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ABSTRACT Power industry is incidenting a change from the present electric grid to a more secure, reliable,
capable and advanced smart grid. Renewable energy sources such as wind and solar energy systems will
be incorporated and potentially in bid scale in order to obtain these aims. Many possible applications of
renewable energy sources have been inspected. In this article, reliability enhancement of power system
considering the impact of wind and solar energy sources integration into grid with advanced intelligent
strategies is focused. Further, different models are utilized to obtain the proposed renewable energy sources
operation. Further, a reliability assessment framework is discussed to examine the reliability impact of
renewable energy sources integration into the grid. A comprehensive case study and risk analysis has
been performed based on the different risk indexes to show the usefulness of the proposed strategies and
assessment framework, and to give precious insight on the reliability impact resulting from the wind and
solar energy resources integration into the grid. Themain advantages of renewable energy sources integration
into grid with intelligent techniques are presented here along with the reliability evaluation. The results of
the study reveals that the integration of the solar and wind energy systems into the grid enhances overall the
reliability of the entire power system

INDEX TERMS Power system, wind energy system, solar energy system, alternative model-creating
technique, alpha model technique, fuzzy fault tree analysis, model predictive control, fuzzy logic control,
reliability, grid.

I. INTRODUCTION
With the increased penetration of renewable energy resources
like solar and wind energy systems into the existing power
system and their increased flexibility in smart grid operation,
the power players can make better decisions as for as the
improvement in reliability of the power systems as a whole is
concerned by incorporating various renewable energy sources
into the existing power grid. In addition the demand of elec-
trical energy is increasing on daily basis, so there is a need
for a reliable source of energy that can satisfy the future
energy scenario, among one of the promising energy source

The associate editor coordinating the review of this manuscript and

approving it for publication was Cristian Zambelli .

solar-wind hybrid energy system is one such source. There-
fore, the reliability enhancement of power system considering
the impact of wind and solar energy sources integration into
existing grid with advanced intelligent strategies is focused
in this article. The rapid growth in the renewable energy
sector makes the solar and wind generation structure extra
complex and the rate of their failure is increasing conse-
quently. However, the destructive operating conditions and
variable load are responsible for the high failure rates [1].
In the solar photovoltaic system Photovoltaic (PV) module
and its accessories are the main components whereas gearbox
is the key component in the wind energy system and it is used
to transmit torque and control the speed. The faults in PV
module are because of faults in diode, regulation problem;
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short circuits etc and the faults in wind energy conversion
system are mainly because of gearbox failures, long term
operation of variable speed loads, unbalance of the shaft, gear
damage, broken shaft, etc. The wind generator rotor is the
main component of wind based energy network but the rotors
of the wind turbine are likely to disturb due to the water in
blades, fatigue harm to the blade and unequal icing on the
surface of the blade.

In [1] a complete and detailed analysis on reliability, avail-
ability andmaintainability for all sub-components of the solar
photovoltaic systems with grid-tied mode that holds lower
value of reliability, taking the failure facts and interval of
repairing is presented. Further the work also determines the
probability density function to find the fault rate of every
sub-component of the solar photovoltaic based system.More-
over, a fuzzy fault tree based technique for evaluating the
reliability of the wind based energy system is presented [2].
An optimal sizing methodology for wind-solar-battery hybrid
power system and to precise and sensible optimal sizing
has been discussed with taking into account that the system
is operating in grid linked mode and standalone mode [3].
Further, improvement in reliability of the whole power sys-
tem network introduced, but, recently solar-wind energy sys-
tem is beginning to present good reliability in comparison
with diesel generators [4]. by the usage of energy stor-
age devices in the distribution networks with the renew-
able energy sources. Operation technique for energy storage
devices which can improve the reliability of the system with
renewable energy connection is presented. The stochastic
method for reliability analysis and best sizing of hybrid
energy system with renewable resources and the energy stor-
age systems have been discussed [5]. Uncertainties in solar
and wind power, and the load are modelled stochastically
using the autoregressive moving average method. A proba-
bilistic methodology based on analytical technique to eval-
uate the reliability of the system for distribution systems
having non-dispatchable and dispatchable DG units based
on energy system is presented in [6]. For a single microgrid
the real-time energy organisation system that has an energy
storage system, renewable generation system, and the load
is discussed in [7]. In [8], the outcomes of the time based
resolution of solar based generation with consideration of
complete distribution of generators outages are discussed.
The optimal operation of the interconnected systems of the
multimicrogrids is presented in [9]. Whereas, solar and wind
power generation, and power demand with the clusters forms
have been presented [10], which could internment the time
reliant attributes and keep the associations between the data
sets, examines to what degree the output power of the wind
energy system can be modelled with the discrete Hidden
Markov Models [11]. The reliability analysis of distribu-
tion systems set in with renewable distributed generation
resources are discussed giving stress on indecisions and opti-
mal repair plans [12]. Further, it is necessary for investigators
to get the exact information of the events after the improving
the risk factor of the components[13], therefore, different

