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Abstract 
 
The new electrical power system involves the renewable energy resources in 

addition with conventional generating units. This article shows the way for 

the answer of solo and multi-objective optimal power flow, incorporating 

with wind generating units, solar photovoltaic system and hybrid solar with 

small hydro power that is run-of-river with customary coal-based generating 

stations. The irregularity of renewable source‟s output intensifies the 

complications of the optimal power flow (OPF) issue. In projected work 

Lognormal, Weibull and Gumble probability density functions are also 

applied for forecasting the power outputs of those renewables, respectively. 

The objective function includes penalty charges for underestimation and 

standby charge for overestimation of irregular non-conventional generating 

units. A non-dominance version of multi-objective, multi verse optimizer 

technique is projected for the optimization matter. The fuzzy decision 

making methodology is utilized for mining the best compromise solution. 

The outcomes are confirmed through adapted IEEE-30 bus test system and 

compared with three newly developed algorithms, which is assimilated with 

wind-solar-small hydro generating plants. 
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List of Nomenclature 

 

OPF  Optimal Power Flow 

MVO          Multi Verse Optimizer 

ALO Ant Lion Optimization 

SCA Sine Cosine Algorithm 

DA  Dragonfly Algorithm 

TG   Coal based Generating unit 

WG  Wind Generation 

PV   Photo Voltaic 

SPH Hybrid solar power and a small-hydal power unit 

ISO  Independent System Operator 

PDF  Probability Density Function 

BCS   Best Compromise Solution 

MOMVO  Multi-Objective Multi Verse Optimizer 

MOOPF Multi-Objective Optimal Power Flow 

     Power output of     coal based unit. 

     Scheduled power from wind power unit 

     Scheduled power from solar PV unit 

     Scheduled power from hybrid solar power and small hydal 

power unit 

     Actual offered power from wind unit 

     Actual offered power from solar PV unit 

      Actual offered power from hybrid solar power and small hydal 

power unit 

    Direct charge constant for wind unit 

    Direct charge constant for solar PV unit 

    Direct charge constant for small hydro unit 

    Reserve charge constant for overestimation of wind unit 

    Penalty charge constant for underestimation of wind unit 

     Reserve charge constant for overestimation of solar PV unit 

     Penalty charge constant for underestimation of solar PV unit 

     Reserve charge constant for overestimation of hybrid solar PV 

and small hydal unit 

     Penalty charge constant for underestimation of hybrid solar PV 

and small hydal unit 
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     Carbon tax ($/Tonne) 

    Solar irradiance (W m ⁄ ) 

    River flow rate (    ) 

      Probability of wind speed   m/s 

       Probability of solar irradiance  W m ⁄  

       Probability of river flow rate    

     Rated generated power from a wind unit 

     Rated generated power from the solar PV unit 

     Rated generated power from the small hydro plant 

    Scale and shape factors of Weibull PDF respectively 

     Mean and standard deviation of Lognormal PDF respectively 

     Location and scale parameters of Gumbel PDF respectively 

      Active power loss in the grid 

    Accumulative voltage deviation in a grid 

 

 

1 Introduction 

 
The optimal power flow is the main and very significant tool for 

operating and controlling the electrical network. The key focus of optimal 

power flow is to find out the secure operating state of the network by 

optimizing a certain objective without disturbing the equality and inequality 

constraints. It was first to introduce by Carpentier [1] in 1962 and studied 

over the long period.   

An electrical system comprising wind and coal based power units has 

currently been considered in search of optimum generating price in some of 

the articles. Gbest directed Artificial Bee Colony (GABC) is put in used 

in [2] for the enhancement of OPF outputs obtained in earlier articles using 

same experimental arrangement. Ref. [3] Introduced a Modified Bacteria 

Foraging Approach (MBFA) and proposed a doubly fed induction generator 

(DFIG) structure in the OPF agenda to express bounds on VAR power 

production capacity. Another VAR power compensating device, STATCOM 

(static synchronous compensator) is integrated in [4] for a network having 

coal based and wind units. Also, the OPF issue was solved with the help of 

ant colony optimization (ACO) as well as MBFA. Authors in [5] introduced 

a pattern for the formulation of the price of wind power. The generators 

scheduling problem for economic dispatch is a usual problem for a utility 

having wind power and coal based units. Ref. [6] offered a stochastic model 

of wind power production. In additional, while solving the similar issue,  

https://www.sciencedirect.com/science/article/pii/S0196890417306167#b0030
https://www.sciencedirect.com/science/article/pii/S0196890417306167#b0035
https://www.sciencedirect.com/science/article/pii/S0196890417306167#b0040
https://www.sciencedirect.com/science/article/pii/S0196890417306167#b0045
https://www.sciencedirect.com/science/article/pii/S0196890417306167#b0050
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researchers in [7] involved DFIG model of wind turbine. 

Article [8] introduced Dynamic Economic Dispatch (DED) structure 

comprising a wide range of wind energy with risk reserve limits. 

Ref. [9] Included valve-point loading effect of generating unit and emission 

in DED structure. OPF scheduling system for a solitary hybrid network 

having solar PV, battery and the diesel generating unit is explained in [10]. 

Pumped hydro storage is presented in [11] as a substitute storage for the 

same standalone hybrid network comprising of a wind generating unit, a 

solar PV, and a diesel generating unit.  Design of Problem in addition to 

Single objective dynamic ED, including three kinds of sources was explained 

in Ref. [12]. Reddy [13] executed optimal scheduling with non-conventional 

sources such as coal based in addition with solar–wind power including 

battery storage. Biswas et al. [14] suggested a system to evaluate OPF 

problem with varying probability density functions (PDFs) for solar, wind 

and run of river units. Ref [15] suggested the solution method of OPF 

containing the wind and solar plants. 

Now a day, renewable energy generation units along with conventional 

power source want more focus in research. The present research recommends 

solo and multi-objective optimal power flow (MOOPF) problem along with 

coal based plus solar, wind and small-hydal units. For research purpose, 

typical IEEE 30-bus network is reformed to contain these renewable sources. 

