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Abstract—The incorporation of the reconfiguration into the expansion
planning of smart distribution networks is addressed in this paper, in
which the potential of distributed energy resources (DERs) and demand
response (DR) are modeled. The system of systems (SoS) architecture is
employed to model the strategy of a distribution company (DISCO), a
private investor (Pl) and a DR provider (DRP). The SoS is an efficient
modeling architecture to model the behavior of independent and
autonomous systems with distinct objective functions who are able to
share some data and work together. The aim of the DISCO is to upgrade
the system with the optimal cost and reliability, while the PI and DRP
want to maximize their profit. The DISCO should try to persuade the PI
to install DGs (Distributed generations) by offering the guaranteed
purchasing prices. Furthermore, the DRP is a market player who can
negotiate with the DISCO to sign a contract to sell the purchased DR
capacities from the customers. The uncertainties of the DISCO problem
is handled by using the chance-constraint (CC) method, but the Pl and
DRP use the conditional value at risk (CVaR) method to model their
uncertainties. Finally, to solve the proposed model, the multiobjective
optimization algorithm is employed.

Index Terms— Distribution expansion planning, Chance-constraint,
Conditional value at risk, Demand response provider, Private investor,
System of systems architecture.

I. NOMENCLATURES
Abbreviations
DER Distributed energy resource;
DR Demand response;
DISCO Distribution company;
Pl Private investor;
DRP DR provider;
SoS System of systems;
CcC Chance-constraint;
CVaR Conditional value at risk;
DEP Distribution expansion planning;
EENS Expected energy not-supplied;
MOPSO Multi-objective particle swarm optimization;
DSR Distribution system reconfiguration;
o&M Operation and maintenance;
VaR Value at risk;
Indicators
y Planning years;
n, Network candidate lines;
T Time periods;
Nt Network feeders;
b” Candidate buses to install DERs by the PI;
i Different types of DERSs belonging to the PI;
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Candidate buses that contain responsive customers
to DR;

Bus numbers;

Scenarios that are considered by the PI;

Scenarios that are considered by the DRP;

”

Integer variable that is “CT” if feeder “n,” is
Reinforced with line type “CT”; otherwise, it is 0;
Binary variable that is 1 if feeder “ny” is
reinforced in year “y”’; otherwise it is 0;

Binary variable that is 1 if feeder “n;” is selected
in time period “T” of year “y”; otherwise it is 0;
New installed capacity of « j° ™ DER at bus “b°
” in year “y” in scenario “s” 7 [kW];

Guaranteed price to purchase the generation of
DERs at bus “b°” in year “y” [$/kWh];

The purchasing price of DR at bus “b"” by the
DISCO from the DRP in year “y” [$/kWh];

Active power of DR at bus “b® ” in year “y” and
scenario “ sPR” [kW];

Integer variable that is “CT” if the type of feeder
“n¢” is “CT”; otherwise it is 0;

Network upgrading cost in year “y” [$];

Total cost of energy losses in year “y” [$];
Total cost of imported
transmission grid [$];

Total cost to persuade the PI to invest in year “y”

[$];

Total cost to have contract with DRP in year “y”
[$1;

Active power losses of feeder “n;” in the time
period “T” of year “y” [kW];

Imported power from the transmission grid in time
period “T” of year “y” [KW];

Active power generation of the new installed DER
with the type of “ j® at bus “b° ” in year “y” in
scenario “s” ”by the PI [kW];

Guaranteed active power generation of “
DER by PI at bus “b° > in year “y” [kW];
Guaranteed active power generation by the Pl at
bus “b” ” in year “y” [kW];

Guaranteed reactive power generation by the Pl at
bus “b° ” in year “y” [kKVATr];

Power flow of feeder “ny” in the time period “7"”
of year “y” [kW];

Benefit function of the PI in year “y” and scenario
(13 SP kRl [$];

The VaR in the stochastic optimization problem of

energy from the

P thys
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the P1 [$];

Auxiliary and positive variable to calculate the
CVaR in year “y”;

Benefit function of the DRP in year “y” and
scenario “ s> [$];

The VaR in the stochastic optimization problem of
the DRP [$];

Auxiliary and positive variable to calculate the
CVaR in year “y”;

Guaranteed active power potential of DR by DRP
at bus “b" 7 of year “y” [kW];

Guaranteed reactive power potential of DR by
DRP at bus “b® ” of year “y” [kVATr];

Voltage level of bus “m” in the time period “T”
of year “y” [kV];

Current of feeder “N; ”in the time period “T” of
year “y” [A];

Injected active power from the distribution
substation in the time period “T” of year “y”

[lkW]; . .
Injected reactive power from the distribution
substation in the time period “T” of year “y”
[KVATr];

Reactive power losses of feeder “n;” in the time
period “T” of year “y” [kKVATr];

Total planning cost in year “y” [$];

Produced pollution of « j* ™ DER at bus “b?
in year “y” and scenario “s® ” [ton];

Installation cost of line “CT” per kilometer
[$/km];
Length of line “ng” [km];

Fixed cost of feeder “ng” [$];
Duration of time period “T” in year “y” [h];

Loss cost in time period “T” of year “y” [$/kWh];

Cost of imported energy from the transmission
grid in time period “T” of year “y” [$/kWh];

Total planning years [year];

Discount rate;

