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Abstract

This paper proposes the optimization of renewable energy resources (RERs) in
the hybrid energy systems in a sustainable hybrid energy system. The behavior
of renewable energy is uncertain and it is difficult for static optimization
methods to optimize the uncertain non-stationary distributed energy resources
in the hybrid system. A multi-objective based on the stochastic technique for
optimizing total system losses and operating cost is formulated for the hybrid
energy system. The proposed objective function aims to minimize the system
losses and the total operating cost of RERs in different locations of the grid.
In this paper, a next generation of grid connected RERs and load demand
is proposed by considering the variability and uncertainty. Here, a robust
stochastic approach is proposed by using the various probability distribution
functions to represent the statistics of RERs. The simulation results of this
paper handle the system operations under uncertainty. The proposed approach
is tested on IEEE 37 node distribution system. The simulation results show
the effectiveness of the proposed optimization approach in the hybrid energy
system.
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Nomenclature

Cpv Cost of power generation from solar photovoltaic (PV)
generator.

Cw Cost of power generation from Wind Energy Generator
(WEG).

DI Decision index.

f(v) Probability distribution function (PDF) of wind speed.

Lk Branch current flows from bus j to bus k.

k Shape factor.

Lpar Line parameters (i.e., line impedances).

Pup Maximum power output from solar PV unit.

Prp,ret Maximum power output under standard testing conditions.

Pc Active power injected at substation.

Py, Penetration level permissible for the system (approximately
0.30).

Ppa,jmax Maximum permissible penetration per bus (approximately
10 MW).

Ppv,j Real power output from solar PV unit installed at j*" bus.

lgglvl‘} Lower limit of active power output from solar PV generator
installed at j*" bus.

lgg;aj‘ Upper limit of active power output from solar PV generator
installed at j*® bus.

Pyind,j Active power output from WEG installed at jth bus.

l?’giigd’j Lower limit of active power output from the WEG installed at
it bus.

Agﬁﬁi,j Upper limit of active power output from the WEG installed at
it bus.

Qa Reactive power injected at the substation.

Quwind,j Reactive power output from the WEG installed at j*" bus.

T Temperature.

Trer Temperature for standard testing conditions (T,¢s=25°C).

W, Weight component assigned to the total operating cost.

Wa Weight component assigned to the total system losses.

Y Maximum power correction for temperature.

o Scale factor.
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1 Introduction

Nowadays, with the increasing importance for environment, the renewable
energy resources (RERs) are used to alleviate the climate change and deser-
tification caused by the large amounts of CO2 emissions into the atmosphere
[1]. And also to reduce the dependency on fossil fuels [2]. The national needs
for efficient and flexible power grids encourage the development of advanced
communication and optimization technologies in RERs. For the modern grid,
several computational technologies are needed to design and study the long
and short term energy independence based on RERs. To achieve this in a
timely manner, research activities are needed to provide adequate modeling,
and optimization techniques that accounts for variability and randomness in
the hybrid energy system. Adequate modeling of RERSs is needed to handle
the variability and uncertainties of the loads to meet the generation and load
demand. Also for optimal allocation of different types of renewable energy
into the distribution network by minimizing the losses and operational costs.
A probabilistic optimization technique which combines the variability of
resources and load uncertainties includes network and security constraints
is utilized.

Reference [3] presents the hybrid energy system to make optimum utiliza-
tion of available renewable sources and also they become the cost effective
by minimizing the per unit cost of generation. A multi-objective formulation
to allow optimizing simultaneously both the annualized renewable energy
cost the system reliability defined as the renewable energy — load disparity is
proposed in [4]. Reference [5] proposes a micro grid (MG) model which
integrates the power plants driven by RERs employing micro hydro and
photovoltaic (PV) system which is connected to the utility grid. A multi-source
hybrid power system which includes the RERs such as biomass, solar radiation
as a primary source, and a battery is used to cover the emergency load, and
a diesel generator for backup is presented in Reference [6]. An approach for
optimization of the power generated from hybrid renewable energy systems
to achieve the load of typical house as example of load is proposed in
Reference [7].