techniques have been used to know the exact effect of the
failure to the system [14], [15]. Some methods are being
used to know the IT system risk in the premises [16] and
investigates the susceptibility of the system with respect to
thoughtful disturbances [17], [18]. A combined model has
to be built to know the exact impact of renewable energy
sources integration to the grid on reliability [19], and different
types of analytical reliability models have been used for
assessment [20].

The uncertainties that are related with the output power
from renewable energy resources, stochastic prediction
errors, load demand and random fault actions have been taken
care of in the repair optimization preparation for assessment
of the reliability. The different models are utilized to obtain
the desired renewable energy sources operation. Additionally,
a reliability assessment framework has been discussed to
observe the reliability impact of renewable energy sources
integration into the grid. But the actual data is inadequate;
hence the proposed method is used with advanced technique.
The input of the wind and solar energy sources varies because
of the changes in the solar radiation and wind speed. Earlier
techniques have not provided exact results because of the
inadequate data, lower process and computational burden.
Hence, there is a need of proper balancing the fluctuations and
to obtain the advanced controller to maintain a good output
of the inverter. This problem can be resolved by using an
advanced control system using the fuzzy logic control and
model predictive control schemes.

Therefore, in this article, an advanced technique for grid-
connected solar-wind energy system risk assessment with
inexact and scarce information have been given to conquer
the practical reliability investigation problem. This article
proposes the three different techniques i.e. alternative model-
creating technique (AMCT), two parameters based alpha
model technique (TPBAMT) and proposed fuzzy fault tree
based technique (PFFTBT) with fuzzy logic based inverter
control and model predictive based boost converter control
for reliability evaluation of power system considering the
impact of wind-solar energy systems integration into grid.

These techniques have been applied to know the various
reliability indices and failure likelihood of the top occurrence
with changing the load.

The obtained results are compared with different old tech-
niques. The Renewable Energy Probabilistic Resource Ade-
quacy (REPRA) tool is developed at NREL to know the
reliability condition. It has lengthy procedure and requires
more time to know the exact value. Whereas, Bulk power
system reliability assessment structure gives the improvement
in the reliability indices as presented in [4] with utilization of
energy storage device hence involves higher cost and more
losses.

This article is arranged as follows: Section II presents
the renewable energy sources operation in the distribution
networks. Section III represents the hybrid energy system
reliability analysis framework. Section IV describes the intel-
ligent controller based grid connected hybrid energy system.
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FIGURE 1. Distribution system integrated with renewable energy sources.

Case studies are discussed in Section V. The Conclusions
portion is given in Section VI.

II. RENEWABLE ENERGY SOURCES OPERATION IN
DISTRIBUTED SYSTEM
The small scale customers situated in a distributed system
generally do not openly take part in the electricity market to
buy power they require. As a substitute, a load collector is a
unit which contributes in power market, and takes the power
for its consumers and provides the power to them. The load
collector’s aim is to provide its customers constantly at the
same time as reducing cost. With the connection of renewable
energy resources like wind and solar energy systems, a load
collector has more suppleness in organizing energy deal and
supply.

The system topology with renewable energy resources and
power converters is simplified as in Figure.1. All the resi-
dential, commercial, industrial customers, renewable energy
sources, power converters within the distribution system are
shown as lumped blocks for ease and simplicity.