Failure rate of line “CT” per kilometer and per
year [fail/(kmyear)];

Average duration of fault on line “CT” [h/fail];
Length of line “n;” [km];

Correction factor regarding the total power
generation hours with the « j° ™ DER at bus “b”
” in year “y”;

O&M cost of « j* ™ DER in year “y” [S/kWh];
Investment cost of “ j° ™ DER for the P [$/kW];

Life-time of the « j* ™ DER;

Probability of scenario “s”

the PI;
Risk factor of the PI;

Confidence level of the PI;

that is considered by

113 SDR ”»

Probability of scenario that is considered

by the DRP;
Risk factor of the DRP;

R Confidence level of the DRP;
\/ min Minimum allowable voltage threshold [kV];
\/ max Maximum allowable voltage threshold [kV];
1™ (y) Maximum current limit of feeder “N; ” in year “y”
[Al;
b (T.y) Active load at bus “m” in the time period “T” of
m year “y” [kW];
4 (T.) Reactive load at bus “m” in the time period “T” of
mL year “y” [kVAr];
¢ (y) Maximum value of financial resources for the
ety DISCO in year “y” [$];
pp DS max (¥) Maximum capacity of « j° ™ DER at bus “b” in
e year “y” [kW];
p2S ™ (y) Maximum generation of DERs’ at bus “b”” in
b’ year “y” [kW],
DG max Maximum generation of DERs in network in year
P> (y) oy [KWI:
X (y) Maximum of DER installation with the PI in year
y oy [_kW]; o - o
e (y) Maximum permissible value of pollution emission
y in year “y” [ton];
PO (y) Maximum capacity of DR at bus “b" ” in year “y”
v [kw];
Sets
A Set of all candidate lines;
v Set of planning years;
Af Set of all network feeders;
Y Set of time periods;
B’ Set of candidate buses to invest DERs by the PI;
=P Set of DER types belonging to the PI;

N Set of candidate buses with responsive customers
B to DR;

A Set of system buses;
QF Set of scenarios that is considered by the PI;
QPf Set of scenarios that is considered by the DRP.

Il. INTRODUCTION

EP is to determine the location, size and time of installing new
Dinstruments or upgrading the existing facilities, in order to

satisfy the consumers’ demand [1]. The planners should

upgrade the system to meet the increasing load level in a cost-
effective and reliable manner. The expansion options of distribution
systems (feeders, substations, DERSs, etc.), the modeling methods
(such as stochastic models), the optimization algorithms (like
mathematical and heuristic), multi-stage and multi-objective
problems are investigated with numerous studies [2]-[4]. Since DEP
is a multi-objective and combinatorial optimization problem,
heuristic optimization algorithms such as MOPSO, non-dominated
sorting genetic algorithm and shuffled frog leaping method are
interested, while they cannot guarantee the best solution [5], [6].
MOPSO is one of the best methods to solve the multi-objective
problem, due to its capability in controlling parameters and its
flexible applications [7]. The results of the multi-objective problems
are the set of solutions called Pareto-curve, where each solution has
some advantages compared to other solutions. Many methods have
been proposed to select the best solution among the Pareto solutions,
including fuzzy set, analytical hierarchy process, knee set, max-min,
etc. [8]. However, the decision makers have their own policies and
priorities, as well as their limitations regarding different objective
functions, such as economic limits, or reliability constraints. Hence,
they can estimate the consequences of their choices and select the
best compromise solution [8]. Moreover, because of the complexity
of the problem, the uncertainty of parameters is not modeled in many
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researches [9]. However, the impressive effects of the probabilistic
nature of such parameters on the optimization results make it
necessary for the planners to employ an effective method to consider
the effect of uncertainties. To this aim, various approaches are
presented, like: CC optimization [10], robust optimization [11],
CVaR method [12], as well as stochastic programming [13]. The
planners want to specify their decision variables in a robust and
flexible way, to optimally overcome the uncertainties.

Recently, the importance of smart grid and its advantages and
challenges, as well as the features and components of a future smart
grid are highly concentrated [32]. In the smart grid environment,
electricity customers will play a very important role by participating
in the DR programs. DR programs persuade customers to change
their consumption pattern when they are called. High utilization of
distributed energy resources, including DR and DERs, are focused as
the main activities of the future power systems [33]. Recently, DR
programs have been examined by many studies due to their high
benefit potential [34]. The role of DR in the future smart grids, its
issues and also its future trends are presented in [35].

As it is known, distribution systems have some normally open, as
well as normally close switches. Due to the variability of the loads,
the switching operations can operationally have an important effect,
because they can change the configuration of the system. Releasing
the grid capacity in both the transmission and distribution systems, as
well as the substations, are some of the benefits of DSR. Therefore,
the DSR can be incorporated with the DEP problem to bring some
advantages by releasing the capacity of the system [36].

Nowadays, high penetration of DERs is interested worldwide.
However, there are some issues like thermal limits and protection
issues that have restricted DERs’ penetration level [37]. Hence,
DERs should optimally be allocated, in order to overcome such
problems. Although the site of DER units is determined by the
owners, but their decisions will be affected, if efficient policies are
designed by the DISCO. Picciariello et al. [38] investigated the effect
of distribution tariffs on the investment decisions.