The effect of variability in RERs on the optimal design and reliability of an
integrated power system designed for off-grid mining operation using a two-
stage methodology is proposed in [8]. Reference [9] presents the optimum
sizing, prefeasibility analysis, modeling, control aspects and reliability issues
and also the application of meta-heuristic algorithms and game theory in
a hybrid renewable system. A new optimization method called two-time



46 8. S. Reddy

steps re-calculation strategy is proposed in Reference [10], to handle the
uncertainty. Reference [11] presents an approach for operations optimization
to maximize their economic value based on market information and predicted
renewable generation. Reference [12] presents a comprehensive review of
various methods and techniques that are used to develop a successful energy
management in hybrid renewable energy systems. A methodology to systemat-
ically formulate a hybrid system consisting the wind, solar and diesel generator
as a backup resource as well as battery storage, from the preliminary design
stage to the optimal operation is proposed in [13]. In Reference [14], a new
approach is proposed to incorporate the uncertainties associated with RERs
and load demand in sizing in the application of buildings with low to high
renewable energy ratio. An optimal power generation and load management
problems in off-grid hybrid electric systems with RERS is addressed in
Reference [15].

Reference [16] proposes three objective functions, i.e., loadability, losses
and cost for determining the optimal locations for each kind of RERs using
mixed integer nonlinear programming. Reference [17] presents an up-to-date
literature review on trends in optimization approaches used for the design and
development of wind- solar PV based hybrid energy systems. The generation
scheduling approach for a MG consisting of thermal generators, wind energy
generators, solar PV systems, battery storage and electric vehicles is proposed
in [18]. The discussion on motivation for Smart Grid development, the working
definition and the tools for analysis and development of the Smart Grid is
proposed in [19]. An economic dispatch (ED) model for the power system
with thermal and wind generators is proposed in [20], where the probability
of stochastic wind power is considered as a constraint. Reference [21] proposes
a market clearing mechanism for wind-thermal power system including
uncertainties in wind power and load forecasts. An energy and spinning reserve
market clearing method for wind-thermal power system considering total
cost and system-risk-level minimization as objectives is proposed in [22].
A genetic algorithm based search procedure is used in [23] to accomplish
the adequacy assessment for power generating system including wind energy
generators. Reference [24] proposes an approach to include the WEGS in
the ED problem by considering the over-estimation and under-estimation of
available wind power. A load dispatch model to minimize the emission due to
oxides of nitrogen by taking into accounts both thermal generators and WEGs
is proposed in [25]. The approach proposed in the present paper is examined on
IEEE 37 node distribution test system and the test system data is taken from
[26-27]. The proposed approach is coded in General Algebraic Modelling
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System (GAMS) [28], and it is solved using the CPLEX 11.2 solver (which
is used to solve large scale MILP problems).

From the above literature review, it can be observed that there is a press-
ing requirement for developing new algorithms/mechanisms considering the
stochastic behavior of Renewable Energy Resources (RERs). For the proposed
integrated/hybrid energy system with several RERs and load demands with
variability and randomness due to solar irradiation and wind speeds. This
paper will help to address the variability of RERs and uncertainties of loads,
which will help to improve system security, efficiency and reduce dependence
on fossil fuels. The major contributions of this paper are presented next:

e Developed a next generation of grid connected RERs and load consider-
ing the uncertainty and variability.

e Developed a robust stochastic approach with RERs and load demand.

e Modeled wind and solar to account for variability and obtain a stochastic
power output.

e Use of various PDFs to represent the statistics of the resources being eval-
uated. This will benefit the stochastic scheduling and power management
overtime for generation load adequacy and security.

e Evaluate different optimization techniques that will endorse the study of
optimal strategy of resource allocation to meet load demand and ensure
system security.

The remainder of the paper is organized as follows: Section 2 presents the
proposed problem formulation. The modeling of power output from solar PV
and wind energy systems is described in Section 3. Section 4 presents the
simulation results and discussion. Finally, the contributions with concluding
remarks are described in Section 5.

2 Problem Formulation

A multi-objective based on the stochastic technique for optimizing total system
losses and operating cost is formulated for the hybrid energy system. The
proposed objective function aims to minimize the system losses and the total
operating cost of RERs in different locations of the grid. Here, the multi-
objective optimization problem is formulated using the weighted summation
approach. There are two weighted components for the total cost of operation
and losses for an n bus power system with m branches. The proposed objective
function is formulated as,
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Minimize, Decision Index (DI)

Ng Nw Ng
DI =Wi | Y Cai(Pai)+ Y Cwi(Pw;j)+Y_ Cor(Ppvg) | +WalPross]
i=1 j=1 k=1
(1
where the total system losses (P,ss) is expressed as,
Ploss = Z 1(1‘/22) (2)
i=1 i

The above objective function (i.e., Equation (1)), for sub-transmission or
distribution networks is solved by including the following equality and
inequality constraints:

(i) Recursive active power balance equation

(P2-,1 +Q% )
Pj1—Pj—r, (JVQJ + Bpuj(t, tipo > Op )
j—1

+ P j(t, g, Owi) = Prj(t, pp,rjs Lper(t), 0p;) =0 (3)
(ii) Recursive reactive power balance equation
(P2~_1 +Q% )
Qj-1—Qj —xj <]‘/2J + Qpu,j (ts tpv.js Opu,i)

j—1

+ Qw,j (t, Haw,j 5 ewj) - QLj (ta HP,Lj, Lper (t)a UP,Lj) =0 4)

