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Abstract: Due to the opening of the energy market and agreements for the reduction of pollution
emissions, the use of microgrids attracts more attention in the scientific community, but the
management of the distribution of electricity has new challenges. This paper considers different
distributed generation systems as a main part to design a microgrid and the resources management is
defined in a period through proposed dynamic economic dispatch approach. The inputs are obtained
by the model predictive control algorithm considering variations of both pattern of consumption and
generation systems capacity, including conventional and renewable energy sources. Furthermore, the
proposed approach considers a benefits program to customers involving a demand restriction and the
costs of regeneration of the pollutants produced by conventional generation systems. The dispatch
strategy through a mathematical programming approach seeks to reduce to the minimum the fuel
cost of conventional generators, the energy transactions, the regeneration of polluted emissions
and, finally, includes the benefit in electricity demand reduction satisfying all restrictions through
mathematical programming strategy. The model is implemented in LINGO 17.0 software (Lindo
Systems, 1415 North Dayton Street, Chicago, IL, USA). The results exhibit the proposed approach
effectiveness through a study case under different considerations.

Keywords: microgrid; distributed generation; renewable energies; dynamic economic dispatch;
predictive control model; mathematical programming

1. Introduction

Currently, the opening of the energy sector yields a new form of competition and changes of
paradigms in the pattern of electricity generation. Then, distributed generation has attracted a great
interest for energy contribution in the whole generation of electric power. Today, the concept of
microgrids emerges as a natural alternative to the conventional electric power systems, where big
synchronous generators in remote sites could be accompanied with smaller generators and shorter
transmission lines near to the loads, which provide an effective and sustainable alternative for the
integral use of renewable energies. Generation units in microgrids can be conventional generators in
the case of thermal generators or diesel engines, in the same way, Renewable Energy Sources (RES)
can be included as wind turbines, photovoltaic systems, fuel cells or Battery Energy Storage Systems
(BESS). These new technologies offer a feasible electric power system, but its operation is conditioned
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to consider the particularities and nature of each generation system, combined to the stochastic profile
of the primary energy.

It is very important to consider in RES projects that their operation is subject to randomness and
interruptions, which makes difficult to find the best dynamic solution in an economic dispatch problem.
Thus, the energy management in microgrids seeks to optimize some desired objective function,
that defines the cost behavior, reliability and efficiency of the system, as well as the determination
of the optimal energy dispatch (economic dispatch), within physical restrictions of conventional and
emerge generation systems. Thereby, RES and BESS could meet with complex tasks of interconnection
to large power systems, or as a technical alternative to the management of excess/deficiency of
generated energy in smaller grids, considering the load variations.

On the other hand, regarding the incentive program for the Electricity Demand Reduction (EDR),
it is necessary to investigate and delimit practical scenarios for the incorporation of economic dispatch
process in microgrids to meet real customer benefits. In such a way that the reduction of energy
consumption should be more reliable than only the possible reduction of generated energy, besides to
find the best possible energy schedule that implies not only reduce fuel costs, but also it improves the
pattern of energy consumption for any load. Therefore, new trends of economic dispatch imply many
variables that must be included in the problem formulation to achieve a flexible and reliable electric
power system, considering diverse topologies and including different penetration levels of renewable
energy sources.

This paper presents an application of Model Predictive Control (MPC) [1] to define the input
values to the economic dispatch algorithm, considering the management of variations for both loads
and RES capacity [2]. In addition, the proposed formulation includes a benefits program based on
EDR, where costumers obtain economic benefit by reducing their consumption and are adequately
compensated depending of the levels of participation in the dynamic economic dispatch (DED)
problem [3]. Finally, the treatment cost of the air pollution produced by DG in the microgrid is
incorporated, too.

