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Abstract. This paper address optimal operational problem of smart
distribution systems (SDS) encompassing uncertainties and demand
response (DR). Information gap decision theory (IGDT) is adpoted in
this work to model the uncertainties in grid prices and power from renew-
ables. The SDS operation is analyzed for opportunity (risk-seeker) frame-
work of IGDT. The proposed risk-seeker IGDT based SDS operational
management problem is modeled as a multi-objective optimization app-
roach to simultaneously optimize radius of uncertainty of both grid prices
and power from renewables. The ε-constraint method is utilized to solve
the multi-objective IGDT problem. Moreover, impact of different partici-
pation levels of load shifting type DR on SDS operation is also presented.
In order to demonstrate the efficacy of the proposed work a modified 33-
bus distribution system is adopted. The results illustrate the effectiveness
of proposed multi-objective IGDT model for SDS operational problem.
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1 Introduction

Smart grid is emerging as a revolutionized transformation of traditional grid
owing to greenhouse gas emissions, eroding fossil fuel reserves and surging
demand of load. The smart grid facilitates the integration of two-way cyber
communication and computer intelligence across the entire spectrum of power
systems from generation to consumer end. Subsequently, the envisioned smart
grid will be versatile and robust. Another feature of smart grid is efficient deploy-
ment of distribution energy resources (DERs) such as demand response (DR)
and distributed generation (DGs). Most of these DERs will be located at the dis-
tribution end of smart grid. Thus, the integration of these DERs will transform
the conventional distribution network into a smart distribution systems (SDS).
However, the unpredictability associated with time varying electricity prices and
renewable based DGs such as wind turbine (WT) challenges the secure operation
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of SDS. The potential of SDS can, therefore, be leveraged only through optimal
management of DERs in presence of uncertain resources.

In this regard, various methods such as robust method [2,15], probability
method [2,10] and fuzzy set [1] are reported by authors in literature to incorpo-
rate the input parameter’s uncertain nature in SDS operation. These methods,
however, have some drawbacks. Robust method, for example, necessitate the
exact uncertainty set; probability-based methods necessitate the accurate prob-
ability functions and fuzzy methods are computationally expensive and require
membership functions. Recently, information gap decision theory (IGDT) which
is a non-probabilistic method has shown great promise in managing uncertain-
ties. IGDT method differentiates between actual value and forecasted value.

Uncertainty in demand for a low-voltage distribution system using IGDT is
addressed in [9]. Uncertainty in grid prices of renewable integrated microgrid is
modeled using IGDT in [6]. Problem of voltage and congestion management in
presence of WT uncertainty is studied using IGDT in [7]. Scheduling of flexible
loads using IGDT to manage uncertainty in grid electricity prices is proposed in
[16]. Two IGDT based functions, robustness function and opportunity function
are presented in [3] to evaluate the risk associated with uncertain parameters
while economically scheduling the resources of power system. Comparison of
risk-neutral plan with risk-seeker (RS) and risk-averse (RA) IGDT strategies in
controlling the uncertainties of market price in a smart microgrid is provided in
[14]. AC load flow equations are not considered in [6,11,16]. Moreover, only one
uncertain parameter is modeled using IGDT in [3,6,7,9,14,16].

Very few works such as [4,8,12,13] have simultaneously optimized multiple
uncertainties using IGDT for operational problem of SDS. Weighted-sum based
multi-objective IGDT model for energy management problem of microgrid with-
out inclusion of grid constraints and DR is presented in [8]. Multi-objective RA-
IGDT based day ahead scheduling of SDS using enhanced ε-constraint method
is illustrated in [4]. Though, the authors have considered DR through flexible
loads, but a sensitivity analysis of DR participation levels is not investigated. An
IGDT model formulated as mixed-integer non-linear programming (MINLP) for
power management of SDS is proposed in [13]. Multi-objective RA-IGDT based
operation of SDS using ε-constraint method to simultaneously tackle uncertian
wind and grid prices is studied in [12]. However, [4,8,12,13] have only addressed
RA strategy of IGDT. In other words, multi-objective RS-IGDT strategy for
optimal operation of SDS has not been attempted.