The stochastic behavior of the non-conventional units are performed using 

Weibull PDF, Lognormal PDF and Gumbel PDF respectively. Penalty price 

for under-estimation and reserve price for over-estimation of these stochastic 

units are appropriately included in the generating price. The clusters of 

Pareto results are achieved for the multi-objective problem using a multi 

verse technique. The assistances of this research can be concise as follows; 

 This article is dedicated to the mathematical modeling of the 

solitary and multi-objective optimal power flow problem design containing 

conventional units in addition to renewable energy units.  

 Portraying suitable probability density functions (PDFs) to 

simulate randomize behavior of solar PV, wind and small-hydro plants. 

 The Non-dominance Sorted Multi Verse Optimizer (NSMVO) 

technique is applied for finding solutions of single and multi-objective OPF 

problems including stochastic renewable energy sources like wind, solar PV 

power and small hydro unit. 

 Comparison of results with numerous runs of three newly 

developed algorithms. 

The further sections of the article are arranged as: Section 2 comprise the 

analysis of mathematical models containing a formulation of uncertainties in 

solar-wind-small hydro energy outcomes regarding OPF problem. Section 3 

includes discussion on the objectives which is to be optimized. Explanation  

https://www.sciencedirect.com/science/article/pii/S0196890417306167#b0055
https://www.sciencedirect.com/science/article/pii/S0196890417306167#b0060
https://www.sciencedirect.com/science/article/pii/S0196890417306167#b0065
https://www.sciencedirect.com/science/article/pii/S0196890417306167#b0070
https://www.sciencedirect.com/science/article/pii/S0196890417306167#b0075
https://www.sciencedirect.com/science/article/pii/S0196890417306167#s0010
https://www.sciencedirect.com/science/article/pii/S0196890417306167#s0055


                                                                                                                  
 

 

 

 

 

 

 

 
Stochastic Wind-Solar-Small Hydro Power Plant Integrated Multi-Objective Optimal 

Power Flow Using Multi Verse Optimizer  619
 

 

 

and application of multi-objective MVO approach are explained in section 4. 

Arithmetical outcomes and discussion are accessible in section 5 and 

conclusive notes given in section 6. 

 

2  Mathematical Models 

 
The elementary information data of revised IEEE-30 bus power system 

specified in Table 1 which considering the coal based power plants and 

renewable resources [14] is shown in Figure 1. These renewable resources 

are stochastic in nature. All the coal based plants, wind and solar including 

small hydro plants contribute to the total price of generation. The price of the 

conventional coal based generating plants and the renewable sources plants 

are described in the below section. 
 

 

                  Table 1. The main features of the projected system [14] 

 

Substances Amount Particulars 

Total Buses 30 [14] 

Total Branches 41 [14] 

Coal based generators 

(TG1;TG2;TG3) 

3 Bus Number: 1 (swing), 2 and 8 

Wind generators (WG1) 1 Bus Number -5 

Solar PV unit (SPV) 1 Bus Number -11 

Solar PV unit (SPV)+Small 

Hydro Unit(SPH) 

1 Bus Number -13 

Controller variables 11 Five Generators Scheduled 

Actual Power, Six generator Bus 

Voltages 

Associated load - 283.4 MW, 126.2 MVAr 
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                       Figure 1. Revised IEEE 30-bus system including renewable energy 

units [14] 

2.1 Price of Coal Based Power Units 

 

The coal based power plants operating with the fossil fuels and, it can be 

figured as the quadratic curve as given below, 

 

         ∑                 
    

   
          (1)  

                      

       where       and    are the price coefficients for     coal based power 

plant. In the real power framework, the generator's fuel price curves are not 

simple but, they are much intricate and nonlinear in nature. In general, the  
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generation fuel price function is having non-convexity containing numerous 

swells because of the existence of stacking impacts of the valve point. The 

ripple effect upon the price curve is included as redressing sinusoids with 

quadratic prices. Scientifically, the price in $/hr. having a valve-point effect 

is treated as,  

 

        ∑                 
  |      (        

         )|
   

   
(2)  

        

where           are the price coefficients because of valve point effect. 

The values of all coal based price coefficients are shown in Table 2. 

        Table 2. Price coefficients and emission coefficients of adapted system [14] 

 

Generator Bus                     

    1 30 2 0.00375 18 0.037 4.091 -5.554 6.49 0.0002 6.667 

    2 25 1.75 0.0175 16 0.038 2.543 -6.047 5.638 0.0005 3.333 

    8 20 3.25 0.00834 12 0.045 5.326 -3.55 3.38 0.002 2 

 

2.2 Emission 

  
The non-renewable energy sources release toxic gases in the atmosphere 

during power generation. The discharge of NOx and SOx rises with an 

increase in coal based plants outputs as indicated in Eq. (3). Emission in 

tones per hour can be determined as; 

 

Emission   ∑ [                 
           

        ]
   

   
         (3)                               

               

        where,              and   are the emission coefficients with respect to 

the     coal based unit. Emission coefficients of coal based power plants are 

displayed in Table 2. 

 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0196890417306167#e0045
https://www.sciencedirect.com/science/article/pii/S0196890417306167#t0010
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2.3 Direct Price of Stochastic Renewable Plants 

 

The renewable sources are stochastic in nature and it is very difficult to 

integrate these sources into the power grid. These renewable energy sources 

are controlled through the independent system operator (ISO). So the private 

operator has to make the agreement with the grid or independent system 

operator (ISO) for an assured quantity of scheduled power. The ISO must be 

maintained the scheduled power. If these renewable farms do not able to 

maintain the scheduled power, ISO is responsible for the deficiency of the 

power. So the spinning reserve requirements, if demand arise. This spinning 

reserve adds extra price for the ISO and this condition is termed as 

overestimation of the renewable sources like wind and solar PV farms. 