2. Literature Review

In [4] it is considered that the microgrids contemplate the possibility of energy storage by means
of devices such as BESS, compressors, accumulation by pumping and can work in the connection mode
to the main grid, where the energy transfer can be carried out in the form bidirectional depending on
its generation capacity or in isolated mode, where the microgrid is self-sufficient and excess production
can be used for storage, in [5] it is described that both cases have advantages to ensure high reliability
supply, sustainability, quality of energy and the search to reduce costs due to losses in the electricity,
transmission and distribution lines. In [6] it is considered the generating units of the local networks
can be of any type. However, recently the Renewable Energy Sources (RES) have become preferred
for their use given their environmental benefits in addition to the convenience in generation costs.
RES generators can be used individually or grouped in modules in such a way that their efficiency is
increased either in acquisition cost or with the optimization approach in operation and control.

In this paper, the Dynamic Economic Dispatch Problem (DED) must meet the operating needs
of the system in real time, since it not only looks for the lowest operating cost in a scheduling cycle,
but also considers the different distributed generators (DG) during several periods. In [7] various
approaches are proposed for microgrids, however the approach proposed in this paper expresses
the cost as a function of the power that will supply to the load within the microgrid and includes
the costs of regeneration of the gases emitted by the combustion of conventional generators. Since a
characteristic of the functioning of some RES is its stochastic nature, in [8] the optimization of costs
is studied considering this aspect. A microgrid can include generators that use as primary source;
wind, photovoltaic energy, any form of thermal energy generation, various forms of kinetic energy
such as hydraulic, with storage in batteries in order to maximize the overall economic benefit of the
system and the determination of the optimal conditions of production of the energy sources, while the
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equilibrium restrictions on the side of the load are satisfied [9]. In [10] a microgrid is analyzed in its
dynamic operation and a solution approach is proposed that contains a factor that considers the cost of
recovering the pollution from a mathematical model point of view. In [2] it is considered a microgrid
formed by wind turbines, photovoltaic modules with batteries, and this system is connected to a main
grid, in this case, the analysis is carried out under different market policies and an approach of solution
through the heuristic called Particle Swarm Optimization (PSO) [10].

A new dimension is presented in [11] with respect to the temporal correlation of intermittent
renewable energy sources in hybrid systems and considers the daily variations of energy consumption
in the different seasons of the year for a dispatch strategy with conventional machines; however; in
this approach, the costs of regeneration of pollutants produced by conventional generation systems
are not considered, nor is the concept of restriction of demand. In paper [12] is presents a distributed
method to solve the problem of economic dispatch of combined heat and energy, which formulates
a distributed coupled optimization problem that establishes two consensus protocols with feedback
parts that satisfies the balance between electrical demand and heat demand, through an iterative
method, in this approach are not considered additional aspects such as the regeneration of polluting,
nor demand constraints [13-15]. In [16] an approach based on the generation of wind energy and
photovoltaic generation is presented, here it is considered a new way of operating energy systems in a
micro grid, suggesting a new mode of consumption, derived from the growing connection between
energy resources and awareness of environmental protection, taking into account the reductions in
SO, and NOx emissions, however the aspect of demand restriction nor is considered in the proposal.

This paper considers different distributed generation systems as a main part to design a
microgrid and the resources management is defined in a period through proposed dynamic economic
dispatch approach. The inputs are obtained by the model predictive control algorithm considering
variations of both pattern of consumption and generation systems capacity, including conventional
and renewable energy sources. Furthermore, the proposed approach considers a benefits program to
customers involving a demand restriction and the costs of regeneration of the pollutants produced
by conventional generation systems. The dispatch strategy through a mathematical programming
approach seeks to reduce to the minimum the fuel cost of conventional generators, the energy
transactions, the regeneration of polluted emissions and, finally, includes the benefit in electricity
demand reduction satisfying all restrictions through mathematical programming strategy.

3. Economic Dispatch Algorithm

The problem of assigning the load demands of the customers among the available generating units
in an economically, safely and reliably way has received considerable attention [11,12]. The problem
of the economic dispatch has two different formulations in the literature. The first formulation is
called the problem of dynamic economic dispatch and the second problem of static economic dispatch.
The problem of dynamic economic dispatch differs from the static economic dispatch problem by the
incorporation of generator ramp speed restrictions [16].

