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In power systems planning, economic load dispatch considering the uncertainty of 

renewable energy sources is one of the most important challenges that researchers have 

been concerned about. Complex operational constraints, non-convex cost functions of 

power generation, and some uncertainties make it difficult to solve this problem through 

conventional optimization techniques. In this article, an improved dynamic differential 

annealed optimization (IDDAO) meta-heuristic algorithm, which is an improved version 

of the dynamic differential annealed optimization (DDAO) algorithm has been 

introduced. This algorithm has been used to solve the economic emission load dispatch 

(EELD) problem in power systems that include wind farms, and the performance of the 

proposed technique was evaluated in the IEEE 40-unit and 6-unit standard test systems. 

The results obtained from numerical simulations demonstrate the profound accuracy and 

convergence speed of the proposed IDDAO algorithm compared to conventional 

optimization algorithms including, PSO, GSA, and DDAO, while independent runs 

indicate the robustness and stability of the proposed algorithm. 

 

 

  

 

I.Introduction 

Due to the ever-increasing progress of industries and the 

expansion of cities, the need for electric energy and 

consequently, thermal power generation has significantly 

increased. In recent years, the emission of harmful gases such 

as sulfur oxide and nitrogen oxide, which have caused 

atmospheric pollution and intensified global warming, has 

become a critical issue. One of the ways to limit the emission 

of these gases is to apply stricter policies on thermal units [1, 

2]. To apply new regulations and tax considerations for 

excessive greenhouse gas emissions, a problem combining 

load economic dispatch and emission constraints known as the 

load economic emission dispatch problem is introduced [2].  

Economic load dispatch has an important and sensitive task 

in the operation and planning of power systems in such a way 

that it requires the generation units to meet the load demand 

while the total power generation cost is minimized and various 

technical and operational limitations of this process are met [2, 

3]. 

One of the most important solutions to reduce 

environmental pollutants is to replace fossil fuels with 

renewable energy, and one of the most important and cost-

effective sources of renewable energy is wind energy [4]. The 

use of wind energy in the generation of electrical energy does 

not cause environmental pollution, and its maintenance cost is 

reasonable compared to other renewable energy sources. 

However, due to the random nature of wind speed forecasting, 
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solving the problem of economic load dispatch with the 

participation of wind units has many challenges [5, 6]. 

Classical optimization methods such as gradient descent, 

Landa's iteration method, linear programming method and 

dynamic programming in the simple economic load dispatch 

problem provide suitable results when the cost function is 

smooth, continuous, and differentiable [7]. These methods 

don’t provide suitable answers when the cost function is non-

convex, discontinuous, and non-derivative and there are 

various electrical and mechanical constraints such as the effect 

of the input valve, generation and consumption balance 

constraints, generation limits, prohibited zones, the limit of the 

permitted rate of change of power and the losses of the 

transmission network. These problems have led researchers to 

use intuitive optimization algorithms to solve this problem [8-

13]. 

In recent years, different optimization algorithms have been 

used to solve the problem of economic load dispatch by 

considering the effect of wind units, including the PSO 

optimization algorithm and its improved variants called 

EMOPSO [10], or the gravitational acceleration enhanced 

particle swarm optimization (GAEPSO) algorithm [14],  

CMOPEO-EED algorithm [15], EMA algorithm [16], NSGA-

II algorithm [17], CSCA algorithm [18], IMOBSO algorithm 

[19], NSGWO algorithm [20], MQLSA algorithm [21], 

MODE algorithm [22], WMA algorithm [23], COOT 

algorithm [24] and CRO algorithm [25]. In the following, 

some of the articles presented in this regard are mentioned. 

In [26], a hybrid method combined with linear and non-

linear programming is employed to tackle with non-convexity 

of economic dispatch, considering the valve point effects. The 

woodpecker mating algorithm (WMA) is used by [23] to solve 

the economic dispatch problem considering the nonlinear 

properties of generators. In the presence of RESs, the chaotic 

slap swarm optimization algorithm has been applied to cope 

with the non-convexity caused by the valve point loading 

effect [27]. The quasi-oppositional-based political optimizer 

has been implemented by [28], which has minimized the costs 

and emissions as well. However, with an increase in the 

number of units, the proposed technique requires a higher 

number of iterations to reach a desirable solution. The kernel 

search optimization algorithm and PSO with Cauchy 

perturbation [29] are also used to solve economic dispatch 

problem with non-convexity of valve point loading effect. 

Results indicate that the proposed methodology is robust and 

flexible. [30] introduced an improved mayfly algorithm 

incorporating levy flight to resolve the combined economic 

emission dispatch problem encountered in microgrids with 

thermal, solar, and wind generation. Although this reference, 

successfully minimizes total cost and emission for four 

different scenarios, the speed of the solution has not been 

discussed. Quasi-oppositional learning-based chaos-assisted 

sine cosine algorithm has been applied in [31] for dynamic 

economic emission dispatch in hybrid energy systems. In this 

reference, the participation of wind and solar energy resources 

led to a reduction of 20.84% and 8% in generation costs, 

respectively. [32] evaluates the implementation of the 

grasshopper optimization algorithm with the binary approach 

to solve heat and power economic emission dispatch 

considering the valve point loading effect, ramp-rate 

constraints, prohibited zones, and transmission losses. This 

reference has additionally introduced a new case study to 

examine the effectiveness of the proposed strategy. To 

increase convergence performance and solution speed in 

solving the problem of hybrid dynamic economics emissions 

dispatch, an improved COOT optimization algorithm is 

utilized [24]. Adaptive chaotic class topper optimization 

algorithm [33], exchange market algorithm (stock ticker EMA) 

[34], and chemical reaction optimization (CRO) [25] are also 

applied to solve combined economic emission dispatch 

problem. 
Solving the EELD problem along with uncertainties about 

renewable energy sources has been associated with many 

challenges in recent years. Even though the literature is 

enriched with the optimization techniques employed to solve 

it but still a lot of papers are being published incorporating the 

problem through the variants of metaheuristic optimization 

techniques. 

In this paper, the EELD problem has been solved by presenting 

an improved dynamic differential annealed optimization 

algorithm, which is an improved version of the DDAO 

algorithm. The main contributions of this work are as follows : 

- An improved dynamic differential annealed 

optimization algorithm is proposed to enhance the 

performance of the conventional DDAO optimizer. 

-  The efficacy of the proposed algorithm to solve the 

EELD problem in 6-unit and 40-unit test systems is 

validated. 

- The competence and effectiveness of the proposed 

IDDAO in terms of robustness, quality of the 

solution, and computational efficiency are compared 

with various methods suggested in the literature. 

The remainder of this article is organized as follows: 

The EELD problem is formulated in section 2. In part 3, the 

proposed IDDAO algorithm is introduced, followed by section 

4 which discusses and evaluates the performance and 

effectiveness of the proposed IDDAO algorithm in 6-unit and 

40-unit test systems to solve EELD with the presence of wind 

generation. Section 5 is dedicated to the conclusion. 

 

II.The problem of economic emission load dispatch  

With the increase in the demand for electric power 

generation and the reduction of power resources and the 

increase in pollution, the optimization issues in modern power 

systems have received more attention from researchers. 

Considering the output power of wind units, one of the most 

important optimization issues in power systems related to 

loading management on the demand side for calculation of the 

optimal output of generators on the generation side. In terms 

of the generated power of thermal units, the power plants do 

not have the same specifications and have different fuel costs, 

and are located at different distances from the load centers, and 

the lines that connect them to the loads have different 

specifications. In addition to these problems, the generation 

capacity of power plants is more than the total demand of loads 

and system losses in normal operating conditions, leading to 
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the issue that there are different choices for the amount of 

power generated by each power plant [3]. 

In power systems analysis, economic load dispatch has an 

important role, as it requires the generation units to meet the 

load demand while the total cost of power generation is 

minimized, and various non-linear and complex constraints of 

this process are met. In the simplest possible case, the 

economic load dispatch problem has the objective function of 

relation (1) [25]. 

𝐹𝑐 =∑(𝑎𝑖 + 𝑏𝑖𝑃𝑖 + 𝑐𝑖𝑃𝑖
2)

𝑁

𝑖=1

 (1) 

where the total production power of thermal power plants is 

represented by 𝐹𝑐, N represents the number of thermal units, 

and 𝑎𝑖 , 𝑏𝑖 , and 𝑐𝑖  are the cost coefficients of each unit. 

Considering the effect of the steam valve, the cost function 

changes as follows [25]. 

Fc =∑(ai+biPi+ ciPi
2

N

i=1

+ |ei × sin(fi (Pi
min−Pi))|) 

(2) 

where the coefficients 𝑓𝑖 and 𝑒𝑖 are related to the effect of 

the steam valve and the lower limit of the generation of each 

unit. For each thermal unit, the cost of the total emission is 

expressed as the following relationship [25]: 

𝑬𝒄 =∑𝟏𝟎−𝟐(𝜶𝒊 + 𝜷𝒊𝑷𝒊 + 𝜸𝒊𝑷𝒊
𝟐)

𝑵

𝒊=𝟏

+ 𝜼𝒊exp(𝜹𝒊𝑷𝒊) 

(3) 

where 𝛼𝑖 , 𝛽𝑖, 𝛾𝑖, 𝜂𝑖 , and 𝛿𝑖 are the emission coefficients of 

each generator. The cost of power generated by wind units in 

the following relationship consists of three parts [35].  The first 

part is related to the cost paid to the owner of wind turbines. 

The second part is related to the conditions in which the output 

power of the wind unit is greater than its estimated value, so 

some of the generated power will be wasted or the power of 

other units must be reduced by redistributing load so that the 

difference between the planned power of the wind unit and the 

output of the wind unit should be applied in the cost function. 

The third part of the cost function is related to the conditions 

in which the output power of the wind unit is less than the 

planned value for it. In this case, to balance the generation and 

consumption power, the revolving reserve capacity should be 

used [35]. 

𝐹𝑊 =∑ 𝑑𝑗𝑤𝑗

𝑀

𝑗=1

+ 𝑘𝑃,𝑗∫ (𝑤 − 𝑤𝑗)𝑓𝑤

𝑤𝑟,𝑗

𝑤𝑗

(𝑤)𝑑𝑤

+ 𝑘𝑅,𝑗∫ (𝑤𝑗 − 𝑤)𝑓𝑤

𝑤𝑗

0

(𝑤)𝑑𝑤 

(4) 

In the above relation, the number of wind units and the factor 

of the planned power cost of the wind unit is shown by 𝑀, and 

𝑑𝑗. In the second and third parts, 𝑘𝑃,𝑗 shows the penalty factor 

for generating more power than the planned amount, and 𝑘𝑅,𝑗 

shows the penalty factor for generating less than the planned 

amount. In this relationship,𝑓𝑊(𝑤) represents the probability 

density function of the output power of the wind turbine, which 

is calculated from the following relationships [16, 35]. 

𝑓
𝑊
(𝑤) =

𝑘𝑙𝑣𝑖

𝑐
(
(1 + 𝜌𝑙)𝑣𝑖

𝑐
)

𝑘−1

∗ exp(−(
(1 + 𝜌𝑙)𝑣𝑖

𝑐
)

𝑘

) 

(5) 

𝑙 = (
(𝑣𝑟 − 𝑣𝑖)

𝑣𝑖
) (6) 

𝜌 =
𝑤

𝑤𝑟
 (7) 

where 𝑤 is the output power of the wind turbine, 𝑣 is the 

wind speed, 𝜌 is the ratio of the output power to the nominal 

wind power, and l is the ratio of the linear range of the wind 

speed to the connection speed of the wind turbine. 

A. Objective function 

The objective function implemented in this paper is as 

follows: 

𝑇𝑐 =𝑀𝑖𝑛𝑖𝑚𝑎𝑧𝑒 (𝐹𝑐+𝐸𝑐+𝐹𝑊) (8) 

B. System limitations 

The EELD problem has several constraints. The first 

constraint is the balance of the power system's generation and 

consumption power so that the set of power generation at any 

time is equal to the set of consumption power and network 

losses. This issue is defined as the following relationship. It 

should be noted that the system losses are considered a 

function of the power generation, whose value is calculated 

from the following equations. 

∑ 𝑃𝑖 = 𝑃Demand + 𝑃Loss 

𝑁

𝑖=1

 (9) 

𝑃Loss =∑∑ 𝑃𝑖𝐵𝑖𝑗𝑃𝑗

𝑁

𝑗=1

𝑁

𝑖=1

+∑ 𝐵𝑖0𝑃𝑖

𝑁

𝑖=1

+ 𝐵00 

(10) 

where, the required power is indicated by 𝑃Demand , and the 

losses of the power system are indicated by 𝑃Loss . 𝐵00, 𝐵𝑖0, 

and 𝐵𝑖𝑗are the network loss coefficients, and constants during 

normal operating conditions [28].  

The second constraints indicate the minimum and maximum 

of generated power by thermal and wind power plants as 

follows [35]: 

𝑃𝑖
𝑚𝑖𝑛 ≤ 𝑃𝑖 ≤ 𝑃𝑖

𝑚𝑎𝑥0 ≤ 𝑤𝑗 ≤ 𝑤𝑟,𝑗 (11) 

where the upper and lower limit of the power generation of 

each thermal unit is indicated by 𝑃𝑖
𝑚𝑎𝑥  and 𝑃𝑖

𝑚𝑖𝑛 , and the 

rated power and output power for each wind unit are indicated 

by 𝑤𝑟,𝑗, and 𝑤𝑗 . 
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III.The proposed optimization algorithm 

Introducing the DDAO algorithm, the proposed improved 

algorithm has been discussed in this section. 