However, much thorough modeling, such as distributed
modeling all along the feeders, can also be used. In addition,
G(j) is the purchased power in the power industry and provide
through the grid in every instant j. Solar energy system and
wind energy system provides power S(i) and W(i) to the
distribution network. D(i) is the cumulative power provided
by the wind and solar energy system. During each instant i.
the power balance is created with the residential loads, indus-
trial loads, commercial loads, some local loads, solar–wind
energy system generation, and the purchased power. If power
is allowed to be given back to the utility grid with netmetering
scheme, G(j) can be negative, this means that the power is
wheeled from the distributed system to the grid. This can
be possible, when there is surplus power generated from
the solar-wind energy systems connected to the distribution
system. For simplification in calculation, power loss is not
taken and power levels are assumed to be regulated. Such
things are suitable in reliability analysis.

Taking the different component failures in the proposed
system, the distributed system integrated with renewable
energy sources are operated in grid connected hybrid energy
and failure mode of hybrid energy system.

A. GRID-CONNECTED HYBRID ENERGY SYSTEM
OPERATION
With the renewable energy sources integration, the load dis-
tributor has greater flexibility in the operation. It can use
the flexible characteristics of the renewable energy sources
to adjust the bidirectional power flow in the grid connected
hybrid energy system and adjust the variable renewable
power generation. In grid connected hybrid energy system
operation, there is less faults in the network [2]. Utility grid
can give and take the supply from the renewable energy sys-
tems. In this operation mode, bidirectional power i.e. power
from the renewable energy resources and power from the
external grid can be used to serve the different loads. In smart
grid system, new technologies are provided into the grid for
better controlling of the grid power. Basically, fuzzy logic
and model predictive controlled strategies are proposed to
control the grid power. There are many technologies available
to control the grid power, but fuzzy logic andmodel predictive
control strategies provide better flexibility and enhancement
in the reliability of the system.
Constraints:
i. Controlled rectifier operation constraints

0 ≤ Pcon(i) ≤ Pconmax

0 ≤ Vcon(i) ≤ Vconmax

0 ≤ Icon(i) ≤ Iconmax

where i = j, j + 1, j + 2,. . . ., j + n
ii. Solar energy system constraints

0 ≤ S(i) ≤ Smax(i)

0 ≤ SFuz(i) ≤ Sfuz,max(i)

0 ≤ Smodel(i) ≤ Smodel,max(i)

where i= j, j+ 1, j+ 2,. . . ., j+ n. The power required by the
loads is equal, less or greater than the power generated from
the renewable energy systems. More power can be taken from
the renewable energy sources with optimization techniques.
iii. Wind energy system constraints

0 ≤ W (i) ≤ Wmax(i)

0 ≤ WFuz(i) ≤ Wfuz,max(i)

0 ≤ Wmodel(i) ≤ Wmodel,max(i)

where i = j, j + 1, j + 2,. . . ., j + n. The wind energy system
power is given to the controlled rectified circuit followed by
the converter and inverter circuit.
iv. Power balancing constraints

G (i)+ D (i)=R (i)+ I (i)+ Cm (i)+ L(i)

(1)

Gfuz (i)+Dfuz (i)=Rfuz (i)+Ifuz (i)+Cm,fuz (i)

+Lfuz(i) (2)

Gmodel (i)+Dmodel (i)=Rmodel (i)+Imodel (i)

+Cm,model (i)+Lmodel(i)

(3)
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FIGURE 2. Flow chart for alternative model-creating techniques based
hybrid energy system risk analysis.

where i = j, j + 1, j + 2,. . . ., j + n. Different types of loads
i.e residential, commercial, industrial and local loads, solar
energy system power and wind energy system power at the
instant I can be known.
Faults:
This article only highlighted the grid connected hybrid

energy system. Most of the components of the grid con-
nected hybrid systems are enclosed within the system itself.
The drive system is utilized to provide the power from the
renewable energy systems. It has wind energy system, solar
energy system, controlled rectifier, converter and inverter.
The main faults of hybrid energy system includes fault at the
gear box, generator faults, open circuit faults, degradation
faults, diode faults, fuse faults, equipment’s failure, switch
device on DC, failure of protective device, phase/line faults,
and cable failures as shown in Figure 2.

III. HYBRID ENERGY SYSTEM RELIABILITY ANALYSIS
FRAMEWORK
Wind and solar power systems are major and rising sources
among the variable renewable energy sources available. The
photovoltaic system and wind turbines are extensively used
in the distribution systems. These sources are currently con-
nected directly to the power grid at high power level scale
with the use of power converters. Different techniques may
be used for reliability assessment of grid connected hybrid
energy system.

