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Abstract- As a basic tool in power system control and operation, the optimal power flow (OPF) problem searches the
optimal operation point via minimizing different objectives and maintaining the control variables within their
applicable regions. In recent years, this problem has encountered many challenges due to the presence of renewable
energy sources, which has led introducing of a combinatorial type of power networks known as AC/DC hybrid power
systems. In this paper, the OPF problem is proposed in an AC/DC hybrid microgrid, including wind power plants. For
the first time, the mentioned problem is considered as a multi-objective optimization problem via minimizing fuel cost
and emission. The problem is modeled while considering the power flow equations, the voltage limits in AC and DC
buses, the AC voltage angle limits, and the firing angle of the converters. Also, due to the uncertain power generated by
wind power plants, the probabilistic OPF problem is modeled by the five-point estimation method. To solve the
problem, the "fmincon" function in MATLAB software is used by applying the IP algorithm. The simulation case study
on a 13-bus sample MG verifies the effectiveness of the proposed method. The numerical results confirm that increasing
the wind farm capacity from 14.54 MW to 113 MW, will be led to increasing the fuel cost from 10% to 61%, in case of
including the power losses compared to the condition in which they are neglected. It is also observed that in terms of
different weights, the total air pollution including the power losses is 2.30 to 2.40 times higher than the total pollution
without electrical losses.
Keyword: Emission, Fuel cost, Multi-objective optimization, Optimal power flow (OPF), Power losses, Wind power
plants.
1. INTRODUCTION
Over the past decades, microgrids (MGs) have attracted
the attention of many researchers as well as power
system operators and planers which is owing to their
numerous advantages. They have been recognized as a
suitable and reliable solution for expanding distributed
generation resources (DGRs) into power grids [1-3].
The MG is a combination of electrical, thermal, and
DGRs that operates in an integrated manner to supply
and deliver the demanded energy to the loads. It can be
connected to the main grid only in a single point known
as the point of common coupling (PCC) at the
distribution voltage level [4].
The mission of the MG is to supply the demand
power in islanded, or connected, modes related to the
main network [5-6]. However, in each of these cases,
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the MG, similar to the main network, is controlled and
protected through a hierarchical control system and
includes primary, secondary, and tertiary control
systems [1], [7]. Voltage and frequency controls, known
as primary and secondary controls, can be operated
under the control of a central MG controller or in a
decentralized state [8]. The third stage, as the last stage
of the hierarchical structure of the MG control system,
is responsible for controlling, protecting, and managing
the demand and power exchange between the MG and
the main network, as well as managing the MG,
economically and optimally [9-10]. In general, MG
provides specific control requirements and strategies to
maximize the economic benefits and satisfy the loadsupply balance [11-12].
MGs are the modern small-scale examples of
centralized electrical systems and can achieve several
objectives such as fuel cost reduction, carbonaceous
emission decrease, reliability optimization, and
possibility of applying several energy resources [13].
The main differences between MGs and classical power
grids are as follows: in MGs, generation units are
located near the loads and supply loads locally, the
power losses in MGs are insignificant, and the size of
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power generation sources in MGs is smaller than the
capacity of the generating units in classical power plants
[14]. In addition, MGs can offer several advantages
such as reduction in outages in transmission and
distribution systems, possibility of introducing thermal
loads and ancillary services into the grids, and
possibility of decentralizing energy suppliers [15].
MGs are classified into AC, DC, and hybrid types
based on the specifications of distribution lines. Due to
the lack of reactive power in DC distribution systems,
this type of MGs provides prominent benefits such as
reducing power losses, decreasing voltage drops, and
increasing electrical capacity of the lines [16]. In
addition, some studies have confirmed that DC
transmission lines can transmit more electrical power.
Therefore, planning, implementing, and operating these
networks are more comfortable and straightforward than
those of the AC type and need less investment cost [17].
Although the number of DC MGs has increased, many
of these networks still use AC distribution lines. As a
result, more research is required on DC MG control
techniques, standardization, planning, and operation of
DC grids. The common choice between these two MGs,
known as AC/DC hybrid MGs, can be proposed as an
optimal alternative [18-19].
Introducing large-scale renewable energy sources into
power systems has posed several challenges to these
complex systems. Although the advanced technologies
of power generation based on non-renewable sources
provide greater efficiency, the availability and
inexhaustibility of renewable resources and the
limitation in the consumption of fossil fuels are among
the important features that have increased the focus of
the research topics on hybrid AC/DC networks with
renewable resources [20-21]. In fact, an MG is a selfsufficient power system that is used as an efficient
solution to provide power and take advantage of local
energy sources, such as wind and solar. It generally
includes synchronous generators, inverters based on DG
units, energy storage systems, and control systems [22].
MGs usually include technologies such as photovoltaic
systems (with DC power output) and micro-turbines
(high frequency AC power) that require electronic
power sources such as DC/AC or DC/AC/DC
converters to connect to the electrical system. Given
that the MG consists of three main elements, namely
DG units, energy storage systems, and loads, the
connection of these elements to each other is based on
power converters. The converter type may be AC or DC
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based on MG type. This equipment plays a key role in
controlling frequency, voltage, current, and load flow of
MGs [23]. Voltage source converters (VSC)-HVDC are
the latest type of technology for power transmission
based on VSC, the gates or switches of which are made
using IGBT transistor and bandwidth modulation and
allow the creation of the desired voltage waveform. The
main function of the VSC-HVDC is to transfer constant
DC power from the rectifier to the inverter. The main
structure of a VSC-HVDC consists of passive AC highpass filters, transformers, converters, fuzzy reactors, DC
capacitors, and DC cables. The converters listed in
VSC-HVDC are voltage source converters based on
IGBT power semiconductors, one of which acts as a
rectifier and the other as an inverter. Depending on the
application of the system, two converters may be
connected to each other back-to-back or via a DC cable
[24-25]. With the increasing fuel costs, the issue of ED
has become one of the key issues related to the
performance of the MGs in both modes of connected to
the main network and islanded operation. ED is a nonlinear optimization problem that aims to minimize the
fuel cost function subject to different equality and nonequality constraints [26].
In order to turn MGs into a possible and practical
option in power systems, it is necessary to apply
algorithms to its operation analysis in order to meet the
environmental constraints in addition to the ED. In this
situation, where several objective functions are
considered together, any attempt to optimize one
objective function may sacrifice the other objectives.
Therefore, it is necessary to make a compromise
between the objective functions. The technique used to
solve these types of problems is multi-objective
optimization. One way to solve this type of problem is
to consider the pollution function as one of the
constraints and, thus, turn the multi-objective problem
into a single-objective one. However, in this method, it
will be difficult to establish equivalence and
compromise between the two objective functions [27].
Other proposed methods are to assign appropriate
weight to each of the objective functions and to form a
single-objective function or linearize different functions.
1.1. Literature review
The increasing expansion of renewable energy resources
(RERs) to electric power systems is a challenging issue
which has attracted the attention of power system
planners and operators. Although the technology of nonrenewable resources offers higher efficiencies, the
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permanence of RERs and limitation in using fossil fuels
are the main reasons that have motivated research on
AC/DC hybrid MGs with the presence of RERs [18].
Voltage source converters (VSCs), which are based on
MTDC, are known as a practical solution due to their
ability to improve flexibility in power flow management
[24]. Determining the OPF model in an AC/DC hybrid
MG plays a vital role in detecting and evaluating the
benefits of VSC-HVDC's steady-state performance [28].
References [29-30] have modeled the OPF problem
considering VSC-HVDC, such that the problem can be
easily solved by the Newton-Raphson method. In [3132], an OPF model was performed on an AC/DC hybrid
power system considering the impact of VSC-MTDC,
while a power converter was regarded as a controllable
voltage source. In most of studies, attempts have been
made to simplify the power converters while neglecting
their electrical losses. References [33-35] focus on
different theories and algorithms for solving the OPF