Economic dispatch is a centralized approach to determining the optimal scheduling of generators,
known as unit commitment. Economic dispatch for micro grids presents a highly constrained
non-linear, mixed-integer optimization problem that scales exponentially with the number of
systems [17]. There are many different distribution generations as they are shown in the paper [18].
The distribution generations will show different features in the dynamic economic dispatch under
different operation modes and scheduling strategies.

This paper considers different distributed generation systems as a main part to design a
microgrid and the resources management is defined in a period through proposed dynamic economic
dispatch approach. The inputs are obtained by the model predictive control algorithm considering
variations of both pattern of consumption and generation systems capacity, including conventional
and renewable energy sources. Furthermore, the proposed approach considers a benefits program to
customers involving a demand restriction and the costs of regeneration of the pollutants produced
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by conventional generation systems. The dispatch strategy through a mathematical programming
approach seeks to reduce to the minimum the fuel cost of conventional generators, the energy
transactions, the regeneration of polluted emissions and, finally, includes the benefit in electricity
demand reduction satisfying all restrictions through mathematical programming strategy.

If an assumption is made that Locational Marginal Prices (LMP’s) [19] are used to purchase
power between the main grid and microgrid from a specific interface bus (given as %), then the total
transaction cost for trading transferable power is C,(P;¢) and is given as [3].

YePri,  Pry >0 Power to microgrid
Cr(Py) = 0, Pri =0 Disconect (1)
—YoPry,  Pry <0 Power to main grid

where Pr; is the transferable power between the microgrid and the main grid at time ¢. The objective
function in the grid connected mode is thus to minimize the fuel cost of the conventional generators
and the transaction costs of the transferable power, given by:

t=1i=1 t=1 t=1i=1

T I T
m{ (@) [z Y CitB) + X Co(Pr)

+ (1-w) [i i Cp(x4)

t=1j=1

+ i i ch(pi,t>} 2
k

subject to the following constraints:

Zl: Pyt + Pwi + Psy + Pry = Dj; — i Xt 3)
i1 =1

Pimin < Pip < Pipax 4

0 < Pw; < W; ©)

0 < Ps; < S (6)

— Pryax < Pry < Pryax @)

—DR; < Pipi1— Py < UR; 8

Ci(Pit) = arBrPs )

Cp(xjt) = Y + Ajrxip (10)

where w is the power weighting generated and exchanged, C,(Py¢) is the transaction cost for trading
transferable power at time ¢; C;(P; ;) is the fuel cost of conventional generator 7 at time ¢ function; Pry;ax
is the maximum power that can be transferred between the main grid and microgrid; T are the total
number dispatch interval; I is the total number of the DGs in the microgrid, Cx(P;;) is the treatment
cost of the kth class of pollutants, where y;; is the value United States Dollars (USD) of monetary
compensation the customer receives at time .

The model is subject to the following constraints: constraint (3) is the power balance constraint
and ensures that at any time ¢, the total power generated from the conventional, wind and solar
generators and the power transferred from the main grid equals the total demand; constraint (4)
is the generation limits constraint for the conventional generators and ensures that the generator
limits are not exceeded; the third and fourth constraints are the generation limits constraint for the
renewable generators (constraints (5) and (6)). They ensure that the optimal values for the wind and
solar generators are less than or equal to the forecast or maximum values; constraint (7) is the limit
for the transferable power between the main grid and microgrid. This is dictated by the physical
characteristics of the transmission facilities between the main grid and microgrid; and constraint (8) is
the conventional generator ramp rate limits constraint and ensures that the generator ramp rate limits
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are not violated. For the sake of simplicity, the conventional generator fuel cost in Equation (11) is
assumed to be a quadratic function of the generators active power output [10] and is given as [3]:

Ci(Pyt) = a;P% + biPy (11)

The cost function of the client defined in (10) models the participation of this factor in the function
to be optimized, which is related to its quadratic behavior of (12) that describes the cost incurred
by 8 client that reduces the consumption of energy in x kVA. In this work, it is assumed that the
mathematical function is given as [20]:

C(6,x) = (lez + Kpx — sze) (12)

where K; and K; are cost co-efficients. 0 is the customer type and is used to categorize the different
kinds of customers based on their desire/readiness to curb electric power. 6 is normalized in the
interval 0 < 6 <1, thus 0 = 1 for the most willing customer and 6 = 0 for the least willing.