A. Dynamic differential annealed optimization 

algorithm (DDAO) 
The dynamic differential annealing optimization (DDAO) 

algorithm presented in reference [36] is inspired by the optimal 

production process of two-phase annealed steel. This 

algorithm is effective in solving optimization problems. The 

processes of this algorithm are briefly described below: 

The first stage includes the production of the initial 

population. At this stage, the initial population of solutions is 

generated randomly. This population includes candidate 

answers and general answers. In the second step, for the 

production of two-phase steel, the temperature decreases 

randomly. The random process of temperature reduction 

causes the formation of different phases of steel that have 

different energies. These energies are proportional to the value 

of the cost function. In the third stage, the two-phase steel 

cooling process is done in three ways, which are: air cooling, 

accelerated cooling system, and slow cooling system. This 

procedure can be represented by the following equation. 

𝑁𝑆
𝐽
= 𝑅𝐺𝑆 + [𝑅𝐶𝑆

𝐾 + 𝑅𝐶𝑆
𝐼 ]    𝐽 =  1, . . . ,𝑁 (12) 

where 𝑁𝑆
𝐽

 and 𝑅𝐺𝑆  represent the new solution in the Jth 

iteration and the random solution of production, respectively. 

𝑅𝐶𝑆
𝐾 and 𝑅𝐶𝑆

𝐼 represent the randomly selected solution 

according to K and I index. 

In the fourth stage which is related to reducing the 

differential temperature, the steel is exposed to the forging 

process. Because during the forging process, the dynamic 

characteristic of the hammer fluctuates between 1 and R, this 

process can be formulated according to the following equation. 

𝐹𝐺 = {
1; 𝑖𝑓 𝑅𝑒(𝐼, 2) = 1

𝑅[0,1]; 𝑖𝑓 𝑅𝑒(𝐼, 2) = 0
 (13) 

where, 𝐹𝐺 ,  R, and Re represent the forging parameter, the 

random value, and the remainder divided by 2, respectively. 

Forging processes and differential cooling processes are 

integrated in the following equation. 

𝑁𝑆
𝐽
= 𝑅𝐺𝑆 + [𝑅𝐶𝑆

𝐾 + 𝑅𝐶𝑆
𝐼 ] ∗ 𝐹𝐺     (14) 

In the annealing process, the probability of forming a new 

phase with higher quality is higher than that of a weaker base. 

This process is defined by the acceptance probability, Pr, 

according to the following relations: 

𝑃𝑟 = 𝑒
−𝛥𝐷

𝑡  (15) 

𝛥𝐷 =
𝐶(𝑁𝑆

𝐽) − 𝐶(𝑃𝑀)

𝐶(𝑃𝑀)
 (16) 

In this regard, 𝛥𝐷 represents the difference between the merit 

value of the potential responses resulting from equation (14) 

and the merit value corresponding to the PM index. The values 

of p and t represent the population size and temperature 

variable, respectively. The best solution is selected by 

satisfying the following equation: 

𝑃𝑟 > 𝑅 ∈ [0, 1] (17) 

Based on equation (12), 

𝑃𝑟 = {
1  𝑖𝑓 𝑡 𝑖𝑠 ℎ𝑖𝑔ℎ
0  𝑖𝑓 𝑡 𝑖𝑠 𝑙𝑜𝑤

 (18) 

The mentioned stages are repeated until reaching the 

stopping condition of the algorithm, which can be the 

maximum number of iterations or reaching a certain cost 

function.  

B. Improved dynamic differential annealed 

optimization algorithm (IDDAO) 
Investigations imply that the forging parameter, 𝐹𝐺 , has a 

significant effect on the overall efficiency of the DDAO 

algorithm in solving mathematical optimization problems. For 

some cases, setting 𝐹𝐺=1 in equation (14), the random value 

improves while for some sets of problems, the random value 

becomes worse. This may reversely happen in other cases. 

equation (13) provides a solution for this algorithm in which 

𝐹𝐺  = 1 for half of the iterations while for other iterations 𝐹𝐺  

is a random number in the interval [0, 1]. Investigations also 

show that the randomness of the value of 𝐹𝐺  causes the 

algorithm not to desirably perform in reaching the optimal 

solution; therefore, equations (13) and (14) are considered as 

follows. 

𝐹𝐺
𝐽+1 = 𝑊𝑒 . 𝐹𝐺

𝐽 + 𝐶. 𝑟𝑎𝑛𝑑(𝑁𝑆
𝑏𝑒𝑠𝑡 −𝑁𝑆

𝐽)  (19) 

  𝑁𝑆
𝐽+1 = 𝑁𝑆

𝐽 + 𝐹𝐺
𝐽+1

 (20) 

In these equations, 𝑊𝑒 is defined as a weighting factor, 𝐶 is 

a learning factor (a number between 1.5-2) and rand is a 

random number between [0, 1]. Also, to prevent the divergence 

of 𝐹𝐺 , its final value is limited. 

Equation (19) contains two terms. The first term is a ratio of 

the forging parameter for each phase, and its role is similar to 

the momentum in the neural network. The second term is 

proportional to the difference between the obtained answer 

compared to the best existing answer (𝑁𝑆
𝑏𝑒𝑠𝑡), which increases 

the speed of guiding the answer toward the optimal answer. In 

the proposed improved algorithm, the degree of accuracy and 

convergence is highly dependent on 𝑊𝑒 , so its value is 

considered dynamically and linearly according to equation 

(21). In the beginning, by choosing large values for 𝑊𝑒, it is 

possible to find good solutions in the early stages, while in the 

final stages, the smallness of 𝑊𝑒 causes better convergence. 

𝑤𝑒
𝐽+1 = 𝑤𝑒

𝐽 + [𝑤𝑒
𝑚𝑖𝑛 + 𝑤𝑒

𝑚𝑎𝑥]/𝑁𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛 (21) 

In this equation, 𝑤𝑒
𝑚𝑎𝑥 , 𝑤𝑒

𝑚𝑖𝑛 and 𝑁𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛  are the 

maximum weighting factor, minimum weighting factor, and 

the number of iterations in the algorithm, respectively. The 

pseudo-code of this algorithm is shown in Figure 1. 
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IV.The EELD Based on IDDAO Algorithm 

To evaluate the performance of the proposed improved 

IDDAO algorithm, the EELD problem for 6-unit and 40-unit 

standard IEEE test systems has been applied, and the results 

have been compared with those of PSO, GSA, and DDAO 

algorithms. In the proposed algorithm, the position vector is 

considered as the following equation. 

𝑥 = [𝑃1, 𝑃2, … , 𝑃𝑁𝐺]
𝑇
 (22) 

where 𝑥 is the power generated by each power plant.  

In this study simulations have been done in MATLAB 

R2021b software, using a Core i7, 2.30 GHz processor, and a 

4G Ram. The number of populations is 150, the number of 

iterations is 100, and the number of independent runs is 30. 

The best solution of all independent runs is considered the 

optimal solution of the algorithms.  

A. EELD for 6-unit IEEE test system  
For the standard IEEE 6-unit test system with a load demand 

of 2,834 p.u., cost function coefficients, the generation 

constraints units, thermal unit emission cost coefficients, and 

wind turbine data are given in Tables 1 to 3 respectively 

[16,37].  

Considering the permitted range of power generation of 

power plants, the fuel cost of thermal power plants, the cost 

function of pollution, and two wind farms, the output power of 

power plants along with the optimal values of the objective 

function for the proposed IDDAO algorithm and PSO, GSA, 

DDAO algorithms are given in Table 4. 

 

 
Fig. 1. The pseudo-code of the IDDAO algorithm.  

 

 

 

TABLE 1  

COST FUNCTION COEFFICIENTS OF THE 6-UNIT 

SYSTEM. 

 
TABLE 2 

EMISSION COEFFICIENTS OF THE 6-UNIT SYSTEM. 

 
TABLE 3 

THE PARAMETERS OF WIND TURBINES. 

 
TABLE 4 

BEST SOLUTION FOR 40-UNIT TEST SYSTEM. 

 

B. EELD for 40-unit IEEE test system  

For the IEEE 40-unit test system, the cost function 

coefficients, power generation limits, and pollution 

coefficients are stated in Tables 5 and 6, respectively [37].  

Considering the permitted range of power generation, the 

cost of fuel consumed by thermal power plants, and the cost 

function of pollution, the simulation of EELD based on the 

PSO, GSA, DDAO, and IDDAO algorithm was carried out, 

and results are summarized in Table 7. 

V.Numerical results and discussions 

Based on Tables 4 and 7, the total cost reduction achieved 

by the IDDAO algorithm compared to DDAO, GSA, and PSO 

algorithms for the 6-unit test system is 102 $/h, 179 $/h, and 

162 $/h and for a 40-unit test system equals 1332 $/h, 7828 $/h, 

and 2810 $/h, respectively. Results demonstrate the superiority 

of the proposed algorithm in reaching the optimal solution over 

other algorithms. 
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TABLE 5 

COST FUNCTION COEFFICIENTS OF THE 40-UNIT 

SYSTEM. 

 

 
Fig 2. Convergence behaviors of fitness function for the 

6-unit test system. 
The convergence curve of the proposed improved algorithm 

for the best solution obtained for the 6-unit and 40-unit test 

systems is shown in Figures 2 and 3. The IDDAO algorithm 

has converged to a more optimal solution after a smaller 

number of iterations compared to other algorithms. PSO, GSA, 

and DDAO algorithms have a lower convergence speed and 

are stuck in the local solution. Hence, it can be concluded that 

the performance of the proposed algorithm is satisfactory for 

solving the EELD problem. 

TABLE 6 

EMISSION COEFFICIENTS OF THE 40-UNIT SYSTEM. 

 

 
Fig 3. Convergence behaviors of fitness function for the 

40-unit test system. 

To check the compatibility of the proposed improved 

algorithm, the values of the best solution, the worst solution, 

and the average solution along with the standard deviation 

(STD) considering 30 independent runs for PSO, GSA, DDAO, 

and IDDAO algorithms for 6-unit and 40-unit test system are 

given in Table 8. Results show that the standard deviation of 

the optimal solutions obtained by the IDDAO algorithm is 

smaller than other algorithms, which indicates its higher 

robustness and stability to different parameters of algorithms. 

Comparing the average time required to run the proposed 

algorithm with other algorithms, it can also be concluded that 

the solution speed of the IDDAO algorithm surpasses those of 

other algorithms. 
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TABLE 7 

BEST SOLUTION FOR THE 40-UNIT TEST SYSTEM. 

 
TABLE 8 

 STATISTICAL COMPARISON BETWEEN IDDAO AND 

DIFFERENT. 

 
 

VI.Conclusions 

In this article, to solve the EELD problem with the 

participation of wind farms, a novel strategy based on the 

IDDAO algorithm has been introduced. The limitations such 

as generation-demand balance, uncertainty, and the non-

convexity of cost functions for thermal power plants have also 

been considered. The performance of the proposed algorithm 

to solve the EELD problem for two standard test systems of 6-

unit and 40-unit were compared and evaluated. The minimum 

reduction of the total cost function obtained by the proposed 

IDDAO algorithm Compared to the DDAO, GSA, and PSO 

algorithms was 102 $/h and 1332 $/h for 6-unit and 40-unit test 

systems, respectively. These results demonstrate that the new 

approach developed in this paper can efficiently reduce the 

expected cost of the integrated thermal-wind system. 

Moreover, to check the robustness and stability of the proposed 

algorithm, the EELD problem was implemented for 30 

independent runs. The results indicate the superiority of the 

proposed algorithm in the speed of convergence and proper 

performance compared to other studied algorithms.  
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Scene text detection frameworks heavily rely on optimization methods for their 

successful operation. Choosing an appropriate optimizer is essential to performing recent 

scene text detection models. However, current deep learning methods often employ 

various optimization algorithms and loss functions without explicitly explaining their 

selections. This paper presents a simple segmentation-based text detection pipeline 

capable of handling arbitrary-shaped text instances in wild images. We explore the 

effectiveness of well-known deep-learning optimizers to enhance the pipeline's 

capabilities. Additionally, we introduce a novel Segmentation-based Attention Module 

(SAM) that enables the model to capture long-range dependencies of multi-scale feature 

maps and focus more accurately on regions likely to contain text instances. The 

performance of the proposed architecture is extensively evaluated through ablation 

experiments, exploring the impact of different optimization algorithms and the 

introduced SAM block. Furthermore, we compare the final model against state-of-the-

art scene text detection techniques on three public benchmark datasets, namely 

ICDAR15, MSRA-TD500, and Total-Text. Our experimental results demonstrate that 

the Focal Loss (FL) combined with the Stochastic Gradient Descent (SGD) + Momentum 

optimizer using a poly learning-rate policy achieves a more robust and generalized 

detection performance than other optimization strategies. Moreover, our utilized 

architecture, empowered by the proposed SAM block, significantly enhances the overall 

detection performance, achieving competitive H-mean detection scores while 

maintaining superior efficiency in terms of Frames Per Second (FPS) compared to recent 

techniques. Our findings shed light on the importance of selecting appropriate 

optimization strategies and demonstrate the effectiveness of our proposed SAM in scene 

text detection tasks. 