problem in an AC/DC hybrid network. In Ref. [36], the
OPF problem for typical systems in the presence of
VSC-MTDC has been studied while considering
controllable variables of the converters (constant DC
voltage control and DC voltage drop control) as the
constraints of the problem. The investigations show that
these variables can seriously alter the final results.
As noted, using distributed generation units (DGs)
based on RERs has witnessed rapid growth over recent
years. Among all RERs, the electrical energy produced
by wind farms has maximum contribution to supplying
the demanded load. Generally, any innovation and study
on a hybrid power system with the presence of a wind
power plant should be based on two fundamental
principles: protection and control of load flow for a
VSC-MTDC and OPF study, and modeling the
mathematical framework [37]. In Refs. [38-39], a hybrid
power system has been simulated in the presence of a
wind power plant, and the results indicate that
optimizing the generation capacity and the appropriate
location are essential for optimizing the electrical losses.
One of the most critical issues in the control and
operation of power systems is the economic load
dispatch (ELD). The purpose of this problem is to
minimize the fuel cost function for generating a certain
amount of electrical power. The ELD must be able to
satisfy different constraints governing the generation
process. To solve the nonlinear ELD problems, γ
iteration and gradient reduction methods have been
employed, but the latter has low accuracy and requires a
long run time [40]. Nowadays, other important issues
such as environmental concerns and need to minimize
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greenhouse gas emissions have also been raised by
power system planners and operators. The main reason
for the generation of these gases is the burning of fossil
fuels in thermal power plants. Three main categories of
emission gases include carbon dioxide ( 𝐶𝑂2 ), oxide
sulfur (𝑆𝑂𝑋 ), and nitrogen dioxide (𝑁𝑂𝑋 ).
Reducing the greenhouse gas emissions by applying
appropriate solutions is of great importance. In shortterm planning, attempts have been made to reduce these
gasses while decreasing fuel costs. In such cases where
several objective functions are considered concurrently,
any attempt to optimize one of the objectives may be at
the expense of sacrificing other objectives. Thus, in
such cases, we must usually consider a kind of
compromise between these objective functions. Also,
since there is no specific rule for the perfect
preservation of one of the objectives, employing singleobjective optimization methods cannot be logical or
practical. In this case, we should formulate the problem
with several objective functions, known as multiobjective optimization. One method for this purpose is
regarding the emission function as one of the
constraints; as a result, the multi-objective problem
becomes a constrained single-objective problem.
However, in this way, establishing equivalence and
compromise between the two objective functions will be
difficult [41]. Another method is weighing objective
functions and linearizing these functions. There are
many types of studies on the use of heuristic and metaheuristic algorithms in this field. In Refs. [42-47],
different mathematical, heuristic, and meta-heuristic
algorithms have been applied to minimize the fuel cost
and environmental emission concurrently with the
consideration of different constraints and limitations. In
Ref. [48], the interval optimization method, for
optimizing different objective functions such as the fuel
cost, voltage deviation, and voltage stability, has been
proposed on a modified IEEE 112-buse power grid. The
output power of the renewable energy source has been
determined as the interval variable. The Pareto front and
numerical results show that, in comparison with
traditional methods, this approach will yield more
flexible and convergent results. In Ref. [49], the
"fmincon" function in MATLAB software was proposed
on a microgrid consisting of RERs and energy storage
systems. The mentioned objectives included minimizing
the cost of energy and the annualized cost of the system
and improving the MG reliability. The results were
determined under different parameters, depicting the
effectiveness of RERs for optimizing the objectives.
In Ref. [50], an IEEE 30-bus test system considering
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energy storage subsystems was investigated by applying
a multi-objective problem through heuristic algorithms.
The multi-objective optimization problem was
considered for minimizing the fuel cost and emission, as
well as for improving the voltage profile. In Ref. [51],
the
"PSOGSA"
algorithm,
for
economicalenvironmental combination optimization, was proposed
on three case studies while considering different cost
curves and various constraints in a multi-objective
framework. In Ref. [52], the positive effects of
renewable energy sources such as wind turbines and
photovoltaic system on improving the reliability index
in the MGs were investigated. Power of renewable
resources was modeled using Weibull and beta
distribution functions and simulated based on the Monte
Carlo method. In Ref. [53], the optimal power flow
related to several MGs in the presence of uncertain load
and generated power by renewable resources was
investigated. The load, solar radiation power, and
ambient temperature, as the factors affecting the power
generated by the PV system, were modeled using the
normal distribution functions and the power generated
by wind generators by the Weibull distribution function.
Reference [54] presented a multi-objective evolutionary
algorithm to solve the combined economic emission
dispatch (CEED) problem in the presence of wind
energy in order to minimize costs and pollution
emitting. In Ref. [48], the interval optimization method
was applied to a modified 112 bus IEEE MG to
simultaneously optimize the three objective functions of
operation cost, voltage deviation, and steady-state
voltage stability. The Pareto front method was applied
and the obtained results indicated that the obtained
solutions from the proposed method had more
convergence and flexibility than the classical methods.
Due to the uncertainty of the power generation of
renewable energy sources, in order to reduce the risk of
economic power dispatch methods in MGs, it is
necessary to model the uncertainties related to the
power generation and demand [55-57]. However, in
many references, such as [58-62], while analyzing the
OPF performance of AC/DC hybrid MGs, uncertainties
related to power generation by renewable energy
sources and power demand have been ignored. Contrary
to these references, in Ref. [63], the intermittent and
indefinite behavior of the generated power of renewable
sources was considered. Also in Ref. [64], in addition to
considering the uncertainty of renewable power sources,
the uncertainty of power prices was considered.
The literature confirms the importance of analyzing
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the OPF problem in the operation and optimization of
MGs, especially in the presence of uncertainties, in
AC/DC networks. Given the many benefits of using
DGs based on renewable energy sources, especially in
reducing the environmental impacts, the need to analyze
the problem of OPF for MGs concluding the renewable
energy sources is focused on in this paper. For this
purpose, the mentioned problem is investigated to
minimize the losses, operation costs, and amount of
emissions.
1.2. Contributions of the paper
In this paper, the OPF problem is applied to a hybrid
AC/DC MG in the presence of a wind power plant. The
main novelties of this study are:
• Concurrently minimizing the power losses and fuel
cost, and reducing greenhouse gas emissions as the
objective functions
• Considering the voltage limits of the AC and DC
buses, AC voltage angle limits, firing angle of
converters, load-generation balance, and power
generation limits, as the problem constraints, for the
first time
• Proposing the optimization of multi-objective
functions, consisting of two objective functions of
fuel cost function and emission function, with
controllable parameters of converters as the
constraints, for the first time
• Modeling the uncertainty of the power generated by
wind sources in the OPF problem by the five-point
estimation method while considering different costs
of wind power plants
• Applying the "fmincon" function in MATLAB
software for the first time for this type of problem
1.3. Paper Organization
The remainder of this paper is structured as follows:
Section 2 describes the mathematical modeling of the
proposed objective functions and the different
constraints and limitations applied to the OPF problem.
In Section 3, the solution method is reported. In Section
4, the studied power system is detailed and the
simulation case studies in different scenarios are
presented through the numerical results. Finally, Section
5 presents the most important conclusions.
2. MATHEMATICAL FORMULATION OF THE
OPF PROBLEM
In this section, the formulation applied to the OPF
problem in an AC/DC hybrid MG, including the
objective functions and constraints, is detailed.
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2.1. Objective Functions
In a large power system, the objective functions can be
selected as one or some of following functions [50, 65]:
A. Minimizing transmission power losses in the
AC/DC network
n
n
bus
bus
(1)
Min f ( x) =  Pj =  ( Pgj − Pdj )
j =1
j =1
In which Pgj and Pdj are the active powers generated
and demanded in bus j, respectively, nbus is the total
number of buses in the power system, and Pj is the
active power injected to each bus, which includes power
generation (positive) and power consumption
(negative).
B. Minimizing fuel cost
Typically, the fuel cost function for power generation in
a power plant is viewed as a quadratic nonlinear
function in terms of active generation capacity. The total
fuel cost of system is equal to total cost of all individual
units.

