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Abstract — The operation of the electrical systems is a major problem for electrical companies’
subject to uncertainties threatening. In this study, the optimal management of the energy
demand in the electrical distribution grid is done by interval optimization approach under
electrical price uncertainty. The management of the energy demand is implemented via
incentive-based modelling of the demand response programs (DRPs). The incentive-based
modelling as reserve, and based on bid price for reduction of the electrical demand at peak
hours is proposed. The interval optimization approach is used for the minimization of the
electrical price uncertainty effects. The main objective in the proposed approach is
minimizing operation cost; epsilon-constraint method is utilized to solve the problem. Finally,
an electrical distribution grid has been used at various case studies to numerical simulation
results and positive effects of the proposed modelling under uncertainties.

Keywords — Electrical price uncertainty; epsilon-constraint method; interval
optimization approach; incentive-based modelling; reserve.

Nomenclature

t, T Time index hour
n, N DG index -
NC Consumer index -
Deq, Dre  Total demand and demand reserve kW
YR Bid price for reserve

Cre Reserve price
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G, ®, A Fuel cost of DG $
Py Puc  Power generation by DG and UG kW
DE Electrical price $
Ore Binary variable for reserve implementing (1 = done and 0 = otherwise) —
TRE, kRE  Binary variable for starting and ending reserve -

1. INTRODUCTION

Currently, power grids are being developed using smart grid technologies and integrated

with communication and information infrastructure, offering enormous possibilities for
automation and control [1], [2]. In the smart grid framework, the role of end users with respect
to power grids has changed to that of an active market player rather than a passive consumer
[1]-[3]. Accordingly, end users are more actively involved in energy-trading mechanisms. To
this end, an energy management system can be considered a cost effective tool to intelligently
control the load demand of end users at the residential level [4]-[7]. Based on relevant input
information (such as forecasted weather data, electricity price data, and limits for peak
power), energy management is used in a smart home to regulate the energy consumption
patterns of residential users under demand response (DR) strategies [7]. Also, with attention
to incrementing environmental and economic issues, utilization of the smart grids and various
approaches in many countries for energy saving are developing. In recent years, fossil fuels
were the major sources for energy generation specially electricity energy [7]-[9]. Therefore,
utilization of the different solutions is necessary to deal with all mentioned issues and
challenges. Hence, smart grid has been provided, communication links among the electricity
companies and the consumers to improve economic and technical indices [7]-[10]. As well,
with integration of the smart grids in electrical grids, consumers can be participated in energy-
saving subject to electricity prices signals [8]-[11]. The participation of the consumers can
be considered as reserve source in electrical grids, in order to decreasing energy generation
at peak demand [8]. In this solution, consumers have generator role, and power generation in
power plans are reduced at peak demand [11].
The energy dispatch in electrical grids are studied by researchers in recent years, which
number of them are proposed in this section. Authors in [12] focused on hub energy
management based on appliances classification and minimizing the energy consumption
expense. In [13] optimization of the energy is studied subject to emission and energy
generation costs in electrical grids. The coordination of the electrical micro grids with optimal
energy dispatch of the power plants is presented in [14]. The optimal energy dispatch in
electrical grids with consideration of the Plug Electric Vehicles (PEVs) uncertainty is
proposed in [15]. The local energy generation and demand management by consumers are
used in [16] to reduction of the costs and maximizing reliability. In [17] self-scheduling of
the energy resources subject to risk management under uncertainty of the demand is studied
to maximizing energy-saving. The modelling hybrid optimization is used in [18] in order to
load management in electrical grids at critical hours. The economic modelling of the electrical
grids with optimal operation of renewable energy resources and demand scheduling is studied
in [19]. The assessment of electrical systems for maximization of the energy efficiency using
optimal configuration modelling is proposed in [20].

In this paper, economic load dispatch under uncertainty of the electrical price is proposed
as reserve strategy in the electrical grids. The consumers by incentive-based strategy in the
demand response programs (DRPs) have reserve role in energy system. The reserve strategy
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is implemented based on bid price to consumers for managing self-demand at peak times. The
interval optimization approach is utilized for covering electrical price uncertainty in energy
market. In interval optimization, minimization of the deviation and average operation costs
are considered as twofold modelling. Then, using epsilon-constraint method and decision
making approach the maximum compatibility of the deviation and average operation costs
have provided. Therefore, contributions and novelties can be expressed as follow:
1. Incentive-based strategy is considered as reserve in demand side for peak demand
management.
2. Interval optimization approach is solved by epsilon-constraint method for covering
uncertainty of the electrical price.
3. Decision making approach is proposed to maximization of the compatibility in
deviation and average operation costs.