 

I. Introduction 

Text Reading from wild images is a common research topic 

in computer vision with various valuable applications [1-4]. It 

has numerous practical applications such as optical character 

recognition, multi-lingual translation, image search, etc. [5-6]. 

Reading text from images in the environment can be broken 

down into two parts: (1) text detection, which focuses on  

locating the text within the image, and (2) text recognition, 

which involves converting the located text or individual word 

image into a string. This paper focuses on text detection, which 

is more complex than recognition due to wild images' variety 

of text shapes and complex backgrounds. 

https://orcid.org/0000-0002-8138-3546
https://orcid.org/0000-0002-1591-4492
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Before the deep learning era, text detection techniques relied 

on connected components or sliding window-based techniques, 

which used handcrafted features such as MSER [7,8] or SWT 

[9]. These techniques had several significant areas for 

improvement: (1) they were designed only for detecting 

individual characters or components, making it challenging to 

identify regional context information and resulting in low 

recall performance. (2) They required multiple post-processing 

steps for text detection. (3) They were limited to horizontal text 

and could not handle multi-oriented text instances. 

Recently, deep learning-based techniques are demonstrated 

superior performance to traditional classical machine learning-

based methods for detecting various challenging text instances 

appearing in wild images. These deep-learning methods often 

utilize popular frameworks inherited from object detection 

communities, such as SSD [10], YOLO [11], Faster R-CNN 

[12], or object segmentation architectures such as FCN [13] 

and Mask R-CNN [14]. Deep learning-based text detectors 

mainly detect text at the word level, and they usually struggle 

with finding curved, very long, or abnormally shaped word 

instances by using only a single bounding box [15]. Improving 

the accuracy of text bounding boxes without significantly 

increasing the number of proposals, particularly in the case of 

curved or irregular-shaped text, is a crucial challenge in scene 

text detection. 

Optimization plays a vital role in deep learning problems, 

and the objective is to find a way to optimize efficiency and 

determine the parameters that minimize the loss function [48, 

49, 61]. Optimization algorithms [16-19] are defined by their 

update rule, which is regulated by hyper-parameters 

influencing its behavior (e.g., the learning rate). However, no 

clear theory exists on which optimizer is best suited for scene 

text detection. 

Attention, in the context of deep learning and natural 

language processing, refers to a mechanism that allows a 

model to focus on specific parts of the input data that are more 

relevant to the task. It enables the model to assign weights to 

different input parts, giving higher importance to the more 

informative elements. In computer vision, attention 

mechanisms are used successfully in tasks like image 

captioning, object detection, and visual question answering [50, 

51]. In text detection, some recent methods [52, 53] benefited 

the attention mechanism in their models and achieved superior 

performance in benchmark datasets. 

This paper utilizes a straightforward pipeline for scene text 

detection, which employs a ResNet [20] backbone for feature 

extraction followed by a Feature Pyramid Network (FPN) to 

obtain multi-scale feature maps. Furthermore, we design a 

specific attention module and insert it after FPN, namely the 

Segmentation-based Attention Module (SAM), to focus on 

different regions of the feature maps that are more likely to 

contain text. This framework makes the final model fast and 

capable of detecting arbitrary text shapes, such as curved or 

multi-oriented text. This paper also addresses the issue of 

various optimizers used in scene text detection architectures by 

examining the loss functions and optimization techniques 

commonly used in deep learning for object detection and 

segmentation. Moreover, it selects the best loss function and 

optimization method for the leveraged scene text detection 

framework. 

Our main contributions are: (1) we comprehensively 

compare and analyze deep learning optimization algorithms to 

determine their effectiveness in text detection applications. (2) 

we design an attention-based module, SAM, to boost the 

detection performance of the utilized detector. (3) we conduct 

several ablation experiments to evaluate the effect of the 

designed block with the baseline architecture. (4) we compare 

the final proposed model with state-of-the-art text detection 

techniques on three well-known benchmark datasets. 

 

II. Related Work 

This section briefly overviews the deep learning-based 

techniques for scene text detection and examines the various 

loss functions and optimization methods used in these 

approaches. 

C. Text Detection 

Generally, scene text detection methods can be categorized 

as follows:  

Regression-based (RB): Several recent deep learning-

based scene text detection techniques [21, 22] used general 

object detection frameworks, like SSD [10] or Faster R-CNN 

[12]. These methods treat text regions as objects and predict 

candidate bounding boxes from them directly. For instance, 

TextBoxes [22] altered the SSD [10] kernels by using long 

default anchors and filters to handle the diverse aspect ratios 

of text instances and detect various text shapes. Unlike 

TextBoxes, the deep matching prior network (DMPNet) [23] 

employed sliding windows with quadrilateral shapes to catch 

text with multiple orientations. 

Several regression-based methods [24, 25] attempted to 

tackle the detection challenges posed by rotated and arbitrarily 

shaped text. For example, EAST [21] introduced a fast and 

precise text detector that uses dense predictions and NMS to 

detect multi-oriented text in an image without needing manual 

anchors. Regression-based methods generally have a 

straightforward post-processing system for handling multi-

oriented text. However, due to limitations in their structure, it 

is challenging to produce accurate bounding boxes for text 

instances with arbitrary shapes. 

Segmentation-based (SB): Some techniques [26-28, 34] 

use pixel-level classification to detect text regions on a word 

or character level. These methods usually adopt a 

segmentation framework such as FCN [13] or Mask R-CNN 

[14]. For instance, Zhang et al. [26] applied FCN to generate a 

salience map of text regions. TextSnake [28] used FCN as a 
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foundation and identified text instances by detecting and 

piecing together local parts. 

The previously mentioned methods are designed to detect 

text in images at the word level. However, detecting text using 

word instances is difficult, as individual characters may have 

arbitrary shapes. As a result, some recent text detection 

techniques shifted towards character-level detection [15, 29, 

30]. For instance, [29] generates multi-oriented text bounding 

boxes using a saliency map of text regions obtained from a 

segmentation network and character-level annotations. 

Another example is SegLink [30], which identifies small text 

segments in images and combines them to form word boxes 

through additional post-processing. CRAFT [15] uses a 

weakly supervised approach to detect individual characters in 

the arbitrarily shaped text, leading to state-of-the-art results in 

benchmark datasets. These recent methods, which adopt a 

segmentation framework, tend to better detect multi-oriented 

text than regression-based methods. However, they also come 

with more complex and time-consuming post-processing. 

Several approaches [31, 32] aimed to simplify the 

architecture and enhance computation speed. Inspired by [32, 

33], our method offers a streamlined pipeline that can 

accurately detect arbitrarily shaped text more efficiently than 

the various state-of-the-art methods [15, 21, 27, 28, 34, 52-60]. 

Attention-based Detectors: The attention mechanism helps 

the model to focus on the relevant parts of the image that are 

likely to contain text, improving the localization accuracy of 

the text detection system. By adapting the attention module to 

the specific characteristics of the text detection task, the model 

can achieve better results than the architecture without 

attention. 

Many recent works [50-52] utilized attention in their 

pipeline to detect arbitrarily shaped text and object instances 

and achieved superior performance in benchmarks [50, 51]. 

For example, Hou et al. in [50] utilized coordinate information 

to selectively attend to relevant spatial locations in feature 

maps, improving model accuracy and reducing computational 

complexity. Tang et al. [52] presented a transformer-based 

approach for scene text detection, using representative features 

to avoid background disturbance and reduce computational 

costs. Their method achieves state-of-the-art results on popular 

datasets by effectively grouping components corresponding to 

text instances, enabling easy bounding box extraction without 

post-processing. 

D. Loss Function for Deep Learning 

The loss function represents our model’s disagreement with 

the actual and predicted labels during the training phase. By 

evaluating the extent of this disagreement, we gain valuable 

insights into the model's learning progress and its ability to 

capture the underlying patterns within the data effectively. 

This section examines the standard loss functions utilized in 

recent deep learning-based scene text detection and object 

detection architectures.  

 

Fig. 1. Focal loss with different values of Gammas (γ). 

 

Cross-Entropy (CE) Loss: This function evaluates the 

accuracy of a classification model, which gives an output 

between 0 and 1 in the form of probability. It is defined as: 

 CE(𝑝, 𝑦) = {
−log(𝑝) if 𝑦 = 1

−log(1 − 𝑝) otherwise.
 (1) 

where 𝑦 ∈ {±1} represents the ground-truth class and the 

𝑝 ∈ [0,1] denotes the estimated probability of model for the 

class with label 𝑦 = 1. For simplicity, we can define 𝑝𝑡 as 

follows: 

 𝑝𝑡 = {
𝑝 if 𝑦 = 1
1 − 𝑝 otherwise,

 (2) 

Therefore, we can calculate CE(𝑝, 𝑦) = CE(𝑝𝑡) =

−log(𝑝𝑡). As evident from Figure 1, the cross-entropy loss has 

a drawback, shown in its plot (top), that it incurs a loss even 

for easily classified examples ( 𝑝𝑡 > 0.5 ) of non-trivial 

magnitude. When added over many straightforward examples, 

this could lead to small loss values, overpowering the rare class 

[35]. 

Focal Loss: The Focal Loss (FL), introduced in [35], is a 

modified version of the Cross-Entropy loss that assigns 

varying levels of importance to individual samples based on 

their classification error. The focal loss includes a modulation 

factor (1 − 𝑝𝑡)
𝛾, controlled by the focusing parameter 𝛾 ≥ 0, 

which is added to the Cross-Entropy loss. As shown in Figure 

1, γ = 0 is utilized for Binay Cross Entropy (BCE) loss, γ > 0 

is known as focal loss, and it outperforms BCE loss in object 

detection problems. The Focal Loss is defined as follows (more 

detail in Figure 1): 

FL(𝑝𝑡) = −𝛼𝑡(1 − 𝑝𝑡)
𝛾log(𝑝𝑡) (3) 

A balanced version of the Focal Loss is used in the 

implementation time with a default value of 𝛼 = 0.9. In this 

paper, we use γ = 2 in our experiments. 

 

E. Optimization Algorithms for Deep Learning 

The optimization algorithm minimizes or maximizes a given 

function, 𝑓(𝑥), in deep learning-based methods. Optimization 

aims to train the network by minimizing the loss function 𝐿, 
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representing the difference between the predicted value 𝑦′ 

and the actual value y. The predicted value 𝑦′ is obtained  

 

TABLE 1. 

PARAMETERS AND THEIR SPECIFICATIONS THAT ARE 

USED IN OPTIMIZATION EQUATIONS. 

Parameter Specification 

𝑡 time step 

𝑤 weight 

𝛼 learning rate 

∂ℒ/ ∂𝑤 gradient of ℒ, Loss function, w.r.t. to 𝑤 

 

through forward propagation, which uses the weights (𝑤) and 

biases (𝑏) of the network. Optimization algorithms update the 

values of 𝑊 and 𝑏 to minimize the cost function 𝐿. This 

section reviews some commonly used optimizers. A summary 

of the parameters and specifications used in these algorithms 

is provided in Table 1. 

Given a function of 𝑦 = 𝑓(𝑥), an optimization algorithm 

helps minimize or maximize the value of 𝑓(𝑥) . In deep 

learning-based architectures, optimizers are used to train the  

frameworks by minimizing the loss function ℒ,  which is 

defined as follows : 

ℒ(𝑤, 𝑏) =
1

𝑚
∑ℒ𝑖

𝑚

𝑖=1

(𝑦𝑖
′, 𝑦𝑖) 

 

(4) 

The value of ℒ is defined as the mean loss of the predicted 

value 𝑦′  by the detector and the actual value 𝑦  of the 

ground- truth. 

Using the network’s weights 𝑤 and biases 𝑏 during the 

forward propagation step of training, the values 𝑦′  are 

computed. Furthermore, by updating the trainable parameters, 

𝑤 and 𝑏, we can minimize the value of the loss function ℒ 

using different optimization algorithms. In the rest of this 

section, we review commonly used optimizers used in deep 

learning frameworks. Table 1 shows the commonly used 

parameters for explaining optimization algorithms. 

Gradient Descent: is a first-order optimization algorithm 

used to minimize the cost function ℒ  and find the optimal 

values of the weight matrix 𝑤  and bias 𝑏 . It updates the 

parameters after going through the entire training data, which 

can be a challenge if the data is too large to fit in memory [36]. 

Mathematically it can be defined as: 

 𝑤𝑡+1 = 𝑤𝑡 − 𝛼
∂ℒ

∂𝑤𝑡
 (5) 

In Stochastic Gradient Descent (SGD), instead of evaluating 

the loss function and gradient using all the training examples, 

a small subset, known as a mini-batch (𝐵 ), is randomly 

selected and used to compute an approximation of the total 

sum and the actual gradient in each iteration. 

∂ℒ(𝑤)

∂𝑤
=
1

𝐵
∑

∂ℒ𝑘(𝑤)

∂(𝑤)

𝐵

𝑘=1

 , (6) 

𝑤𝑡+1 = 𝑤𝑡 − 𝛼
∂ℒ

∂𝑤𝑡
 (7) 

Mini-Batch Gradient Descent addresses the limitations of 

Gradient Descent by dividing the entire training data into 

smaller subsets, known as mini-batches, of sizes 8, 16, 32, or 

64. These mini-batches are then used to train the network in a 

series of iterations. SGD offers several benefits compared to 

traditional Gradient Descent, such as more accurate data  

estimation, smoother convergence, a larger learning rate, and 

faster training. However, SGD also has some drawbacks, 

including the tendency to follow shallow dimensions in rapidly 

changing loss functions, getting stuck in local minima or 

saddle points (which are more common in high-dimensional 

problems like scene text detection), and the noise in gradient 

calculations from using mini-batches [19]. 