C j is the fuel cost function of the jth generator,

and Pgj is the generator's generation capacity [66-67]:
nbus

ng

j =1

j =1

 C j ( Pgj ) = 

(a j + b j .Pgj + c j .Pgj2 )

(2)
2

In which a j ($ / h), b j ($ / Mwh), and c j ($ / MW h)
are the cost function's coefficient for each generator,
and n g denotes the number of fossil fuel generators.
In this paper, this function is regarded as Eq. (3):
5

min f 2 =

 prob .Cos t
j

(3)

j

j =1

ng

Cos t j =

 C ( Pgj ) + C
j

Wind

(4)

ng


j =1

+C

op , wind

the operating cost in the jth scenario, CWind ($ / h)
C

op , wind

ng
2
Min Emission j =  ( j +  j .Pgj +  j .Pgj )
j =1

Emission

cost of

the

(5)

P

j
where
, gj are the emission function and
the generation capacity of generator j, respectively,

while  j ( kg / h),  j ( kg / Mwh ), and  j ( kg / MW h ) are
2

the coefficients of air emission due to the consumption
of fossil fuels and COx production in the j-generator.
In this paper, the objective function of emission is
expressed as follows:
5

Min f =  Pr ob j .Emission j
(6)
j =1
This equation calculates the total emission of
generation units in the presence of wind turbines. Pr ob j

is the probability of operating cost in scenario j.
The problems related to minimizing the fuel cost and
emissions can be investigated individually. Usually, the
OPF based on the cost minimization reduces the fuel
cost, but increases the amount of emission. On the
contrary, OPF based on emission minimization of
emission reduces contamination by minimizing the
pollutant emission. However, the fuel cost is increased
with this goal. Given these effects, one has to make
compromises between two objectives at a given point of
operation. In this case, the objective function changes as
follows:
(7)

Equation (7) is a general equation and should be
balanced as follows:

.PWind .t j

Where 𝑃𝑟𝑜𝑏𝑗 indicates the probability percentage of

represents the

influence the amount and rate of greenhouse gas
emission, but the main factor in the amount of these
gases is the active power generated by thermal power
plants. Generally, this relation is a nonlinear quadratic
function in terms of the generated active power of
thermal power plants.

Min f ( Fcos t , Ecos t )

=

j =1

(a j + b j .Pgj + c j .Pgj2 ).t j
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wind

power

plant,

($ / MWh ) is the operation cost of the wind power

plant and is assumed to be equal to 0, 5, 10, 15, for
different cases, and PWind is the power of the wind
generator in MW. Moreover, t j represents time duration
and is equal to 1 hour.
C. Minimizing emission
The goal of emission minimization is to reduce the
emission caused by fossil fuels. Several factors

Min  = Fcos t + h  Ecos t

(8)

Fcos t and Ecos t are the same as those in Equations (3)

and (6). The penalty factor of h composes the cost and
the emission functions. h is the coefficient which
converts the emission to the cost function. The penalty
factor of ℎ𝑗 is the ratio of the maximum fuel cost to the
maximum emission in the jth generation unit:
a j + b j .Pgj

+ c j .Pgj

 j +  j .Pgj

+  j .Pgj

max

hj =

max

max 2
max 2

($ / lb), j = 1, 2, ..., ng

(9)

After determining the amount of h, the problem is
optimized according to Equation (8) [42], [50], [68]. In
this paper, minimizations of power losses, cost, and
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emission are chosen as the objective functions. Variable
"x" is an optimization variable and can be any parameter
such as the voltage limit in an AC or DC bus, the AC
voltage angle limit, the firing angle of the converter, and
the power generation limit.
2.2. Modeling different constraints
In a multi-terminal HVDC hybrid network, there are
four group constraints for controlling the uncertain
power flow. These constraints can be categorized based
on a set of equality and inequality constraints, including
the limitations of power conversion in the converter, DC
power flow constraints, AC power flow constraints, and
wind turbine uncertainty modelling.
2.2.1. Power conversion constraints in the
converters
The power generated by the wind turbines is an AC
power form converted into HVDC power after
generation, and is transmitted through submarine cables
and transformers. This DC power transmitted through
AC converters converts into AC power grid and feeds
the ground AC network. Therefore, two DC terminals
should be thoroughly analyzed [69].
If the rectifier terminal of the AC to DC is
summarized as "r" and the inverter terminal DC to AC
is summarized as "i", Kirchhoff rules are shown
separately for the rectifier and inverter as follows:
The rectifier's equations:
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rectifier and inverter terminals.
The direct current of the line between the rectifier and
the inverter is specified by:
I DC = I DC , r = I DC , i = I DC =

where R

DC

U d , r − U d ,i

(18)

RDC

is the DC line resistance. Conventionally,

from the power flow point of view, a converter acts as a
power injector point for both AC and DC systems.
Therefore, a general structure is considered for both AC
and DC networks at the connection point of the two
networks. The active power injected into AC and DC
systems must satisfy the power constraint as follows:
PAC , m + PDC , m + Ploss , m = 0

(19)

PAC , m , PDC , m , Ploss , m represent the active power injected

into the AC and DC systems and the active power losses
in the mth converter, respectively. The power losses are
modeled as a quadratic equation in terms of the converter
current:

Ploss , m = am + bm I C , m + cm I Cm
2

(20)

in which am , bm , cm are the coefficients of the power
losses of VSC and dependent to power electronic device
functionality. The equation of the converter's current is
obtained as follows:
I Conv , m =

PConv , m + QConv , m

(21)

U Conv , m

U d ,0, r = KnrU AC , r

(10)

U d , r = U d ,0, r cos  r − Rr I d , r

(11)

One of the most important constraints governing the
converters is:

Pr = U d , r I d , r

(12)

− I Conv , m , max  I Conv , m  I Conv , m , max

Qr = U d , r I d , r tan  r

(13)

In this paper, the converters are considered as lossless
equipment. In the steady-state condition, the mth VSC
converter is modeled as a controlled voltage source
from the perspective of the AC system, which produces

In which, n is the transformer ratio, K = (3 2 ) /  .
The inverter's equations:
U d ,0,i = KniU AC ,i

(14)

U d ,i = U d ,0,i cos  i − Ri I d ,i

(15)

Pi = U d ,i I d ,i

(16)

Qi = U d ,i I d ,i tan  i

(17)

which U

d ,0,r

, U d , 0 ,i are the ideal per-phase no-load DC

voltage

U AC , m

and injects power

(22)

S AC , m = PAC , m + jQAC , m

into nth node.

2
PAC , m = U AC , m G AC , mn

(
)
−U AC , mU AC , n B AC , mn sin ( AC , m −  AC , n )

−U AC , mU AC , n G AC , mn cos  AC , m −  AC , n

(23)

voltages after the conversion of AC voltage at the

2
Q AC , m = −U AC , m B AC , mn

rectifier and inverter terminals, respectively. Rr , Ri are

−U AC , mU AC , n G AC , mn sin  AC , m −  AC , n

(24)

PAC , m − PAC , n − Ploss , AC , mn = 0

(25)

Q AC , m − Q AC , n = 0

(26)

the equivalent resistances of the rectifier and inverter,
respectively.  r ,  i are the rectifier and inverter firing
angles, and φ r , φ i determine the power factor at the

(
)
+U AC , mU AC , n B AC , mn cos ( AC , m −  AC , n )
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parametric function, but for wind speed, it can be
expressed in a two-parametric one [72]:

(

 k  v
)    



f v| , k =

Fig. 1. VSC configuration from the AC system

G

AC , mn

+ jB

AC , mn

=1/ Z

AC , mn

is the admittance

of the AC transmission line between m and n nodes if it
is seen from the AC system side of each phase [70].
2.2.2. DC load flow constraints
From the perspective of the DC system, the converter
system can be viewed as a controllable current source
with the constant value of 𝐼𝐷𝐶,𝑚 . The total active power
injected by the mth converter into the DC system is
obtained by:

(

nDC
I DC ,m =  YDC ,mn U DC ,m −U DC ,n
n=1

)

(28)

In addition to the constraint shown as Equation (22),
there are two more inequality constraints for the
converters:
U DC , m , min  U DC , m  U DC , m , max

(29)

I DC , m , min  I DC , m  I DC , m , max

(30)

2.2.3. AC load flow constraints
The most important constraints of the AC load flow are
as follows:
 P
−  P −  P
=
k m Gk k m Lk k m Conv , k

(

)

(

)

n AC
 U
U
G
cos  AC , m −  AC , n
n =1 AC , m AC , n AC , mn

n AC
+  U AC , mU AC , n B AC , mn sin  AC , m −  AC , n
n =1

(31)

 Q
−  Q Lk −  QConv , k =
k m Gk
k m
k m
n AC
 U
AC , mU AC , n G AC , mn sin
n =1

( AC ,m −  AC , n )

n AC
−  U AC , mU AC , n B AC , mn cos
n =1



(33)

 1
 0.9874  1.0983



v = λ.Γ  1 +  , k = 
k

/
v





(32)

( AC ,m −  AC ,n )

where 𝑃𝐶𝑜𝑛𝑣,𝑘 , 𝑄𝐶𝑜𝑛𝑣,𝑘 denote the active and reactive
generated powers by the converter if the VSC is
connected to the kth node; and 𝑃𝐿𝑘 , 𝑄𝐿𝑘 represent the
active and reactive power consumption at kth node [71].
2.2.4. Wind turbine uncertainty modeling
The Weibull probability distribution function is usually
adopted to model the uncertainty of wind speed, as an
effective method. This distribution function is a three-

(34)

𝑣̅ is the average wind speed. Generally, in POP F
analysis, the distribution of wind turbine output is
required, instead of wind speed distribution. Variablespeed wind turbines are described with a specific curve,
called the characteristic curve, which indicates the
relationship between wind speed and wind turbine
output. For simplification, a linear approximation
method is applied as follows:

(27)

PDC , m = U DC , m I DC + Ploss , DC , mn

v
− ( )k
e

In which v is the wind speed in (m/s), k>0 is the
dimensionless shape parameter, and λ>0 is the scale
parameter with the same wind speed unit. There are
several methods for determining the Weibull
distribution parameters, one of the most common of
which is the method of moments [72-73]:

Fig. 2. VSC configuration from the DC system

In which

  

k −1

Y

0

=  +  X
M


X  Vci or X  Vco
Vci  X  Vn 0
Vno  X  Vco

(35)

where Y is the wind power, X is the actual wind speed,
M is the maximum wind turbine power, α and β are the
linear parameters, 𝑉𝑐𝑖 , 𝑉𝑐𝑜 , 𝑉𝑛𝑜 are the low cut-off, high
cut-off, and the natural wind speeds, respectively. To
reduce the computational complexity in the POPF analysis,
the continuous probability distribution of the wind source
is replaced with a discrete distribution, known as the point
estimation method (PEM). The main idea is to divide
continuous random variable values into some finite
quantities. Therefore, instead of using a continuous PDF, a
discrete five-point probability function is applied in
studies. The 10-year wind data in City of Madison are used
as an example. The rated output of the wind power unit is
assumed to be 113 MW wind power, which yields with the
penetration of 40%. The cut-off, rated, and high cut-off
speeds are assumed to be 5.3, 40, and 5.13 m/s,
respectively. The parameters are summarized in Table 1
[50]: also, it was assumed that for maximum power of
wind 113 MW, K=2.5034, λ=10.0434, α=-39.55, and
β=11.3 [67]. In this paper, the "fmincon" function in
MATLAB software and "interior-point" algorithm have
been proposed as a useful method for nonlinear
optimization problems [74].
Table 1. Five-point discrete estimation of produced wind power
Wind (MW)

0

14.54

55.79

98.12

113

Probability (%)