2. RESERVE MODELLING

In this section, incentive-based strategy is modelled as reserve in electrical grids via
consumers’ participation in energy saving. The reserve program is implemented subject to
bid price to consumers for control and reduction of the self-consumption. The mathematical
of the reserve is formulated as follow [20]-[22]:

r
Cre = Z‘I’RE XDg (1) % O (7) vt @)

=1
Tpp (1) = K (1) =04 (1) =04 (= 1) Vt. (2)

Eq. (1) is operation cost of reserve modelling. Reserve times for demand reduction are
modelled by Eq. (2).

3. UNCERTAINTY MODELLING OF THE ELECTRICAL PRICE

The modelling electrical price is implemented under uncertainty in energy market. The
lognormal distribution function is used for modelling electrical price, which modelling of
uncertainty is given as follow [14], [23]-[26]:

262
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where pn, 6 and pg are mean value, standard deviation and distribution function parameter,
respectively. The distribution function parameter (electrical price) as random variables is
generated by Monte Carlo method at interval [pg™®, pe™*] [27]-[30]:

Pt < pe(0) < pi. (4)

4. OBJECTIVE FUNCTION MODELLING

The overview of the electrical distribution grid is depicted in Fig. 1. In this figure,
generation side including diesel generators (DGs) and upstream grid (UG). The DGs are feed
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by fossil fuels for electrical energy generation [31]—[35]. The power generation by UG has
different prices at each hour of day. The modelling electrical price under uncertainty is
formulated in Section 3.

uG
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Fig. 1. Schematic of Electrical distribution grid.

The operator has coordinator role between generation side and consumers by
communication data in the system [36]—[38]. The consumers can be had optimal participation
in energy consumption via bid price for demand reduction and sent data from operator
[39], [40]. Therefore, objective function in electrical distribution grid is formulated subject
to minimizing the fuel cost of the DGs, UG cost and reserve cost:

t=1 =1

T [N T T
mlnf:z l:Z{GR,Z(t,n)+0)R,(Z,n)+7L}}+ [PUG(t)xpE(t)J+Z[CRE} )
n t=1 t
where DGs operation cost, UG cost and reserve cost are modelled by first, second and third
term of objective function (5), respectively.

4.1. Power balance constraint

The energy demand should be meet by generation side at any time. This constraint is provided
by power balance as follow:

Poo(t)+ Y P.(t.n) = D (1)~ Dy (). ®

4.2. DGs capacity constraint

The minimum and maximum power production by DGs are limited by following constraint:

PM™ <P (n,t)<P™. (7)
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5. INTERVAL OPTIMIZATION APPROACH

In this section, interval optimization is modelled for solving objective function subject to
electrical price uncertainty [41]-[45]. In this approach, maximum and minimum bounds of the
objective function are modelled based on an uncertain parameter [46]—[53].

S (x)=maxf (x), (8)
M) =minf (x). ©)

Then, deviation and average value of the objective function are modelled as two objective
functions as follows:

fd(x): fmax(x);fmin(x) , (10)
fa(x): fmax(x);fmm(x) , (11)

where f9 and f* are deviation and average value of the objective function, respectively.
Therefore, objective function (operation cost) can be modelled by new objective function as
follows:

min f =min| f(x), f*(x) . (12)

6. EPSILON-CONSTRAINT METHOD

Since multi objective functions such as deviation and average costs are obtained by interval
optimization, the epsilon constraint method is employed to generation Pareto front solutions
of the objective functions. The formulation of the epsilon constraint method is as follows

(7], [15]:
l;nel)}’l fi(x), (13)
subject to:
f.(x)<e, z=L2,.,Z z#], (14)
where z, j and x are, other objectives, main objective and decision variable in optimization process.

6.1. Decision-making method

Generated Pareto front solutions of objectives by epsilon constraint method have different
amount. Hence, operator can be used decision-making method for the select best solution with
maximum compatibility among them. The modelling of the decision-making method is as
follows [15], [54]-[60]:

ri= LS 0. as)
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Pldcalz{minl“i minl; ... minl“f}, (16)

minDis(k)z\/[r; ~minT! | +[T)—min 03 ] +.4 [T —minT* T, (17)

where f (k) and I'.* are value of objective in k™ solution and normalized z" objective in the k™
solution, respectively. In this modelling, Eqgs. (15)—-(17) are normalization model of the
solutions, ideal point of the solutions and minimum distance of the &' solution from ideal
point, respectively [15], [61]-[66]. In decision-making method, the best solution is found by
Eq. (17) with minimum distance of the k™ solution from ideal point.

7. CASE STUDIES AND SIMULATION

In this section two case studies are carried out for numerical simulation of the proposed

approach. The case studies are as follow:

— Case I) Optimization of the electrical energy without reserve.