4. Case Study

The proposed approach is shown in Figure 1 and consists of a micro grid consisting of three
conventional diesel-based generators (P;, P, P3), a wind energy conversion system (WECS) and a solar
photovoltaic (PV) system. The interconnection to a main grid for energy transfer bidirectional (Pr)
and three clients (D1, Dy, D3), are also considered an operating interval of 24 h. Where the decision
variables are: Xit, Yjt, Pwt,Pst, Pry and P;;. The configuration of the study microgrid is shown in
Figure 1. In addition Table 1 shows the coefficients of the fuel cost function, the power output limits
and the ramp values of conventional generators.

Wind Photo- Diesel Energy Systems
Energy voltaics P, P, .. P.
System (PV) '

l ‘ Main
Grid

Customers in the EDR incentive program
Figure 1. General outline of the case study.

Table 1. Cost coefficients and operating ranges in conventional generators.

i a; bi Pi,min (kVA) P, i,max (kVA) DR,' (kVA) UR,’ (kVA)
1 0.06 0.5 0 4 1 3
2 0.03 0.25 0 6 1 5
3 0.04 0.3 0 9 1 8

The bonus cost coefficients for customers, their classification and the maximum capacity for daily
interruptability are shown in Table 2 [3].
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Table 2. Cost coefficients to customers classification and interruptibility limits.

1 1.079 1.32 0 30
2 1.078 1.63 045 35
3 1.847 1.64 0.9 40

The values for W; and S; were estimated based on the wind speed readings with an anemometer
installed at a height of 8 m, as well as the stochastic and diffuse global irradiance detected per hour
using the simplified inclined plane model at the location in 20°8'3.63” N, 98°23'4.57” W at 2181 m
altitude above sea level. Table 3 shows the values of input data for each of the 24 periods t in the
one-day analysis period, the energy that can be produced by wind origin W;, that of the photovoltaic
plant S, the demand total that must be met D;, the factors A it of interruptibility for each client in
the EDR program and finally the environmental contingency factor «; that defines the start or stop
of the pollution regeneration system of the machines of the conventional generators. On the other
hand, the paper considers the weighting of conventional generation costs and interconnection (w) with
a value of 0.5, the cost is United States Dollar ($ USD) of kVA/h transferred with the main grid is
asymmetric in such a way that the sale is $ 1 and the purchase costs is $ 2.8. The maximum capacities of
the generating plants are W; 0 25 kVA, S, juax 22 kVA and the conditions of contract and installation
only allow the maximum transfer of energy with the upper mesh of 14 kVA and the maximum budget
bonus in EDR is $ 400.

Table 3. Input values for each study period in the analysis period.

t Wi St Dy A Aot Ast N
(h) (kVA) (kVA) (kVA)  ($/kVA) ($/kVA) ($/kVA) t
1 8.5 0 35.8 1.7 3.7 2.7 0
2 8.5 0 36.1 14 2.7 1.9 0
3 9 0 34.7 2.2 3.2 1.8 0
4 7 0 35.2 3.7 2.6 19 0
5 75 0 35.5 4.5 3.8 2.3 0
6 8 0 34.9 4.7 1.7 0.7 0
7 9 0 35.1 5.1 2.3 14 1
8 11 7 40.8 5.3 15 0.5 1
9 12 13 47.5 6.7 4.3 29 1
10 10 18 48.3 6.6 4.6 1.6 0
11 10 21 48.5 6.8 3.5 4.3 0
12 10 21.5 51.1 6.2 4.2 4.8 0
13 11 20.5 59.7 7.3 4.3 5.1 0
14 14 19.5 61.7 7.8 6.3 54 0
15 13 19 58.1 0.5 3.5 55 0
16 18 19 56.6 5.2 5.3 6.1 0
17 20 17 52.7 6.8 5.3 5.6 1
18 22 16 50.7 5.7 6.1 6.3 1
19 13 7 42.6 4.8 2.6 4.5 0
20 12 0 394 3.9 3.6 4.2 0
21 11 0 34.8 3.8 4.2 3.9 0
22 8.5 0 34.1 3.1 3.8 3.2 0
23 8 0 35.2 2.5 2.3 2.8 0
24 8.5 0 35.6 1.9 3.8 4.2 0