Based on above discussion, this paper presents a multi-objective RS-IGDT
based SDS operation encompassing AC power flow constraints and DR. The pro-
posed multi-objective approach simultaneously considers uncertain grid prices
and uncertain WT power in operation of SDS. The multi-objective model is
investigated for RS decision maker using opportunity function of IGDT. ε-
constraint method is developed in this work to solve the proposed multi-objective
IGDT problem. Moreover, impact of different DR participation rate on oppor-
tunistic operation of SDS is also presented in this work. The proposed multi-
objective frameworks are applied and investigated on the modified 33-bus system
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radial distribution system under various operating scenarios and performance
indices have been analyzed in this work.

2 Problem Formulation

2.1 Deterministic Framework

One of the priorities of smart grid operator is to efficiently operate the network.
Towards this goal, the objective function considered from smart grid operator’s
perspective is to minimize cost of operating dispatchable DGs (DDGs) and cost
of importing power from sub-station. This objective is mathematically expressed
as follows:

OCo =
NT∑

t=1

NDDG∑

j=1

cDDGjPDDGj,t +
NT∑

t=1

Nsbs∑

sbs=1

csbs,tPsbs,t (1)

Here, OCo is SDS operating cost when uncertainty is not considered; NDDG,
NT and Nsbs are number of DDGs, time intervals and sub-stations respectively;
PDDGj,t and Psbs,t are power from DDG j and sub-station respectively; cDDGj

and csbs,t are cost of power from DDG and price of power from sub-station
respectively.

OCo defined in above equation is subjected to AC load flow equations (2)–(7),
DR constraints (8)–(12) and DDGs power limit constraint (8) respectively.

PGc,t−PDc,t =
∑

cd∈ΩL

PLcd,t−
∑

bc∈ΩL

(PLbc,t−I2bc,tRbc) ∀t ∈ ΩT ,∀c ∈ ΩN (2)

QGc,t−QDc,t =
∑

cd∈ΩL

QLcd,t−
∑

bc∈ΩL

(QLbc,t−I2bc,tXbc) ∀t ∈ ΩT ,∀c ∈ ΩN (3)

V 2
d,t = V 2

c,t − 2(PLcd,tRcd + QLcd,tXcd) + Z2
cdI

2
cd,t ∀t ∈ ΩT ,∀cd ∈ ΩL (4)

V 2
c,tI

2
cd,t = QL2

cd,t + PL2
cd,t ∀t ∈ ΩT ,∀cd ∈ ΩL (5)

V ≤ Vc,t ≤ V ∀t ∈ ΩT ,∀c ∈ ΩN (6)

Icd,t ≤ Icd ∀t ∈ ΩT ,∀cd ∈ ΩL (7)

PDc,t = PDo
c,tκc,t ∀t ∈ ΩT ,∀c ∈ ΩN (8)

T∑

t=1

PDc,t =
T∑

t=1

PDo
c,t ∀c ∈ ΩN (9)

1 − κc,t ≤ κc,t ≤ 1 + κc,t ∀t ∈ ΩT ,∀c ∈ ΩN (10)

QDc,t = QDo
c,tκc,t ∀t ∈ ΩT ,∀c ∈ ΩN (11)

T∑

t=1

QDc,t =
T∑

t=1

QDo
c,t ∀c ∈ ΩN (12)
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PDDGj ≤ PDDGj,t ≤ PDDGj ∀t ∈ ΩT ,∀j ∈ ΩDDG (13)