(iii) Recursive voltage equations

1
V;%rl - V]2 +2(ri Py + 2,Q;) — W(Tf + :U?)(sz + Q?) =0 (5
j

(iv) Minimum and maximum limits of node voltages
(‘/}min)2 < ‘/;2 < (V}max)2 (6)
(v) Operational limits on active power output from the solar PV generator

PII;}UI,‘I; (t7 ILLP'U,j - 9])’0,]) S vazj (t’ #p’l],j? 0pv7]) S P;r’ll)a,“)]((t’ 'LLp’Uvj + Hpv’]) (7)
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(vi) Operational limits on active power output of from Wind Energy Generator
(WEG)

PRIt s g — Owg) < Puj(t pw s Oug) < Pt s j + Ouy)  (8)

(vii) Minimum and maximum limits of branch currents

(P7,+Q7 ) i
0<Ijp= <J1V2]1 < I )
j—1

(viii) Penetration limit of RERs in the system
> Pouj (b tipw g Op ) + Puindj (s i, O 5)
Vi
< Pryim* ¥ Prj(tpup,piLper (), 0p1.5) (10)
vj

(ix) Maximum penetration limit renewable power at each bus

Pp’U,j (tv Hpv,js va,j) + Pwind,j (t, Haw,j5 gw,j) = PDG,j,maz (11)

3 Modelling of Wind and Solar PV Energy Systems
3.1 Modeling of Power Output from Solar PV Generator

The power output from solar PV panel depends not only on the specification
but also on the environment. This variability is a function of solar irradiation
on solar PV panel, and it can be modeled using a Weibull distribution func-
tion or Beta distribution function [18]. In this paper, the Beta distribution
function is used. Using the historical data for location and time, the parameters
of Beta model can be calculated by solving the following equations [19],

a:u<(1_0“)“—1) (12)

T

The corresponding probability density function (PDF) i.e., f(s) can be
formulated as [19],
s (1—s;)
f(sj)=———T'(a+p (14)
B =r oy P
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The probability of solar irradiance during any specific hour is calculated using,

Si,max
P=[S=s] _/ £ (<) ds (15)
Si,min
The power output from the solar PV panel is given by,
S
(Pm )Zipmp,ref[1+’7(T_Tref) (16)
Sref

3.2 Modeling of Power Output from Wind Energy Generator

(WEG)
The wind speed distribution determines the performance and feasibility of
wind power systems. Once the wind speed is known, the potential energy and
power generated can be determined. The Weibull distribution function can be
used to describe random behaviour of wind speed (v). The Weibull PDF is
expressed as [20, 21],

k s\ k-1 vy k

F@)=2(2) exp [() ] (17)
o o

where v > 0, k > 0 and « > 0. The factors k and « are calculated using the
mean wind speed (V,,,), and the standard deviations (¢) as shown below,

um:i{fjw} a8)

;:ﬂ n 0.5
v = [n — z; (v; — um)2] (19)
Um

o —1.086
)
Um,

Figure 1 depicts the wind generator power output (Pyy) as a function of wind
speed [20, 22].
The wind generator power output can be expressed as [23],
0, v< g
Py=C¢Kiyv+ Koy, vg<v <wvrand Py, v, < v < Vo (22)
0, v2>ve
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Py
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Figure 1 Wind power output as a function of wind speed.

Pr

where K1 = - and K9 = —Kjv.. The probability density function
(PDF) can be expressed using [22, 24, 25],

P(P,;=0)=P(vg <v <)+ P Ve <)

/ fv du+/ fv (23)

PO <P, <P)=Plug<v<uv)= /W Flo)dv 24

P(P,;=P)=P (v, <v<vy)= / f(v)dv (25)

3.3 Uncertainty Modelling of Load Demand

The uncertainty of load data is handled by utilizing Gaussian probability
distribution functions (PDFs) for the modelling. Each load in the network
is assumed to be a random variable distributed with parameters of mean and
variance. The calculation of statistical mean of active and reactive power
consumed is presented next:

Data sets may be artificially developed. For several systems, calculated or
assumed data is provided which can be used instead of the statistical data set,
if unavailable. The equations below summarize some sample values for the
load modelling which have been used in probabilistic modelling studies.

