International Journal of Smart Grid and Clean Energy

Optimal sizing of a networked microgrid using Nash
equilibrium for mount magnet

Liagat Ali**, Hamed Bizhani®, S. M. Muyeen?, Arindam Ghosh?

2 School of Electrical Engineering Computing and Mathematical Sciences, Curtin University, Perth 6102, Australia
> School of Electrical and Computer Engineering, University of Zanjan, Zanjan 45371, Iran

Abstract

In this paper, a technique of game theory is proposed based on a multi-objective imperialistic competition algorithm
(ICA) for system optimization in order to design a networked microgrid in grid-connected mode. The selected
networked microgrid, which consists of two different grid-connected microgrids with common load and grid, might
have different combinations of generation resources including wind turbine, photovoltaic panels and batteries. To
perform the effective sizing of networked microgrid, a Nash equilibrium based game theory is developed in which the
rating of the generation systems is considered as players and annual profit as payoff. Moreover, in order to meet the
equilibrium point and find the optimum sizes of generation resources in different coalitions between players, ICA,
which is being frequently used in optimization applications, is implemented using MATLAB software. Finally, in
order to validate the results, the sensitivity analysis is studied to examine the impact of electricity price and discount
rates.
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1. Introduction

In recent years, to control the increasing requirements of electricity price and demand, different
renewable energy based generations are the hot topic. Novel researches showed that generation through
renewable energy is the modern way and, the environmental concerns is another reason to increase its
rapid use [1]-[2]. But, the generation from renewable resources like wind and sunlight depend on the
condition of weather, and consequently very hard to achieve higher precision or to get most reliable
generation. The solution to control the intermittent type of generation is the addition of different kind of
energy storage systems [3]-[4].

In fact, generation through renewable resources is not an only way for reliable, safe and economical
way, but it is a most encouraging way to develop modern form of power generation. In order to get most
optimum results from the microgrid, the performance need to be improved by right planning and
minimize the expenses within the system limitations [5]. In past, there are number of studies about the
sizing and optimization of microgrid and different approaches are used to achieve desired outcomes like
fuzzification mechanism is used in [6], loss of power supply probability method is adopted in [7], and the
trade-off method is used in [8]-[9].

Networked microgrid is an architecture, where different connected microgrids are controlled in certain
range of space. The concept of networked microgrid has been proposed in [10], where interconnected
microgrids can supports each other to meet load requirements and also in the situation of emergencies.
Microgrid networking has many other benefits over single microgrid like economic benefits and also can
minimize power outage problems [11]. In a microgrid, generation resources like wind turbines,
photovoltaic panels and batteries may belongs to different owners, but for the optimum sizing of each

* Manuscript received October 4, 2018; revised November 15, 2019.

Corresponding author. Tel.: +61-8-9266-7007; E-mail address: Liagat.ali@postgrad.curtin.edu.au.
doi: 10.12720/sgce.9.1.82-90



Liagat Ali etal Optimal sizing of a networked microgrid using Nash equilibrium for mount magnet 83

component, it is preferred to maximize their profit. In this regard, when various components are involved
in microgrid to maximize the profit, the game theory is an advance type of multi-objective optimization to
solve the decision making problem [12]. It is also evident in [13], in comparing non-cooperative game
models, cooperative game models give more optimum results and maximum profit. In the game theory
models, different algorithms are used to perform the optimization, like in [5] particle swarm optimization
algorithm is used for designing of grid connected system, and in [13] an approach for hybrid power
system planning is proposed, respectively. In [14] a colonial competition algorithm is used for
maintaining the frequency stability in microgrid, and in [15] multi-objective imperialistic competition
algorithm ICA is used for the problems of microgrid optimization. It has to be noticed that, in most of
research papers ICA is used for optimization of single microgrid, however, in this paper it is applied for
networked microgrid.

This study focuses to design the capacity allocation of generation resources of networked microgrid in
planning stage. In the networked microgrid, each of microgrid consists of different combinations of
generation resources. The game theoretical technique called Nash equilibrium is used for the optimization
through iterative search procedure. To meet the load requirements, generation resources like wind turbine,
photovoltaic panels and batteries are considered as players, and Nash equilibrium will be achieved among
the players to get maximum profit. To keep the selected networked microgrid simple, two different
microgrids are considered for this study. An imperialistic competition algorithm is used to design the
model for networked microgrid in MATLAB to get most suitable sizing of generation resources and
maximum annual profit. Moreover, to make sure the effectiveness of networked microgrid, sensitivity
analysis will be performed.