Here, c and d are index for nodes; bc and cd are index for lines; ΩT , ΩN , ΩL and
ΩDDG are sets for time, nodes, lines and DDG respectively; Zcd, Rcd and Xcd are
impedance, resistance and reactance of line respectively; V and V are maximum
and minimum voltage limit respectively; PDDGj and PDDGj are minimum and
maximum power limit of DDG respectively; κc,t is maximum flexibility of load;
Icd is maximum current through line; QDo

c,t and PDo
c,t are reactive and active

load before DR; QDc,t and PDc,t are reactive and active load after DR; QGc,t

and PGc,t are reactive and active power injected; QLcd,t and PLcd,t are reactive
and active power flowing in lines; Icd,t is current flowing in line; Vc,t is voltage
magnitude; and κc,t is flexibility of load.

2.2 IGDT Framework

IGDT assists the decision makers to handle systems having uncertain parame-
ters. Unlike other methods, this method does not require any kind of statistical
data pertinent to uncertain parameter. IGDT consists of two approaches, namely,
risk-seeker (RS) and risk-averse (RA) strategies. In RS-strategy, the decision
maker aims to maximize its profit through favorable variations in uncertain
parameters whereas in RA-strategy, the aim of decision maker is to minimize
the risk due to unfavorable deviation in forecasted values of uncertain parame-
ters. In context of IGDT, the favorable or unfavorable deviations are represented
using immunity functions. Robust function defines the immunity against failures
whereas minimum horizon of uncertainty while ensuring that a pre-defined profit
is met is expressed using opportuneness function. In RS-strategy an opportune-
ness function is defined which has positive effects on the objective of decision
maker. In contrast, a robust function is expressed for RA-strategy. In this paper,
the SDS operation intends to be a RS model that brings about positive effects
for decision maker. The opportunity function ηRS is defined as shown in Eq.
(14).

ηRS = min
η

{η : min cost ≤ critical cost} (14)

The uncertainty in prices of power from sub-station and power from WT unit
expressed as ut = {csbs,t,Pwt,t} is modeled using IGDT. Here, demand flexibility,
power from DDGs and power taken from sub-station are decision variables of
the optimization problem. They are represented as qt = {κc,t,PDDGj,t,Psbs,t}. It
is assumed that forecasted values, denoted as ũt = {c̃sbs,t,P̃wt,t} are accessible
to smart grid operator. The RS-IGDT based SDS problem is presented in Eqs.
(15)–(19).

min αRS and min βRS (15)

s.t.

min

Nsb∑

sbs=1

NT∑

t=1

csbs,tPsbs,t +
NDDG∑

j=1

NT∑

t=1

cDDGj,tPDDGi,t

≤ OCc = OCo(1 − δ)

(16)
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c̃sbs,t(1 − βRS) ≤ csbs,t ≤ c̃sb,t(1 + βRS), ∀t ∈ ΩT (17)

P̃wt,t(1 − αRS) ≤ Pwt,t ≤ P̃wt,t(1 + αRS), ∀t ∈ ΩT (18)

constraints (2) − (13) (19)

Here, α and β are radius of uncertainty for WT power and prices for power from
sub-station; P̃wt,t is forecasted power from WT; c̃sbs,t is forecasted price of power
from sub-station; OCc is critical/target SDS operating cost; δ is deviation factor;
and Pwt,t is power from WT. Equation (16) indicates that the minimum SDS
operating cost should be less than equal to SDS target operation cost. The target
operation cost of SDS is expressed as some percentange of deterministic SDS
operation cost. Constraints (17) and (18) correspond to the range of uncertain
grid electricity prices and wind power. Operating cost in Eq. (16) attains the
minimum value when availability of wind power is maximum while value of
grid electricity prices is minimum. Therefore, bi-level RS-IGDT problem can be
translated into a single level optimization problem.