Similarly, in opposite way, if these renewable sources produced more power 

compared to the scheduled power, it can be wasted because of non-

utilization. So the ISO must tolerate the penalty charge. Thus, the direct price 

of the non-conventional units allied with the scheduled power, 

overestimation price because of the spinning reserve and the penalty price 

because of the underestimation.  

Direct price related to the wind farms are modeled with the     

scheduled power from the same sources as; 

 

                                      (4)  

 

 where,    indicate the direct price coefficient and     is treated as the 

scheduled power of the wind unit. 

Similarly, the direct price related to the solar PV farms is demonstrated with 

the     scheduled power from the same sources as; 

 

                                       (5)          

    

where,    indicates the direct price coefficient and     is treated as the 

scheduled power of the solar power plant. 

A hybrid solar unit with the small-hydal unit which is owned by ISO is 

considered as third renewable energy sources. The planned output power 

decided by private operator is a static quantity. This power is supplied 

together by the solar PV and small-hydal unit but, the direct price 

coefficients of solar unit with the small-hydro unit are diverse. Production of 

the hydropower unit differs rendering to the flow degree of the river 

supposing continuous head. So, the scheduled power consists the summation 

of the hydro power with the solar PV unit. 

Direct price related with the solar PV unit and small hydal unit is; 
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          (             )                                       (6) 

                                  

where,     is the scheduled output from the plant combination where 

influence from solar PV plant is        and small-hydro unit is       . Direct 

price coefficients     and    are identical as use prior. 

 

2.4 Uncertain Renewable Wind Power Price 

 

Owing to the uncertainty of the wind, occasionally the wind farm 

produces the less amount of the power as compared to scheduled power. So it 

requires the spinning reserve for maintaining that agreement amount of 

scheduled power if demand arises. Sometimes, it may be possible that actual 

power provided by wind farm may not be satisfying the demand and have 

lower values. Such power is known as overestimated power by an 

indeterminate resource. The network ISO should require a spinning reserve 

to cope up with this type of uncertainty and deliver continuous power source 

to the end users. The price of obligating a reserve generator to fulfill the 

overestimated power is named as reserve price. 

                 Reserve price for the wind unit is formulated by; 

 

                            

                                 ∫                  
   

 
                    (7) 

                                                

where,     represents a reserve price coefficient regarding wind unit, 

    is the definite accessible power from the same unit.        represents 

the wind energy probability density function for wind unit. 

Opposite to the overestimation condition, it may be possible that the 

genuine power provided by the wind farm is higher from the demand value. 

Such a scenario is called underestimated power. The leftover power will be 

lost if there is not any provision for controlling the output power from coal 

based units. ISO should be paid a penalty charge regarding the excess power. 

      Penalty charge for the wind unit is given by; 

 

                            

                                     ∫                  
   

   
                   (8) 
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where,     represents a penalty price coefficient of wind unit,     gives 

the specified output power of the same unit. 

 

2.5 Uncertain Renewable Solar PV Power Price 

 

Solar PV unit also has irregular and uncertain generation. In fact, the 

tactic for underestimation and overestimation of solar power will be similar 

to the case of wind power. Though, radiation of solar trails lognormal PDF, 

unlike as of wind power supply that is popular for trailing Weibull PDF, for 

ease in computation, a penalty as well as reserve price structures were made 

according to the idea explained in [14].  

                       Reserve price of solar PV unit can be written as: 

                            
                                                [               ]        (9) 

                                 

where,     is the reserve price coefficient regarding solar PV unit,      is the 

definite accessible power from the same unit.              shows the 

possibility of solar output power deficiency incidence with respect to 

scheduled output power      ,             shows the anticipation to the 

solar PV output power lower than    . 

Penalty price of under-estimation of solar PV unit can be given by: 

                            

                                                [               ]      (10) 

                               

where,     represents the coefficient of penalty price regarding solar PV 

unit,              shows the possibility of solar output in excess with 

respect to the scheduled output power      ,             shows the 

anticipation of solar PV output power higher than    . 

2.6 Price Estimation of Uncertain Hybrid Solar PV and Small-
Hydro Power 

 
In this study, another renewable generating system is a grouping of a 

small hydro unit and solar PV unit. River flow intensity decides the 

generation of the small-hydro unit that is popular for following Gumbel 

distribution [14]. As a generation from small-hydal is only around 10-20% of 

total generation from the hybrid scheme, intended for calculation point of 

perspective, we have taken reserve and penalty expense for overvalued and 

undervalued total generation of the hybrid system. 
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Subsequent Eq. (9), reserve price for overvalued of the hybrid system 

output: 

                                  
                                                           [             
                                                 ]                                                                                                                              

where,     is the reserve price coefficient related to the combination of 

system,       is the genuine accessible output from the system. The 

possibility of shortage of hybrid system output from the scheduled power 

(    ) is given by                 and the hope of distributed power below 

     is              . 
Following Eq. (10), penalty price for underestimation of the hybrid 

system output: 

                                  

                                                           [              
                                              ]                                                                                                                                

where,      is the penalty price coefficient related to the combination of 

the system,                 is the possibility of excess of hybrid system 

power from the scheduled power                      is the expectancy 

of the hybrid system output above     . 