SGD+Momentum: To address the limitations of Stochastic 

Gradient Descent (SGD), adding a term called momentum [16] 

can be helpful. Thus we can define it as follows: 

𝑣𝑡+1 = 𝜌𝑣𝑡 +
∂ℒ

∂𝑤𝑡
𝑤𝑡+1 = 𝑤𝑡 − 𝛼𝑣𝑡+1

 (8) 

where 𝜌 denotes the friction constant; typically, its default 

value is 0.9 or 0.99. 𝑣(𝑡) is the velocity that builds up as a 

running mean of gradients. 

AdaGrad: Adaptive gradient or AdaGrad [17], dynamically 

updates the learning rate at each update and for each weight 

individually, in which the gradient component remains 

unchanged like in SGD and is defined as follows: 

𝑤𝑡+1 = 𝑤𝑡 −
𝛼

√𝑣𝑡 + 𝜖
.
∂ℒ

∂𝑤𝑡
,

𝑣𝑡 = 𝑣𝑡−1 + [
∂ℒ

∂𝑤𝑡
]2

 (9) 

In the above equation, 𝜖  shows a small positive value. 

However, the main weakness of AdaGrad is its learning rate, 

𝛼, which is continuously decreasing and decaying. This can 

lead to slow or stalled training convergence, particularly for 

deep neural networks and complex models.  

RMSprop: An alternative method for optimizing adaptive 

learning rates is RMSprop [18], designed to enhance AdaGrad 

[17]. Unlike AdaGrad [17], which accumulates the squared 

gradients, RMSprop employs an exponential moving average 

of these gradient values. RMSprop has now become a common 

choice, like momentum, for updating the learning rate 

component in the majority of optimization algorithms. 

𝑤𝑡+1 = 𝑤𝑡 −
𝛼

√𝑣𝑡 + 𝜖
.
∂ℒ

∂𝑤𝑡
,

𝑣𝑡 = 𝛽𝑣𝑡−1 + (1 − 𝛽)[
∂ℒ

∂𝑤𝑡
]2

 
 

(10) 

In the above equation, 𝛽 is a hyperparameter with a default 

value of 0.9 during implementation as in [19]. 
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Adam: Adaptive Moment (Adam) [19] is an optimization 

algorithm that merges the ideas of Momentum and RMSprop. 

It employs the squared gradients, like RMSprop, to adjust the 

learning rate and incorporates momentum by utilizing the 

moving average of the gradient rather than the gradient itself, 

similar to SGD with momentum. 

 

 

𝑣𝑡+1 = 𝛽1𝑣𝑡 − (1 − 𝛽1)
∂ℒ

∂𝑤𝑡
,

𝑠𝑡+1 = 𝛽2𝑠𝑡 − (1 − 𝛽2)[
∂ℒ

∂𝑤𝑡
]2,

𝑤𝑡+1 = 𝑤𝑡 − 𝛼
𝑣𝑡+1

√𝑠𝑡+1 + 𝜖

 (11) 

The above 𝛽1  and 𝛽2  hyperparameters have a default 

value of 0.9 in practice [19]. 

All the optimization algorithms discussed above are 

commonly applied in scene text detection and recognition [36]. 

However, it is worth mentioning that other optimization 

algorithms also are used in deep learning object detection 

frameworks, such as Adadelta [37], Nadam [38], AdaMax 

[39], and AMSGrad [40], that are not usually used for scene 

text detection. We examine the suitability of each optimizer or 

learning rate for the scene text detection framework in Section 

IV. 

 

III. Methodology 

In this section, we introduce the baseline and proposed 

module of the segmentation-based pipeline for scene text 

detection. Figure 2 presents an overview of the entire 

architecture. The network utilizes a ResNet + Feature Pyramid 

Network (FPN) to extract multiscale feature maps from the 

input images (The left part of Figure 2). These features are 

subsequently processed by the proposed segmentation-based 

attention module (SAM), which enhances the model's ability 

to concentrate on regions in the image that likely contain text 

instances during the training phase (our main contribution in this 

paper, which is bonded with a yellow box in the middle). The 

obtained features are then employed to generate the text 

instance masks (The right part of Figure 2). 

 

A. Text-detection Architecture 

Feature Extraction: We leverage the ResNet-based 

backbone network (e.g., ResNet18 or ResNet50) [20] to 

extract features from the input image. This paper uses two light 

and deep backbones for feature extraction, ResNet18 and 

ResNet50. The ResNet18 is mainly utilized for ablation 

experiments, and the ReesNet-50 is used in our final model to 

fairly compare it with recent methods. 

FPN: We then pass the extracted features through the FPN 

network [41] to obtain multi-scale feature maps (1/4, 1/8, 

1/16}), enabling the text detectors to be more robust in 

detecting text of different sizes and scales in an image. The 

feature maps with different scales can be written as follows: 

 𝐹 = {𝑓𝑘𝜖ℝ
𝐶×𝐻𝑘×𝑊𝑘  | 𝑘 = 0, 1,2} 

 

(12) 

 

 

Fig. 2. The overall utilized scene text detection architecture. 

 

The selected features are then concatenated (concat) and 

then fused by a 1x1 1D convolution layer (conv) as described 

as follows: 

 𝐹̂ = 𝐶𝑜𝑛𝑣(𝐶𝑜𝑛𝑐𝑎𝑡(𝑓𝑘) | 𝑘 = 0,1,2) (13) 

Segmentation-based Attention Module (SAM): We 

introduce an innovative attention module for the utilized 

segmentation-based architecture called SAM, as shown in 

Figure 2. Unlike [50, 51], SAM is designed to disseminate 

attention values across the spatial dimension coming from the 

FPN by using an element-wise multiplication strategy, which 

enables the model to focus more on different regions of the 

feature maps containing text instances. 

Let 𝐹̂  be the fused feature maps of equation (11); the 

output 𝒮, which represents the global attention pooling for the 

SAM block (as shown with the blue dotted box in Figure 2), 

can be computed as follows: 

𝒮 = 𝐹̂ 𝑢𝑠⊗(𝕔𝛾∑
𝑒𝕔𝛼𝑓̂𝑖

∑ 𝑒𝕔𝛼𝑓̂𝑗∀𝑗∀𝑖

𝐹̂𝑖) (14) 

where 𝕔𝛾 and 𝕔𝛼 are 1x1 convolutions that are learnable, 

𝐹̂ 𝑢𝑠is a flattened version of vector 𝐹̂. The j and i enumerate 

in the positions of all pixels. The symbol ⊗ represents the 

matrix multiplication. 

Then, as depicted in the green dotted box of Figure 2, the 

variable 𝕊  is transformed to capture channel-wise 

dependencies. The computation of this transformation can be 

expressed as: 

𝕊 =  𝜎 (𝕔1 (𝑅𝑒𝐿𝑈 (𝐿𝑁(𝕔2(𝒮))))) (15) 

where 𝜎  shows the Sigmoid function. 𝐿𝑁(. ) represents 

the Layer Normalization. 𝕔1  and 𝕔2  are 1×1 1D 

convolutions that are learnable. 
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Finally, using equations (13) and (15), the output of SAM, 

Γ , can be calculated as follows:  

Γ = 𝕊  ⨀ 𝐹̂ (16) 

where ⊙ is element-wise multiplication, the resulting 

outputs of equation (14) are then used to generate the 

segmentation map, as shown in Figure 2. 

Binarization and Bounding Box Generation: After 

integrating the attention module into the baseline architecture, 

attended feature maps are obtained, as shown in Figure 2. 

These resulting features undergo post-processing steps to be 

binarized and highlight potential text regions. Using the 

binarized feature map, we employ differentiable binarization 

and bounding box label generation post-processing techniques, 

as described in [32, 33], to output the desired text detection. 

This enables the model to accurately identify and localize 

individual text regions within the image.  

 

B. Loss Function 

The loss function ℒ is a combination of the loss for the 

probability map (ℒ𝑠) and the loss for the binary map (ℒ𝑏) and 

the loss for the threshold map ℒ𝑡 with weight factors 𝛼 and 

𝛽, which can be defined as follows: 

ℒ = ℒ𝑠𝑒𝑔 + 𝛼 × ℒ𝑏 + 𝛽 × ℒ𝑡 (17) 

where 𝛼 and 𝛽 are set to 0.9 during our experiments. 

Previous scene text detection methods [21, 22, 26-28] faced 

challenges due to the extreme imbalance between foreground 

and background classes in training. Text regions occupy a 

small portion of the images, where the complex and 

straightforward examples are treated equally during training. 

We adopt the focal loss [35], modifying it to be more suitable 

for scene text detection, to address this imbalance issue. 

Therefore, the loss function can be defined as follows: 

ℒ𝑠𝑒𝑔 = ℒ𝑏 = FL(Y,Y∗) =
∑ 𝐹𝐿𝑖∈𝑆𝑙

(𝑝𝑡)

|Y∗|

=
∑ −𝑖∈𝑆𝑙

𝛼𝑡(1 − 𝑝𝑡)
𝛾log𝑝𝑡

|Y∗|

 
 

(18) 

In (18), Y  shows the score map prediction, and Y∗ 

illustrates the ground-truth. 𝑆𝑙  denotes sampled set where the 

ratio of positives and negatives is 1: 3 . The 𝛾  parameter 

denotes the focusing parameter, and we set it to 2  in our 

experiments. This parameter reduces the loss contribution 

from easy samples (𝑝𝑡 → 1) and balances the straightforward 

and complex examples on the pixel level during optimization. 

We show that the leveraged loss function performs better on 

convergence and improves the precision performance on 

segmentation tasks. Furthermore, for our experiments, we use 

the following Binary Cross Entropy loss to compare the results 

of it with focal loss: 

ℒ𝑠𝑒𝑔 = ℒ𝑏 =∑𝑌𝑖
𝑖∈𝑆𝑙

log𝑌𝑖
∗

+ (1 − 𝑌𝑖)log(1 − 𝑌𝑖
∗) 

 

(19) 

C.  Optimization 

Which Optimizer: Section II.B addressed the availability 

of numerous optimization methods for training deep learning 

models. However, choosing an appropriate optimizer or 

learning rate for a specific deep-learning framework remains 

to be determined. Despite the widespread use of adaptive 

optimization techniques, especially Adam, in scene text 

detection, their generalization and performance beyond the 

training set need to be better comprehended. 

Learning Rate Policy: We use different learning rate 

policies like step decay or constant in our experiments while 

training our framework. However, we show that the “poly” 

learning rate policy, where the learning rate is multiplied by a 

specific equation, is more effective than the constant learning 

rate or “step” learning rate (which reduces the learning rate at 

a fixed step size). 

(1 −
iter

max_iter
)

power

 (20) 

We compare the effect of this learning rate with “step” and 

“constant” policy in Section IV.C and IV.D. 

 

IV. Experimental Results and Discussion 

In this section, first, we provide the implementation details 

of the models. Next, we briefly overview the utilized 

benchmark datasets and evaluation metrics. Then, we conduct 

multiple ablation studies of the baseline and proposed 

schemes. Finally, the proposed technique is tested and 

discussed quantitatively and qualitatively on three demanding 

public benchmarks: MSRA-TD500 [42], Total-Text [43], and 

ICDAR 2015 [44]. In the end, we discuss the limitation of the 

proposed model and offer insights into forthcoming efforts as 

future work to enhance its performance. 

 

A. Implementation Details 

We employ two models for the ablation experiments and 

comparison with state-of-the-art scene text detection methods. 

The baseline model utilizes a ResNet18 as the feature extractor, 

while the final model, used for comparison, is trained with the 

ResNet50 backbone. The final model (the proposed model) is 

pre-trained on 200K images from the Synthetic Text dataset 

[45] and subsequently fine-tuned until convergence on three 

real-world datasets (ICDAR15, Total-Text, MSRA-TD500 - 

one model for each dataset). 

The parameters of the utilized loss functions are optimized 

using the SGD+ Momentum optimizer with a poly-learning 

policy. Training is conducted on 2 NVIDIA Tesla A100 GPUs, 

with a batch size of 4, and the entire process of training and 

fine-tuning takes approximately 30 hours. Various 

augmentation techniques, such as image resizing, random 

rotations, and horizontal flipping, are applied during training. 

All models are evaluated on a single GPU of NVIDIA RTX 

3080Ti with 12GB of memory. 
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TABLE 2. 

EFFECT OF DIFFERENT OPTIMIZATION METHODS ON 

SCENE TEXT DETECTION MODEL. 

Optimizer Iteration Training Loss Val H-mean 

 

SGD 

18K 2.83 29.11 

36K 2.42 29.25 

72K 2.11 32.11 

 

SGD+Momentum 

18K 2.65 32.97 

36K 2.35 33.45 

72K 2.09 35.03 

 

Adam 

18K 4.23 27.95 

36K 3.11 28.12 

72K 2.95 28.32 

 

B. Datasets and Evaluation Metrics 

SynthText: SynthText [45] in the wild is a large synthetic 

dataset of 858,750 artificial scene images used to pre-train our 

model. These images are created by combining natural images 

with text generated with different fonts, sizes, orientations, and 

colors. The annotations include both word and character-level 

rotated bounding boxes and text sequences. We use this 

synthetic dataset to pre-train our final model to compare with 

other frameworks. 