3 Solution Methodology

Numerous methods such as ε-constraint method and weighted-sum approach
are proposed in literature to handle the multi-objective optimization problems.
In this repect, the ε-constraint approach is adopted in this paper because of
its wide range of benefits over weighted-sum method. In ε-constraint method,
the objective functions are classified into two categories, that is, main and
secondary objective functions. In this method, optimization of main objective
function is performed while restricting all the secondary objective functions by
some amount. As a result, the multi-objective model is converted into a single-
objective optimization model. The single-objective optimization model evaluated
from ε-constraint approach is expressed as [5]:

max β

s.t

α ≥ ε

inequalities and equalities constraints

(20)

4 Simulation Results

The operation problem of SDS encompassing DR and uncertain parameters is
demonstrated on a modified 33-bus system. The details of modified system are
derived from [12]. The modified distribution system is assumed to be equipped
with four DDGs. These controllable DGs are considered at node 25, 16, 13 and 8
respectively. The maximum power limit of DDGs are 300 kW, 300 kW, 500 kW
and 500 kW respectively. In addition, WT of 500 kW and 750 kW are assumed
to be installed at node 32 and 14 respectively. The input data pertinent to profile
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of wind power, load demand, forecasted grid prices and operating cost of DDGs
is adopted from [10–12]. Following scenarios are framed in order to evaluate the
effectiveness of proposed IGDT based SDS operation.

• Scenario 1) In this scenario, it is assumed that only power from wind is
uncertain.

• Scenario 2) In this scenario, uncertainty of only grid electricity prices is con-
sidered.

• Scenario 3) In this scenario, uncertainty of both grid electricity prices and
power from WT is considered.

In the above scenarios, scenario 1 and scenario 2 are based on single objec-
tive optimization whereas scenario 3 is based on multi-objective optimization
approach. Moreover, each scenario is evaluated for 0%, 10% and 20% partici-
pation levels of DR. The SDS operation cost amounts to 3969.55 $, 3696.79 $
and 3431.56 $ respectively when participation level of DR is 0%, 10% and 20%.
These prices are obtained under deterministic case without taking into account
the effect of uncertainty.

Results of Scenario 1. The variation of opportunity radius of uncertainty in
wind generation αRS with critical cost is depicted in Fig. 1. This figure shows
variation of minimum deviation in wind power as compared to forecasted value
for achieving minimum operation cost that is less than certain critical cost. It
is observed that operation cost of SDS reduces due to favorable wind power
deviations. For instance, the operation cost reduces from 3431.56$ to 2894.50$
when opportuneness value increases from 0 to 0.578 for 20% participation rate of
DR. Thus, the risk seeking strategy provided by opportuneness function of IGDT
assists in enduring financial benefit through possible increase in wind generation.
It is also observed that the increase in participation level of DR gives lower radius
of wind power uncertainty. For more clarity, the opportuneness value with critical
cost of 3100$ under different DR levels is shown in Table 1. As compared with 0%

Fig. 1. Opportuneness value αRS versus target cost
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Table 1. Opportuneness value αRS for varying DR levels

DR levels 0% 10% 20%

αRS (OCc = 3100$) 0.949 0.641 0.355

Fig. 2. Ratio value versus opportuneness value αRS

and 10% DR participation rate, the opportuneness value decreases by 62.60%
and 44.61% when DR participation is 20%. This implies that certain critical cost
can be obtained with less wind power when DR participation is high.

Figure 2 shows the ratio value of power from different sources and energy loss
for 20% DR participation rate. Ratio value is ratio of energy in presence of uncer-
tainty to without uncertainty. It is observed that the share of power injected from
wind is increased as its uncertainty is now converted into opportunity for deci-
sion maker. The power input from sub-station continues to decrease on increasing
opportuneness value due to large positive forecast errors in wind power. Moreover,
there is no significant change in power from DDGs and energy loss.

