGs in 23.7 23
24 hours (MVA)
Maximum operation of SCs in 26.8 273
24 hours (MVAr)
Maximum operation of ShRs in 0.44 0
24 hours (MVAr)
Objective 326 1082
CPU time (s) 78 101

TABLE 6. Comparison of 24-hour operation under the occurrence of RDG
outage in the 33-bus network.

Outage of 1 Outage of 3
RDG unit RDG unit
Energy loss (MVAh) 5.04 5.16
Voltage deviation (p.u) 0.024 0.024
load shedding (MVA) 0 0
Emission (kt) 1.33 1.63
Minimum voltage (p.u) 0.986 0.986
Maximum voltage (p.u) 1.001 1.001
Energy purchase (MVAh) 1.52 1.51
Maximum operation of DGs in 24  26.7 32.5
hours (MVA)
Maximum operation of SCs in 24 254 21.5
hours (MVAr)
Maximum operation of ShRs in 24 1.4 2.13
hours (MVAr)
Objective 3275 9176
CPU time (s) 27 35

losses and voltage deviation has increased. It has also been
shown that with the outage of 3 DG units, there will be a load
cut in the network of about 150 KW. On the other hand, with
the increase in the output of DG, the amount of emission has
also decreased. In the same way, the objective function of the
problem in the case of 1 output unit has changed from 326 to
1082 for 3 DG output units.

Table (6) illustrates the results of the outage of renewable
units in the network. Here, the outage mode of 1 unit and
3 units of renewable energy is considered. It can be seen
that, like the outage of DG units, with the increase in the
number of outages of renewable units, the losses have also
increased. Also, the objective function of the problem has
reached from 3275 to 9176 with the increase in the number
of renewable units. It can be seen that with the increase in
the number of renewable units, the production of DG has also
increased from 26.7 to 32.5 MW. Tables (5) and (6) show that
the proposed model has worked well in the conditions of the
outage of production units.

IV. CONCLUSION
In this paper, a mixed integer quadratic programming
model for the optimization of smart distribution networks
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considering a set of distributed generation resources, renew-
able energy resources, energy storage systems, electric
vehicles, battery-to-subway systems, D-FACTS devices like
capacitor and shunt reactor, OLTC, SVR and demand side
management were proposed. A stochastic multi-objective
function including optimization of voltage, losses, energy
purchase cost, emissions, and load shedding was also consid-
ered. The standard network of 33-bus was chosen to analyze
the proposed model. Two modes of normal operation and
operation with the outage of productive resources were also
considered, and in both modes, the superiority and precise
performance of the proposed model were determined. Finally,
the conclusions obtained from the paper can be divided as
follows:

o The D-FACTS devices considered along with the bat-
tery, B2S, and demand side management have been able
to minimize the voltage deviation and keep the energy
purchase from the upstream network at the same value
in all load conditions.

« Under any conditions, such as the outage of renewable
and fossil resources, as well as the load condition of the
network, no load shedding occurs in the network.

o The outage of fossil-DG resources cause increased
energy losses and the outage of renewable resources
causes increased pollution.

o Due to the short execution run time and the guarantee
of optimal global solutions, the proposed model can be
used in real and online networks.

To continue this paper, the following suggestions can be
made:

1- Considering the natural gas network in the proposed
optimization model to ensure accurate performance of dis-
tributed gas-fired generation units.

2- Modeling the transmission network and electricity mar-
ket to increase the profitability of the distribution network and
sell excess energy to the upstream network.
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