6.89

20.44

40.48

19.92

12.27
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3. SOLUTION METHOD
Optimization problems, regardless of their structure, fall
into two general categories: single-objective and multiobjective problems. First, it is necessary to extract the
mathematical structure of the studied problem. To
derive the mathematical model of an optimization
problem, the following four steps must be fully
identified and defined:
1. Define a set of variables of [ x1 , x2 , x3 ,...] as the
decision variables or optimization variables.
2. Describe a function (s) called the objective function
(s), which should be optimized (minimized or
maximized), in which the decision variables are
applied and a real value is returned, depending on
the type of problem.
3. Define an allowable or feasible range for each of
the decision variables.
4. Determine a set of equal and unequal constraints
applying to decision variables and limiting the
objective function (s).
General structure of a single objective problem is as:

unequal constraints that define the possible and feasible
regions of the next discrete or continuous n-dimensional
response space.
One of the multi-objective optimization methods is
weighted sum optimization. Using this method, one
weight is assigned to each of the objective functions and
the importance and value of each of the objectives in
different weights are examined. In general, this method
is implemented as follows:

()

m
min f ws x =  wifi ( x )
i=1

 g ( x )  0
i
 h i ( x ) = 0

i = 1, 2, , N ueq
i = 1, 2, , N eq

min f
x

(36)

In which f ( x ) is the objective function that should
be minimized, over the vector of X , g i ( x ), and hi ( x ) are
the equal and non-equal sets of constraints [75].
In multi-objective optimization problems, where
different objectives are considered, arranging the set of
solutions becomes very complicated. These objective
functions are usually disproportionate and often
contradictory. Multi-objective optimization problems
with conflicting objective functions result in an optimal
response set. The reason for the large number of optimal
solutions is that by considering all the objective
functions simultaneously, no solution can optimize all
the objective functions. This set of solutions is called
the Pareto optimal set [76]. In general, multi-objective
optimization problems can be defined as follows:

( )  f1 ( x ) , f2 ( x ) , , fn ( x )
 g ( x )  0
subject to 
 h ( x ) = 0

min f x =

(37)

where x⃗ is the vector of decision variables and

f

(x)

is a set of objective functions that must be minimized.
Functions h ( x ) , g ( x ) represent a set of equal and

(38)

In this paper, two objective functions of operation
cost and pollution in different weights are considered
and to solve the optimization problem, "fmincon"
function in MATLAB software by using the interior
point (IP) algorithm is applied. By using this function, a
minimum of a nonlinear constrained multi-objective
function can be obtained. In fact, the “fmincon”
optimization function examines the solutions in such a
way that the minimum values of all the variables are
found. In general, the “fmincon” function is structured
in MATLAB as follows:

min f ( x ), X = [ x1 , x 2 , ..., x k ]

subject to 
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()

()

c x  0 , c eq x = 0

x , subject to  A.x  b , A eq .x = B eq

lb  x  u b

()

c ( x ), ceq ( x )

(39)

describe the non-linear non-equal, and

equal constraints. 𝐴 , and 𝑏 define the relevant
coefficients for linear non-equal constraints. 𝐴𝑒𝑞 , 𝐵𝑒𝑞
determine the relevant coefficients for linear equal
constraints. 𝑙𝑏 , and 𝑢𝑏 describe the lower and upper
limits of decision variable x. Generally, Fmincon is
defined in the following form:

x, fval = fmincon (fun, x 0 , A, b, Aeq , Beq , l b , u b , nonlcon )

(40)

The IP algorithm, which is known as barrier method,
is appropriate for solving a chain and order of
approximate minimization problems. For μ> 0, the
approximate problem is as follows:
min f 
x,s

f ( x ) −  ln ( s ) ,
( x, s ) = min
x,s
i

()

()

i

(41)

subject to h x = 0 , g x + s = 0

There are si slack variables equal to the number of
inequality constraints, g. For remaining ln(si ) to be
finite and archetypal, si > 0. The minimum value of fμ
approaches minimum value of f, while μ decreases to
zero. Eq. (40) is a chain of linear constrained problems.
This algorithm is more suitable for solving the complex
problems, with a large number of variables [77-79].
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Fig. 3. Multi-terminal hybrid AC/DC network and wind farm [80]
Table 2. The line impedance and shunt admittance of each line
Bc⁄
Line between the buses
impedance z (pu)
2 (pu)
4-5
0.010+j 0.161
j 0.088
4-6
0.017+j 0.092
j 0.079
5-7
0.032+j 0.161
j 0.153
6-9
0.039+j 0.179
j 0.179
7-8
0.0085+j 0.072
j 0.745
8-9
0.0119+j 0.1008
j 0.1045
11-12
0.04
11-13
0.05
Converter
0.0001+j 0.1643
Table 3. Bus data
Bus Number
Bus type
Bus 1
Slack Bus
Bus 2,3,10
PV Bus
Bus 5,6,8
PQ Bus
Bus 11,12,13
DC Bus
Table 4. VSC constraints and control variables
Constraint and control variables
0.9 ≤ VAC,DC ≤ 1.1
−0.8 ≤ θAC ≤ 0.8
5 deg ≤ αrec10 , γinv12 , γinv13 ≤ 60 deg
Table 5. Cost and emission function's coefficients and the capacity
of each generator
Bus
1
2
3

Cost function's
coefficients
ai
bi
ci
150
5
0.11
600
1.2
0.085
335
1
0.1225

Emission function's
coefficients
αi
βi
γi
22.983
-0.9
0.0126
29
-0.1
0.0034
22.05
-1.249
0.013

Generation
limits (MW)
Min
Max
10
250
10
300
10
270

,

𝐿𝑜𝑎𝑑𝐶 = 1 + 𝑗0.35 (𝑝𝑢)

Table 6. Optimal values obtained from minimizing losses
Wind (MW)
0
14.54
55.79
98.12
113
Pr. (%)
6.89
20.44
40.48
19.92
12.27
Ploss(pu)
2.8596
2.7143
2.3017
1.8784
1.7296
Table 7. Optimal values obtained from the cost minimization
Wind
0
14.54
55.79
98.12
113
(MW)
Pr. (%)
6.89
20.44
40.48
19.92
12.27
0.8656
0.8201
0.6909
0.5583
0.5116
Pg1
1.3438
1.2848
1.1176
0.9460
0.8857
Pg2
0.9406
0.8997
0.7836
0.6646
0.6227
Pg3
3.15
3.0046
2.5921
2.1688
2.02
Pd
5216
4873.7
3981.9
3188.6
2939.1
Costi
(C=0)
Total Cost
3963.2
5216
4946.4
4260.8
3679.2
3504.1
Costi
(C=5)
Total Cost
4258
5216
5019.1
4539.8
4169.8
4069.1
Costi
(C=10)
Total Cost
4552.9
5216
5091.8
4818.7
4660.4
4634.1
Costi
(C=15)
Total Cost
4847.7
Table 8. Optimal values obtained from the cost minimization
while considering the losses
Wind
0
14.54
55.79
98.12
113
(MW)
P (%)
6.89
20.44
40.48
19.92
12.27
2.4268
0.8116
0.1008
0.1000
0.5225
Pg1
0.5740
1.8436
2.0293
1.9186
0.9217
Pg2
1.1796
1.1691
1.0750
0.3780
0.7598
Pg3
103.0343 81.9700
61.3043 22.7830 18.3940
Ploss*
10948
7117
6413.7
4718
3262.2
Costi
(C=0)
Total Cost
6145.4
10948
7189.7
6692.7
5208.6
3827.2
Costi
(C=5)
Total Cost
6440.2
10948
7262.4
6971.6
5699.2
4392.2
Costi
(C=10)
Total Cost
6735.1
10948
7335.1
7250.6
6189.8
4957.3
Costi
(C=15)
Total Cost
7029.9
* in terms of MW.