ICDAR2015: The ICDAR2015 [44] dataset contains 1000 

images for training and 500 for testing, with annotations at the 

word level represented by quadrilateral boxes. This dataset 

presents a higher difficulty level due to its text instances with 

varying orientation, illumination, and complex backgrounds, 

and most of the images are taken in indoor environments. 

Total-Text: The TotalText dataset [43], introduced in 

ICDAR 2017, contains 1255 training and 300 testing images 

with text annotations provided as polygon shapes and word-

level transcriptions. 

MSRA-TD500: On the other hand, the MSRA-TD500 

dataset [42] consists of 300 training images and 200 test 

images annotated with text lines. This dataset is challenging 

due to multi-lingual, arbitrary-oriented, and long text lines. 

Evaluation Metric: In terms of quantitative evaluation, we 

use the ICDAR15 Intersection over Union (IoU) Metric [44] 

to measure the accuracy of the detection results. 

𝐼𝑂𝑈 =
𝐴(𝐺𝑗 ∩ 𝐷𝑖)

𝐴𝑟(𝐺𝑗 ∪ 𝐷𝑖)
 (21) 

Where 𝐴(. ) denotes area. The IoU is then calculated by 

comparing the 𝑗 th ground-truth bounding box to the 𝑖 th 

detection bounding box, and detection is considered correct if 

the IoU value is greater than or equal to 0.5. In addition, we 

use the H-mean, also known as the F-score, which is a 

combination of precision (P) and recall (R), to measure the 

performance of the pre-trained model of [15, 21, 27, 34] as 

described in [3] and the quantitative results of recent methods 

in [34,52-60]. 

H-mean = 2
𝑃 × 𝑅

𝑃 + 𝑅
 (22) 

 

TABLE 3. 

EMPLOYING DIFFERENT LEARNING 

HYPERPARAMETERS ON THE TOTAL-TEXT [43] 

VALIDATION SET. 

Learning policy Batch size Iteration H-mean 

constant 4 50K 60.36 

  step 4 50K 67.48 

step 4 200K 75.35 

poly 4 50K 70.23 

poly 4 100K 71.81 

poly 6 100K 72.58 

poly 4 200K 83.26 

 

For evaluating the test set of Total-Text and MSRA-TD500 

datasets, we utilize similar evaluation metrics introduced in 

[43] and [42], respectively. 

 

C. Effect Of Different Optimizers 

To show the effect of the different optimizers, we first 

trained the baseline framework with ResNet18 backbone and 

without the SAM block on the 70% of SynthText dataset [47] 

for 80k iterations with a fixed learning rate of 1 × 10−4 in 

three SGD, SGD+Momentum (0.9), and Adam optimization 

algorithms. Adam works well in practice and outperforms 

other adaptive techniques, and it is the default optimizer in 

many deep learning-based detectors. Then, we evaluated our 

pre-trained models with three optimizers on the remaining 

30% of the SynthText dataset as validation, as shown in Table 

2. Although more epochs of training, we observed more 

decline in loss of the SGD optimizer compared to Adam in 

higher iterations. 

Generalizability is a crucial characteristic in many deep 

learning models, which shows how a trained model on one 

dataset is capable of detecting challenging text in the 

validation set or other datasets; As can be seen from Table 2., 

SGD and SGD+Momentum provide better validation H-mean 

performance compared to Adam as the number of iteration 

increased. For instance, in the 72K iteration, SGD+Momentum 

achieved about 35%, while Adam remained at about 28%. 

Therefore, SGD has better generalization capability than 

Adam for our proposed method, and for the rest of this paper, 

we used SGD+Momentum to train our models.  

 

D. Effect of Poly Learning Rate 

Choosing a proper learning rate is also essential during the 

training of deep learning networks. For this purpose, we 

experimented with comparing the effect of different learning 

rates on our scene text detection problem. Table 3 illustrates 

the H-mean performance of employing “constant,” “step,” and 

“poly” learning rates. We used a fixed learning rate of 

1 × 10−4  during training for constant policy. As shown in 
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Table 3, employing “a poly” learning rate of (20) (with 

𝑝𝑜𝑤𝑒𝑟 = 0.9) and using the same batch size and same training  

 

TABLE 4. 

ABLATION STUDY TO EVALUATE THE EFFECT OF THE 

DESINED SAM BLOCK BY USING DIFFERENT 

BACKBONE AND LOSS FUNCTIONS ON THE TOTAL-

TEXT [43] VALIDATION SET. 

Model Backbone 
Attention 

module 

Loss 

function 
Iteration H 

Baseline ResNet18 -- BCE 200K 79.3 

Baseline ResNet18 -- FL 200K 83.4 

Proposed ResNet18 SAM FL 200K 84.9 

Proposed ResNet50 SAM FL 200K 86.5 

 

iterations yields 2.75% and 9.87% better performance than 

employing “step” and “constant” learning rate policy, 

respectively. The “constant” learning rate does not improve the 

H-mean performance of the model, and significantly has la 

ower performance in terms of H-mean from other learning rate 

policies.Therefore, we ignored it in the rest of our experiments. 

Fixing the batch size and increasing the training iteration to 

100K improves the performance to 71.81% (1.58↑); 

By increasing the batch size and the same iteration of 50K, 

we still experienced increased H-mean performance. We then 

reduced the batch size to 4 and found that comparable 

performance remains (71.81% versus 72.58%). Ultimately, we 

applied a batch size of 4 and 200K iterations to maintain 

similar training iterations as a “step” policy. We observed a 

significant H-mean performance of 83.26 (7.91% 

improvement over the “step” policy). 

 

E. Effect of the Designed SAM, Feature Extraction 

Backbone, and Loss Functions 

We conducted the following experiments on the benchmark 

Total-Text dataset to see the effect of the designed SAM block, 

different feature extraction backbones, and loss functions in 

the baseline and proposed model, shown in Table 4. We 

employed the “poly” learning policy and SGD+Momentom 

optimizer in all these experiments and set the batch size to 4. 

We first eliminated the SAM and used the ResNet18 

backbone to compare the effect of FL in (18) and BCE loss in 

(19). It can be seen from Table 4 that the model with focal loss 

outperformed the model with BCE loss using a similar setup 

of the model because this loss is more robust in challenging 

cases like the vertical or different scale of the text and designed 

to strike the imbalance issue of positive or negative text 

existing in the scene image. Then by applying the SAM to the 

architecture, as seen from Table 4, the H-mean performance 

boosted on a similar setup by ~1.5%, which confirms its 

effectiveness in the utilized architecture. 

Recent methods in scene text detection [53-60] use 

ResNet50 instead of ResNet18 due to its deeper architecture 

and increased model capacity, enabling better feature 

representation and performance for handling complex and  

 

TABLE 5. 

QUANTITATIVE COMPARISON OF THE PROPOSED 

MODEL AMONG SOME OF THE RECENT METHODS ON 

TOTAL-TEXT DATASET. 

Method 
Total-Text 

FPS 
Precision Recall H-mean 

CRAFT [15] 87.6 79.9 83.6 6.00 

PSENet [34] 84.0 78.0 80.9 2.70 

TextSnake [28] 82.7 74.5 78.4 1.10 

DBNet [33] 87.1 82.5 84.7 19.0 

DRRG [54] 86.5 84.9 85.7 3.50 

FCENet [55] 89.3 82.5 85.8 – 

PCR [56] 88.5 82.0 85.2 10.7 

TextBPN [57] 90.3 84.7 87.4 10.6 

TextDCT[53] 87.2 82.7 84.9 – 

ABCNetV2[58] 89.2 84.1 87.0 10.0 

FSG [52] 90.7 85.7 88.1 13.1 

TPSNet [59] 89.2 85.0 86.6 11.6 

LeafText [60] 90.8 84.0 87.3 – 

Baseline 88.8 78.7 83.4 31.0 

Proposed Model 90.5 82.9 86.5 22.0 

 

diverse visual patterns in text regions. We use the ResNet50 as 

our final feature extraction backbone to compare the recent 

models fairly. As shown, ResNet50 improved the detection 

performance of the model in terms of H-mean by ~1.5% 

compared to using ResNet18 because it allows the model to 

capture more complex and high-level features from the input 

images. The deeper architecture of ResNet50 provides a larger 

receptive field, which means that the network can consider a 

broader context of the input image. 

 

F. Comparison with State-of-the-Art Text Detection 

Methods 

We also compare our proposed model with several state-of-

the-art scene text detectors [15, 28, 33, 34, 52-60] in Table 5 

and Table 6 across three benchmark datasets: Total-Text, 

ICDAR15 [44], and MSRA-TD500 [42]. The proposed model 

utilizes a ResNet50 and the designed SAM block. The baseline 

model leverages a ResNet18 in its backbone as a feature 

extractor. Despite our final proposed model being pre-trained 

on a subset of synthetic dataset images and featuring a 

straightforward design, it achieved competitive performance in 

accuracy and efficiency, outperforming many recent state-of-

the-art methods that often undergo pretraining on multiple 

datasets and involve complex design and post-processing.  

The results in Table 5 demonstrate that the proposed model 

significantly outperforms the baseline model on the Total-Text 

dataset, which consists of many challenging text images, 

including curved and irregular text instances. The 

effectiveness of the SAM module is particularly evident in its 
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recall performance, improving by approximately 4% 

compared to the baseline. 

 

TABLE 6. 

QUANTITATIVE COMPARISON OF THE PROPOSED 

MODEL AMONG SOME OF THE RECENT TEXT 

DETECTION METHODS ON ICDAR15 AND MSRA-TD500 

DATASETS. 

Method 

ICDAR15 MSRA-TD500 

P
recisio

n
 

R
ecall 

H
-m

ean
 

P
recisio

n
 

R
ecall 

H
-m

ean
 

EAST [21] 83.6 73.5 78.2 – – – 

Pixellink [27] 82.8 81.6 82.2 83.0 73.2 77.8 

CRAFT [15] 82.2 77.8 82.2 88.2 78.2 82.9 

PSENet [34] 86.9 84.5 85.7 – – – 

TextSnake [28] 84.9 80.4 82.6 83.2 73.9 78.3 

DBNet [33] 86.8 78.4 82.3 91.5 79.2 84.9 

DRRG [54] 88.5 84.7 86.6 88.0 82.3 85.0 

FCENet [55] 90.1 82.6 86.2 – – – 

PCR [56] – – – 87.6 77.8 82.4 

TextBPN [57] – – – 86.6 84.5 85.6 

TextDCT[53] 88.9 84.8 86.8 – – – 

ABCNetV2[58] 90.4 86.0 88.1 89.4 81.3 85.2 

FSG [52] 90.9 87.3 89.1 91.6 84.8 88.1 

TPSNet [59] 90.5 85.1 87.7 – – – 

LeafText [60] 88.9 82.3 86.1 92.1 83.8 87.8 

Baseline 87.8 77.6 82.4 87.6 79.4 83.3 

Proposed Model 90.3 81.3 85.6 89.8 82.4 85.9 

 

As indicated in Table 5, the final model also demonstrated 

excellent performance in terms of Frames per second (FPS), 

achieving a rate of 22 FPS during inference, surpassing several 

other detectors. This high FPS capability highlights the 

applicability of our model in real-time detection applications. 

It is also worth mentioning that the designed SAM has minimal 

impact on the model's inference time.  

As shown in Table 6, the designed SAM block and 

ResNet50 feature extractor boosted the performance of the 

proposed model by ~3% and ~2.5% in terms of H-mean 

performance on the ICDAR15 and MSRA-TD500 datasets, 

respectively, which are explicitly designed for multi-oriented 

scene text detection. The well performances on these datasets, 

confirm the proposed model’s capability in detecting 

challenging text instances that are abundant in ICDAR15 and 

MSRA-TD500 datasets. 

Finally, we present qualitative results in Figure 3, 

showcasing the detection performance of our proposed model 

on various samples from the Total-Text, ICDAR15, and 

MSRA-TD500 datasets. The results demonstrate the model's 

effectiveness in handling challenging cases, including multi-

oriented, vertical, and curved text, small and complex fonts, 

and different languages, indicating its robustness and 

versatility across diverse scene text scenarios. 

 

 

 

Fig. 3. Qualitative results of our final proposed method on 

benchmark datasets: (a) Total-Text [43], (b) ICDAR15 [44], and 

(c) MSRA-TD500 [42]. Detected text instances are shown with 

green color. 

 

G. Limitation and Future Work for improvement 

The presented model exhibits a significant limitation in 

cases where two-word instances in the image are closely 

positioned (i.e. when the first word's last character is close to 

the second word's first character). This scenario and the 

detection of crossed-word instances pose challenges and 

remain an unsolved problem in segmentation-based text 

detection architectures. Additionally, the proposed model 

encounters difficulty accurately detecting text instances under 

severe low resolution, low contrast, and occlusion conditions. 

To address these limitations, the following suggested future 

work may enhance the model's ability to detect cha text 

instances. (1) One promising avenue for future work is to 

leverage recent advancements in natural language processing 

algorithms. Specifically, integrating pre-trained language 

model modules such as Generative Pre-training Transformer 

(GPT) [62] into the text detection and recognition framework 

could prove beneficial. By employing compositionality 

techniques [63, 64] alongside the language model, the model 

may be better equipped to infer and reconstruct the uncaptured 

characters in the detected text instances. (2) Another potential 

area for future research is exploring context-aware object 
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interaction. 