2. Design of Networked Microgrid

The design of the networked microgrid is based upon some input variables like weather forecast, load
and other information. In this paper, the feasibility of the proposed game model will be checked for
Mount Magnet, a remote town of Western Australia that is 560 km northeast of Perth. To make the
analysis for networked microgrid, the annual data for wind speed, solar radiation and electrical load are
considered for period from June 2015 to May 2016 [16]. Fig. 1(a) illustrates that the peak electricity
demand for Mount Magnet is approximately 1390 kW in the month of summer and the minimum load is
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Fig. 1. Hourly profiles: (a) electrical load (b) wind speed and (c) solar radiations.
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Fig. 2. Block diagram of networked microgrid.

about 312 kW in the month of winter. The wind speed data is shown in Fig. 1(b) for hourly base, and the
annual average and maximum speed is approximately 4.16 m/s and 11.22 m/s, respectively. The selected
town has very good profile for solar radiations, it can be seen from Fig. 1(c) that the value is maximum
about 1058 Watt/m? in the month of summer, however, trends down in the winter.

The networked microgrid can be a combination of m number of microgrid, however, the selected
system consists of two microgrids with different combinations of generation resources. The block
diagram of proposed networked microgrid is shown in Fig. 2 for a remote area, which consists of
generation resources, load and the main grid. Wind turbine, photovoltaic panels and storage batteries are
considered as the sources of power generation depending upon the weather forecast. For the proposed
system, both microgrid are connected with main grid, therefore, if they fail to meet the load requirements,
they have option to purchase power from main grid and in case of large generation, it can sell the
excessive power to grid. The goal of this research is to find the optimum sizes for power generation
resources and battery to meet the load requirements, and achieve maximum annual profit for networked
microgrid.

2.1. Elements of game model

Game theory is a scientific field dealing with the study and analysis strategic, rational decision process
of individuals and their interactions in environment. In other words, it is a decision making process that
can resolve different kinds of conflicts between the decision makers and find the maximum payoff [17].
The main element of any game are the decision variables known as the players and each of the players
must have more than one choice to make strategies to get the required payoff. In the networked
architecture, if m, n, i, and P; represents the number of microgrid, number of decision variable,
generation resource, and decision variable, respectively. The maximum and minimum power values of the
players are the constraints in a selected game model and represented as strategic space SS; = [Pim"", P{”“"].
The total annual profit for m microgrid can be find as:

m
luG_totar = Z lug_m @
1

n
lu.m = Z I; )
1

2.2. Payoff of microgrid-1

In the microgrid-1, three generation resources i wind turbine, solar panel and battery are considered,
and their decision variables or players are represented by Py1, Psp, and Py, respectively. Similarly, the
maximum payoff or profit for the WT, SP and BT are I, 1, Isp, and Igy, respectively. The total annual
profit for the microgrid-1 is:
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n=3
I 1= Z I i € (WT,SP, BT} ®3)
1

In grid-connected mode, to get the maximum annual profit for the generation resource i different
parameters are considered, like power selling income I; 5z, salvage value I; 5, income from ancillary
service I; 45, initial investment cost C; ;,, compensation cost from energy cannot supplied C; g,
purchasing power from grid C; pg, and operation and maintenance cost C; ,, etc. The annual profit can be
find using the bellow equation:

Li=lisg+1isv+1ias — Ciin— Ciom — Cigs — Cipr (4)

The benefit of I; 45 is considered for battery, however, for wind turbine and solar panel is taken as zero.
However, when the storage batteries are out of service their I; s, will be zero. C; oy, for the i is calculated
by multiplying the per unit operation and maintenance cost of the player by the generation capacity of the
decision variable. I; sy, C; 1y and C; pg for each of the i can be calculated as follows:

Iisy = Pi* S, * Dy /(1 + D)k = 1) ®)
Ciun = Uy * P+ D.(1 + D)*/((1+ DY — 1) (6)
C P;
Cipr = —G,i: : )
Q1 P)

where S; .., L;, and U; are per unit salvage vale, life span, and per KW cost for i. D, and Cgp are discount
rate and total annual cost for purchasing power from large grid, respectively. C;; can be find by
multiplying the per hour result of power purchased from grid P;(t) and the grid power price, for a year.
The annual compensation cost for energy not supplied C; g of the i is:

n=3
Ci gs = Cgs * Pi/(z P;) (8)
8784 '
Cps = Z 1.5 % R(t) * {DP(t) — Pyr(t)} ©)
t=1
DP(¢) = P,(t) = pwr(®) — psp(t) = @57 (t) = Por min) (10)
0 DP(t) <0
P;r(t) ={DP(t) 0<DP(t) < P~ (11)
pmax DP(t) > pmax

where Cgg, R(t), DP(t), P,(t) and P7}** are total annual energy not supplied cost, electricity price,
unbalance power in microgrid, load demand, and thermal overloading, in hour t.
The output power of wind turbine py,r(t) and storage battery pg,(t) can be find as:

0 V() <V orV(t) =V,
pwr(t) = {

Pyr+ (V(t) = V) V< V() <V (12)

Ve =V
PWT VrSV(t)<Vco

_(per(t—=1)+E+A(t—-1) At—-1)=20 13
pBT(t)_{pIZ(t—l)+A(t—1) At-1)<0 3
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14
ACt = 1) = pur(t = 1) + pep(t = 1) = p, (¢ = 1) 1)
where V,;, V.,, V., and €., are cut-in wind speed, cut-out wind speed, rated wind speed, and battery
charging efficiency, respectively.

The annual income from power selling ; s, can be calculated from the following:

8784

lise(®) = ) (1) « R(E) * Py sg(©) (15)
Pros(t) = {tjéf)l ) 05" (16)
LSEMS T L(Z’F—ZY;’B Psy(®) >0

Prx(t) = P(£) + PP + (Pgr — ppr (1)) (17
Poy(t) = Pur (£) + psp(£) = Prx(8) (18)

where o, P; s¢(t), Psy(t), and P, (t) are the subsidy coefficient, power selling, surplus power, and
maximum power that can consumed, respectively.
The annual selling power P gz (t) and ancillary income for storage battery Iy 45 can be find as:

_ (Dper(t)  Dppr(t) >0
Pgr sp(t) = {0 BT DPE:(t) <0 (19)
Dppr(t) = ppr(t) —ppr(t+1) (20)
8760
Ipr as = lpu rp * Z (pBT(t) — Ppr sg(t) — PB_min) (1)

t=1
where Dpgr(t) and I,,,, rp represent change in battery capacity in hour ¢ and per unit income from reserve
power, respectively.

2.3. Payoff of microgrid-2

Two generation resources i wind turbine WT and BT are considered to design a microgrid-2, and their
decision variables are Py, and Pgr, respectively. The profit for both players are I, and Iz-. The total
annual profit for the microgrid-2 is:

n=2
. 22)
IMG72 = Ii L€ {WT, BT} (
To get the maximum annual profit for microgrid-2, the technical parameters are considered, and the
equation. 4 will be used for the WT and BT. Lastly, the total annual profit of the networked architecture
for microgrid-1 and microgrid-2 will be calculated by using the equation.1.

3. Nash Equilibrium and Algorithm

Game theory is an advance type of multi-objective optimization that has been applied for many years
to solve different decision making problems. To design cooperative and non-cooperative game models,
various kind of solution concept or techniques are used like Nash equilibrium, Pareto optimality etc. In
the theory of games, Nash equilibrium is a fundamental concept and the most widely used technique to
find the outcome of decision variables [18]. In this research, cooperative game models are designed using
Nash equilibrium for optimum values of decision variables and to find the maximum profit. The proposed
networked architectures consist of three different combination of generation resources i, therefore,
cooperative game model can have four different coalitions for the planning problem of three player’s
game. The optimum values of decision variables is find through Nash equilibrium using iterative
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procedure in the following steps:

1. Input the parameters like wind speed, solar radiation, electricity price, and discount rate etc.

2. For the selected microgrid, randomly choose initial values of decision variables (P, P%, Poy) from
strategic space.

3. In case of generation resources through WT and SP are cooperating with each other and BT is self-

sufficient. To explain it, consider a j™ iteration (B)., PJ) (PJ), which depend upon previous
iteration (B)7%, PL ) (B4 1), as:

J-1 pj-1y _ j-1
Byt Fsp ) = arg max Lyt sp (Pwr, Psp, Pgr ™)
PwrPsp
Jj-1 _ Jj-1 pj-1
P~ =arg rrp}ax Igr Py Pep *» Per)
BT

4. Inthis step, share with every player in coalition about strategic values of third step.

5. Check the condition of Nash equilibrium, if none of the player change its value during whole round
of iteration, means (Pyr, Psp)=(Pyr, Psp), and Py = Pgr, the Nash equilibrium is found. In case,
results are not achieved, move towards step-3.

In order to design and simulate the proposed networked architecture in MATLAB, an imperialistic
competition algorithm is used. The main operators of the algorithm are assimilation, revolution and
imperialistic competition. It is a modern population based algorithm and used in various research areas to
solve many optimization problems [19]. In this research work, to find most feasible value of decision
variables 50 number of population or countries, 5 number of imperials, and maximum decades of 50, are
considered.