Recently, the utilization of the SoS has been interested, due to its
managerial benefits and also its ability to efficiently model the
behavior of independent systems. As there are some autonomous and
independent entities in the distribution system, the behavior of them
can be modeled by the SoS. The SoS is a popular approach for
increasing the system abilities to overcome the management issues
and system challenges [39]. Indeed, the SoS contains some
heterogeneous constituents that are cooperating with each other for a
common aim [40]. Therefore, the autonomous systems of the SoS,
have interoperability and they can exchange a limited data. More
details of the SoS are provided in section 2.

Consequently, there are different autonomous players in the
distribution systems who can have interoperability with each other,
while they have their own objectives. The presence of a
comprehensive framework to model these interactions in an optimal
manner to satisfy all the players should be investigated.

Table 1 chronologically categorizes the selected researches that
addressed the planning of distribution systems. The specifications of
this paper are presented in the last row of the table. In this paper, the
DEP and DSR are integrated, while the potential of DERs and DR
programs are considered. Dispatchable (diesel engine, gas turbine and
fuel cell) and non-dispatchable (wind turbine) DERs are considered
as the portfolio of the Pl. The simplified wind power generation
model [41] is used here to model the generation pattern of wind
turbines. According to this model, wind turbines are modeled with
some steps that have high accuracy for various geographical
conditions. The P1 will invest on DERS to gain benefits by selling the
generated power. Furthermore, DRP is a new market player who will
purchase DR capacities from the responsive customers and negotiate
with the DISCO to sign a DR contract to sell these potentials in order
to maximize its profit. Hence, the DISCO, Pl and DRP are three
independent and autonomous entities with separate objective
functions; but they have interoperability and can share some

variables. The aim of the Pl and DRP is to maximize their own
benefits, while from the DISCO point of view; the problem is a
multi-objective optimization problem (minimizing the total monetary
costs and the EENS as a reliability index). The MOPSO algorithm is
applied to optimize the introduced non-linear mixed integer problem.
DISCO should select the best solution among the Pareto-curve
solutions, based on its policies. It should be mentioned that, by
considering the risk level of the DISCO, the CC method is utilized to
model the uncertainties of load levels in the future years.
Furthermore, the Pl and DRP should face with the uncertainties of the
generation of DERs, and the available potential of DR, respectively.
The CVaR method is employed to model the stochastic problems of
the Pl and DRP, by considering their separate confidence levels.
Briefly, the main contributions of this paper are as follows:
e the modeling of the DR by introducing the DRP as a new market
player;
e the cooperation of the DSR with the DEP, while the potentials of
DR and DERs are considered;
e proposing the SoS to model the independent behavior of the
DISCO, Pl and DRP;
e modeling the uncertainties: 1) by using the CC method from the
DISCO viewpoint, and 2) by using the CVaR method from the PI
and DRP viewpoints.

I1l. PROBLEM DESCRIPTION

A. System of systems to contain DISCO, Pl and DRP

By restructuring the electric power delivery chain system, different
players have been appeared to play a role in the system. Nowadays,
in the real world, there are different entities who can have
participation with their own goal that may be different or even
conflicting with each other. Under this situation, the need for an
efficient and comprehensive framework to contain all the players and
satisfy them would be desired. The SoS framework is an approach to
make it possible for all the entities to work with each other, while
they have their own goals as an autonomous and independent system.

The main features of an SoS are presented in [42-44] including:

Autonomy, Belonging, Diversity, Connectivity and Emergence.

These features are defined as the following.

1) Autonomy: The capability of the entities to decide and act as an
independent system.

2) Belonging: The happiness of having a secure relationship.
Regarding these references, the constituents cope with a paradox
to act completely autonomously or to join a collective
framework. By joining to the SoS, the constituents can balance
their risks.

3) Diversity: the aggregation of different systems by the SoS in
order to fulfill the social function. It is assumed that, the SoS will
maximize its entities by connecting them by using the
cooperation and collaboration.

4) Connectivity: The relationship among the constituents to enhance
the SoS capabilities.

5) Emergence: A feedback for the autonomy and diversity to control
the autonomy and heterogeneity for providing collaboration and
functionalities.

Under the SoS framework, each entity will try to maximize its own

profit. However, they should have cooperation with each other and

share some variable. The optimum point of the SoS will determine
the operating point of all the systems.