 

                     Table 3. PDF constants of wind, solar PV and small hydro plants [14] 

 

Wind power unit Solar PV unit 

 

 

Wind power 

plant 

# 

 

Total 

Turbines 

(3MW each) 

 

Rated 

power,  
    

 

(MW) 

 

Weibull 

PDF 

constants 

 

Weibull 

mean, 

     

 

Rated 

power,  
    

 

(MW) 

 

Lognormal 

PDF 

constants 

 

Lognormal 

mean, 

     

(bus 5) 25 75   = 9,   = 2   = 7.976 m/s 
50  

(bus 11) 

  = 5.2 

 = 0.6 

 =483W m ⁄  

 

Hybrid Solar +Small Hydro unit 

Solar PV 

Rated 

power,  
    

 

(MW) 

Lognormal 

PDF 

constants 

Small-

Hydro 

Rated 

power,  
    

 

(MW) 

Gumbel 

PDF 

constants 

 
“Wind power producing plant at Bus Number-5 

Solar PV plant at Bus Number -11 

Hybrid Solar +Small Hydro at Bus Number -13” 

45 

(bus-13) 

  = 5.0 

 = 0.6 
5 

  = 15 

 = 1.2 
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       Table 4. Price coefficients (Direct, Penalty and Reserve) for renewable energy 

resources 

Direct price coefficient ($/MW) Reserve price coefficient ($/MW) Penalty price coefficient ($/MW) 

Wind unit 

 

 

       

Solar unit  

 

 

       

Hybrid solar 

Small-hydro 

unit 

       

Wind unit 

  

 

      

Solar unit 

 

 

      

Hybrid solar-small 

hydro unit 

 

       

Wind unit 

  

 

        

Solar unit 

  

 

        

Hybrid solar-small 

hydro unit 

 

         

 

3 Objectives of Optimization 

 

The OPF contains the objectives of optimal active-reactive power 

dispatch. In this section, the objectives of optimal power flow with solar, 

wind and small hydro plants are incorporated as follows; 

3.1 Minimization of Entire Price Including Renewable Energy 
Resources 

  

The major objective is minimization of total entire price. Overall 

generation price is the addition of coal based unit price and direct, reserve 

and penalty prices for the non- conventional resources. Hence, inclusive 

price for coal based plants, a wind power plant, a solar PV and a hybrid solar 

and small-hydro plant is signified as: 

Objective 1: Minimize – 

                [                               
    ]  [                                   ]  [          
                                 ]                                                                                                               

3.2 Minimization of Voltage Deviation Including Renewable 
Energy Sources 

 

Bus voltage is a standout amongst the premier vigorous safety and 

management superiority lists. The improving voltage outline will be learned 

by preventive the deviances in voltage of PQ bus from 1.0 for each unit. The 

objective function will be given by: 
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Objective 2: Minimize – 

   ∑ |      |
   

   
                                                    (14) 

                   

where     shows the no. of load (PQ) buses,    shows the p.u voltage of 

 th
 bus. 

3.3 Minimization of Active Power Losses Including Renewable 
Energy Sources 

 
The optimization of real power losses       (MW) may be computed by: 

Objective 3: Minimize – 

         ∑     
  
   ∑    

  
                                     (15) 

                                               

where     and     represent the output and dispatch at  th
 bus;    shows 

the number of buses. 

3.4 Enhancement of Voltage Stability Index Including Renewable 
Energy Sources 

 
The most significant measure, which designates the voltage constancy 

margin of each bus, is the      index to reserve the continuous voltage 

inside appropriate margin under ordinary working environments. L-index 

delivers a scalar quantity for each PQ bus.      index lies in a span of „0‟ 

(no load) to „1‟ (voltage failure). The amount of voltage downfall pointer for 

 th
 bus is acquired as; 

   |  ∑    
  

  

  

   |                                                  (16) 

                                 

     [  ]
  [  ]             (17) 

                 

where    and    were the sub-matrices of     . The objective function of 

voltage immovability improvement is written by; 

        (  )                           (18) 

            

 

 

 

 

 



                                                                                                                  
 

                     

 

 

 

 
628   Sundaram B. Pandya  et al 

3.5 Equality Constraints 

 

Equality bounds are given by power flow balances which shows that 

both actual and imaginary power produced in a system should have satisfied 

the load demand and losses in the system. 

          ∑   [                       ]        
  

   
       (19) 

                               

          ∑   [                       ]        
  

   
       (20) 

                               

where          , is the variance in phase angles of voltage among 

bus   and bus  ,    shows overall buses,     and     are real and VAR 

power demand respectively at  th
 bus.     and     are real and VAR outputs 

respectively of  th
 bus by either unit (coal based or non-conventional) as 

applicable.     shows the conductance and     shows the susceptance 

between bus   and bus  , respectively. 

3.6 Inequality Constraints 

 

Inequality bounds were the operational boundaries of devices and 

security bounds of lines and PQ buses. 

 enerator bounds       

    
             

                    (21) 

                  

 ws
         ws

               (22) 

                  

   
           

                (23) 

                 

    
             

               (24) 

                  

    
             

                    (25) 

                   

 ws
         ws

                           (26) 

    

   
           

               (27) 

                  

    
             

               (28) 
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                       (29) 

                                 

 ecurity bounds    

       
    

                   (30) 

                                              

       
                       (31) 

                         

Eq. (21) to Eq. (24) signifies the real power output bounds of coal based, 

wind units and solar units respectively. Afterward, Eq. (25) to Eq. 

(28) signifies the VAR power capacity of generating units.    show the 

overall voltage control buses. Eq. (29) shows bounds on the voltage of PV 

buses, whereas, Eq. (30) shows the voltage bounds on PQ buses where    is 

the number of PQ buses. Line loading boundaries are defined using 

Eq. (31) for total    number of lines in a system. 

 

                  4 Multi-Objective Multi Verse Optimizer 

  

The MVO algorithm based on one of the philosophies that the 

occurrence of several cosmoses. The key motivation is the interface of many 

cosmos through white hole, black hole, and worm hole. In this viewpoint, 

substances are transited from a cosmos through channel via white hole to a 

black hole. Also, worm holes are talented to mobile substances from single 

junction of a cosmos to alternative, without a essential for a white or black 

hole. The optimization route starts with set of solution. Each solution is like 

to a cosmos and variables are reflected as substances in the cosmos. In 

direction to pool the solutions, white and black holes are arbitrarily warped in 

the cosmoses and roots drive of objects. Each cosmos is assessed with an 

objective role and its objective importance is measured by means of the 

inflation rate. The inflation rate is the rising rapidity of a cosmos. The greater 

inflation rate, the greater chance that a cosmos has to possess white holes. By 

dissimilarity, the actuality of black holes is in reverse relative to the inflation 

rate. These rules basis the movement of variables from improved cosmos to 

inferior ones. The while-black hole channels reasons assessment of 

exploration space owing to altering answers rapidly. 