— Case II) Optimization of the electrical energy with reserve.
The 15-node test system as electrical distribution grid is shown by Fig. 2. The electrical
demand and bid price for reserve implementation are depicted by Fig.3 and Fig. 4,
respectively. The data of the DGs are extract from Refs [15]-[18]. The electrical price in UG
is shown by Fig. 5, which it is generated by Monte Carlo simulation. The proposed
optimization is done using GAMS software in MINLP program and DICOPT solver.
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Fig. 2. Electrical distribution grid.
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Fig. 3. Electrical demand.
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Fig. 4. Bid price for reserve implementation.
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Fig. 5. Electrical price in UG.

7.1. Results and discussion

The results are investigated in this subsection to analyse validation of the proposed
approach subject to mentioned case studies.

In Fig. 6 electrical demand with and without reserve implementation is shown. It is clear
that with participation of the consumers in reserve strategy, electrical demand at peak hours
is reduced. The reserve strategy is not implemented only at hours 14 and 15. However,
maximum reserve is occurred at hours 5-13 and 16. The total power reduced by reserve
strategy is equal to 1.23 MW for all hours. It can be inferred; reserve strategy is implemented
at high price of the UG. The total cost of the reserve is equal to $ 378.3.
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In Table 1, Pareto front solutions of the average and deviation costs in Cases I and II are
listed. The solutions are generated by epsilon constraint method and by decision-making
approach; the best solution is selected (bold format is the best solution). In Case I, fourth
solution as the best solution is chosen with minimum distance 0.67, in which value of the
average and deviation costs are $ 3235.3 and $ 2.6, respectively. However, the average and
deviation costs in Case Il are equal to $ 2865.3 and § 2.5, respectively. The minimum distance
of the best solution from ideal point in Case II is 0.53. The reduction rate of the average and
deviation costs in Case II than Case I are 11.43 % and 3.8 %, respectively. The operation
costs of the DGs and UG in Case I are $ 1538.1 and $ 1697.2, respectively. On the other hand,
in Case II, cost of the DGs and UG are reduced by 5.3 % and 10.3 % in comparison with
Case [, respectively.

It can be concluded, with implementation of the reserve strategy, operation of the electrical
distribution grid under electrical price uncertainty is reliable and robust.

In Fig. 7, electrical generation in case studies by UG and DGs is depicted. In Case II,
electrical generation by UG and DGs are minimized by 15.3 % and 6.31 % in comparison
with Case I, respectively. As well, UG in both case studies has more participation in meet
demand, due to low capacity of the DGs.

A comparison of the results in Cases I and II is provided in Table 2. In Case II, due to
implementation of the reserve strategy, more optimal results are obtained than in Case I.

—a— Without reserve  ~ —®— With reserve

Electrical Demand, MW

0 — T T T
1 3 5 7 9 11 13 15 17 19 21 23
Time, h

Fig. 6. Electrical demand with and without reserve.

TABLE 1. PARETO FRONT SOLUTIONS OF THE AVERAGE AND DEVIATION COSTS IN CASE STUDIES

Solutions Case I Case 11

Average cost,$ Deviation cost,$ Average cost,$ Deviation cost, $

1 4324.2 1.9 4124.2 1.6
2 4025.3 2.01 39253 1.9
3 3865.3 23 3665.3 2.1
4 32353 2.6 3035.3 2.3
5 2965.3 2.8 2865.3 2.5
6 2635.3 33 2635.3 2.8
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Fig. 7. Electrical generation: a) Case I and b) Case II.

TABLE 2. COMPARISON OF THE RESULTS

Results Casel Casell
Average cost, $ 32353  2865.3
Deviation cost, $ 2.6 2.5
Reduction of average cost, % 0 11.43
Reduction of deviation cost, % 0 3.8

8. CONCLUSION

In this study, the modelling uncertainty price-based in an electrical distribution grid is
presented by the interval optimization framework. The deviation and average costs as multi-
objective functions are proposed to covering electrical price uncertainty. As well, reserve
strategy is used by consumers to energy management consumption at peak times. The epsilon
constraint and decision making methods are employed to generation of the Pareto front
solutions and opt the best solution among Pareto front solutions. The numerical simulation in
two case studies is done as follows:

— Case I) In this case, reserve is not implemented. The results of the average and
deviation costs are $ 3235.3 and $ 2.5, respectively.

— Case 1) The reserve is implemented. The value of the average and deviation costs are
reduced by 11.43 % and 3.8 %, respectively.
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According to the results, it can be concluded that participation of consumers can provide
optimal state of electrical distribution grid based on the prices’ uncertainty in the energy
market.
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