4. SIMULATION ZASE STUDIES
Figure 3 displays the single-line diagram of the AC/DC
hybrid system. The system consists of 10 AC buses,
three DC buses, and VSC-MTDC converters. The
system data are as follows: 𝐿𝑜𝑎𝑑𝐴 = 1.25 + 𝑗0.5 (𝑝𝑢) ,
𝐿𝑜𝑎𝑑𝐵 = 0.9 + 𝑗0.3 (𝑝𝑢)
𝐵𝑎𝑠𝑒 𝑀𝑉𝐴: 100 𝑀𝑉𝐴
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,

4.1. Simulation Results
4.1.1. Power Loss Minimization
Considering Eq. (1) and the relevant constraints
mentioned in the previous section, minimizing overall
power losses in studied system is reported as follows:
4.1.2. Total Cost Minimization
Considering Equations (3) and (4) and the coefficients
of fuel cost functions and generation constraints of each
unit, fuel cost minimization is considered as the
objective function. The cost of wind power generator is
assumed to be C=0, 5, 10, and 15 $⁄𝑀𝑊ℎ. It should be
noted that all costs are presented in terms of ($/h), Pr. is
the probability, and Pgi, Pd, are in pu.

4.1.3. Fuel cost minimization considering power
losses
To minimize the fuel cost considering the losses, we
consider the cost function obtained from the previous
section with the equality and inequality constraints
mentioned as the objective function. As illustrated in the
previous section, the results by taking different costs for
the wind generator into account are obtained as follows:
4.1.4.

Fuel cost and emission minimization
neglecting power losses
Based on what has already been said about two fuel cost
and emission functions, the desired objective function is
obtained using Equation (9) and by determining h and
placing it in Eq. (8). Different weights are assigned to
each objective function and the obtained new objective
function is minimized in the form of 𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝜑 =
𝑤1 . 𝐹𝑐𝑜𝑠𝑡 + 𝑤2 . ℎ ∗ 𝐸𝑐𝑜𝑠𝑡 . The results are summarized in
the following tables by changing the power generated
by the wind power plant as well as altering the operating
cost of the wind generator. The results of the two- and
single-objective functions are related to the conditions
with 𝑐 𝑜𝑝,𝑤𝑖𝑛𝑑 =0$⁄𝑀𝑊ℎ.
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Table 9(a). Optimal values obtained from minimizing cost and
emission considering 𝐏𝐰𝐢𝐧𝐝 = 𝟎 (𝐌𝐖), Pr.=6.89%
Results
Pg1
Pg2
Pg3
fval
f1
f2

kg
Emissioni ( ⁄h)

Costi (C=0)
Costi (C=5)
Costi (C=10)
Costi (C=15)

w1 = 1
w2 = 0
0.8656
1.3438
0.9406
359.3842
359.3842
141.2903
2050.7
5216
5216
5216
5216

w1 = 0.5
w2 = 0.5
0.7984
1.4543
0.8973
249.0900
360.6015
137.5785
1996.8
5233.7
5233.7
5233.7
5233.7

w1 = 0
w2 = 1
0.7387
1.5611
0.8502
136.4111
364.0605
136.4111
1979.8
5283.9
5283.9
5283.9
5283.9

Table 9(b). Optimal values obtained from the cost and emission
minimization considering 𝐏𝐰𝐢𝐧𝐝 = 𝟏𝟒. 𝟓𝟒 (𝐌𝐖), Pr.=20.44%
Results
Pg1
Pg2
Pg3
fval
f1
f2

kg
Emissioni ( ⁄h)

Costi (C=0)
Costi (C=5)
Costi (C=10)
Costi (C=15)

w1 = 1
w2 = 0
0.8201
1.2848
0.8997
996.1862
996.1862
373.1478
1825.6
4873.7
4946.4
5019.1
5091.8

w1 = 0.5
w2 = 0.5
0.7633
1.3771
0.8642
682.0828
998.7058
365.4599
1788
4886
4958.7
5031.4
5104.1

w1 = 0
w2 = 1
0.7131
1.4661
0.8254
363.0465
1005.9
363.0465
1776.2
4921
4993.7
5066.4
5139.1

Table 9(c). Optimal values obtained from the cost and emission
minimization considering 𝐏𝐰𝐢𝐧𝐝 = 𝟓𝟓. 𝟕𝟗 (𝐌𝐖), Pr.=40.48%
Results
Pg1
Pg2
Pg3
fval
f1
f2

kg
Emissioni ( ⁄h)

Costi (C=0)
Costi (C=5)
Costi (C=10)
Costi (C=15)

w1 = 1
w2 = 0
0.6909
1.1176
0.7836
1611.9
1611.9
520.1666
1285
3981.9
4260.8
4539.8
4818.7

w1 = 0.5
w2 = 0.5
0.6637
1.1579
0.7705
1065
1612.8
517.1759
1277.6
3984.3
4263.2
4542.2
4821.1

w1 = 0
w2 = 1
0.6404
1.1968
0.7549
516.2534
1615.6
516.2534
1275.3
3991
4270
4548.9
4827.8

Table 9(d). Optimal values obtained from the cost and emission
minimization considering 𝐏𝐰𝐢𝐧𝐝 = 𝟗𝟖. 𝟏𝟐 (𝐌𝐖), Pr.=19.92%
Results
Pg1
Pg2
Pg3
fval
f1
f2

kg
Emissioni ( ⁄h)

Costi (C=0)
Costi (C=5)
Costi (C=10)
Costi (C=15)

w1 = 1
w2 = 0
0.5583
0.9460
0.6646
635.1649
635.1649
175.4731
880.8889
3188.6
3679.2
4169.8
4660.4

w1 = 0.5
w2 = 0.5
0.5615
0.9330
0.6743
405.2631
635.2186
175.3076
880.0583
3188.8
3679.4
4170
4660.6

w1 = 0
w2 = 1
0.5658
0.9204
0.6826
175.2569
635.3683
175.2569
879.8039
3189.6
3680.2
4170.8
4661.4

Table 9(e). Optimal values obtained from the cost and emission
minimization considering 𝐏𝐰𝐢𝐧𝐝 = 𝟏𝟏𝟑 (𝐌𝐖), Pr.=12.27%
Results
Pg1
Pg2
Pg3
fval
f1
f2

kg
Emissioni ( ⁄h)