4. Results and Analysis

The sizing of networked microgrid will be carried out with the help of game theory technique Nash
equilibrium, and the simulation will be performed in MATLAB using ICA. In order to optimize the
objective function and to find suitable sizes of decision variables, input parameters as listed in Table-1
[13] will be used for each of the generation resource.

In case of microgrid-1 three generation resources WT, PS and BT are considered, therefore, for the
cooperative game model four different kinds of coalitions are possible. To find the cooperative game
model with maximum profit and most suitable generation capacities, all possible game models are
simulated. The optimum values of decision variables and annual profit for each of game model are listed
in Table 2 for microgrid-1. It is evident from the result that the capacity of WT is higher that SP,
however, SP capacity is higher than BT in all of the cases except case-2. The results of microgrid-1
illustrates that profit is maximum when all of the generation resources are in coalition with each other in
case-1. Therefore, case-1 for microgrid-1 is giving the solution for Nash equilibrium with maximum
value of profit and most feasible sizes for generation resources to meet the load requirements. The
cooperative game models also show that if bigger sizes of generation resources are considered in a
microgrid, the value of annual profit goes high. As the microgrid gets opportunity to sale additional
power to the main grid, and it is easier for networked architecture to meet load requirements in any
emergency situation.

Table 1. Input parameters for networked microgrid

Parameters Values Parameters Values
Electricity price (R) 0.12 $/kWh WT salvage value (SVyyr) 77 $IkW
Discount rate (Dr) 12% PV panel price (Usp) 1,890 $/kwW
Cut-in wind speed (v,;) 3mis Life span of PV (Lgp) 20 Years
Cut-out wind speed (v,,) 20 m/s OM cost of PV (OMgp) 20 $/(kW.year)
Rated wind speed (v,) 12 m/s PV panels salvage vale (SVsp) 189 $/kwW

Life span of WT (Ly,1) 20 Years Life span of batteries (Lgr) 10 Years

WT price (Uy 1) 770 $/kwW Battery price (Ugr) 100 $/kW

OM cost of WT (OMy1) 20 $/(KW.year) OM cost of battery (OMgr) 1 $/(kW.year)
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Table 2. Nash equilibrium results for microgrid-1

Caset# Game Model Decision Variables (kW) Annual profit
($/year)
Coalition Pyr Psp Ppr Iyg-1
1 {WT, SP, BT} 44,876 8,000 6,233 2.4841E+7
2 {WT, SP}, {BT} 44,979 8,541 9,999 2.4685E+7
3 {WT, BT}, {SP} 44,952 15,020 9,304 2.2942E+7
4 {WT}, {SP, BT} 25,000 19,879 9,875 1.4871E+7

Table 3. Nash equilibrium results for microgrid-2

Caset# Game Model Decision variables Annual profit
(kW) ($/year)
Coalition Pyr Pgr Iyg—2
1 {WT, BT} 44,903 8,752 2.5037E+7

In case of microgrid-2, two generation resources WT and BT are considered, therefore, for the
cooperative game model only one type of coalition is possible. Table-3 shows the optimum sizes of both
decision variables and maximum annual profit at Nash equilibrium.

In the end, sensitivity analysis is performed to analyse the impact of changing the values of electricity
price R and discount rate Dr for proposed networked architecture. These parameters are considered to
observe the variations in the value of annual profit from microgrid-1 and 2. The influence to change the
electricity price and discount rate are shown in Fig. 3(a) and 3(b), respectively. The results for both
microgrid show that, as the electricity price decreases, the total annual profit decreases to. However, in
case of high electricity prices, generation resources are earning more profit by selling power to the load
and main grid. On the other side, as the value of discount rate increases, the value of profit is increasing
sequentially, and vice versa. Moreover, it is also evident from both parameters that, the influence of
electricity price is more sensitive than discount rate. Therefore, small increase in electricity price brings
quick increase in profit value.

5. Conclusion

A game theory technique Nash equilibrium is used in this paper to model a networked microgrid, and
optimization is performed in MATLAB using ICA. The main achievement of this research is make a
suitable capacity allocation of generation resources for each microgrid, and find the maximum profit for
proposed networked architecture. In this analysis, it is considered that the decision variables are
cooperative with each other, and the results for all possible coalitions are calculated. It is clear from the
results that the cooperation between the all players maximize the annual profit and the optimum values of
generation resources can be achieved through Nash equilibrium. The sensitivity analysis validated the
results of networked microgrid and checked the influence on decision variables of generation resources
for both microgrids.
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