As mentioned, the SoS is a system containing a set of autonomous

and heterogeneous systems with discrete and in some cases

conflicting objective functions, who have interoperability and are
aggregated for a common goal [42]. In addition to constant
parameters and decision variables that are generally needed to model
an entity, in the SoS model, adaptive parameters and shared variables
are also required [45]. Adaptive parameters are constant and they are
determined for one entity from other entities. For example, the
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TABLE 1
TAXONOMY OF THE DEP
" - = Problem specifications
@ S L o L -~
5 2% g5 %3 Horizon ti Ist Optimizati d g
% £3 58 g § orizon time [year/stage] ptimization procedure 3 x & 8 9
& a g £ e § [a} (%]
S
[14] Primary MINLP MO 10 and 20 Artificial immune systems v
[15] Primary MILP SO 4 Branch and bound v
[16] Primary  MINLP SO 10 GA
[17] Secondary MINLP SO 15 Tabu Search
[18] Primary ~ MINLP MO Horizon time GA v v
[19] Primary  MINLP SO 4 GA+OPF v
[20] Primary  MINLP MO 4 Hybrid PSO, SFLA v
[21] Primary  MINLP MO 5 GA v v
[22] Primary ~ MINLP MO 20 Evolutionary algorithm v v
[23] Primary MINLP MO 3 ABC, Comprehensive learning PSO v
[24] Primary MINLP SO 10+ (until 2024) Variable structure learning automata
[25] Primary ~ MINLP MO 20 Non-dominated sorting GA v v v
[26] Primary NLP SO GAMS (Using CONOPT solver) v v
[27] Primary ~ MINLP MO Modified PSO v
[28] Primary MINLP SO 20 Greedy randomized adaptive search procedure
[29] Primary ~ MINLP SO 10 and 30 PSO v v
[30] Primary  MINLP SO 5 GA v v (PEV)
[31] Primary ~ MINLP SO Horizon time Advanced PSO v
This paper ~ Primary ~ MINLP MO 4 MOPSO+ sensitivity analysis v v v v v

DISCO may specify the maximum penetration of DERs in each bus
(an adaptive parameter of the DISCO), and the Pl may determine the
annual maximum investment (an adaptive parameter of the PI).
Shared variables are at least common among two autonomous
constituents. These variables reflect the influence of different
conditions of independent constituents on each other. For example,
the guaranteed purchasing prices of DERs are the shared variable
between the DISCO and PI, while the DR prices are the shared
variables between the DISCO and DRP.

Hence, DISCO, Pl and DRP are three independent constituents that
are modeled here by using the SoS, in order to achieve an optimal
plan for DER expansion by the PI, as well as an optimal DR contract
with the DRP. The Pl and DRP are commercial agents with the aim
of maximizing their profits. The aim of the DISCO is to upgrade the
distribution system in the cost-effective and reliable way. Therefore,
in the proposed problem: 1) the DISCO should determine and submit
his/her adaptive parameters to the Pl or DRP (like the maximum
penetration of DERS), 2) the Pl and DRP should send their adaptive
parameters to the DISCO (like the maximum annual DER investment
for the PI, and the maximum potential of DR for the DRP), 3) the
DISCO determines the guaranteed purchasing prices for the PI, as
well as the DR prices for the DRP, and 4) the Pl and DRP specify the
guaranteed power generation, and guaranteed available DR capacity,
respectively, and send these data to the DISCO. It is noteworthy that,
the DISCO sends the suggested prices for purchasing power from the
Pl, and DR from the DRP. Then, the Pl and DRP will specify their
strategies according to the received signals. Based on the decisions of
the Pl and DRP, the DISCO might change the suggested prices. This
procedure should be repeated until the convergence of the solutions
of the PI, DRP and DISCO to a common point. This solution is the
optimum point of the SoS that determines the behavior of all the
heterogeneous entities. Fig. 1 illustrates the framework of the
proposed model.

B. The objective functions of the DISCO

The aim of the DISCO is to minimize the planning costs and the
EENS. The monetary cost function is formulated as (1).

Min{f.} —{Zy:(lji)y x[C*(y)+C'™ (y)+C" (y)+Coe (y)+C™ (y)]} (1)
in which,

Cue (y)znZ{UC (;{nﬂ (y))x LM +Cf x2,, (y)},v ye¥ @)
CLOSS(y)—Z{Z[Z"( (T.y)x p'ffs (T, y)xt(T,y)x LC(T,y)}},v ye¥ (3)
C“(y):Z{EC(T,y)xt(T,y)x p"(T,y)},v ye¥ @)
C;"Gs(y)=bzp[pff(y)x7r;(y)x(8760)],v ye¥ )
where,

DSPP(Y):Z[P?:W ()] v b’ eB”, yew 6)
C¥(y) =2 pS* (v)x 72 (v)x(8760) |V yew )

bR

where, equation (2) is the upgrading cost of the feeders, (3) is the cost
of energy losses, (4) is the cost to purchase energy from the upstream
grid, (5) and (6) formulate the cost to motivate the Pl to invest, and
(7) is the contract cost with the DRP to provide a specified available
capacity of DR. It should be noted that, according to (5), the DISCO
ensures the Pl to purchase its generated power, at least with the
guaranteed prices. So, the Pl could determine its optimal strategy
according to these prices to be sure about the payback of its
investment and to maximize the expected profit. Furthermore,
regarding (7), the DISCO will negotiate with DRP to sign a contract
to purchase DR. Therefore, the DRP should provide the specified
available capacities of DR, and DISCO will pay to the DRP based on
the contract between them.
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Fig. 1. The framework of the proposed SoS model
The next objective function of the DISCO is the reliability (EENS
index) as expressed by (8).

Min{f,}=

x| . ol ) 53

C. The objective function of the PI

The Pl is a commercial agent who has an income by selling the
power of DERs, while the cost terms are the investment and O&M
costs of the DERs. The objective function of the Pl to maximize is
represented by (9)-(11).