Costi (C=0)
Costi (C=5)
Costi (C=10)
Costi (C=15)

w1 = 1
w2 = 0
0.5116
0.8857
0.6227
360.6223
360.6223
95.1021
775.0783
2939.1
3504.1
4069.1
4634.1

w1 = 0.5 w1 = 0
w2 = 0.5 w2 = 1
0.5256
0.5396
0.8540
0.8232
0.6404
0.6572
227.6808 94.3881
360.8007 361.3138
94.5610 94.3881
770.6680 769.2596
2940.5
2944.7
3505.5
3509.7
4070.5
4074.7
4635.5
4639.7

Fig. 4. Curve obtained from the results of optimizing cost and
emission functions of Table 9(a)

The constant values with the changes in the operation
cost of the wind generator are the result of the emission
function and the generating capacity power of the
generators. It should be noted that 𝑓𝑣𝑎𝑙 is the same as the
result of the two-objective function. The results of Table
9(a) are plotted in Fig. 4. If the results of the fuel cost
and emission functions derived from the tables are
plotted for other cases, the curves will be like Figure
(4). It is observed that emission decreases as fuel costs
increase. A comparison of the tables shows that with an
increase in the power generated by the wind generator,
the cost of production (which includes the cost of wind
generators) and the emission generated by the fossil
fuels are reduced. Also, the first and second objective
functions, which include the probability of the presence
of the wind farm, vary with the probability percentage.
Ultimately, by increasing the power generated by the
wind generator, the power generated, thermal units
decrease. By summing up the total results of different
generating powers of the wind generator and the unique
probability percentages, the following results can be
achieved:
4.1.5. Minimizing fuel cost and emission considering
power losses
By considering the conditions mentioned in Section 4.1.4.,
with modeling the power losses, the following results
are obtained:
Similar to the previous section, the results of twoand single-objective functions correspond to the
condition 𝑐 𝑜𝑝,𝑤𝑖𝑛𝑑 =0$⁄𝑀𝑊ℎ . The values which remain
constant by changing the operating cost of the wind
generator are the result of the emission function and
generation of thermal power plants.
Table 10. General results of Tables 8(a-e)
Results
kg
Emissioni ( ⁄h)

Costi (C=0)
Costi (C=5)
Costi (C=10)
Costi (C=15)

w1 = 1
w2 = 0
1305.2
3963.2
4258
4552.9
4847.7

w1 = 0.5
w2 = 0.5
1290.1
3968.2
4263
4557.8
4852.6

w1 = 0
w2 = 1
1285.4
3982.2
4277
4571.8
4866.6
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Table 11(a). Optimal values obtained from cost and emission
minimization of considering losses, 𝐏𝐰𝐢𝐧𝐝 = 𝟎 (𝐌𝐖), Pr.=6.89%
Results
Pg1
Pg2
Pg3
Ploss*
fval
f1
f2

kg
Emissioni ( ⁄h)

Costi (C=0)
Costi (C=5)
Costi (C=10)
Costi (C=15)

w1 = 1,w2 = 0
2.4268
0.5740
1.1796
103.0343
754.3208
754.3208
661.3174
9598.2
10948
10948
10948
10948

w1 = 0.5,w2 = 0.5
2.4034
0.5286
1.2418
102.3843
707.2506
754.7993
659.7019
9574.8
10955
10955
10955
10955

w1 = 0,w2 = 1
2.3662
0.6271
1.3049
114.8189
656.4472
761.5337
656.4472
9527.5
11053
11053
11053
11053

23

Table 12. General results of Tables 11(a-e)
Results
kg
Emissioni ( ⁄h)

Costi (C=0)
Costi (C=5)
Costi (C=10)
Costi (C=15)

w1 = 1
w2 = 0
3093.7
6145.4
6440.3
6735.1
7029.9

w1 = 0.5
w2 = 0.5
2987.3
6176.3
6471.1
6765.9
7060.8

w1 = 0
w2 = 1
2963
6241
6535.9
6830.7
7125.5

Table 11(b). Optimal values obtained from cost and emission
minimization considering losses, 𝐏𝐰𝐢𝐧𝐝 = 𝟏𝟒. 𝟓𝟒 (𝐌𝐖), Pr.=20.44%
Results
Pg1
Pg2
Pg3
Ploss*
fval
f1
f2

kg
Emissioni ( ⁄h)

Costi (C=0)
Costi (C=5)
Costi (C=10)
Costi (C=15)

w1 = 1,w2 = 0
0.8116
1.8436
1.1691
81.9700
1454.7
1454.7
455.6415
3207.6
7117
7189.7
7262.4
7335.1

w1 = 0.5,w2 = 0.5
0.8530
1.9186
1.0547
82.1649
1049.7
1459.2
640.2473
3132.3
7139
7211.7
7284.4
7357.1

w1 = 0,w2 = 1
0.8820
1.9708
0.9745
82.2714
637.1028
1467.7
637.1028
3116.9
7180.5
7253.2
7325.9
7398.6

Table 11(c).Optimal values obtained from cost and emission
minimization considering losses, 𝐏𝐰𝐢𝐧𝐝 = 𝟓𝟓. 𝟕𝟗 (𝐌𝐖), Pr.=40.48%
Results
Pg1
Pg2
Pg3
Ploss*
fval
f1
f2

kg
Emissioni ( ⁄h)

Costi (C=0)
Costi (C=5)
Costi (C=10)
Costi (C=15)

w1 = 1,w2 = 0
1.0083
2.0293
1.0750
61.3043
2596.3
2596.3
1232.2
3044.1
6413.7
6692.7
6971.6
7250.6

w1 = 0.5,w2 = 0.5
0.1742
2.1432
0.9063
63.1681
1889.6
2616.6
1162.5
2871.8
6463.9
6742.9
7021.8
7300.8

w1 = 0,w2 = 1
0.32279
2.2224
0.7893
64.7428
1148.3
2656.6
1148.3
2836.6
6562.8
6841.8
7120.7
7399.7

Table 11(d). Optimal values obtained from cost and emission
minimization considering losses, 𝐏𝐰𝐢𝐧𝐝 = 𝟗𝟖. 𝟏𝟐 (𝐌𝐖), Pr.=19.92%
Results
Pg1
Pg2
Pg3
Ploss*
fval
f1
f2

kg
Emissioni ( ⁄h)

Costi (C=0)
Costi (C=5)
Costi (C=10)
Costi (C=15)

w1 = 1,w2 = 0
0.1000
1.9186
0.3780
22.7830
939.8246
939.8246
431.2987
2165.2
4718
5208.6
5699.2
6189.8

w1 = 0.5,w2 = 0.5
0.1000
1.8746
0.5229
32.8622
674.6924
945.2081
412.1767
2069.2
4745
5235.6
5726.2
6216.8

w1 = 0,w2 = 1
0.1000
1.8461
0.6162
39.3470
408.7072
954.3836
408.7072
2051.7
4791.1
5281.7
5772.3
6262.9

Table 11(e). Optimal values obtained from cost and emission
minimization considering losses, 𝐏𝐰𝐢𝐧𝐝 = 𝟏𝟏𝟑 (𝐌𝐖), Pr.=12.27%
Results
Pg1
Pg2
Pg3
Ploss*
fval
f1
f2

kg
Emissioni ( ⁄h)