A. ALTERNATIVE MODEL-CREATING TECHNIQUE (AMCT)
Hybrid energy system failures have a discrete distribution and
their chances are calculated using the recursive method. It has
been observed that if the hybrid energy system is large the
failure rates can be calculated by a continuous distribution.
Therefore, this assessment approaches the good distribution
as the hybrid system size increases. Flow chart for alternative
model-creating techniques based hybrid energy system risk
analysis is shown in figure.2.

The procedure of knowing the reliability parameters are as
follows:

Step 1 Find the value of g(j) for every components in the
system

g1(j) = CjFj
g2(j) = C2

j Fj

g3(j) = C3
j Fj

g4(j) = C4
j Fj

g5(j) = C5
j Fj

V 2
j = g2 (j)− g21(j)

V 3
j = g3 (j)− g22(j)

V 4
j = g4 (j)− g23(j)

V 5
j = g5 (j)− g24(j)

CjandFj are capacity unit and failure rate of unit j [4].

G2(j) = g2(j)− 2g21(j) (4)

G3 (j) = g3 (j)− 3g1 (j) g2 (j)+ g21(j) (5)

G4 (j) = g4 (j)− 5g1 (j) g2 (j)− 6g1 (j) g3 (i)+ g21(j) (6)

G5 (j) = g5 (j)− 5g1 (j) g2 (j)− 6g1 (j) g3 (j)

+ 6g3 (j) g4 (j)+ g21(j) (7)

Step 2 Froth the consequences of step 1, find the following
factors G =

∑m
j=1 c(j) and V =

∑m
j=1 V (j)

G2 (i) =
∑m

j=1
G2(j) (8)

G3 (i) =
∑m

j=1
(G3(j)− 2V 3

j ) (9)

G4 (i) =
∑m

j=1
(G4(j)− 3V 4

j ) (10)

G5 (i) =
∑m

j=1
(G5(j)− 4V 5

j ) (11)

Step 3 from the results obtained from the step 2 and for any
require capacity components failure

Y1 =
x − G
V

(12)

Y2 =
x + G
V

(13)

According to the value of Y1 and Y2, four cases are consid-
ered.

Case 1 If Y2 ≤ 1
Find the values of Y1 and Y2, under the standard den-

sity function, the standard Gaussian distribution S(Z) can be
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expressed as

S (Z ) =
1
√
2π

e−1/2Z
2
, −∞ < Z <∞ (14)

Area1 =
∫
∞

Z1
S (Z ) dZ (15)

Area2 =
∫
∞

Z2
S (Z ) dZ (16)

The probability of a component failure is given by = Area 1
+ Area 2.

Case 2 If 1 < Y 2 < 0.75
Find the value of Area1 and Area 2 as in the case 1.

In addition, find the value of these factors

S2j (Z ) = (Z2
j − 0.75)S(Z ) (17)

S3j (Z ) = (−Z3
j − 1.5)S(Z ) (18)

S4j (Z ) = (−Z4
j + 5Z2

j − 10Z3
j )S(Z ) (19)

S5j (Z ) = (−Z5
j + 8Z2

j − 16Z3
j )S(Z ) (20)

Lj =
1
8
S2j (Z )−

1
16
S3j (Z )−

1
24
S4j (Z )−

1
32
S5j (Z ) (21)

where j takes the values of 1 and 2.
The probability of a component failure is given by = Area 1
+ Area 2+ L1 + .L2.
Case 3 If Y2 ≥ 2.5
For this condition Area 1 is taken from case 1 and L2 is

taken from case 2.The probability of a component failure is
given by = Area 1+ .L2.

Case 4 If Y2 ≥ 0.5
For this condition Area 2 is taken from case 1 and L1 is

taken from case 2.The probability of a component failure is
given by = Area 2+ .L1.

This method presented above for knowing the failure
probability of components in the grid connected hybrid
energy system has used the two state representation of any
component.

Probability of failure of components can be found by
calculating the different factors. When a new component is
connected or disconnected from the system, new table can be
generated using the similar methodology after the new factors
obtained.

B. TWO PARAMETERS BASED ALPHA MODEL TECHNIQUE
(TPBAMT)
Alpha model is basically a two parameters model which is
proposed for reliability analysis in the grid connected hybrid
energy system. Flow chart for alpha model technique based
hybrid energy system risk analysis is shown in Figure.3.