The case study assumes the following situations:

e  The microgrid is synchronized to the main grid.
e  Each element of the system has its self-protection devices working properly.
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e Itisassumed that the microgrid contains instrumentation for monitoring and equipment for all
control actions.

e  All generating plants operate in the ramp form and consequently contain their control system.

e It has communication interfaces and protocols for proper operation in monitoring
and management.

e  The load limitation values have been defined by the customer and do not affect the profitability of
their operation in such a way that the resulting bonus represents a real benefit in the DR program.

e  The microgrid has access to a self-contained pollutant processing system that allows it to comply
with the restrictions of the environmental contingency plan.

e For the optimization analysis, a one-day study interval divided into 24 one-hour periods
is considered.

5. Results

Solution to the problem of finding the minimum cost in the energy dispatch of the micro-grid
proposed in Figure 1, which corresponds to the case study and which was based on the Economic
dispatch algorithm with the Lingo program solver by means of quadratic regression that gave the
results which are shown in Table 4. The source code of lingo is appended in Appendix A of this paper.

Table 4 shows the result of the optimization algorithm that defines the levels to which the energy
transfer of each DG installed in the microgrid under study must be adjusted, where EDR indicates the
total kVA energy that will be restricted to the demand in each of the lapses, x;; indicates the quantity
of demand that will restrict the client j. In the same way in Table 5 the results of the process for the
EDR program are shown where y; ; refers to the USD monetary bonus that the client will receive for
the aforementioned action.

Table 4. kVA Energy dispatch of each distributed generator (DG).

t PW; PS; Pj(kW) Py(kW) P3(kW) Pry(kW) Total Power EDR xq; X X3¢
1 85 0.0 4.0 8.0 12.0 0.8 33.3 2.5 0.0 1.2 1.3
2 85 0.0 4.0 8.0 12.0 1.7 342 1.9 0.0 0.8 1.1
3 90 0.0 4.0 8.0 12.0 —04 32.6 2.1 0.0 1.0 1.1
4 70 0.0 4.0 8.0 12.0 1.8 32.8 24 0.5 0.8 1.1
5 75 0.0 4.0 8.0 12.0 0.7 32.2 3.3 0.9 1.2 1.2
6 80 0.0 4.0 8.0 12.0 0.7 32.7 22 1.0 0.5 0.8
7 90 0.0 0.3 5.0 3.0 14.0 31.3 3.9 1.6 1.0 1.2
8§ 110 70 0.0 3.5 1.9 14.0 374 3.3 1.7 0.7 1.0
9 120 13.0 0.0 2.1 0.9 14.0 42 55 2.3 1.7 1.6
10 10.0 18.0 4.0 8.0 12.0 —8.1 439 44 1.9 1.5 1.0
11 10.0 21.0 4.0 8.0 12.0 -11.3 43.7 4.8 2.0 1.1 1.7
12 10.0 215 4.0 8.0 12.0 -9.3 46.2 49 1.7 14 1.9
13 11.0 205 4.0 8.0 12.0 —1.4 54.1 5.6 22 1.4 2.0
14 140 195 4.0 8.0 12.0 —24 55.1 6.6 24 2.1 2.0
15 13.0 19.0 4.0 8.0 12.0 -1.1 54.9 32 0.0 1.1 2.1
16 18.0 19.0 4.0 8.0 12.0 -9.6 51.4 52 1.2 1.8 22
17 200 17.0 0.0 0.0 0.0 9.9 46.9 5.8 2.0 1.8 2.1
18 22.0 16.0 0.0 0.0 0.0 6.9 449 5.8 14 2.1 2.3
19 130 7.0 4.0 8.0 12.0 —5.0 39 3.6 1.0 0.8 1.8
20 120 0.0 4.0 8.0 12.0 —0.1 35.9 3.5 0.6 1.2 1.7
21 11.0 0.0 4.0 8.0 12.0 —-3.8 31.2 3.6 0.6 1.4 1.6
22 85 0.0 4.0 8.0 12.0 -13 31.2 29 0.2 1.2 1.4
23 8.0 0.0 4.0 8.0 12.0 1.2 33.2 2.0 0.0 0.7 1.3

