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1. INTRODUCTION

Recently with the introduction of power system deregulation and the integration renewable energy
resources (RERs), hybrid electric power systems are evolved throughout the world. The hybrid electric power
systems incorporate various electricity generating components with usually one major control system which
enables the system to supply electricity in the required quality. Components for electricity generation can
utilize fossil fuel power plants such as diesel generators, gas turbines, etc. and RERs such as wind turbines,
solar photovoltaic (PV), solar thermal, hydro power, tidal power or biomass power stations, etc. With the
generation ability using facilities and solutions such as solar PVs, electrical vehicles, energy storage devices,
demand response, and other smart devices, the evolvement of conventional consumers to prosumers been
receiving increased attention [1]. Microgrid (MG) is the combination of various micro-sources and load
demands, which is used to meet the energy crisis, to reduce losses in the system, to provide reliable power
supply to critical loads and separates itself from the grid seamlessly without disturbing the load within the
network [2].

One of the advantages of MG is that it encourages penetration of RERs for better impact with
environment and to reduce emission of carbon dioxide. Therefore, the distributed generation has been
introduced in the MG to improve the power quality, for better voltage profile, reduction in losses and
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improved reliability of power supply. An optimal scheduling of energy resources and smart management of
loads including smart charging of EVs, DR, and operation of battery energy storage systems (BESSs) for
isolated MGs is proposed in Reference [3]. Reference [4] proposes an approach for the assessment of
reliability of MG considering EVs and incentive-based DR. An optimal energy management approach for
isolated MGs in the presence of DR and BESSs is proposed in Reference [5], and it also examines the
controlled and uncontrolled EV charging strategies. A centralized scheduling methodology to exploit demand
flexibility from residential devices is proposed in [6]. A distributed charging and discharging scheduling
approach for the EVs in MGs is proposed in [7]. A grid-connected MG with PV and a BESS to meet the
campus load demand and to minimize the grid dependency is proposed in [8]. A MG model with energy
management system based on Model Predictive Control is proposed in Reference [9].

From the above literature review, it is clear that there is a requirement for solving the optimum
generation scheduling problem of MG considering various energy resources considering the BESSs, EVs and
DR. The wind and solar PV generators can generate and transmit power in the grid-connected or the stand
alone mode of MG. Usually, grid connected mode helps to decrease the use of conventional power
generation, which results in the lower carbon emission and also plays an important role in global warming.
In this paper, it is assumed that the power output from WEG varies according to wind speed, and the wind
speed profile at a particular location follows the Weibull distribution. Similarly, the solar isolation effects the
power output from solar PV generation system. Generally, the distribution of solar irradiation at a given
location closely follows a bimodal distribution, and it is modeled by using Weibull distribution. The main
objective of this paper is to find the optimal schedules of MG by optimizing TOC of the system. This TOC
function consists of costs due to power exchanged between main power grid and MG, cost due to power
output from diesel generators, costs due to power outputs from WEGS, solar PV units, BESSs and EVs. This
TOC minimization objective function is solved by using evolutionary based TLBO algorithm. The
simulations are performed on a test MG and the results obtained by using TLBO algorithm are also compared
with results obtained from EGA. This paper gives the optimal operational set points of solar PV units, WEGS,
EVs, BES systems, DR, and it is also useful for regulating the power output of diesel generators.

The remainder of this paper is organized as follows: Section 2 describes the problem formulation of
optimal generation scheduling of MG. Section 3 presents the description of TLBO algorithm. Simulation
results and discussion is presented in Section 4. Finally, conclusions are presented in Section 5.

2. PROBLEM FORMULATION

In this paper, it is assumed that the MG considered is a grid-connected one and it consists of WEGS,
solar PV units, diesel generators, DR, BESSs, and EVs. Diesel generator and power exchanged between main
grid and MG play a vital role in maintaining stable and reliable operation of MG. Figure 1 depicts the
configuration of MG that has been considered in this work.
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Figure 1. Configuration of microgrid

As mentioned earlier, in this work, minimization of total operating cost (TOC) is considered as the
objective function. This TOC is the sum of cost due to power the exchanged between the main grid and the
MG, diesel generators, WEGS, solar PV generators, BESSs, EVs and DR [10]. This objective is
formulated as,