The associated functions are defined as:

O (t) =
δ

(c− 0.5)!
(δt )c−0.5

e−δt

O(t)
(22)

O (t) =
∑c−0.5

i=0

(δt )i

i!
e−δt (23)

F (t) =
δ

(b− 1)!
(δt )b−1e−δt (24)

FIGURE 3. Flow chart for alpha model technique based hybrid energy
system risk analysis.

where c and δ are positive integer and positive constant
respectively.

MTTF =
b
δ

(25)

According to the value of c, two cases are considered.
Case 1 If c > 0.5,
Find the values of O (t) and F (t), O(t) increases in this

condition [4].
Case 2 If c = 0.5,
Find the values of O (t) and F (t), for this condition, O (t)

shows a constant-hazard rate system.

C. PROPOSED FUZZY FAULT TREE BASED TECHNIQUE
(PFFTBT)
For the start up the proposed fuzzy fault tree based technique
for evaluation of the reliability analysis of grid connected
hybrid energy system, methodology is used and is described
in figure 4. Firstly collection of related data, identify the prob-
lems and arrangement for solution are executed by observing
the complete data, previous data, survey, expert’s opinion for
the grid connected hybrid energy system. The study reveals
that no power or less power output from the hybrid energy
system is the top failure in the proposed system. Therefore
it is taken as a top event failure. The analysis steps, incorpo-
rating all the possibility from the sub events to the top event.
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FIGURE 4. Flow chart for proposed developed fuzzy fault tree based
hybrid energy system reliability analysis.

TABLE 1. Fault risks and related fuzzy numbers.

Hence, 60 MW hybrid energy systems comprise of 30 MW
wind and 30 MW solar energy system has been selected.

Solar and wind energy systems are selected with initially
capacity of 30MW each. With the integration of renewable
energy sources to the grid, system reliability improves and
this makes the system effective.

The data collection are done by accumulating the related
data on hybrid energy systems by seeing the old records,

FIGURE 5. Fault tree model of the grid connected hybrid energy system.

TABLE 2. The chance of top event for hybrid energy system.

knowing solar and wind operation, seeing the impact of intel-
ligent techniques on reliability, and taking the experts views.
After knowing the top event, sub event are identified.

The main events failure in the hybrid energy systems are
described below:
◦ Wind energy system faults
◦ Solar energy system faults
◦ Converters faults
◦ Inverter faults
Figure 5 shows the fault tree model of the grid connected

hybrid energy system, in this figure, the top event is the hybrid
energy systems failure and every systems parts are separated
into the sub events.

Table 2 shows the probability of top event with HDFFTBT
for different alternatives. The top event chances for
the H1 hybrid energy system is 0.0278 0.0278 0.0456.
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TABLE 3. Qualitative analysis and failure rates for different assemblies of
hybrid energy system.

Similarly for the H2 hybrid energy system, the probabil-
ity of top event is 0.0265 0.0265 0.0346. In the proposed
work, the time for risk assessment is selected as 3 years.
Table 3 presents the qualitative analysis of the hybrid energy
system where 7 sub events failure rates are known and these
values are taken from the previous studies [12], [1].

The actual reason in evaluating the fault probability of
the hybrid energy system fault is insufficient information of
failure of the wind energy system, solar energy system, con-
verters and inverter. Therefore, this problem can be overcome
by applying the fuzzy theory. The fault occurrence analysis
of all the sub events is done and outcomes are examined

TABLE 4. Amassed fuzzy numbers and failure chances of each subevents
in the hybrid energy system.

to know the sub event chances. The failure rate of the sub
events is evaluated and these are taken as fuzzy numbers.
Table 4 shows the amassed fuzzy numbers and failure chances
of each sub events in the hybrid energy system.

IV. INTELLIGENT CONTROLLER BASED GRID-CONNECTED
HYBRID ENERGY SYSTEM
The selection of the power systems primarily powered by
non-conventional energy resources is depended on the neces-
sary and accessibility of the energy resources. The wind-solar
energy resources based power supply can support every type
of grids and enhancing the reliability of the system. The
input of the wind-solar energy sources varies because of the
solar radiation and wind speed changes. So, there is a need
of proper balancing these fluctuations and to acquire the
advanced controller to maintain a good output of the inverter.
This problem can be solved by using an advanced control
system using the fuzzy logic control and model predictive
control schemes.