24 85 0.0 4.0 8.0 12.0 0.1 32.6 3.0 0.0 1.2 1.7
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Table 5. Results of the EDR program.

Yit Yor Y3

t
(USD)

1 0.0 34 4.0
2 0.0 1.9 29
3 0.0 2.6 2.8
4 1.0 1.8 29
5 2.0 3.5 3.5
6 23 0.9 1.6
7 49 2.7 3.5
8 52 1.5 23
9 8.5 6.0 5.6
10 6.2 5.0 2.6
11 6.7 3.1 6.8
12 52 42 7.8
13 8.0 44 8.4
14 9.5 8.8 9.0
15 0.0 3.1 9.3
16 32 6.4 10.7
17 6.7 6.4 9.5
18 4.1 8.3 11.1
19 2.5 1.8 7.2
20 1.2 32 6.6
21 1.1 42 6.0
22 0.4 3.5 4.8
23 0.0 1.5 42
24 0.0 3.5 6.6

Figure 2 exhibits the level of contribution of energy that each generator element must supply in
the microgrid. Figure 3 presents the total demand levels according to the predictive control model,
as well as the level of restriction of the demand and finally the level of dispatch that will had be in the
microgrid that optimizes its operation in cost.

25

20 -

15+

10 -

KVA
(2}

-10 - 4

-15 I I I I
0 5 10 15 20

time (hour)

Figure 2. Dispatch of each generator.
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70 T T T T T T T T T T T

—Total
—Dispach
—Restricted

60

KVA

O 1 1 1 1 1 1 1 1 1 1 1
0 12 14 16 18 20 22 24
time (hour)

Figure 3. Demand behavior in the study case.

To establish the consistency of the proposed approach, we consider six particular cases. In Table 6
the particularities of each of them are exposed with respect to the base case.

Table 6. Parameters considered in the cases.

Case Considered Characteristics

a (Base case)  All parameters of the initial study are considered.

It is considered a sale price y,= $1 and purchases . = $1 in the transfer

b of energy with the main grid.

c It is considered A; = 0 as the interruptibility coefficient for all customers
It is considered 6; = 0 with the same priority for customers as well A; =0

d i
in the EDR plan

e It is considered «; = 0 without environmental contingency

f It is considered a; = 1 in the 24 h with environmental contingency

g It is considered v, =y, =1, a; = 1,24 h and Prp,x = 30 kVA

Table 7 shows the results of the sensitivity analysis, in which the base case and six instances
are compared.
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Table 7. Sensitivity analysis.