Costi (C=0)
Costi (C=5)
Costi (C=10)
Costi (C=15)

w1 = 1,w2 = 0
0.5225
0.9217
0.7598
18.3940
400.2871
400.2871
113.2390
922.8930
3262.3
3827.3
4392.3
4957.3

w1 = 0.5,w2 = 0.5
0.5357
0.9404
0.7326
18.8643
256.5596
400.4551
112.6642
918.2087
3263.7
3828.7
4393.7
4958.7

w1 = 0,w2 = 1
0.5450
0.9235
0.7135
19.1933
112.5461
400.7742
112.5461
917.2464
3266.3
3831.3
4396.3
4961.3

Fig. 5. The curve obtained from the results of cost and emission
functions of Table 11(e)

The results of Table 11(e) are plotted in Fig. 5. By
summarizing the results of tables, the following results
are obtained, as Table 12.
By comparing the results of Tables 6-12 and Figures
4-5, some important notes can be easily obtained:
• By increasing the power generation of wind
generators, the loss of transmission lines will be
reduced.
• In the case that the objective function is selected as
the fuel cost minimization when the operating cost of
the wind power plant is considered to be constant, as
the power generated by the wind power plants is
increased, the fuel cost (including the operating cost
of wind generators) and the power generated by the
other generators will be reduced. If we assume the
wind generator's capacity to be constant and increase
the cost of operation for these generators, the fuel cost
will be raised. If the objective function is assumed to
be cost minimization while considering the power
losses, the fuel cost will be increased (compared to
the case where power losses are neglected).
Nevertheless, by considering a constant cost for wind
power plants, the fuel cost will be reduced as the
generated power by the wind power plants is raised.
• According to Table 7, if the goal is to minimize the
fuel cost neglecting the losses, considering a constant
operating cost of the wind generator, by increasing
the generation capacity of the wind generator, the fuel
cost (including the operating cost of the wind
generator) and the generating capacity of power plant
generators will be reduced. By considering the
constant generating capacity for wind generators, an
increase in the operating cost of the wind generator
will lead to an obvious increase in the cost of fuel.
Meanwhile, the generating capacity of other
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generators will remain constant. If the objective is to
minimize the costs by considering losses, the cost of
fuel (compared to the case where losses are
neglected) will increase. Comparing Tables 7 and 8
shows that, in the case where the generating capacity
of the wind farm is zero, the fuel cost in the case of
considering losses is almost twice as much as in the
case where losses are neglected. In other cases, in
which the generation production capacity of the wind
farm increases from 14.54 MW to 113 MW, the fuel
cost, if losses are taken into account, is from 10% to
61% higher than the condition neglecting losses.
According to Table 8, in terms of the fixed cost of the
wind farm, the fuel cost decreases with the increase of
generation capacity by the wind farm. It can be seen
that by reducing the operating cost of wind generator
from 𝑐 𝑜𝑝,𝑤𝑖𝑛𝑑 =15 $⁄MWh to 𝑐 𝑜𝑝,𝑤𝑖𝑛𝑑 =0 $/MWh, the
total cost in the case of considered losses is 45% to 55
% of the total cost of production in the absence of
losses. In fact, with the increase in the operating cost
of the wind generator, the rate of increase in the total
cost, taking into account the losses, decreases
compared to the case where the losses are not taken
into account. For example, if the cost of a wind
generator is considered 0 $⁄MWh, the total cost of
production with losses is 55% higher than the total
cost without losses. The total cost of production in
terms of losses for 15 $⁄MWh is 45% more than the
total cost without losses.
• By comparing Tables 7 and 8, it can be observed that
in the case of non-generated power by the wind
power plant, the fuel cost, while considering the
electrical losses, is approximately twice the case
where there is no loss. Also, when the wind power
generation is decreased from 113 MW to 14.54 MW,
the fuel cost will be increased form 10% to 61% when
considering the losses compared to no-losses cases.
• If the objective function is selected as the
simultaneous minimization of fuel cost and emission
costs, the power generated from the first to the third
thermal generators, as well as the fuel cost and
emission costs, will be reduced as the wind power
generation is increased. In corresponding weights,
and in cases where the power generated by the wind
generator is constant, by increasing the operating cost
of the wind generator, the generated power of the
other generators and emission remain unchanged,
while the fuel cost is increased. If the objective is to
minimize the costs of fuel and emission while
considering the power losses, then the cost of fuel and
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emission will undoubtedly increase a little less than
the conditions where the power losses are not taken
into account. By increasing the generated power of
the wind power plant, the fuel and emission costs, as
well as power losses, are reduced.
• According to Tables 9 (a) to 9 (e), if the objective is
to simultaneously minimize fuel costs and pollution
without loss, at applied weight corresponding to the
objective functions, by increasing the generating
capacity by the wind generator, the generating
capacity by the first to third generators, the fuel cost
and generation as well as pollution are reduced. In
this case, at the corresponding weight and with the
increase of generation capacity by the wind generator,
the fuel cost and generation are 2.54 to 3.8 times of
the pollution. If we consider the power generated by
the wind generator to be constant, at the
corresponding weight, with the increase in the
operating cost of the wind generator, the generating
power of other generators and the pollution remain
constant, but the fuel cost increases. According to
Tables 11 (a) to 11 (e), if the objective is to minimize
the fuel costs and pollution by considering losses,
they will experience an increase in fuel costs and
pollution compared to the case where losses are
neglected. By increasing generation capacity by wind
generator, the cost of fuel and pollution as well as
transmission line losses will be reduced and will be
close to their minimum solutions. In this case, at the
corresponding weight and with the increase in
generation capacity by the wind generator, the fuel
cost and production are 1.14 to 3.6 times of the
pollution. Comparing two Tables 10 and 12
demonstrates that if the cost of wind generator
decreases from 15 $⁄MWh to 0 $/MWh, the total cost
in terms of losses and pollution is 45% to 55% more
than the total cost in terms of pollution neglecting
losses. It is also observed that by applying different
weight, the total pollution in terms of losses is 2.30 to
2.40 times of the total pollution without losses.
• According to Figures 4-5, emission will be reduced
by increasing the fuel and emission costs.
5. CONCLUSION
MGs are the small-scale examples of the centralized
electrical system, which are used for different aims such
as the minimization of power losses, fuel cost, and GHG
emissions. They can also provide the possibility of
using distributed energy resources based on renewable
energy energies. Using wind power plants has been
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increased because of their high efficiency, low cost of
electricity generation, and high ability in generating
large-scale power. In this paper, while considering the
uncertainty of the wind power plant and the VSCMTDC converters, the probabilistic optimal power flow
in an AC/DC hybrid system was investigated via the
"fmincon" function of MATLAB by applying the
"interior point" algorithm. The uncertainty of the wind
power plant was modeled using the method of moments
by applying the five-point estimation method. The
system was analyzed in different scenarios while taking
different network constraints into account. The results
showed that, by increasing the generated power of wind
power plants, the transmission losses, fuel cost, GHG
emission, and power generated by thermal units were
decreased. It was concluded that the MG performance
was improved in the presence of converters and wind
power plants.
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