 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0196890417306167#e0075
https://www.sciencedirect.com/science/article/pii/S0196890417306167#e0090
https://www.sciencedirect.com/science/article/pii/S0196890417306167#e0090
https://www.sciencedirect.com/science/article/pii/S0196890417306167#e0105
https://www.sciencedirect.com/science/article/pii/S0196890417306167#e0110
https://www.sciencedirect.com/science/article/pii/S0196890417306167#e0115
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Figure 2. Basic Concept of MVO [16] 
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 {

{
       (              )       

       (              )       
      

  
 

                                                                            

     (32)                                             

where    shows the  th
 dimension in the best answer  WEP is the “Worm 

hole Existence Probability”  TDR specifies the “Travelling Distance Rate”  

    is the “Lower Bound” of  th
 dimension,     is the “Upper Bound” of  th

 

dimension,    and    are random values. For more details see the ref. [16-17]. 

 

4.1 Fuzzy Approach for the Multi-Objective Problem 

 

For verdict the best conceding explanation amongst all the non-inferior 

results, the fuzzy membership approach can be applied in multi-objective 

functions. The fuzzy membership function    
 is looking after minimum 

  
   and maximum   

    values for every objective goal with the help of 

fuzzy involvement function. Now, the involvement function of     objective 

is expressed as; 

   
 

{
 

 
                                                       

    

  
      

  
      

                                        
        

                                                        
    

  
             (33) 

                                              

The values of membership functions lie in the scale of (0-1) and shows 

that how much it satisfies the function   .  Afterward, the decision-making 

function    should be computed as follows; 

   
∑    

  
   

∑ ∑    
  

   
 
   

                                    (34) 

                                                            

The decision-making function can also be considered as the normalized 

membership function for non-inferior results and shows the ranking of the 

non-dominance results. The final result is treated as the best conceding 

explanation among all the pareto front having the value                
           . 
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“Generate random cosmos (U) 

Set WER, TDR AND Best_Cosmos 

SU=Sorted cosmos 

NI=Normalize the inflation Rate (Fitness) of the cosmos 

While the end condition is not fulfilled  

Estimate the fitness of all cosmos 

for each cosmos indexed by i 

Modernize WEP and TDR 

Black_hole _index=I; 

for each object indexed by j  

r1=random ([0,1]); 

if r1<NI (Uj) 

White_hole_ index =Roulette Wheel Selection(-NI); 

U (White_hole_ index,j)=SU(White_hole_ index,j); 

end if 

r2=random(0,1); 

if r2<wormhole _existence _probability 

r3=random([0,1]); 

r4=random([0,1]); 

if r3<0.5 

U(i,j)=Best_cosmos(j)+Travelling_ Distance_ Rate*((ub(j)-lb(j)*r4+ lb(j)); 

else 

U(i,j)=Best_cosmos(j)-Travelling_ Distance_ Rate*((ub(j)-lb(j)*r4+ lb(j)); 

end if 

end if 

end for 

end for 

end while” 

             Figure 3. Pseudo code for MVO algorithm [16] 

 

5 Simulation Results and Analysis 

 
In this study, the solitary objective and multi-objective optimization by 

means of MVO algorithm are executed to solve the stochastic OPF problem 

with hybrid renewables. The multi verse optimizer (MVO) is used as 

optimization tool for the verdict the answers of OPF with renewable power 

plants. The answer of the optimal power flow problem is also authenticated 

analogous through the recently established algorithms, like Ant Lion 

Optimization (ALO), Sine Cosine Algorithm (SCA), and Dragonfly  
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Algorithm (DA). The revised IEEE-30 bus framework with wind, solar PV 

plants and small hydro plants assimilated can be exploited to illustration the 

proficiency of the recommended approach. The power system information 

and data with renewable plants are directly taken from ref [14]. The major 

features of improved IEEE-30 bus structure are specified in Table 1. There 

are basically two scenarios as given below; 

 Scenario-1 (Single objective OPF with renewable energy resources) 

 Scenario-2 (Multi-objective OPF with renewable energy resources) 

  
 

Table 5. Outlines of study situations for revised IEEE-30 bus system 

 

Trial 

scheme 

Situations 

# 
Single and Multi-Objectives Functions 

 

 

 

Revised 

IEEE 

30-bus 

test 

system 

Case # 1 Total Fuel Price including Hybrid Renewables 

minimization. 

Case # 2 Emission minimization with Hybrid Renewables. 

Case # 3 Active power loss minimization with Hybrid 

Renewables. 

Case # 4 Voltage deviation minimization with Hybrid 

Renewables. 

Case # 5 Voltage stability enhancement Hybrid Renewables. 

Case # 6 Total Fuel Price and Emission minimization including 

Hybrid Renewables. 

Case # 7 Total Fuel Price and active power loss minimization 

including Hybrid Renewables. 

Case # 8 Total Fuel Price and voltage deviation minimization 

including Hybrid Renewables. 

Case # 9 Total Fuel Price, Emission and active power loss 

minimization including Hybrid Renewables. 

Total nine dissimilar test cases are considered as presented in Table 5. 

Outcomes of the case studies with multi verse optimizer approach are 

tabularized and described in this section. The first five case studies are for 

single objectives optimization and rest of the four cases are multi-objective 

optimization problems incorporated renewable energy resources. In proposed 

work, the programming is done with MATLAB programming language and 

evaluate on the system having 3.4 GHz, Intel i5 processor with 8 GB RAM. 

Here, the search agent value is choosing to be 40 and each algorithm is 

analyzed with 500 iterations. 
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5.1 Scenario-1 (Single Objective OPF with Renewable Energy 
Resources) 

 

Here all the objective goals specified in mathematical formulation are 

solved as solo objective optimization issue with the help of MVO, ALO, 

SCA and DA approach. The least and extreme bounds of all control variables 

like, five generators scheduled actual power and six generator bus voltages 

with the results of objective functions, preliminary from case-1 to case-5 are 

tabulated in Table 6 to Table 8 with the best minimum values including four 

different latest algorithms. 