Results of Scenario 2. The variation in opportuneness value βRS with target
cost for different DR participation levels is presented in Fig. 3. The figure indi-
cates that lower operating cost of SDS necessitates favorable deviations in grid
electricity prices. For example - with DR participation rate of 20%, in order to
reduce the operation cost of SDS by 15.65% (3431.56$ to 2894.50$) the uncertain
grid prices in each hour should be 19.86% lower in comparison to forecasted grid
electricity prices. In fact, this financial gain is attributed to the acceptance of
risk linked with risk-taking strategies. Moreover, Table 2 shows that the perfor-
mance of SDS becomes superior by integrating DR as the opportuneness value
decreases with higher DR participation level. In other words, in order to obtain a
critical cost of 3100$, 26.60% and 20.10% decrease in electricity prices is needed
when DR participation rate is 0% and 10% respectively. On the other hand, only
12.5% reduction of prices is enough with 20% participation level of DR to obtain
similar critical cost.
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Fig. 3. Opportuneness value βRS verus target cost

Table 2. Opportuneness value βRS for varying DR levels

DR levels 0% 10% 20%

βRS (OCc = 3100$) 0.266 0.201 0.125

The ratio value of from multiple sources and energy loss for 20% DR partici-
pation level is presented in Fig. 4. It is found that in comparison to deterministic
case (uncertainty neglected), more energy is preferred from grid due to favorable
uncertain electricity prices. Moreover, with larger variations of prices the decision
maker would raise power input from grid to take more advantage of uncertain-
ties. Similarly, the share of DDGs reduces to avoid increase in operation cost
since cheaper power from grid is available.

Fig. 4. Ratio value versus opportuneness value βRS
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Table 3. Pareto solutions for varying DR penetration rates

DR penetration (%) = 0 DR penetration % = 10 DR penetration % = 20

eε αRS βRS αRS βRS αRS βRS

1 0 0.266 0 0.201 0 0.125

2 0.136 0.237 0.087 0.179 0.045 0.111

3 0.263 0.207 0.169 0.156 0.088 0.097

4 0.38 0.177 0.247 0.134 0.131 0.083

5 0.49 0.148 0.322 0.112 0.171 0.069

6 0.594 0.118 0.392 0.089 0.211 0.055

7 0.691 0.089 0.46 0.067 0.249 0.042

8 0.783 0.059 0.524 0.045 0.286 0.028

9 0.869 0.03 0.584 0.022 0.321 0.014

10 0.949 0 0.641 0 0.355 0

Results of Scenario 3. In this case, the uncertainties in both grid prices and wind
power are modeled using RS-IGDT. The pareto-solutions (eε) obtained consist of
10 points and are as shown in Table 3 for different participation levels of DR. It
is worth to note that these solutions are relevant only when the operator decides
to take risk. These pareto-solutions are determined for a critical cost of 3100$. In
addition, the decision maker can easily obtain other strategies/pareto-solutions
on varying deviation factor. For DR participation rate of 20%, solution #5 is
the most comprising solution as evaluated using fuzzy criteria. The comparative
relation between energy of DDGs and grid sub-station corresponding to most
compromising solution and deterministic case is depicted in Fig. 5 and Fig. 6
respectively. The decrease in power generation of DDGs is due to increase in wind
power injection. Similarly, as compared with deterministic case power scheduled
from grid with preferred solution is reduced because of large positive forecast
errors in wind power having negligible operation cost.

Fig. 5. Energy from DDGs (RS-strategy)
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Fig. 6. Power taken from sub-station (RS-strategy)

5 Conclusions

A multi-objective approach for optimizing radius of uncertainty of both sub-
station electricity prices and power from wind is proposed in this paper. The
uncertainty in both the input parameters is modeled using opportunity function
of IGDT. SDS operation under different levels of load shifting type DR program
is also investigated. The proposed model is tested on a modified 33-bus distribu-
tion system which is equipped with DDGs, WT and flexible loads. The results
show that through opportunity function decision maker can make more economic
profit through reduction in electricity prices and increase in wind power gener-
ation. Also, the opportuneness value increases on decreasing the operating cost.
In addition, it is observed that economic performance of SDS is improved on
increasing DR participation rate.
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