Variables a b c d e f g Standard Deviation
D; (kVA) 1044.7 1044.7 10447 10447 10447 10447 10447 0.00
PW (kVA) 269.5 269.5 269.5 269.5 269.5 269.5 269.5 0.00
PS (kVA) 198.5 198.5 198.5 198.5 198.5 198.5 198.5 0.00
Py (kVA) 76.3 76 76.6 76.7 96 9.1 0 37.75
P; (kVA) 162.6 160.5 164.7 165.3 192 92.7 0 66.42
P3 (kVA) 233.8 170.6 235.6 236.1 286.5 56.8 0 106.38
Pr (kVA) 11.8 87.7 52.1 61.1 —88.9 325.6 496.8 202.94
x (kVA) 92.3 82 47.8 37.5 91 92.5 79.9 22.66
y (USD) 309.9 257.1 96.1 83.8 301.2 308.3 243.6 98.14
ut (h) 5 5 5 5 0 24 24 9.93
Cr (USD) 144.6 123.7 312.7 321.6 12 687.5 179.7 219.46
Iterations 607 362 174 159 361 274 290 150.58
Seconds 1.12 0.33 0.28 0.22 0.24 0.19 0.2 0.33

Figure 4 exhibits the behavior of the energy dispatch comparing the base case and the proposed
instances to analyze the behavior of the proposed approach. Figure 5 shows the behavior of the costs
in the sensitivity analysis.

From the analysis of the cases we can establish: in the instance (b) to eliminate the asymmetry in
the costs of commercialization with the upper grid it is observed that the originating energy increases of
Pr of 11.8 to 87.7 kVA with a slight variation in the conventional production and reduction in the total
cost of the analysis period. In instance (c), when customers” interruptability decreased Ay, the restricted
energy and its bonus decreased from 309.9 to 83.8 USD with the imminent increase in total costs from
144.6 to 312.7 USD. In instance (d), by eliminating the priority of customers in DR plan, the values
are kept with minimum adjustments that can practically be interpreted as unchanged. In instance (e)
where the environmental contingency plan a; is eliminated, there is a notable increase in conventional
production that goes from 427.7 to 574.5 kVA, the DR plan is used and energy is transferred to the main
grid with the remarkable reduction of costs. In case (f) by increasing the environmental contingency
plan to all the study periods now the conventional production goes from 427.7 to 158.6 kVA and the
energy transferred from the main grid increases from 11.8 to 325.6 kVA, the DR plan it is maintained,
which causes the total cost to increase greatly, going from 144.6 to 687.5 USD. Finally, in case (g),
by increasing the energy transfer capacity with the upper mesh, conventional production is drastically
reduced to 30 kVA with the consequent reduction of the total cost to 179.7 USD.
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Figure 4. Behavior of the dispatch in the cases analyzed.

e

Instances

Cost cr

Figure 5. Behavior of costs in the cases analyzed.
6. Conclusions

The improve operation of the analyzed microgrid is achieved due that the proposed problem
formulation regards different variables and possible scenarios of loads and renewable energy
generation capacity. In addition, electricity demand reduction plan, the air pollution and contingency
case are considered to change if it necessary the energy management profile. The obtained results by the
proposed algorithm in 24 periods of analysis in the study interval, guarantee that the output adjustment
level of each generator of the microgrid can be defined in the best possible value. The use of the total
capacity of the wind and photovoltaic systems is evident, since they do not imply any additional
cost. Given the asymmetry in the purchase-sale price in the energy transactions with the primary
electric power system exists periods when it is convenient to deliver (negative) energy. However, in the
periods in which the environmental contingency occurs, it is recorded that conventional production
is reduced giving priority to the maximum capacity of the alternative sources, later, the main grid
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with conventional generators with lowest pollution. The contribution levels are calculated with the
proposed economic dispatch algorithm.
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Abbreviations
Indices/Sets:
I Set of conventional generators i
Set of customers connected to the micro-grid, client i connected to the micro-grid
J with EDR program.
T Set of periods for study ¢
K Set of pollutants to regenerate k
Parameters:

DR; lower ramp power limit of the conventional generator i
UR; upper ramp power limit of conventional generator i

a; quadratic coefficient of the cost function of the conventional generator i

b; linear coefficient of the cost function of the conventional generator i

DT;  total demand in the microgrid in the time ¢

K binary coefficient activation of the environmental contingency plan during at ¢ time,
St photovoltaic energy available in the period ¢