minimize,
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TOC = X1t Chria (Plria) + 128 Cha (Ph.) + T, G (Pl ) + ZNZY CH(Physe) + X0 CE(PE1) + Zny Chy (Phvm) + 2028 Chi (Ph)| @
Various terms in the above equation are expressed below:
First term is the cost due to power brought from/to main power grid and MG (i.e., P 4),
and it is expressed as [10],
CGtrid (P, Gtrid) = CGtrid'P Gtrid (2
Second term is the fuel cost of diesel generators (DGSs), and it is expressed as,
Che (PlgG.i) =a; + Bingc,i +v; (Pzgc,i)z 3)
Third term is the direct cost of wind power, and it is expressed as [11],
CVtV(PVtV,j) = dfpvtv,j 4
Fourth is the cost due to solar PV power generation, and it is expressed as,
Cs (PIEV,k) = eiPpy i ®)
Fifth term is the operation cost of BESS, and it is expressed as [12],
Ch(Ps1) = Coa(Psy" + Py (6)
Sixth term is the cost due to discharge/charge power of EV, and it is expressed as,
Chv (PI:EV,m) = fiv- PbEV,m )
Last term is the cost due to DR, and it is expressed as,
Chr (PlgR,n) = CL%R-PER,n (8)

where Pfg . is the planned load reduction, Cjy is incentive pay for load reduction. The above objective
function is solved subjected to following equality and inequality constraints.

2.1. Equality Constraints
This constraint keeps the balance between power supply and load demand, and it is expressed
as [13],
Pf=VI¥Y, Vjt[GUCOSQit]- + B,-]-siné?it]-] 9)
Qf =V ¥, Vjt[GUsinHit]- - B,-jcosé?l-t]-] (10)
where P} and Qf are active and reactive powers injected at i** bus at time t, and they are expressed as [14],
Pf = Plyjg + P+ Py i+ Phy s + Py + Py + Phrn — Plga (11)
Qf = QGrig + Qb + Q\fv,j + Qpyi + Q5 + Qbvm + Qbrn — Qloaa (12)

2.2. Inequality Constraints
2.2.1 Generation Capacity Constraints
The amount of power bought from/to main power grid is limited by,

min t max
PGrid,t < PGrid < Grid,t (13)

Power output from diesel generator is limited by,

Indonesian J Elec Eng & Comp Sci, Vol. 17, No. 3, March 2020 : 1632 - 1638



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 O 1635

P3Gt < Phe < PR (14)
Power output from WEG is constrained by [15],

0<P,; <P, (15)
Power output from solar PV unit is constrained by [16],

0 < Py < Pg™ (16)

2.2.2 Constants on Voltages
The voltages on each bus must be within the range, and they are expressed as,

Vin < Y, < Vpnex 17)

2.2.3 EV Battery Constraints
Power output of battery is limited by [17],

_Pg,lzax < Pzg,l < Pz;r,llax (18)
State of charge (SOC) of battery must be within the limits, and it is limited by,
socmin < soct < socmex (19)

2.2.4 Constraints on DR
The load reduction supported by nt" load demand is expressed as [18],

0 < Pprn < P (20)

The detailed modeling of wind energy system and its uncertainty handling approach is presented in
References [19-20]. Reference [21] presents the modeling of solar PV energy system and its uncertainty
handling approach. Modeling of BESS is described in Reference [22]. Modeling and uncertainty handling of
EVs is described in References [23-24].

3. TEACHING-LEARNING-BASED OPTIMIZATION (TLBO) ALGORITHM

In this paper, TLBO algorithm is used for solving the optimal generation scheduling problem of MG
considering the demand response, BESSs and EVs. TLBO is a nature inspired, heuristic and population based
optimization, and it is developed to achieve global optimal results. The main difference between TLBO and
the conventional optimization techniques is that TLBO gives global minima as solution for the proposed
optimization problem [25]. Figure 2 depicts the flow chart of TLBO algorithm.

TLBO consists two methods of learning (i.e., teacher phase and learner phase) in a classroom.
Teacher phase is the interaction between learner and teacher. Learner phase is the interaction among the
learners. In TLBO algorithm, the number of students (learners) in a class denotes the population, and various
constraints represent different subjects taught in the class. Here, teacher of the class represents the learner
with best performance, which is measured by problem’s fitness value. Hence, the teacher in TLBO is a
knowledgeable and learned person, and plays a vital role in improving learner’s output (results or grades),
and elevating the average level of the class [26]. Improvement in grades of the learner's is done by the
combined process of random interaction between the learners and the teacher’s input which takes place in the
learner phase. Fitness is the learners output in this algorithm. In teacher phase, the existing solution is
updated based on mean value, and in learner phase, the learner interacts either among themselves or with
good knowledgeable learner to learn new things and to raise the level of their knowledge. The reader may
refer References [25-28] for the detailed description of TLBO algorithm.
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Figure 2. Flow chart of TLBO algorithm

4. RESULTS AND DISCUSSION

As mentioned earlier, the MG considered in this work consists of diesel generators, WEGS, solar PV
units, BESSs, EVs and DR. All the optimization programs are coded in MATLAB R2018a on a PC with i7
processor, 16 GB RAM and 3 GHz frequency. Here, the TLBO algorithm is used to solve the proposed
optimization problem of optimal generation scheduling of MG. The data required for solving the optimal
generation scheduling problem of MG, i.e., solar irradiation data, wind speed data and load demand data for
24 hours period is taken from reference [10]. Here, two different case studies are simulated, and they are:
Case 1: Optimal scheduling of MG considering the power exchange between main grid and MG, and diesel
generators.
Case 2: Optimal scheduling of MG considering all the components of MG along with power exchange
between the main grid and MG.