ZGP(SP).f P(y.s")+

®)

L"'Jx pf,, (T.y)xz, (T,y)},v ye¥

Max 1 , Vye¥ 9)
Pl zp _ PPy, P P
9{5 fgﬁga(s>nWs)}
where,
(r)-
V’nyl(;) {Z{Z[ -1 ]}}7cp'+op',v yeW, s" e (10-1)
= (1+i Lt
Ay =Py (v.57) 2 (v).(8760) (102)
Vo Pe=P, b" eB", y eV, sP e’
Bl = ey (¥)(PFrye (v:57)C2™ (v))(8760) (10-3)
WV jPeE?, bPeB?, yev, s"ef
c? =b2{12xj’h (y,s").lji} (10-4)
o l"P—(Y -y +1)
’ {(1-*—! A Z{ZXJPD (rsm Ty (10-5)

WV oyeVY, s Peqf

&t (ys"), &> 17 (ys")
0 C EP <P (y,s7)
Equation (9) is the CVaR formulation of the objective function to
consider the risk of uncertain parameters. Egs. (10-1)-(10-5)
formulate the objective function, where:
o the first term is the revenue of the sold power. It is calculated by
considering the amount of sold power, the price of power and the
generation duration.

np(y,sp)—{ YV oye?, sfeq’ (11)

e the second term is the O&M cost. It is computed by using the
amount of f power generated at bus “b™ with “j”™ DG, the O&M
cost of “j”™ DG and the effective generation duration.

e the third term denotes the investment cost. It is formulated by
considering the size of “r'th” DG at bus “b™, as well as the
installation cost of the “j*™ DG.

e the last term indicates the salvage value. It is formulated by

0n51der1ng the lifetime of the “jpt ” DG, the passed working
years, the size of “j™ M DG at bus “b"™, as well as the value of the
P G,

It should be noted that, all the coresponding parameters and variables

are defined in the “Nomencluture” section.

D. The objective function of the DRP

DRP wants to maximize its profit by purchasing DR potentials from
responsive customers and selling them to the DISCO. DRP is also a
commercial agent who has income according to the contract with the
DISCO to provide the specified available DR capacities, while the
cost of DRP is the persuasion cost of the customers to participate in
DR. The objective function of the DRP can be formulated by (12)-
(14).

ZO_DR(SDR).f DP(y’SDR)+
Max 1’ . v oyew (12)
HDR |:é:DR _171_DR S;O-DR (S DR )-UDR (y ,SDR )i|
where,
fDP (y]SDR):ADP_BDPl v yE\{', SDR EQDR (13_1)
ADP: pDRR y’SDR X”E;R(y)x(8760)
S[oF (.8 ] o
, Voye?, s eq™
Bopzz Pyr (y s )
T\ [ % D2 (¥, )+ 750 x (L ) ]x8760 (13-3)
vV yeVY, s e Q™R
DR _ £ OR ’ DR ' éDR>fDR yYSDR
HDR(y,sD“):{g (v:5%) . DR( DR),V yev, s®eq’ (14)
0 o ER< (%)

Equation (12) is the CVaR formulation of the DRP’s objective
function. The objective function is formulated by (13-1)-(13-3), in
which:

e the first term denotes the income of the contracts to provide a
specified amount of DR. It is calculated by considering the
contract price, the amount of available DR capacity and the
corresponding time duration.

o the second term is the cost of DR activation. In this equation, the
DR price is modeled as a linear function that is extracted from
[46]. In (13-3), &g [in $iMw?h] and Ve [INSIMWH] are
constant coefficients, and oy is a coefficient in the range of [0-

1] that shows the tendency of the customers to participate in DR
[36]. The DR capacities and their time durations are also
considered in this equation to model the DR cost.

E. The constraints of the DISCO

e The topology of the distribution system
Distribution networks should be operated radially and all the buses
should be connected to the substations to prevent the islanding. The
introduced method in [47] is employed to guarantee the validity of
this constraint.

e \oltage thresholds

Pr{v™ <V, (T,y)SV™}>1-VDP, ¥V meA, TeY, ye¥ (15)

where, PF{-} is an operator to calculate the probability, and VDP is
the voltage deviation probability. It should be noted that, VDP is
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determined by DISCO, to compromise between the probability of
voltage deviation and the expected values of its other objectives.
Indeed, VDP shows that how much risk is acceptable by the DISCO.
If VDP is 0, it means that the DISCO is completely conservative and
will take no risk.

e Current flow of feeders

Pr{l, (T.y)|< 1™ (¥)}21-LOP,¥ n,eA’, TeX, ye¥ (16)
where, Lop is the probability of lines overload that has the meaning

like VDP .
e Load balance

ceat-elgaofsefgerina)
2P ()= 2eE (

oon-fpans)efpe
29 ()= 29 (

where, E{} is an operator to compute the expected values. These
constraints represent that the total generated and consumed active and
reactive powers are equal together.

e Financial resources
The DISCO may have a financial limitation for upgrading the
distribution system.
Pr{pc(y)s pcr"ax(y)} >1-ECP, V ye¥ (19)

In which, ecp is the probability that the expansion cost exceeds the
maximum value.

(17
y, V TeY, yeV¥

(18)
y, vV TeY, ye¥

F. The constraints of the PI
e Maximum capacity of each DER type in each bus
P e (v.s")< P (v),V ye¥, j"e=", bPeB’, 5" cQ” (20)
e Generation capacity of DERs in each bus
Zp;’p,bp(y,s )< pP™(y).V yeW, b’ eB’, s"eq’ (21)
=

e Total generation capacity of DERs in the network
>3 p;’vaP(y,s”)s P (y), V ye¥, e’ (22)
bP JP

e The investment with the Pl
Zfop‘bP(y,sp)éxW(y), VvV ye¥?, sfeQ’ (23)
bP J-P

e Pollution emission
The annual produced pollution should be maintained in a permissible
range.