Table 6. Single objectives outcomes for case-1 and case-2  

 

Control & 

State 

variables 

Min Max 
Case-1 Case-2 

MVO ALO SCA DA MVO ALO SCA DA 

PG2(Coal based) 20 80 57.092 58.420 44.729 34.475 46.625 46.634 52.114 52.599 

PG8(Coal based) 10 35 10.099 12.236 12.376 14.525 35.000 35.000 35.000 35.000 

PG5(Wind) 0 75 52.460 51.422 44.362 42.913 74.940 74.174 74.093 75.000 

PG11(Solar) 0 50 17.692 16.991 18.055 16.887 49.631 49.989 50.000 50.000 

PG13(Solar+Small 

Hydro.) 
0 50 14.988 14.823 16.477 9.715 47.348 46.495 48.246 43.740 

V1 0.95 1.1 1.100 1.100 1.100 0.982 1.001 1.085 1.100 1.067 

V2 0.95 1.1 1.089 1.092 1.100 1.001 1.013 1.099 1.100 1.100 

V5 0.95 1.1 1.067 1.073 1.100 0.962 1.005 1.093 1.100 0.985 

V8 0.95 1.1 1.071 1.075 1.043 0.994 1.057 1.092 0.950 1.100 

V11 0.95 1.1 1.100 1.100 1.100 1.088 1.080 1.083 0.950 1.023 

VG13 0.95 1.1 1.078 1.097 1.100 0.983 0.965 1.100 0.950 1.093 

QG1(Swing) -50 140 117.294 135.453 16.812 40.618 -45.686 67.786 -50.000 36.064 

QG2(Coal based) -20 60 45.201 8.700 -1.812 28.371 -5.068 56.143 -16.557 17.947 

QG8(Coal based) -15 40 0.389 -5.851 29.607 -3.857 -7.165 4.921 -15.000 3.183 

QG5(Wind) -30 35 3.044 -11.786 14.564 -20.372 0.018 -0.677 13.225 35.000 

QG11(Solar) -20 25 -6.328 -19.987 25.000 12.334 -7.406 15.796 -4.988 23.911 

QG13(Solar+Small 

Hydro.) 
-20 25 -5.837 -11.582 -20.000 4.575 -12.918 -7.743 -20.000 6.497 

Total Fuel 

Price ($/hr) 
    891.899 891.903 897.394 908.276  - -  -   - 

Emission 

 (Ton/hr) 
    -   -  -  - 0.092 0.092 0.093 0.093 
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Table 7. Single objectives outcomes for case-3 and case-4  

 

Control & 

State 

variables 

Min Max 
Case-3 Case-4 

MVO ALO SCA DA MVO ALO SCA DA 

PG2(Coal based) 20 80 65.901 74.242 80.000 68.659 38.974 42.374 45.795 48.611 

PG8(Coal based) 10 35 34.989 35.000 31.005 35.000 34.172 32.720 35.000 23.704 

PG5(Wind) 0 75 75.000 75.000 75.000 75.000 56.806 21.579 0.000 27.700 

PG11(Solar) 0 50 49.999 50.000 42.803 50.000 20.184 7.041 0.000 36.755 

PG13(Solar+Small 

Hydro.) 
0 50 47.584 48.512 48.525 48.525 0.023 0.067 0.000 3.723 

V1 0.95 1.1 1.100 1.099 1.100 1.100 0.978 0.981 0.950 0.950 

V2 0.95 1.1 1.100 1.100 1.100 1.100 0.950 0.950 0.998 0.975 

V5 0.95 1.1 1.091 1.090 1.083 1.100 0.976 0.974 0.959 0.967 

V8 0.95 1.1 1.095 1.096 1.100 1.100 1.092 1.096 1.100 1.100 

V11 0.95 1.1 1.100 1.100 1.100 1.100 1.097 1.100 1.100 1.022 

VG13 0.95 1.1 1.099 1.100 1.100 1.100 1.055 1.054 1.044 1.100 

QG1(Swing) -50 140 31.622 140.000 -50.000 140.000 117.756 -1.257 -5.602 61.484 

QG2(Coal based) -20 60 -17.524 60.000 -19.494 60.000 -11.377 -3.966 7.485 56.145 

QG8(Coal based) -15 40 39.843 39.999 18.055 -15.000 -14.714 -0.900 -3.844 34.793 

QG5(Wind) -30 35 18.037 34.995 10.362 35.000 33.901 -0.617 12.662 -8.835 

QG11(Solar) -20 25 -15.130 24.622 -11.652 25.000 -19.861 1.345 0.044 15.335 

QG13(Solar+Small 

Hydro.) 
-20 25 -13.642 18.099 -17.581 -20.000 18.098 -14.928 17.851 1.243 

Active Power 

Loss (MW) 
    1.868 1.873 2.070 1.890  - -  -   - 

Voltage 

Deviation 

(p.u) 

    -   -  -  - 0.287 0.285 0.297 0.318 
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Table 8. Single objectives outcomes for case-5  

 