1 _
U%L,j s Z (Prjm — Prj) (26)
vm

1 _
UJQDL,J’ = Z (QrLjm — Q) (27)
Ym
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The statistical data can be fit to the typical distribution curves to determine the
most suitable distribution function and the parameters of the selected function.
The variation of the load over the period of study is handled via consideration
of the seasonal load variability patterns.

4 Results and Discussion

The modelled renewable energy resources (RERS), i.e., wind and solar energy
systems and load demands are applied to the hybrid energy system considered
in this paper. The proposed approach is tested on standard IEEE 37 node
distribution system. Figure 2 depicts the IEEE 37 node distribution test system
[26, 27]. This test system is an actual feeder in California, with a 4.8 kV
operating voltage. It is characterized by delta configured, all line segments

709 ® 724
712 1
o——@ 707
1
742 70 713 704
° o ® 720
705 702
729 744
® @ ® 703 714 ® 706
727
® 725
728 ® 730
718
32 o ® ® 731
736 ® 733
710 734 775 740
741
® o °
735 737 738 711

Figure 2 IEEE 37 node distribution test system.
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are underground, substation voltage regulation is two single-phase open-
delta regulators, spot loads, and very unbalanced. The wind and solar PV
systems with both MW and MVAr generating capabilities with variability and
uncertainty of load are applied to the selected test system.

The proposed approach is coded in General Algebraic Modelling Sys-
tem (GAMS) [28], and it is solved using the CPLEX 11.2 solver (which
is used to solve large scale Mixed Integer Linear Programming (MILP)
problems). The optimization program is coded in a personal computer with
Intel Core i7 processor of 2.8 GHz and 8 GB RAM. For the WEG, the cut-
in (v;), rated (v,) and cut-out (v,,) wind speeds considered are 5, 15 and 45
miles/hour, respectively. Figures 3, 4 and 5 depicts the hourly solar irradiation,
wind speed and load demand forecasts for the 24 hours scheduling period.
Figure 6 depicts the hourly ambient temperature for the 24 hours scheduling
period.

Table 1 presents the hourly generation schedules and total generation cost
for the 24 hours period. The total amount of generation is 9813.97 MW
and the total generation cost for 24 hours period is 30995.13$%. From the
above simulation results, it can be observed that the proposed approach
efficiently handles the uncertainty of wind, solar PV and load demand
forecasts.

Solar Irradiation

800
700

600

2

Solar Irradiation in W/m

500
400
300
200
100

00 5 10 15 20 25

Time in Hours

Figure 3 Hourly solar irradiation forecast for the 24 hours scheduling period.
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Forecasted Wind Speed
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Figure 4 Hourly wind speed forecast for the 24 hours scheduling period.
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Figure 5 Hourly load demand forecast for the 24 hours scheduling period.
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Ambient Temperature
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Figure 6 Hourly ambient temperature for the 24 hours scheduling period.

Table 1 Hourly generation schedules and total generation cost for 24 hours scheduling
period

Hourly Hourly
Generation Generation Generation Generation
Hour MW) Cost ($) Hour MW) Cost ($)
1 334.2 1132.43 13 444.9 1374.51
2 331.8 1121.05 14 441.4 1350.96
3 3129 1043.72 15 434.9 1325.14
4 320.8 1093.41 16 425.9 1298.07
5 325.8 1099.37 17 432.0 1341.10
6 344.7 1173.9 18 439.8 1377.82
7 376.0 1205.36 19 461.3 1396.45
8 414.9 1317.93 20 461.1 1399.67
9 453.4 1402.11 21 463.87 1401.0
10 466.6 1409.32 22 431.1 1316.62
11 469.9 1463.03 23 396.7 1278.84
12 470.8 1480.14 24 359.2 1193.18

Total Generation = 9813.97TMW
Total Generation Cost = 30995.13$
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5 Conclusions

This paper proposed an approach which will help to address the variability
of renewable energy resources (RERs) and uncertainties of load demands,
which will help to improve system security, reliability, efficiency and reduce
dependence on fossil fuels. The use of various probability density functions
(PDFs) to represent the statistics of the resources is evaluated. This will benefit
the stochastic scheduling and power management overtime for generation load
adequacy and security. Also different optimization techniques are evaluated
that will endorse the study of optimal strategy of resource allocation to meet
load demand and ensure system security. Here, a robust stochastic approach
with RERs and load demand is developed. This paper also modeled wind
and solar to account for variability and obtain a stochastic power output. The
effectiveness of the proposed approach has been tested on standard IEEE 37
node distribution system. From the simulation results, it can be observed that
the proposed approach efficiently handles the uncertainty of wind, solar PV
and load demand forecasts. Developing a methodology which can reflect the
cost implications, reliability and cyber security of Smart Grid is a scope for
future research work.
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