DD eey (ViS7)<e™(y), V yew, e’ (24)
"G

Eq (24) considers the pollution rate of different DG types to evaluate
the generated pollution. According to this constraint, the total amount
of generating pollution during a year should be maintained within the
acceptable range.

G. The constraints of the DRP

The magnitude of DR is restricted by the DR capacity [36].

prRR(y, ) pDRmax( )V bREBRl ye\{,’ SDRGQDR (25)

H. Optimization procedure

A two-layer procedure is used in this paper to solve the proposed
problem. The decision variables of the first layer are lines

reinforcement (x, (v)) and reconfiguration plan (z,(T.y)).
Furthermore, the decision variables of the second layer are the shared

6
1
1 The first optimization layer (PSO-based) 1
1 1
| | Generate the first layer PSO swarms | 1
1 1
1 \l/ }
| | Run power flow and calculate /7 and £2 for each particle | I
1 1
| e Vo e o I

I The second optimization layer (based on sensitivity analysis)

1
1
1 }
| ‘ Calculate sensitivity vectors of candidate buses (for the PI and DRP) | |
1
1
}
1

1
1 Run the SoS, Check the constraints and determine the shared
| variables

| Select the best solution |

Fig. 2. The two-layer optimization procedure

variables of the SoS. The shared variables of the DISCO and PI, as
well as the shared variable of the DISCO and DRP are determined in
this layer. They include the guaranteed purchasing prices from the PI

(= (y)), the guaranteed generation with the PI (p¥ (v)), the price of
DR in each bus (zx(y)) and the guaranteed available capacity of
DR in each bus (p%*(y)).

The second layer is based on the sensitivity analysis, in which, the
sensitivity indexes are defined as the following.

5 (T.y)= (Equ y))) (29)
ST .y)= ((Zigf: y))) @

In these equations, S;°(T.y) is the sensitivity with respect to the

installed capacity of DGs in bus “b” ”, pc (T,y) is the penalty cost of
constraints deviations in the “T"™ time-period of each year, () is the
operator that denoted the changes of the relevant variables and
S (T.y) is the sensitivity with respect to the DR capacity in the bus

“p®”. SF(T.y) and S (T.y) are (1xS) vectors, where, S indicates
the number of discrete steps for the a(pe(y)) and a(pzr(v))- It

should be noted that, in the second layer, the DISCO determines the
guaranteed purchasing prices from the Pl and DRP. Then, on the
basis of these price signals, the Pl and DRP will determine their
participation strategies. Based on the optimal strategies of the Pl and
DRP, the DISCO will modify the guaranteed purchasing prices to the
next steps of the sensitivity analysis. This procedure should
repetitively be continued until the convergence of the optimum points
of all the entities. This convergence point is the solution point of the
SoS that determines the behavior of all the autonomous systems.
Therefore, the first layer specifies the system configuration (based on
the DSR variables), as well as the lines’ reinforcement. The second
layer determines the installed capacity of DGs and the available
capacity of DR, as well as their guaranteed purchasing prices by
using the SoS framework. Fig. 2 illustrates the flowchart of the
optimization procedure.

IV. SIMULATION RESULTS

Two standard distribution systems are utilized to analyze the
simulation results: the 33-bus and 118-bus, as introduced in [36] and
[48], respectively. Firstly, the 33-bus standard distribution system is
used. As it is mentioned, the DISCO models the load uncertainties by
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TABLE II
ANNUAL COST AND EENS INDEX

Planning stages

fyear] Planning cost (M$) EENS (MWh)
1 0.61 5.11
2 0.61 5.02
3 1.25 5.60
4 0.86 5.58
*
T *
*
*
*
*
= * s
z 6 e
- S R— T S
z /"-’L
@ i*,y
5 s * @
: MR
| cee
i Monetary cost (M$)
0.7 1.0 1.3
Fig. 3. Set of Pareto solutions for the last year

EENS (kWh)

5600 —

0 y
Monetary objective function (S)

-
0! y

1253000

Persuading cost of the PI ($)
243000 - —
0l y

Cost of imported energy ($)

542000 —__ 0 e—
0 y

Persuading cost of the DRP ($)

Expansion details

52000 —
0 y

Cost of energy losses ($)

26000 —
0o .y

Lines reinforcement cost ($)

400000 —
ol S| N S
1 2 3 4

Planning years

Fig. 4. The values of the cost terms and EENS indexes

using the CC method. It is assumed that DISCO will accept the risk
level of 15%. Furthermore, the Pl faces with the generation
uncertainties, and the DRP has the uncertainties regarding the DR
potential. The CVaR method is employed to model the uncertainties
of the Pl and DRP, by considering 0.95 and 0.9 as the confidence
levels of the Pl and DRP, respectively.

Moreover, their risk factors are considered equal to 0.3. Various
types of DERs are considered here including diesel engine, gas
turbine, fuel cell and wind turbine. The generation of fossil-based
DERs is deterministic, while, the uncertain generation of wind
turbines is modeled by using the presented approach in [41] with four
steps. The investment and operation cost data of the DERs are
presented in [49]. The power factors of the diesel engine, gas turbine,
fuel cell and wind turbine are 0.95, 0.95, 1.00 and 0.90, respectively.
The correction factors in the optimization problem of the PI are 0.95.