Control & State 

variables 
Min Max 

  Case-5   

MVO ALO SCA DA 

PG2(Coal based) 20 80 80.000 80.000 80.000 80.000 

PG8(Coal based) 10 35 35.000 35.000 35.000 35.000 

PG5(Wind) 0 75 75.000 75.000 75.000 75.000 

PG11(Solar) 0 50 34.782 34.587 0.000 50.000 

PG13(Solar+Small Hydro.) 0 50 0.000 0.000 0.000 48.182 

V1 0.95 1.1 1.100 1.100 1.100 1.100 

V2 0.95 1.1 1.100 1.100 1.100 1.100 

V5 0.95 1.1 1.100 1.100 1.100 1.100 

V8 0.95 1.1 1.100 1.100 1.100 1.100 

V11 0.95 1.1 1.100 1.100 1.100 1.100 

VG13 0.95 1.1 1.100 1.100 1.100 1.100 

QG1(Swing) -50 140 -41.304 6.552 -40.176 -50.000 

QG2(Coal based) -20 60 59.590 48.715 27.720 -20.000 

QG8(Coal based) -15 40 -15.000 -0.222 -3.979 -15.000 

QG5(Wind) -30 35 14.227 -30.000 -1.405 -30.000 

QG11(Solar) -20 25 24.792 -19.890 -18.340 -20.000 

QG13(Solar+Small Hydro.) -20 25 -5.251 -19.927 8.140 -20.000 

L index      0.133 0.133 0.133 0.134 

The result of overall fuel price including the renewable power plants 

with MVO is 891.899 $/hr which is best among all four algorithms. Also, 

reduced up to 1.104 $/hr in comparison with the MOEA/D-SF algorithm and 

1.604 $/hr in comparison with MODE algorithm which is tabulated in Table 

9. 
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Table 9. Comparison of the simulation outcomes for single objectives 

 

Single 

Objectives 

Functions 

 MVO ALO SCA DA 
MOEA/D-

SF[14] 

SMODE/SF 

[14] 

Total F.C 

($/hr) 
891.899 891.903 897.394 908.276 893.003 893.503 

Emission 

(Ton/hr) 
0.092 0.092 0.093 0.093 0.1091 0.0961 

Ploss 

(MW) 
1.868 1.873 2.070 1.890 NA NA 

V.D (p.u) 0.287 0.285 0.297 0.318 NA NA 

Lmax 0.133 0.133 0.133 0.134 NA NA 

The convergence curve of total fuel price is showed in Figure 4. The 

contaminant gas emanation in case-2 is 0.092 Ton/hr with the MVO 

algorithm. In a case-3, the active power loss of dissimilar transmission lines 

is 1.868 MW with MVO technique which is the minimum among all four 

optimization techniques. Likewise, the voltage deviancy of every bus from 

the 1.0 per unit is also an significant feature for a consistent action of the 

grid. While the minimum voltage variation with MVO algorithm is 0.287 

p.u. The voltage immovability index, also recognized as      index, varies 

from 0 (no load) to 1 (voltage failure). So the least assessment for the      

index in case-5 is 0.133. The assessment charts with the total fuel price 

minimization and the contaminant gas emission minimization are 

demonstrated in Figure 5 and Figure 6. After equating the simulation 

consequences with the other newest algorithms like ALO, SCA, DA and 

other cited optimization methods, it is seen that the suggested method of 

multi verse optimizer technique provides the better results.  

5.2 Scenario-2 (Multi-Objective OPF with Renewable Energy 
Resources) 

 

In this scenario, two objectives and three objectives optimized 

simultaneously with the MVO optimization approach. Here, the non-

dominance sorted MVO optimization method is used for verdict the archives 

of dissimilar objectives concurrently. Total 30 non-dominate results are 

preserved for ruling the pareto front for adapted IEEE 30-bus framework. 

The case-6 to case-8 are called as dual objectives optimization and case-9 is  
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entitled as triple objectives optimization problems. For verdict the finest 

compromising answer, the fuzzy decision-making method is employed.  

 

 

                                Figure 4. Convergence characteristics of total fuel price minimization 
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                      Figure 5. Comparison chart for total fuel price minimization with different 

algorithms 

Figure 6. Comparison chart for emission minimization with different algorithms 
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The finest conceding answers with projected MVO algorithm and other 

cited meta heuristics algorithms for the case-6 to case-9 are demonstrated in 

boldfaced and stated in Table-10. The convergence appearances of finest 

pareto fronts are achieved by means of the multi verse optimization system 

with the case-6 and case-8 are showed in Figure 7 and Figure 8. 

 

Table 10. Multi-objectives simulation results obtained for different cases. 

 

Multi-Objectives 

Functions 
MVO ALO SCA DA 

CASE-6 

Total Fuel Price ($/hr) 927.529 929.571 931.122 931.094 

Emission (Ton/hr) 0.515 0.443 0.409 0.443 

CASE-7 

Total Fuel Price ($/hr) 942.989 973.350 969.306 967.056 

Active Power Loss (MW) 4.358 3.317 3.310 3.334 

CASE-8 

Total Fuel Price ($/hr) 907.851 907.562 899.137 900.151 

Voltage Deviation (p.u) 0.330 0.347 0.365 0.362 

CASE-9 

Total Fuel Price ($/hr) 954.554 979.508 975.298 955.341 

Emission (Ton/hr) 0.253 0.130 0.133 0.207 

Active Power Loss (MW) 4.716 3.567 3.235 3.888 
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Figure 7. Convergence appearances of total fuel price and emission minimization 

 

Figure 8. Convergence appearances of total fuel price and voltage deviation 

minimization 
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Table 11. Assessment of the simulation results for multi-objectives (Case-6) [14] 

 

Multi-

Objectives 

Functions 

 MVO ALO SCA DA 
SMODE/SF 

[14] 

MOEA/D-

SF[14] 

Total F.C 

($/h) 
927.529 929.571 931.122 931.094 927.049 919.040 

Emission 

(T/h) 
0.515 0.443 0.409 0.443 0.4721 0.6221 

Figure 9. Convergence characteristics of total fuel price, Emission and voltage deviation 

minimization 
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The pareto front for case-9 is displayed in Figure 9. Table-11 shows the 

comparison of proposed technique with MODE [14]. From the results, it is 

come to know that the MOMVO approach is one of the best tactics for 

searching the optimal solutions of the multi-objective OPF issue integrating 

with wind, solar and small-hydro power plants. 

6 Conclusion 

 

This paper recommends the solution technique to single and multi-

objective optimal power flow (MOOPF) issue having wind, solar and small 

hydal power plants of uncertain nature in a grid. Irregularities of non-

conventional resources are formulated using various probability density 

functions. Assimilation technique of all the units is described in details. 