Wi wind energy available in the period ¢

quadratic coefficient of cost function to the client j

K3,  linear coefficient of the cost function to the client j

0; customer classification client j in DR program

j  energy restriction of client j in DR program

Ajtr  interruptibility factor of client j at time  in DR program

Ye purchase price of energy (kVA) from the main grid

Yo sale price of energy (kVA) from the main grid

Bx is the coefficient of pollutant emissions in USD Kg/kVA [18]
Decision variables:

P conventional generator i power at time ¢

PS;  power production of the photo voltaic plant at time ¢

PW;  power output of the wind power plant at time ¢

Pry  power transferred with the upper main grid at time ¢

xj+  reduced energy per participating client j at time ¢

Yit value of the monetary compensation for the client j at time ¢

Appendix A. Lingo Source Code Program

Model: ! Micro-network model 3 generators and 3 clients;

SETS:

Mc/ /: Pmin, Pmax, DR, UR, al, bl;

hr//: DT, S, W, Pr, PW, PS, CPr, Alfa; Cte//: K1, K2, Tetha, CM; TPol/ /:Beta;
Pot(Mc,hr): P, CC, LRP;

Con(Cte,hr): X, Y, Lambda;

ENDSETS

DATA:

pcg =

PrCon =;
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DR =;

UR=;

al=;

bl=;

Kl=;

K2 =;

Tetha =;

CM=;

UB=;

Beta=;

Alfa=;

S=;

W=;

DT =;

Lambda =;

ENDDATA

CALC:

@For( hr(t) : Gamma = @If( Pr(t) #GT# 0, PrCon , -PrVta))

tmax = @Max( hr(t): t);

@For( Pot(i,t) : LRP(i,t) = @If( t #LT# tmax , P(i,t+1) - P(i,t), P(i,t) ) );

@For( Pot(i,t): CC(i,t) = al()*(P(,t)"2) + b1(i)*P(,t) );

@For( hr(t): CPr(t) = Alfa*Gamma*Pr(t) );

ENDCALC

Min = peg*( @Sum( Pot(i,t): al(i)*(P(i,t)"2) + b1(1)*P(i,t) ) + @Sum(hr(t): Gamma*Pr(t) ) ) + (1-pcg)* (@Sum(Con(j,t):

Y(j,t)-Lambda(j,t)*X(j,t) ) ) + @Sum(TPol(k): Beta(k)*@sum( Pot(i,t): Alfa(t)*P(i,t)));

@For( hr(t) : @Sum( Mc(i) : P(i,t) ) + PS(t) + PW(t) + Pr(t) = DT(t) - @Sum( Cte(j): X(j,t) ) );

@For(Pot(i,t): @BND( Pmin(i) , P(i,t) , Pmax(i) ) );

@For(hr(t): @BND( 0, PW(t), W(t)) );

@For(hr(t): @BND( 0, PS(t), S(t) ) );

@For(hr(t): @BND( -Prm , Pr(t) , Prm ) );

@For(Pot(i,t): @BND( -DR(i) , LRP(i,t) , UR() ) );

@For(Con(j,t): @Sum( Con(j,t): Y(j,t) — (K1(G)*X(j,t)"2 + K2(j)*X(j,t) - K2(j)*X(j,t)*Tetha(j) ) ) >=0) ;

@For(Con(j,t): @Sum( Con(j,t): Y(j,t) — (K1(G)*X(,t)"2 + K2(j)*X(j,t) - K2()*X(j,t)*Tetha(j) ) ) >= @If(j #EQ# 1,0,
@Sum( Con(j,t): Y(j—1,t) - (K1—1)*X(G—1,t)"2 + K2(j—1)*X(j—1,t) - K2(—1)*X(j—1,t)*Tetha(j—1) ) ) ) );

@For(Con(j,t): @Sum( Con(j,t): Y(j,t) ) <=UB);

@For(Cte(j): @Sum( hr(t): X(j,t) ) <= CM() ) ;

A A A A A A A
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