By incorporating contextual information from the 

surrounding objects and the overall scene, the model could 

better understand the text instances' spatial relationships and 

textual coherence. This context-aware approach might 

enhance the model's ability to detect accurately and segment 

text instances closely intertwined or obscured by visual 

obstacles. (3) Given the challenges posed by low resolution, 

low contrast, and occlusion, another future direction is to 

explore adversarial training techniques. It could become more 

robust against various types of image degradation and 

perturbations by incorporating adversarial examples during the 

model's training process. This enhanced robustness might 

improve the model's performance in adverse real-world 

conditions, leading to more reliable text detection results. 

 

V. Conclusions 

This paper introduced a simple yet effective segmentation-

based architecture for detecting text of arbitrary shapes in wild 

images. We thoroughly investigated deep-learning optimizers 

and loss functions applicable to our baseline pipeline. 

Additionally, we designed a specific attention block, the 

segmentation-based attention module (SAM), to focus on 

regions more likely to contain text instances. Through 

extensive ablation studies, we assessed the impact of the 

proposed module and analyzed different optimization 

algorithms and loss functions. Our experiments demonstrated 

that the SGD + Momentum optimizer with a "poly" learning 

rate policy offers superior detection performance, and the focal 

loss-based loss function proves more robust than binary cross-

entropy loss. Comparing our model to recent state-of-the-art 

scene text detection methods on three benchmark datasets, our 

final model with the designed SAM significantly outperforms 

the baseline model and achieves competitive detection 

performance and efficiency. We also discussed the limitations 

of our architecture and outlined future research directions to 

further enhance text detection capabilities. 
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Due to the growth of renewable energies and the need for sustainable electrical energy, 

AC microgrids (MGs) have been the subject of intense research. Medium voltage MGs 

will soon have a special place in the power industry. This paper uses a new and effective 

control scheme for islanded inverter-based medium voltage MGs using the master-slave 

(MS) technique.  The controllers only need local measurements. The designed controls 

are based on adaptive input-output feedback linearization control (AIOFLC). These 

controls have a high-performance response, and are robust against some uncertainties 

and disturbances. The use of the designed control scheme makes the output voltage of 

distributed generation (DG) sources have negligible harmonics. Besides, the generated 

voltage and active/reactive powers track their references effectively. The model of the 

inverter-based DGs is considered in a stationary reference frame, and there is no need for 

any coordinate frame transformation. The control method presented in this paper can be 

used for MGs with any number of inverter-based DGs and parallel inverters.  The 

effectiveness of the proposed control scheme is evaluated by simulation in 

SIMULINK/MATLAB environment and compared with that of feedback linearization 

control (FLC) and conventional sliding mode control (CSMC).   

  

 

I. Introduction 

Today, the severe warming of the earth due to greenhouse 

gases and environmental pollution endangered human lives in 

some areas, leading to the desire of many countries to be 

independent of fossil fuels. Accordingly, many efforts have 

been made to produce electricity from renewable energies such 

as wind and sun. One of the best ways to exploit these energy 

sources is to use them in the MG. The MG may be connected 

to the grid or disconnected from the grid. When MG is 

disconnected from the grid, it is called an islanded MG, 

wherein the voltage and frequency must be controlled and the 

required power must be divided between the DG sources. An 

islanded MG is a complicated multivariable system with 

difficult high performance control of voltage amplitude, 

frequency and active/reactive powers. 

In an islanded MG, two types of strategies to share 

active/reactive powers between DGs are communication-free 

and communication-based strategies [1].  The droop control 

strategy is known as a communication-free strategy because it 
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requires local measurements [2]; however, this strategy is 

based on small signal models, which may cause instability in 

large signal changes. In addition, it causes DC bus voltage 

deviation [3]. In [4], proportional resonance (PR) control with 

a droop control strategy is used for an islanded MG. PR control 

is not robust against uncertainties, disturbances, and operating 

point changes. The well-known communication-based 

strategies are the centralized control strategy, distributed 

control strategy, and MS strategy [5]. Centralized control has 

a very good dynamic response but needs all of the information 

and measurements of the DGs, which may be far from each 

other such that the whole system may fail with a small defect 

[6]. In addition, it requires a high-speed expensive 

telecommunication. A low bandwidth link is needed for 

distributed control and MS strategy; since they need less MG 

data. MS strategy can result in excellent power sharing and is 

easily implemented [1]. 

In the MS strategy, the DG with the largest power capacity is 

called the master unit (MU), and the other DGs are called the 

slave units (SU). The MU controls the voltage and frequency 

of the MG, and the SUs control their active and reactive power 

output [1]. In [7], power sharing in MS strategy is investigated. 

In [8], a two-level control for MS strategy is designed which 

does not have a good dynamic response and does not work well 

in the face of disturbances and uncertainties. In [1], by 

adopting the MS strategy and proportional-integral (PI) control, 

the result of communication delay is investigated for two 

parallel inverters. Tuning the PI controllers depends on the 

operating points, and the method is not robust. In [9], a 

communication-free MS strategy is proposed for an MG. In 

this strategy, the MU is a synchronous generator and the SUs 

are current source inverters (CSIs). 

In [10], the effect of coefficients of conventional decoupling 

PI in MS strategy is studied. In [11], a cascaded PI-based 

control is analyzed using the MS strategy in islanded MG. In 

[12],  synthesis is used for MG with MS strategy. The DGs 

in [12] use a three-stage solid-state transformer with a 

complicated structure. In [13], adopting MS strategy, an H∞ 

controller is proposed for the MU. However, for the SUs, PI 

controllers are used in the dq reference frame. Therefore, the 

overall closed-loop system is not robust. In addition, the design 

procedure of the H∞ controller has several steps, and matrix 

manipulations are needed. 

In [14], a nonlinear backstepping control is designed for an 

MG with MS strategy, which needs loads measurements. 

Backstepping control in [14] is a recursive method with many 

steps and is not robust. 

CSMC is a method that has attracted such attention regarding 

its simple implementation and robustness. The main problem 

of CSMC is the chattering phenomenon. In [15]. adaptive 

SMC and adaptive feedback linearization methods are used for 

an MG with MS strategy. Given that there is no guarantee for 

the convergence of estimates to real values, the amount of 

control effort can be high, and instability may occur. In 

addition, the lumped uncertainties considered in the proposed 

control design in [16] are considered constants, while they are 

not constant. In fact, these lumped uncertainties depend on 

voltages, currents, and parameters uncertainties. In [16], the 

voltages and currents of an MG are controlled using high-order 

SMC methods by accepting centralized control strategy. The 

control scheme proposed in [16] is rather complex and it must 

be redesigned with the change of MG completely. 

In [17], a secondary control method is used for a hybrid droop 

and MS structure. The control scheme of [17] requires internal 

current control loops, several abc/dq conversions, and too 

many parameters. In addition, it is not robust.   

Model predictive control design for MS inverters is presented 

in [18]. In this paper, it is claimed that the controllers are robust 

with respect to uncertainties, while the obtained models are 

dependent on system parameters to predict voltages and 

currents. 

A new enhanced droop control for MGs based on small signal 

models is proposed in [19]. Large disturbances and variations 

may cause instability in the overall proposed system. 

In [20], an enhanced state feedback for secondary control in an 

islanded MG is designed. The control method of [20] is not 

robust with respect to MG parameters uncertainties. 

Nonsingular terminal Sliding mode control (TSMC) is used for 

Islanded inverter-based MGs in [21]. A high-performance 

control scheme is achieved in [21]; however, fractional order 

calculation in TSMC causes difficulties in real time 

implementation especially when low-cost microcontrollers are 

used. 

Adaptive feedback linearization control is a robust control. In 

[22], an AIOFLC is designed for a grid-connected inverter 

with an L filter to control the active and reactive powers 

injected into the grid. 

This paper designs novel controls for inverter-based DGs of 

islanded MGs considering MS strategy. The inverters filters 

are LC filters and the applied control technique is AIOFLC. 

The modeling equations of MU and SUs are rewritten to 

suitable forms for AIOFLC.  An AIOFLC is designed for MU 

to control the voltage of the MU bus. Another AIOFLC is 

designed for SUs to control the active and reactive powers 

delivered by SUs. There is symmetry in the control design 

because the AIOFLCs are designed for both master and slave 

units. Using the proposed control method, a high-performance 

closed–loop control system is achieved. The stability is 

guaranteed. The microgrid handles the load switching, 

uncertainties and disturbances properly. Several case studies 

are investigated and the simulation results are represented.   

 

II. MG configuration and modeling 

The islanded MG investigated in this paper is given in Fig 1a.  
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(a) 

 

 

(b) 

Fig. 1. Islanded MG and MS strategy, (a) A MG with two inverter-based DGs, (b) MS strategy block diagram

 
This MG has two inverter-based DGs and three loads; however, 

the models, power sharing strategy, and the designed controls 

can be used for any islanded MG with any number of inverter-

based DGs. The DG with the larger power capacity is selected 

as the MU and the other as the SU. MS block diagram is 

illustrated in Fig. 1b. Using MS strategy, the voltage 

(amplitude, and frequency) is regulated by MU. In fact, MU is 

a grid forming inverter and it should be the largest DG. 

Therefore, it can obtain its energy from any source including, 

photovoltaic. However, to achieve maximum power point 

tracking (MPPT), it’s better to use photovoltaic power sources 

as SUs (grid following units), because the active/reactive 

powers of SUs are controlled and MPPT can be implemented 

easily. 

Fig. 2 illustrates an inverter-based DG unit connected to an LC 

filter. The state space equations in stationary reference frame 

for the system shown in Fig. 2 can be written as follows [15] 
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Fig. 2. An inverter-based DG unit 

𝑑𝑖𝑓/𝑑𝑡 = 𝑎(𝑣𝑖 − 𝑏𝑖𝑓 − 𝑣𝑓) + 𝜉𝑖 (1) 

𝑑𝑣𝑓/𝑑𝑡 = 𝑐(𝑖𝑓 − 𝑖𝑜) + 𝜉𝑣 (2) 

where 𝑖𝑓 = [𝑖𝑓 𝑖𝑓]
𝑇 , 𝑖𝑜 = [𝑖𝑜 𝑖𝑜]

𝑇 , 𝑣𝑖 = [𝑣𝑖 𝑣𝑖]
𝑇 , 𝑣𝑓 =

[𝑣𝑓 𝑣𝑓]
𝑇 , 𝑎 = 1/𝐿𝑓 , 𝑏 = 𝑅𝑓   and 𝑐 = 1/𝐶𝑓  . 𝜉𝑖 =

[𝜉𝑖  𝜉𝑖]
𝑇, and 𝜉𝑣 = [𝜉𝑣  𝜉𝑣]

𝑇 are lumped uncertainties: 

𝜉𝑖 = 𝛥𝑎(𝑣𝑖 − 𝑏𝑖𝑓 − 𝑣𝑓) − (𝑎 + 𝛥𝑎)𝛥𝑏𝑖𝑓 (3) 

𝜉𝑣 = 𝛥𝑐(𝑖𝑓 − 𝑖𝑜) (4) 

where 𝛥𝑎, 𝛥𝑏 and 𝛥𝑐 are parameters uncertainties. 

The powers injected into the filter bus are obtained as [15] 

𝑃 =
3

2
(𝑣𝑓𝑖𝑓 + 𝑣𝑓𝛽𝑖𝑓𝛽) (5) 

𝑄 =
3

2
(𝑣𝑓𝛽𝑖𝑓 − 𝑣𝑓𝑖𝑓𝛽) 

(6) 

The active and reactive powers are nonlinear functions of the 

state variables. 

 

III. Controllers design 

In this section, first, the design of an AIOFLC for a class of 

nonlinear systems based on the Lyapunov function is discussed, 

followed by employing this control design for MU and SUs. 

A. AIOFLC design 

Consider the following nonlinear system [22], 

𝑦̇ = 𝑓(𝑥) + 𝑞θ + 𝑔(𝑥)𝑢 (7) 

where y is the output; x is states vector; f(x), g(x) and q are 

known vectors; u is control input; θ is the difference 

between actual and nominal values of parameters. 

The following Lyapunov function is nominated [22], 

𝑉 =
1

2
𝑦2 +

1

2
θ̃TΓθ̃ (8) 

where θ̃ = 𝜃 − 𝜃, and 𝜃 is the estimated vector of θ; Γ is a 

strictly positive definite constant matrix. 

Taking the time derivative of (6) and using (5), gives 

𝑉̇ = 𝑦𝑦̇ + θ̃TΓ (−θ̇̂)                                                                                                                                                        

    = 𝑦(𝑓(𝑥) + 𝑞θ + 𝑔(𝑥)𝑢) + θ̃TΓ(−θ̇̂)       

     = 𝑦(𝑓(𝑥) + 𝑞θ̂ + 𝑔(𝑥)𝑢) + θ̃T(yqT − Γθ̇̂) 

(9) 

Considering the following control law and adaptation law, 𝑉̇ 

in (7) becomes negative semi-definite [22]. 

𝑢 =
1

𝑔(𝑥)
(−𝑓(𝑥) − 𝑞θ̂ − 𝑘𝑦) (10) 

 

θ̇̂ = Γ−1𝑦𝑞T (11) 

The positive definiteness of V and negative semi definiteness 

of  𝑉̇ yield that y and θ̃ are bounded. A sufficient condition 

for convergence of y to 0 is the uniformly continuousness of 

𝑉̇, which is satisfied if 𝑉̈ is bounded [23]. 