For the responsive load points, ¢, and y,, are assumed 4 [$/MW?h]

and 50 [ $/MWh ], respectively. The annual financial limitations of the
DISCO are 0.62, 0.62, 1.25 and 0.87 [M$] for the planning years.

The pseudo-dynamic approach is used to solve the proposed multi-
stage problem. As it is mentioned, the MOPSO is employed to find
the Pareto solutions of the multi-objective problem. However, the
planner should select one of the solutions, based on their policies and
priorities. As pre-mentioned, the presented approach in [8] is utilized
to select the best solution, based on the policies and limitations of the
DISCO. In this paper, the maximum values of cost and reliability
index are considered 0.90 (M$) and 5.7 (MWh), respectively. The
features and data of the load (different energy sectors and load
levels), and system specifications are provided in [36]. The peak load
levels in the first year are assumed equal to 110 percent of the
standard load levels of the 33-bus distribution system. The discount
rate is 5%. According to assumptions, the candidate buses to install
DERs are 8, 14, 22, 26, and responsive load points are 30-33. The
maximum pollution emission is 4.5 and 5.5 [ton/day] in years 1-2,
and 3-4, respectively. Finally, the life-time of fossil-based DERs and
wind turbines are 10 and 15 years, respectively.

The optimum values of planning costs and reliability indexes as the
objective functions of the DISCO are presented in Table II. As it is
described, the DISCO has selected these solutions, among the Pareto
set of solutions. Fig. 3 shows the Pareto solutions obtained through
the MOPSO for the last planning year. As it is illustrated in Fig. 3,
one solution is selected by the DISCO, based on its policies regarding
the maximum limits of the objective functions. The value of each cost
term and EENS index are shown in Fig. 4. Fig. 5 shows the optimum
expansion plan, where the upgraded feeders, installed DERs and
available DR capacities are indicated with bolded lines. PI invests to
install DERs, based on the guaranteed purchasing prices from the
DISCO that are presented in Table IIl. In addition, the types of
installed DERSs, as well as the expected generation pattern of each
DER type (that are determined in the optimization problem of the PI),
are shown in Table IV. Note that, the Pl guarantees the total amount
of power generation with different DER types, at each bus. It should
be noted that, as the generation of the fossil-based DERs is
deterministic, their generated power is proportional to the installed
size of them; but for the wind turbines, due to the high uncertainties
of generation, the installed capacity is more than the expected
generation of them. It means, the PI can guarantee a specific capacity
of generation, while it may install more. Fig. 6 shows the expected
operation cost, income and benefit of the PIl. Furthermore, DRP has a
DR contract with DISCO to provide the specified capacities of DR.
Tables V and VI present the contract prices between the DISCO and
DRP, as well as the available DR potentials that are provided by the
DRP. The expected annual cost, income and benefit of the DRP are
illustrated in Fig. 7. As it is observed in Tables V and VI, the price of
DR at bus 33 is higher than other buses, while the DR cost
coefficients and customers’ willingness are equal with each other.
This is because of the less DR capacity in bus 33 than other
responsive load points. Indeed, according to the objective function of
the DRP (equation 13), the amount of DR capacity is effective in the
expected profit of the DRP. It should be noted that the values of DR
cost coefficients are effective in the profit function of the DRP.
Therefore, the contract prices between the DISCO and DRP will
change with respect to the different values of these coefficients. For

instance, if z, and . are 10 ($MW?h) and 120 ($/MWh ) and all

things remain constant as before, the contract prices will be increased
to 140 at buses 30-32, and 196 at bus 33 in the last planning year. It is
noteworthy that if the cost coefficients are too high (like

&z =15 [$MW*h]) and %,» =200 [$/MWh]), no agreement will be

achieved between the DISCO and DRP. Moreover, the pollution
constraint is one of the most important restrictions that can
effectively change the optimal results of the SoS. For instance, if the
pollution constraint in years 3 and 4 are 7.5 (ton/day), the P1 will not
install the new capacity of wind turbines, while, the capacity of diesel
engines and gas turbines will be increased to 200 and 50 [kW],
respectively (at both buses 14 and 22). Furthermore, the guaranteed
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prices at these buses will remain equal to 56 [$/kWh]. Therefore, if
the pollution constraint is more restricted, the Pl should invest to
install more capacities of wind turbines, while the generation of other
fossil-based DERs remains limited. In addition, the more limited
pollution constraint will cause higher guaranteed prices, because, as
pre-mentioned, due to the high uncertainty of wind power generation,
the PI should install high capacities of wind turbines, while it can
guarantee the lower generations. Hence, the Pl will need higher
guaranteed purchasing prices from the DISCO.

Finally, the 118-bus distribution system is utilized to study the results
of the proposed problem. Five buses are considered to be developed
since year 3 (buses 119-123). All the assumptions are provided in
[50]. The guaranteed purchasing prices from PIl, the generation
patterns of DGs and the contract details with DRP (prices and
available values) are provided in tables VII-X.