The above two cases are solved by considering total operating cost (TOC) minimization as an
objective function, and it is solved by using TLBO algorithm, and the obtained results are also compared
with enhanced genetic algorithms (EGA). The simulation results for these two cases are presented next:

41. Casel

In this case, TOC minimization objective is optimized by considering power exchanged between the
main grid and MG, and diesel generators, i.e., other MG components (WEGs, solar PV generators, BESSs,
EVs, and DR) are not considered in this case. This TOC minimization function includes only first two terms
of objective function (i.e., equation (1)). This objective function is solved by using TLBO algorithm, and the
obtained results are reported in Table 1.

The optimum TOC (i.e., best solution) obtained in this case by using TLBO algorithm is 573,102.4
$/day, whereas by using EGA is 573,836.2 $/day. The best, worst and average solutions obtained in this case
by using TLBO algorithm and EGA for 50 trials are reported in Table 2. The best, worst and average
solutions obtained in this case by using TLBO algorithm are 573,102.4 $/day, 575,615.2 $/day and 573,923.8
$/day, respectively. These results show the effectiveness of solutions obtained by using TLBO algorithm
compared to EGA for optimal generation scheduling problem of MG.
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Table 1. Objective Function Values for Case Studies 1 and 2
Objective function values TLBO EGA
Case 1 Case 2 Case 1 Case 2
Cost of power from main grid and 573,102.4 44,896.5 573,836.2 44,933.8
diesel generators ($/day)

Cost of wind power ($/day) 274,582.8 275,088.0
Cost of solar PV power ($/day) 84,958.3 85,065.2
Cost of BESSs and EVs ($/day) 38,960.1 38,964.5

Cost of demand response ($/day) 34,4135 34,508.1

Total operating cost ($/day) 573,102.4 477,811.2 573,836.2 478,559.6
Percentage of cost savings 16.63 16.6

Table 2. Comparison of Results for Cases 1 and 2 using TLBO and EGA Algorithms (for 50 trials)
TLBO EGA
Case 1 Case 2 Case 1 Case 2
Best solution ($/day) 573,102.4  477,811.2 573,836.2  478,559.6
Worst solution ($/day) 575,615.2  479,048.9  576,1335  479,980.2
Average solution ($/day) 573,923.8 478,562.7 574,250.6 478,878.4

4.2. Case?

In this case, the TOC minimization objective is optimized by using TLBO algorithm. As mentioned
earlier, in this case, the TOC minimization includes all the terms of objective function (i.e., equation (1)) as
this case considers all the components of MG along with power exchanged between the main grid and the
MG. Here, the optimum TOC obtained is 477,811.2 $/day, which is sum of power exchanged between the
main grid and the MG, and diesel generators (i.e., 44,896.5 $/day), cost of wind power (i.e., 274,582.8
$/day), cost of solar PV power (i.e., 84,958.3 $/day), cost of BESSs and EVs (i.e., 38,960.1 $/day), cost of
demand response (i.e., 34,413.5 $/day). In this case, the TOC obtained is 16.63% less than TOC obtained
from Case 1, i.e., cost savings obtained in this case is 16.63%. The results obtained with this TLBO algorithm
are also compared with EGA, and they are reported in Table 1. The best, worst and average solutions
obtained in this case are reported in Table 2. These results show the effectiveness of solutions obtained by
using the TLBO algorithm for the proposed optimal scheduling problem of MG. From the simulation results,
it can be observed that the proposed optimal scheduling approach of MG considering the storage, EVs and
demand response can effectively improve the flexibility of operation and reliability of MG.

5. CONCLUSION

This paper solves a new optimal generation scheduling problem of Microgrid considering various
components such as diesel generators, renewable energy resources (wind and solar PV), battery energy
storage systems, electric vehicles and demand response. Here, the total operating cost of the system is
considered as an objective function, and it is the sum of cost of power to/from main power grid, cost due to
wind and solar PV powers, cost of operation of electric vehicles, cost of operation of battery energy storage
systems and demand response. The uncertainties involved due to renewable energy resources is handled by
using probability distribution analysis. The proposed optimization problem is solved by using teaching-
learning-based optimization algorithm. The simulation results on a test Microgrid show the effectiveness of
the proposed optimal generation scheduling problem.
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