A. FUZZY LOGIC BASED INVERTER CONTROL FOR
GRID-CONNECTED HYBRID ENERGY SYSTEM TO
IMPROVE THE RELIABILITY OF THE SYSTEM
The hybrid energy system comprises of solar energy system,
wind energy system, boost converter, controlled rectifier and
inverter. Inverter can give good power by using an effective
control scheme using a fuzzy logic based control system.
The fuzzy logic control architecture is developed to build a
control algorithm for inverter where error and change of error
are selected as input variables and z(k) is selected as output
control variable. In steady state condition, error should be
minimized because output voltages and reference voltages are
very close to each other.
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TABLE 5. Fuzzy rules for the proposed controller.

The four membership functions of trapezoidal type and
three membership functions of triangular type are selected as
input parameters. The fuzzy set are shown as (MN)more neg-
ative, (LN) less negative, (CN) common negative, ZS (Zero),
(MP) more positive, (LP) less positive, (CP) common pos-
itive, this combination gives the best results. To show the
easiness of the control algorithm, fuzzy rules are defined and
shown in Table 5.

The ∀ is the inverter output changes and i is the sample
time. The fuzzy based duty cycle changes are presented as,

∀ =

∑n
ð=1 ð4V qrs,iVqref ,i∑n
∈=1 Vqref ,i

(26)

Inverter side voltage can be defined as
dIac
dt
=
Vac − Vgrid

U
(27)

Let Y(k) = Vac − Vgrid
Where Iac is the AC side inverter current, Vac is the inverter

voltage at phase a before the dq axis conversion, and Vgrid is
the required grid side voltage.
By resolving the equations, the value of Y is obtained as,

Y (k) = 2
(
Vdref (k)− Vqrs (k)

)
+ z (k) (28)

Substituting value of Y in to equation 44,

dIac
dt
=

2
(
Vdref (k)− Vqrs (k)

)
+ z (k)

U
(29)

where,

dz (k)
dt
+

∫
3ω2

t
z (t) dt = 2Vdref (k)− Vqrs (k) (30)

£ (t) =
∫

3ω2

t
z (t) dt (31)

By placing the value of £(t) from eq. 31 into eq, 30
dz (t)
dt
= 2Vdref (k)− Vqrs (k)− £ (t) (32)

The state- space model of the fuzzy based inverter controller
is defined as,

d
dt

 Vqrs
z(t)
£ (t)

 =
 −2U 1

U 0
−4 0 −1
0 ω2 0

 Vqrs
z(t)
£ (t)


+

 2
U
2
0

Vdref (t) (33)

FIGURE 6. Inverter control algorithm flow chart.

The Vqrs signal and Vdref are transferred to abc frame and in
later stage there signals are given to the duty cycle controller
circuit to give the signals for the switches in inverter circuit,
thus Fuzzy logic controller is applied to lessening the error
and advances the system reliability.

B. MODEL PREDICTIVE BASED BOOST CONVERTER
CONTROL FOR GRID-CONNECTED HYBRID ENERGY
SYSTEM
A simple model predictive control for boost converter is pre-
sented in this article for grid connected hybrid energy system
to improve the system reliability. The predictive values and
value of states are introduced and the control deviation is
changed by controlling the desired values in the function
according to the error signals. The main steps to be followed
for control strategy are defined as, constructing the discrete
model for boost converter.Fig.7. shows flow chart of Model
predictive control for boost converter.

It can be achieved by discretizing the equations and avoid-
ing the upper order term of period. Further, it is essen-
tial to design the objective function of model predictive
controller.

σ =
(
(ib (k + 1)− Idc,ref

)2 (34)

The predictive control value ip(k + 1) is calculated at every
instant of time and this value is calculated to decrease the
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FIGURE 7. Flow chart of Model predictive control for boost converter.

objective function.

δσ

δip(k + 1)
= 0 (35)

ip (k + 1) =
SV (k)+ Idc,ref − ib

V
(36)

where ib, Idc,ref , S and V are boost converter output current,
reference current, switching time and boost converter output
voltage.

The modified control value of boost converter current of
the next instant can be calculated by reducing the objective
function.

ip (k + 2) =
2SV (k)+ Idc,ref − ib − 0.5

V
(37)

Due to the variation in the solar radiation and wind speed,
there are some errors. Then the predicted value in the objec-
tive function which is based on simple model can be modified
according to the error signals.