Candidate corridors
— Reinforced facilities
= New reinforced facilities

15 16 17 18 37
e e SRR

29 30 31

N H R e ol BT SEEEE SRR SR
‘, 26 27 28

(Year 2)

. AL R S -y -
S 20 30 a1 32
A - L S
!
H

fle'e

(Year 3)

(Ycar 4)
Fig. 5. Distribution system expansion plan

TABLE Il
THE GUARANTEED PURCHASING PRICES

TABLE IV
THE TYPES AND GENERATION PATTERNS OF THE GDS FOR THE P

stages Generation [kW]
[year] DER types Bus 8 Bus 14 Bus 22 Bus 26
Diesel engine 150 150
1 Gas turbine
Fuel cell
Wind turbine 4 4
Diesel engine 150 150
2 Gas turbine
Fuel cell
Wind turbine 6 6
Diesel engine 200 150
3 Gas turbine 15
Fuel cell
Wind turbine 8 8
Diesel engine 200 150
4 Gas turbine 15
Fuel cell
Wind turbine 10 10
] 300000
=]
P
2 = 200000
8 E H Cost
E‘ B uIncome
82 100000
&= & Profit
L)
2 -
= 0
2 3 4
Planning years
Fig. 6. The operational cost, income and profit of the Pl
TABLE V
THE CONTRACT PRICES WITH THE DRP
Planning Guaranteed prices [$/MWh]
stages [year] Bus 30 Bus 31 Bus 32 Bus 33
1 56 56 56
2 56 56 56 84
3 56 56 56 84
4 56 56 56 84
TABLE VI
THE PROVIDED AVAILABLE DR POTENTIAL BY THE DRP
Planning DR capacity [kW]
stages [year] Bus 30 Bus 31 Bus 32 Bus 33
1 30 22 31 0
2 30 22 31 8
3 34 25 35 9
4 34 25 35 9

Planning Guaranteed prices [$/MWh]
stages [year] Bus 8 Bus 14 Bus 22 Bus 26
1 56 56
2 56 56
3 84 56
4 84 56

V. CONCLUSIONS

This paper coordinated the DSR with the DEP problem, while the
independent behavior of the DISCO, Pl and DRP, and their
interaction with each other are modeled by using the SoS. The
DISCO, Pl and DRP are autonomous systems with separate
objectives. The proposed SoS model considers the aim of each
independent system, as well as interoperability characteristics to find
an optimal SoS solution that will determine the behavior of the whole
system. The objective functions of the DISCO are to minimize the
total planning cost, as well as the EENS index. The DISCO should
cope with the load uncertainties in each year. By considering the risk
level of the DISCO, the CC method is used to model the uncertainties
of the DISCO. Moreover, the Pl is a commercial agent who wants to
maximize its profits. The Pl receives guaranteed purchasing prices
from the DISCO to install DERs.

Therefore, the PI should determine its generation pattern, in response
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Fig. 7. The cost, income and profit of the DRP
TABLE VII
THE GUARANTEED PURCHASING PRICES
Planning stages Guaranteed prices [$/MWh]
[year] Bus Bus Bus Bus Bus Bus Bus
2 28 42 50 74 102 111
1 56 56 56 56
2 56 56 56 56
3 56 56 56 56 56
4 56 56 56 56 56
TABLE VIII

THE TYPES AND GENERATION PATTERNS OF THE GDS FOR THE Pl

stages DER

Generation [kW]

Bus Bus Bus Bus Bus Bus Bus
[year] types 2 28 42 50 74 102 111
Diesel 500 500 500 500
engine
Gas
1 turbine 400 400 400 400
Fuel cell
Wind
turbine 5 5 5 5
Diesel 500 500 500 500
engine
Gas
2 turbine 493 493 493 493
Fuel cell
Wind
turbine ! ! ! !
Diesel 500 496 500 500 500
engine
Gas
3 turbine 493 148 493 493 493
Fuel cell
Wind 7 12 7 7 7
turbine
Diesel
engine 500 496 500 500 500
Gas
4 turbine 493 156 493 493 493
Fuel cell
Wind 7 w47 7 7
turbine
TABLE IX
THE CONTRACT PRICES WITH THE DRP
Planning stages [year] Guaranteed prices [$/MWh]
Bus 80 Bus 107 Bus 108 Bus 112
1
2
3 56
4 56
TABLE X
THE PROVIDED AVAILABLE DR POTENTIAL BY THE DRP
Planning stages [year] DR capacity [kW]
Bus 80 Bus 107 Bus 108 Bus 112
1
2
3 36
4 36

to the purchasing signals. The CVaR method is utilized to model the
DERs’ generation uncertainties, by considering the confidence level
of the PI. The DRP is also a commercial agent that is proposed as a
market player to manage the DR potential. On one hand, the DRP
should persuade customers to be ready to participate in DR and on
the other hand, it should negotiate with DISCO to sign the best
contract to sell the specified available capacity of DR. By considering
the confidence level of the DRP, the CVaR method is used to model
the uncertain behavior of customers. The proposed SoS framework
proves that:

o Different independent players can share some of their variables
with each other to have interoperability, while they independently
optimize their own problems.

e All autonomous players can use their own desire methods to cope
with their relevant uncertainties regarding their own independent
risk level, and also use their favorable techniques to optimize
their problem.

e Finally, the SoS optimum solution determines the behavior of the
DISCO, Pl and DRP as three independent and autonomous
entities.
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