Single objectives like generation price, emission, voltage deviation, active 

loss and voltage stability index incorporating with renewable energy sources 

are optimized. Also, stochasticity of generation price with different price 

coefficients of non-conventional sources is explained. Similarly, multi-

objective version of OPF issue is studied with renewable sources 

incorporated. The performances are compared with recently available 

optimization technique. From the obtained result, it is concluded that the 

suggested MOMVO accomplishes improved quality and additionally feasible 

solutions for each situation of optimal power flow and has better 

convergence compare to other algorithms. All the results without a doubt 

uncover the substantial predominance of the proposed technique in 

accomplishing the optimal solutions of single and also multi-objective OPF 

issues. So finally, it is shown that with non-dominance sorted technique, 

MOMVO can be proficiently utilized for solving small and large optimal 

power flow issues by integrating hybrid renewables. 

 

References 

 

[1] J.L. Carpentier, "Optimal power flows uses, methods, and developments," 

Proceeding. IFAC Conference, Vol. 18, no.7, pp.11-21, 1985. 

[2]  Roy Ranjit  Jadhav HT  “Optimal power flow solution of power system 

incorporating stochastic wind power using Gbest guided artificial bee 

colony algorithm.” International Journal of Electrical Power & Energy 

Systems., Vol.64, pp.562–578, 2015. 

[3]  Ambarish Panda  M. Tripathy  “Optimal power flow solution of wind 

integrated power system using modified bacteria foraging algorithm.”  

 



                                                                                                                  
 

 

 

 

 

 
644  Sundaram B. Pandya  et al 

 

      International Journal of Electrical Power & Energy Systems, Vol. 54, 

pp.306–314, 2014. 

[4]  Ambarish Panda  M. Tripathy  “ ecurity constrained optimal power flow 

solution of wind-coal based generation system using modified bacteria 

foraging algorithm.” Energy  Vol. 93  pp.816–827, 2015. 

[5]  L  hi  C Wang  L Yao  Y Ni  M Bazargan. “Optimal power flow solution 

incorporating wind power.” IEEE  ystems Journal  Vol. 6  no. 2  pp. 

233–241, 2012. 

[6]  RA Jabr  BC Pal. “Intermittent wind generation in optimal power flow 

dispatching.” IET  eneration  Transmission & Distribution  Vol. 3  no.1  

pp. 66–74, 2009. 

[7]   . Mishra  Y. Mishra  . Vignesh. “ ecurity constrained economic 

dispatch considering wind energy conversion systems.” IEEE Power and 

Energy Society General Meeting, 2011. 

[8]  Wei Zhou  Yu Peng  Hui  un  “Optimal wind–coal based coordination 

dispatch based on risk reserve constraints.” European Transactions on 

Electrical Power, Vol.21, no. 1, pp.740–756, 2011. 

[9]  Hari Mohan Dubey  Manjaree Pandit  B.K. Panigrahi  “Hybrid flower 

pollination algorithm with time-varying fuzzy selection mechanism for 

wind integrated multi-objective dynamic economic dispatch”. Renewable 

Energy, Vol. 83, pp. 188–202, 2015. 

[10]Henerica Tazvinga  Bing Zhu  Xiaohua Xia. “Optimal power flow 

management for distributed energy resources with batteries.” Energy 

Conversion and Management, Vol.102, pp. 104–10., 2015. 

[11] Kanzumba Kusakana. “Optimal scheduling for distributed hybrid system 

with pumped hydro storage.” Energy Conversion and Management  Vol. 

111, pp. 253–260, 2016. 

[12] .  urender Reddy  P.R. Bijwe  Abhijit Abhyankar. “Real-time 

economic dispatch considering renewable power generation variability 

and uncertainty over scheduling period.”  IEEE Systems Journal, Vol.9, 

no.4,pp.1440-1451, 2015. 

[13] .  urender Reddy  “Optimal scheduling of thermal-wind-solar power   

system with storage”  Renewable Energy  Vol. 101  pp.1357-1368, 2017. 

[14] P.P.Biswas, P.N.Suganthan, B.Y.Qu, Gehan A. J. Amartunga, "Multi-

objective economic–environment dispatch with stochatic wind–solar-

small hydro power ", Energy, Vol. 150, pp. 1039-1057, 2018. 

[15]  undaram B. Pandya  Hitesh R. Jariwala  “Renewable Energy Resources 

Integrated Multi-Objective Optimal Power Flow using Non-Dominated 

 ort  rey Wolf Optimizer”  Journal of  reen Engineering  Vol.10  no. 1  

pp. 180-205, 2020. 

[16] . Mirjalili   . M. Mirjalili  A. Hatamlou  “Multi-verse optimizer: A 

nature-inspired algorithm for global optimization”  Neural Computing 

and Applications, Vol. 27, no. 2, pp. 495-513, 2016. 

 



                                                                                                                  
 

 

 

 

 

 
Stochastic Wind-Solar-Small Hydro Power Plant Integrated Multi-Objective Optimal 

Power Flow Using Multi Verse Optimizer   645
 

 

 

 

[17]Seyedali Mirjalili, Pradeep Jangir, Seyedeh Zahra Mirjalili, Shahrzad 

 aremi  Indrajit N. Trivedi  “Optimization of problems with multiple 

objectives using the multi-verse optimization algorithm”     Knowledge-

Based Systems, Vol. 134, pp. 50-71, 2017. 

 

Biographies  
 

 
Sundaram B. Pandya is the research scholar at S.V. National Institute of 

Technology, Surat. His area of interest is application of artificial intelligence 

techniques in power system 

 

 

 
Hitesh R. Jariwala received M.Tech from IIT, Bombay and Ph.D. degree 

from SVNIT, Surat in electrical engineering. He is working as Associate 

Professor with S.V. National Institute of Technology, Surat. His area of 

research is power system dynamics, power system protection, 

implementation of various artificial intelligence techniques in different 

power system problems and FACTS. 

 