The optimized state can be defined a:(
xopt , yopt

)
= arg {min σ (k)} , c(x, y) ≤ 0

where, c is the function of inequality and xopt and yopt
are optimum variables from solving the good value of the
prediction in the optimization problem. Further, pulse width
modulation technique is used for controlling the inverter.

V. CASE STUDIES
The IEEE reliability test network was provided in order
to give a common test network which may be useful for

analyzing the outcomes obtained from different techniques.
Therefore, a case study on this system is performed to show
the effectiveness of the proposed reliability techniques with
intelligent control. The risk analysis shows more insights on
how the network reliability is changed through the integration
of the renewable energy sources into the grid.

In this case study, bus 21 and bus 22 are integrated with
wind and solar energy systems. The wind-solar energy sys-
tems are operated with proposed techniques and systems are
assumed to be good reliable. The faults in the generation
are modeled according to the reliability data. The case study
horizon is taken as three years and this horizon is replicated
for 50 times. The load profile is used as a standard value to
avoid the false results.

The risk analysis of the chosen system having solar-wind
energy systems with intelligent control technique such as
fuzzy logic based inverter control andModel predictive based
boost converter control is done. The test system has 12 gen-
erating units. The generating capacity of system is 720MW
and a total connected load is 650 MW. Total 11 cases are
considered to know the exact impact of renewable energy
sources integration to the grid on the system reliability.
Case 1: The original system, 30 MW solar system is

connected to the bus 21 and 30 MW wind energy system is
connected to the bus 22.
Case 2: Addition of 10 MW wind energy system to the

original system and it is connected to bus 21.
Case 3: Addition of 10 MW solar photovoltaic system to

the original system and it is connected to bus 22.
Case 4: Addition of 20 MW wind energy system to the

original system and it is connected to bus 21.
Case 5: Addition of 20 MW solar photovoltaic system to

the original system and it is connected to bus 22.
Case 6: Addition of 30 MW wind energy system to the

original system and it is connected to bus 21.
Case 7: Addition of 30 MW solar photovoltaic system to

the original system and it is connected to bus 22.
Case 8: Addition of 40 MW wind energy system to the

original system and it is connected to bus 21.
Case 9: Addition of 40 MW solar photovoltaic system to

the original system and it is connected to bus 21.
Case 10: Addition of 50 MW wind energy system to the

original system and it is connected to bus 21.
Case 11: Addition of 50 MW solar photovoltaic system to

the original system and it is connected to bus 21.
The studied solar-wind energy systems rating range from

60 MW to 160MW and the case 1 is the original case
without adding extra wind-solar energy systems and it is
first analyzed. Reliability indices which are commonly used
are loss of load probability (LOLP), Loss of Load Expecta-
tion (LOLE) and Expected energy not served (EENS) for the
proposed study including the probability of top event fault
occurrence.

By using alternative model-creating technique (AMCT),
two parameters based alpha model technique (TPBAMT)
and proposed developed fuzzy fault tree based technique
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TABLE 6. Reliability indices with fuzzy logic based inverter control for
grid-connected hybrid energy system.

TABLE 7. Reliability indices LOLP with changing the load.

(HDFFTBT) are used, different values for 11 cases are
obtained. For the 11 cases, the LOLP, LOLE, EENS and
Probability of top event failure are calculated and presented
in Table 2.

Different sizes of solar energy systems and wind energy
systems are matched and connected in the system to form
the different cases. The reliability results for the power
system with changing the load in percentage are presented
in Table 7,8,9. The study outcomes on table 7, 8 and 9 show
the improvement in the reliability. The table 1 shows the
reliability is improved with integration of renewable energy
sources in the grid, the wind and solar energy systems with
higher rating than the case 1 can improve the reliability as
this can improve the EENS for heavy systems. With the

TABLE 8. Reliability indices LOLE with changing the load.

TABLE 9. Reliability indices EENS 103 MW with changing the load.

TABLE 10. Reliability indices LOLP with changing the load.

connection of wind and solar energy systems, the network
reliability is more significantly enhanced.