Substituting (10) and (11) in (9), yields 

𝑉̇ = −𝑘𝑦2 (12) 

Taking the time derivative of (12) and using (7), gives 

𝑉̈ = −2𝑘𝑦𝑦̇  

     = −2𝑘𝑦(𝑓(𝑥) + 𝑞θ + 𝑔(𝑥)𝑢)   
(13) 

Since y and θ̃ are bounded, all of the variables and functions 

in right hand side of (13) are bounded. Therefore, 𝑉̈ < ∞, 

which yields the convergence of y to 0. 

B. AIOFLC for MU 

To achieve a robust high-performance control of MU bus 

voltage, the AIOFLC is designed for MU. For this purpose, the 

dynamical equation of MU should be rewritten in the canonical 

form given in (7). Consider the following output  

𝑦 = (𝑣𝑓 − 𝑣𝑓
∗) + 𝑘1(𝑣̇𝑓 − 𝑣̇𝑓

∗) (14) 

where 𝑣𝑓
∗ is the MU bus voltage reference. 

Taking the time derivative of (14) and using (1)-(4), gives 

𝑦̇ = (𝑣̇𝑓 − 𝑣̇𝑓
∗) + 𝑘1(𝑣̈𝑓 − 𝑣̈𝑓

∗)                                                                                                                                     

   = 𝑐(𝑖𝑓 − 𝑖𝑜) + 𝜉𝑣 + 𝑘1𝑐[𝑎(𝑣𝑖 − 𝑏𝑖𝑓 − 𝑣𝑓) +

𝜉𝑖] − 𝑘1𝑐
𝑑𝑖𝑜

𝑑𝑡
− 𝑘1𝜉̇𝑣 − 𝑣̇𝑓

∗ − 𝑘1𝑣̈𝑓
∗  

(15) 

where the time derivative of 𝜉𝑣 is given by 

𝜉̇𝑣 = 𝛥𝑐(
𝑑𝑖𝑓

𝑑𝑡
−
𝑑𝑖𝑜

𝑑𝑡
) (16) 

Substituting for 𝜉̇𝑣  in (15), (15) can be considered in the 

canonical form (7) with 

𝑓(𝑥) = 𝑐(𝑖𝑓 − 𝑖𝑜) + 𝑘1𝑐𝑎(𝑏𝑖𝑓 + 𝑣𝑓) − 𝑘1𝑐
𝑑𝑖𝑜

𝑑𝑡
− 𝑣̇𝑓

∗ − 𝑘1𝑣̈𝑓
∗ 

(17) 

𝑞 = [𝑖𝑓 − 𝑖𝑜 + 𝑘1 (
𝑑𝑖𝑓

𝑑𝑡
−
𝑑𝑖𝑜

𝑑𝑡
)   𝑘1𝑐(𝑣𝑖 − 𝑏𝑖𝑓

− 𝑣𝑓)   − 𝑘1𝑐𝑎𝑖𝑓    − 𝑘1𝑐𝑖𝑓] 

(18) 

θT = [𝛥𝑐   𝛥𝑎   𝛥𝑏   𝛥𝑎𝛥𝑏] (19) 

𝑔(𝑥) = 𝑘1𝑐𝑎 (20) 

Substituting for (14), (17), (18), and (20) in the general control 

law and adaptation law given in (10) and (11), the AIOFLC is 

obtained for MU. The block diagram of the MU proposed 

controller is shown in Fig. 3. 

 

C. AIOFLC for SUs 

Taking the time derivative of  (5) and (6) and substituting 

from (1)-(4), the dynamic equation of active and reactive 

powers is obtained as: 

𝑃̇ = 𝑓𝑃 + 𝑢𝑃 + 𝜉𝑃 (21) 

𝑄̇ = 𝑓𝑄 + 𝑢𝑄 + 𝜉𝑄 (22) 

where 

𝑓𝑃 = 1.5𝑐[(𝑖𝑓 − 𝑖𝑜)𝑖𝑓 + (𝑖𝑓 − 𝑖𝑜)𝑖𝑓]     

      −1.5𝑎[(𝑏𝑖𝑓 + 𝑣𝑓)𝑣𝑓 + (𝑏𝑖𝑓 + 𝑣𝑓)𝑣𝑓] 
(23) 

𝑢𝑃 = 1.5𝑎(𝑣𝑓𝑣𝑖 + 𝑣𝑓𝑣𝑖) (24) 
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Fig. 3. Block diagram of the MU proposed controller 

 

 
Fig. 4. Block diagram of the SUs proposed controllers

 

𝑓𝑄 = 1.5𝑐[(𝑖𝑓 − 𝑖𝑜)𝑖𝑓 − (𝑖𝑓 − 𝑖𝑜)𝑖𝑓]     

     −1.5𝑎[(𝑏𝑖𝑓 + 𝑣𝑓)𝑣𝑓 − (𝑏𝑖𝑓 + 𝑣𝑓)𝑣𝑓] 

(25) 

𝑢𝑄 = 1.5𝑎(𝑣𝑓𝑣𝑖 − 𝑣𝑓𝑣𝑖) (26) 

𝜉𝑃 and 𝜉𝑄 are lumped uncertainties: 

𝜉𝑃 = 1.5𝜉𝑣𝛼𝑖𝑓𝛼 + 1.5𝜉𝑣𝛽𝑖𝑓𝛽 + 1.5𝜉𝑖𝛼𝑣𝑓𝛼 +

1.5𝜉𝑖𝛽𝑣𝑓𝛽                                                                                          

 = 𝛥𝑐(𝑖𝑓 − 𝑖𝑜)1.5𝑖𝑓 + 𝛥𝑐(𝑖𝑓𝛽 − 𝑖𝑜𝛽)1.5𝑖𝑓𝛽 +

[𝛥𝑎(𝑣𝑖𝛼 − 𝑏𝑖𝑓𝛼 − 𝑣𝑓𝛼)]1.5𝑣𝑓𝛼 − (𝑎 +

𝛥𝑎)𝛥𝑏𝑖𝑓𝛼1.5𝑣𝑓𝛼    

          +[𝛥𝑎(𝑣𝑖𝛽 − 𝑏𝑖𝑓𝛽 − 𝑣𝑓𝛽)]1.5𝑣𝑓𝛽 −

(𝑎 + 𝛥𝑎)𝛥𝑏𝑖𝑓𝛽1.5𝑣𝑓𝛽 

(27) 

𝜉𝑄 = 1.5𝜉𝑣𝛽𝑖𝑓𝛼 − 1.5𝜉𝑣𝛼𝑖𝑓𝛽 + 1.5𝜉𝑖𝛼𝑣𝑓𝛽 −

1.5𝜉𝑖𝛽𝑣𝑓𝛼                                                                                            

     = 𝛥𝑐(𝑖𝑓𝛽 − 𝑖𝑜𝛽)1.5𝑖𝑓 + 𝛥𝑐(𝑖𝑓𝛼 −

𝑖𝑜𝛼)1.5𝑖𝑓𝛽 + [𝛥𝑎(𝑣𝑖𝛼 − 𝑏𝑖𝑓𝛼 − 𝑣𝑓𝛼)]1.5𝑣𝑓𝛽 −

(𝑎 + 𝛥𝑎)𝛥𝑏𝑖𝑓𝛼1.5𝑣𝑓𝛽    

          +[𝛥𝑎(𝑣𝑖𝛽 − 𝑏𝑖𝑓𝛽 − 𝑣𝑓𝛽)]1.5𝑣𝑓𝛼 −

(𝑎 + 𝛥𝑎)𝛥𝑏𝑖𝑓𝛽1.5𝑣𝑓𝛼 

(28) 

To control the active power consider the following output 

𝑦 = 𝑃 − 𝑃∗ (29) 

Taking the time derivative of (29) and using (21), gives 

𝑦̇ = 𝑓𝑃 + 𝑢𝑃 + 𝜉𝑃 − 𝑃̇
∗ (30) 

Considering the following functions and variables, one can 

achieve the canonical form (7), 

𝑓(𝑥) = 𝑓𝑃 − 𝑃̇
∗ (31) 

𝑞 = [𝑞1   𝑞2  𝑞3   𝑞4] (32) 

θT = [𝛥𝑐   𝛥𝑎   𝛥𝑏   𝛥𝑎𝛥𝑏] (33) 

𝑔(𝑥) = 1 (34) 

𝑢 = 𝑢𝑃 (35) 

where 

𝑞1 = 1.5(𝑖𝑓𝛼 − 𝑖𝑜𝛼)𝑖𝑓 + 1.5(𝑖𝑓𝛽 − 𝑖𝑜𝛽)𝑖𝑓𝛽 (36) 

𝑞2 = 1.5(𝑣𝑖𝛼 − 𝑏𝑖𝑓𝛼 − 𝑣𝑓𝛼)𝑣𝑓
+ 1.5(𝑣𝑖𝛽 − 𝑏𝑖𝑓𝛽 − 𝑣𝑓𝛽)𝑣𝑓𝛽  

(37) 

𝑞3 = −1.5𝑎𝑖𝑓𝛼𝑣𝑖𝛼 − 1.5𝑎𝑖𝑓𝛽𝑣𝑓𝛽  (38) 

𝑞4 = −1.5𝑖𝑓𝛼𝑣𝑖𝛼 − 1.5𝑖𝑓𝛽𝑣𝑓𝛽  (39) 

Now, the control and adaptation laws (10) and (11) can be used. 

To control the reactive power, consider the following output 

𝑦 = 𝑄 − 𝑄∗ (40) 

Taking the time derivative of (40) and using (22), gives 

𝑦̇ = 𝑓𝑄 + 𝑢𝑄 + 𝜉𝑄 − 𝑄̇
∗ (41) 

Considering the following functions and variables, one can 

achieve the canonical form (7), 

𝑓(𝑥) = 𝑓𝑄 − 𝑄̇
∗ (42) 

𝑞 = [𝑞1   𝑞2  𝑞3   𝑞4] (43) 

θT = [𝛥𝑐   𝛥𝑎   𝛥𝑏   𝛥𝑎𝛥𝑏] (44) 

𝑔(𝑥) = 1 (45) 

𝑢 = 𝑢𝑄  (46) 

text

d/dt

 ò=

Inverter PWM unit 

command vecor

text  ò Inverter PWM unit 

command vecor

text  ò

using (24) 

and (26) 

inverses

and

to
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where 

𝑞1 = 1.5(𝑖𝑓𝛽 − 𝑖𝑜𝛽)𝑖𝑓 − 1.5(𝑖𝑓 − 𝑖𝑜)𝑖𝑓𝛽 (47) 

𝑞2 = 1.5(𝑣𝑖𝛼 − 𝑏𝑖𝑓𝛼 − 𝑣𝑓𝛼)𝑣𝑓𝛽
− 1.5(𝑣𝑖𝛽 − 𝑏𝑖𝑓𝛽 − 𝑣𝑓𝛽)𝑣𝑓 

(48) 

𝑞3 = −1.5𝑎𝑖𝑓𝛼𝑣𝑖𝛽 + 1.5𝑎𝑖𝑓𝛽𝑣𝑓𝛼 (49) 

𝑞4 = −1.5𝑖𝑓𝛼𝑣𝑖𝛽 + 1.5𝑖𝑓𝛽𝑣𝑓𝛼 (50) 

Now, the control and adaptation laws (10) and (11) can be used. 

The block diagram of the SUs proposed controllers is shown 

in Fig. 4. 

 

IV. Case studies and operation scenarios 

Simulation studies are performed in MATLAB SIMULINK  

to investigate the designed control scheme for the MG given 

in Fig. 1. The parameters used in simulations are presented in 

Table 1. The SIMULINK solver is configured as a fixed-step 

with a discrete sample time of 5s. The MU rated power and 

the inverters rated voltages are used as base values. The 

operation of the MG is evaluated using the designed controls 

in several cases. 

A. Case Study 1 

This case study is the normal testing operation for the proposed 

controls. In this case study, from t=0s to t=0.15s, only the MU 

delivers the demand powers. From t=0.15s to t=0.25s, the 

active power of the SU increases from 0 to 0.4pu linearly. 

From t=0.15s to t=0.2s, the reactive power of the SU increases 

from 0 to 0.1pu linearly. Fig. 5 presents the voltages and 

powers of three buses (i.e. PC1, PC2, and Load3) of this case 

study. The obtained results show the active/reactive powers 

track their reference values correctly. It is seen that the MU 

power decreases by increasing the SU power. The voltages are 

sinusoidal with very low harmonics and the MU bus voltage is 

controlled properly. No voltage deviation is observed and the 

responses are acceptable without any low-frequency 

oscillations. The voltage THDs are below the 2.5% required 

by IEEE 1547 and IEC 61727 standards (50% of the current 

harmonic limits) [24]. 

B. Case Study 2 

In this case, all of the settings are similar to the ones given  

in case study 1; except that, the controllers are FLCs. Fig. 6 

illustrates the obtained results of this case study. Unlike case 

study 1, some large oscillations are seen on active/reactive 

powers of MU and Load3 which are the consequences of the 

noticeable increases and decreases in voltages. In fact, using 

FLC, the MU voltage tracking is not as good as the tracking in 

case study 1. Besides, FLC is not a robust control against 

disturbances and uncertainties. 