In Table 7, 8 and 9, it can be found that when the
load is changed from 100 % to 120% without adding the
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TABLE 11. Reliability indices LOLE with changing the load.

additional wind and solar energy systems, then it does not
improve the LOLE, LOLP, because of the increment in the
losses in the load side. Moreover, it reduces the EENS.
Table 10,11,12 shows the increment of load from 100% to
120% and integration of more renewable energy source to the
grid with fuzzy logic based inverter control, then the LOLE,
LOLP and EENS improved.

Similarly, risk analysis of the selected system having solar-
wind energy systems with model predictive based boost con-
verter control for grid connected hybrid energy system is
done and different results are shown in 7,8,9 and it does
not improve the LOLE, LOLP, because of the increase in
the losses in the load side. Besides, Table 10,11,12 shows
the increment of load from 100% to 120% and integra-
tion of more renewable energy source to the grid with
model predictive control, then the LOLE, LOLP and EENS
improved.

The Renewable Energy Probabilistic Resource Ade-
quacy (REPRA) tool is developed at NREL to know the
reliability condition. It gives the value of LOLP of 0.2670%,
although this value is quite good but it involves lengthy pro-
cedure as comparison with proposed techniques. Whereas,
Bulk power system reliability evaluation framework gives
the improvement in the reliability indices as presented in [4]
with utilization of energy storage device, it gives the value

TABLE 12. Reliability indices EENS 103 MW with changing the load.

of LOLP and EENS of 0.9386% and 13.84 respectively with
30 MW energy storage + 30MW wind and 0.8700% and
13.67 with 40 MW energy storage + 40MW wind. This
technique involves energy storage device which involves
higher cost andmore losses. The proposedAMCTwith Fuzzy
logic, TPBAMT with Fuzzy logic, HDFFTBT with Fuzzy
logic, AMCT with model predictive, TPBAMT with model
predictive and HDFFTBT with model predictive give the
value of LOLP and EENS of 0.1836%,0.1830%,0.1825%,
0.1763%, 0.1679%, 0.1672%, 0.625, 0.623, 0.620, 0.567,
0.526, 0.520 respectively. The reliability indices comparison
values are shown in Table 13.

As found in the results of the present studies, the con-
nection of wind and solar energy systems within the grid
connected system could improve the system reliability, espe-
cially when convention power system is connected with the
renewable energy sources. However, as the renewable energy
sources are operated by system operator locally, so the more
cases can be done and improvement in system reliability is
achieved. Therefore, techniques for the solar-wind energy
system reliability analysis with intelligent control system
have been proposed to avoid the safety analysis issues.
Results shows that model predictive control system with
proposed fuzzy fault tree based technique i.e. (HDFFTBT)
gives the better results in comparison with fuzzy based
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TABLE 13. Reliability indices comparison table.

control system with alternative model-creating technique
(AMCT) and two parameters based alpha model technique
(TPBAMT).

VI. CONCLUSION
Advanced techniques for grid-connected the solar-wind
energy system risk assessment with inexact, scarce infor-
mation have been given to investigate the practical reliabil-
ity investigation problem. This article proposes three dif-
ferent techniques i.e. alternative model-creating technique
(AMCT), two parameters based alpha model technique
(TPBAMT) and proposed fuzzy fault tree based technique
(HDFFTBT) with fuzzy logic based inverter control and
model predictive based boost converter control for reliabil-
ity assessment of power system considering the impact of
wind-solar energy systems integration into grid.

These techniques have been applied to know the different
reliability indices and failure probability of the top event by
changing the load. For this study, total 11 cases are con-
sidered and reliability indices are calculated for each case.
In addition, the fuzzy weighted indices of hybrid systems are
calculated with HDFFTB technique and it is taken as the most
crucial component of the network failure.

The proposed techniques arewide-ranging and provide less
computational burden. Further, obtained outcomes shows that
themodel predictive control systemwith proposed fuzzy fault
tree based technique (HDFFTBT) gives the better results in
comparison with fuzzy based control system with alternative
model-creating technique (AMCT) and two parameters based
alpha model technique (TPBAMT). Further, the results also
shows that addition of the solar and wind energy systems
to the grid enhances the reliability of any power system.

The analysis presented in this article can proved to be use-
ful in future studies related to planning and expansion of
renewable energy integration and penetration into the existing
power grid, cost/benefit and revenue analysis of renewable
energy integration. The study can also be used to develop
business models incorporating renewable energy systems into
the existing power system. The manufacture can take this
analysis to review and take care of weak system components
of the solar-wind energy systems in concern.
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