C. Case Study 3 

In this case study, again all of the settings are similar to the 

ones considered in case 1, but the applied controls are modified 

CSMCs. The simulation results of this case study are shown in 

Fig. 7. The chattering effect and high control  

 

 

TABLE 1 

 MG PARAMETERS 

The nominal (base) power 3 MVA 

VSIs nominal voltage 600 V 

MG frequency 50 Hz 

Line1  0.35+j0.785  

Line2  0.25+j0.625  

Line3  0.1+j0  

VSIs DC voltage 1500 V 

Switching frequency 2 kHz 

Filter resistance 0.002  

Filter inductance 500 H 

Filter capacitance 400 F 

 

efforts are very noticeable. The active/reactive powers are 

affected really and contain high-frequency contents. VSIs 

filters cannot eliminate these high-frequency contents 

completely. The chattering phenomena can also excite 

unmolded dynamics which may cause instability in the real 

physical system. Besides, it increases the power loss of VSI 

switches. 

The control signals of the three controllers are also shown in 

Figs. 3, 4, and 5. These waveforms illustrate the lower control 

effort of the AIOFLC. 

D. Case Study 4 

Nonlinear and switching loads such as rectifiers increase 

harmonic distortions in the power system. This case study is 

fully identical to case study 1, except that a rectifier, which is 

a nonlinear load, is paralleled to Load3 at time 0.35s. Fig. 8 

shows the obtained results of this case study. Using the 

proposed AIOFLCs reveals that despite the harmonics in Line3 

current, the voltages remain sinusoidal, and MU and SU 

provide the demand powers without any considerable glitch. 

Using the AIOFLCs, the MG has a smooth and acceptable 

operation. The effect of harmonic load on voltages and powers 

is insignificant due to the proposed high-performance controls. 

This case study also illustrates the robustness of the designed 

AIOFLCs. 

E. Case Study 5 

This case is fully similar to case 1; however, very higher 

impedances are used for Line1 and Line2: (0.35+j0.785)*6  

and (0.25+j0.625)*6 , respectively. Fig. 9 illustrates the 

obtained results of this case study. The simulation results show 

that the MG maintains its stability; however, the harmonic 

contents of bus voltages are very high and the active/reactive 

powers are very fluctuating. This test represents that the MS 

strategy is only acceptable for islanded MGs in which the 

impedances of the lines are not very high. It can also be used 

in power electronics systems with paralleled VSIs. 
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Fig. 5. AIOFLC: voltage, active/reactive 

powers of buses, and control signals of DG1 

 

 

 

 
Fig. 6. FLC: voltage, active/reactive powers of 

buses, and control signals of DG1 

 

 

 

 
Fig. 7. Modified CSMC: voltage, 

active/reactive powers of buses, and control 

signals of DG1 

F. Case Study 6 

In this case study, using the parameters of case studies 1 to 3, 

the load switching is studied. Load2 on bus2 is disconnected 

at 0.3 second and connected again at 0.4 second. The 

simulation results of the proposed AIOFLC are represented in 

Fig. 10 and compared to the ones of two other standard 

nonlinear control methods. It is seen that using AIOFLC, the 

active/reactive powers of DG2 are controlled with fewer 

ripples, and the active/reactive powers of DG1 are also 

properly changed according to the load variations.  
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Fig. 8. AIOFLC with harmonic load (rectifier): voltage, 

active/reactive powers of buses, currents of the Line3 

 

 

 

 
Fig. 9. High impedance lines: voltage, active/reactive powers 

of buses 
 

V. Conclusions 

This paper investigates AIOFLC to control islanded inverter-

based MGs with MS strategy. Two AIOFLCs are designed for 

MU and SUs. Simulation results are obtained for an islanded 

MG with two DGs; however, the proposed controls can be 

used well for any islanded inverter-based MG with any number 

of DGs. Next, the responses of three controls (i.e., AIOFLC, 

FLC, and a modified CSMC) are obtained and compared. The 

obtained results illustrate the benefits of the designed 
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AIOFLCs. The MU bus voltage and the delivered powers of  

the SU are controlled properly. 

 

 

By changing the loads or the active/reactive powers references 

of the SU, the MU generates the remaining load demand and a 

proper load sharing between VSIs is achieved. Using the 

proposed control scheme leads to almost no overvoltage or 

undervoltage during the transient intervals. The designed 

controllers provide a high-performance control behavior. In 

addition, simulating the volatility inherent to the DGs 

illustrates that the DGs can inject their powers when available. 

Overall, the merits of the proposed control scheme are as 

follows: perfect tracking, avoiding high control effort, and 

robustness of the AIOFLCs. The designed AIOFLCs can be 

used in parallel inverters with LC filters to control the voltage 

and power. The contributions of the paper can be summarized 

as follows: 

•  

 

• Rearranging the equations of inverter-based DGs with LC 

filters, suitable for controller design 

• Designing two AIOFLCs for the MU and the SUs 

• Investigating the proposed controls in a MG by adopting 

the MS strategy 
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Objective: Multifunctional features of grid-connected inverters can be used for harmonic 

compensation of local load voltage and grid-injected current. But, in high-power grid-

connected inverters, there is a challenge due to low switching frequency. On the other 

hand, simultaneous compensation of local load voltage and grid-injected current 

harmonics is an important issue in grid-connected inverters. Using a Unified Power 

Quality Conditioner (UPQC) at the Point of Common Coupling (PPC), an improved 

active harmonic compensation method is proposed which is appropriate for high-power 

low-frequency grid-connected inverters. The UPQC operates as a combination of a 

negative shunt virtual admittance and a negative series virtual impedance at the PCC. It 

suppresses the disturbances caused by local load variation and grid impedance change. 

Using a low-power, high-frequency UPQC, local load voltage and grid-injected current 

harmonics up to higher-order components are simultaneously compensated despite grid 

impedance changes and nonlinear local load variations. The control system is designed 

according to the impedance-based stability criterion to ensure the system's stability. The 

theoretical results are validated using different case study simulations in 

MATLAB/Simulink software.  

  

Nomenclature

𝑌𝑻            Equivalent admittance at the PCC 

𝑌𝑜  Output admittance of the grid-connected 

inverter 

𝑌𝑙  Variable admittance of the local load 

𝑍𝑔       The grid impedance 

𝑈𝑔   The grid voltage 

𝑈𝑃𝐶𝐶      PCC voltage 

𝑈𝑙  Nonlinear local load voltage 

𝐼𝑔        The grid-injected current 

𝑖𝑜_ℎ Harmonic components of the inverter output 

current 

𝑈𝑃𝐶𝐶_ℎ Harmonic components of the PCC voltage 

𝑖𝐼  The output current of the inverter 

𝐼𝑠  The current source in the grid-connected   

inverter model 
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I. Introduction 

Along with the widespread utilization of renewable energy 

sources in power systems, large changes have occurred at 

transmission and distribution levels. Nowadays, the harmonic 

components generated by nonlinear loads and inverter-based 

distributed generation (DG) units, highly threaten the quality of 

grid-injected current. 

A. Research Motivation 

To alleviate problems caused by variations in nonlinear local load 

and grid impedance, appropriate power quality compensators should 

be designed [1]. The grid-connected inverter in inverter-based DG 

units should be designed and controlled in such a way that the grid-

injected current harmonics are minimized. The IEEE 1547 standard 

determines the permissible limits for harmonic contents of the PCC 

voltage and grid-injected current [2]. If the THD of the PCC voltage 

increases over its permissible limit, then the THD of the grid-

injected current increases, and consequently, the protective devices 

operate and the DG unit disconnects from the grid. The main 

challenge is related to the effect of changes in nonlinear local load 

and grid impedance on the increasing harmonic components and 

harmonic instability of the DG unit. On the other hand, the grid 

impedance variation causes resonant frequency variation. In this 

condition, the grid-connected inverter is stable if the ratio of the 

equivalent grid impedance to the inverter output impedance satisfies 

the Nyquist stability criterion [3].  

B. Literature Review 

Several control methods were recently proposed for suppressing 

harmonic disturbances at the PCC. Some of these methods are such 

as the grid voltage feedforward methods [4-5], H∞  repetitive 

controller [6-7], using auxiliary inverters [8-10], virtual impedance-

based control techniques [11-21], and methods that shape the 

inverter output impedance [22-25]. Also, to solve the resonant 

problem, the capacitor current feedback was used in an active 

damping control loop to improve the system stability [26-27]. 

In [8], the authors used an auxiliary inverter containing a series 

LC filter. The parameter adjustment of the series LC filter increases 

the main inverter output impedance and consequently suppresses the 

harmonic components at the PCC. In [9] two shunt inverters were 

used to compensate for the grid-injected current and the PCC 

voltage harmonics, simultaneously. The local load voltage 

harmonics were reduced by the first inverter and the current 

harmonics caused by the nonlinear local load were reduced by the 

second one. Meanwhile, a parallel virtual admittance can be applied 

to the output of the inverter to compensate for the grid-injected 

current harmonics. Also, a virtual impedance can be applied in series 

to eliminate the voltage harmonics at the PCC [10-14]. Harmonic 

reference voltages were generated according to the harmonic virtual 

inductance and resistance in negative and positive sequences [15-

17]. In reference [18], using an adaptive virtual impedance, the 

harmonic components of the load voltage were suppressed. The load 

voltage distortion was used to determine this virtual impedance. 

Another strategy for harmonic suppression is inverter output 

impedance shaping. If the equivalent output impedance of a current-

controlled grid-connected inverter is set to infinite, the grid-injected 

current harmonics are eliminated. On the other hand, if the 

equivalent series impedance at the PCC is set to zero, the grid 

voltage harmonics do not affect the grid-injected current [19-23]. To 

reduce both the PCC voltage and grid-injected current harmonics, a 

hybrid virtual impedance method was proposed in [24]. In [25], the 

application of a series active power filter was introduced to 

compensate for the PCC voltage harmonics in case of grid 

impedance change. However, the nonlinear local load was not 

considered in this work. In previous works, the harmonic 

compensation method was usually designed based on the unchanged 

virtual admittance. However, the nonlinear local load and the grid 

impedance may be practically varied for several reasons. These 

variations cause variable current and voltage harmonics at the PCC. 

So, the value of applied virtual admittance should be adaptively 

changed.  

This problem was investigated in our previous work where a 

single-phase low-power grid-connected inverter was considered 

[28]. In this reference, a variable virtual admittance was suggested, 

and it was implemented using the multifunctional capability of the 

grid-connected inverter. The switching frequency of the grid-

connected inverter was high, and therefore the high-frequency 

components could be compensated. Also, in this reference, a series 

active power filter was used to compensate for the grid impedance 

effect. But, in high-power three-phase grid-connected inverters, the 

switching frequency is low, and therefore they cannot be used for 

harmonic compensation at high-frequencies.  

In [31] a new adaptive harmonic voltage control method was 

developed for voltage-controlled DG inverters, which neither uses 

any PI regulators nor imposes stability issues associated with 

nonideal implementation of infinite gains of PR controllers. The 

developed control logic can be used for both grid-connected and 

islanding modes and is capable of accurate output voltage tracking 

by exploiting the property of an optimal switching vector controller. 

In [32], a new strategy was designed based on multiple resonant 

current controllers and active damping feedback to improve the 

ability of the PV inverter to suppress harmonics under the grid 

background harmonic conditions. A passive impedance network 

was constructed using the impedance model of a PV inverter and 

then by analyzing the series resonance of the impedance network, 

the amplification coefficient of the harmonic voltage at the point of 

common coupling (PCC) was obtained. To solve the problem that 

the output harmonics exceed the standard limits under the 

background harmonic condition of the weak grid, a harmonic 

mitigation control strategy was implemented. 

An improved fuzzy-controlled back-to-back electric spring was 

proposed in [33] that was used to improve power quality in 

microgrids. The proposed structure was controlled to operate 

simultaneously as an electric spring and shunt active power filter. 

That means, the series part of the back-to-back electric spring 

regulates the critical load voltage and applies the demand-side 

management and the parallel part operates as a shunt active power 

filter capable of power factor correction and current harmonic 

compensation.  



195                                                                Active Harmonic Compensation and Stability Improvement in …/ E. Samavati 

 

 

 

Fig. 1.  Grid-connected inverter system with a variable nonlinear 

load that connected to a weak grid 

C. The Necessity of the Research 
In real conditions, the grid impedance and nonlinear local load 

may be changed. So, it is needed to propose a method that improves 

the power quality and stability in this condition. Also, in high-power 

grid-connected inverters, because of low switching frequency, the 

grid-connected inverter cannot be used for implementation of the 

virtual admittance concept to improve the power quality and 

stability. Therefore, this paper aims to propose a new UPQC-based 

structure for grid-connected inverters to compensate for the voltage 

and current harmonics and improve the system’s stability in this 

condition. 

D. Novelty and Main Contribution 

In this paper, a low-frequency three-phase grid-connected 

inverter with an LCL filter has been considered under local load 

variation and weak grid conditions as shown in Fig. 1. 

To implement a variable virtual admittance in parallel with the 

inverter and a variable virtual impedance in series with the grid, the 

application of a low-power high-frequency UPQC at the PCC is 

proposed. The proposed UPQC-based structure is capable of 

compensating the grid-injected current and PCC voltage harmonics 

in case of local load and grid impedance variations. The UPQC is 

the combination of a shunt and a series inverter which are connected 

in the DC-link. The shunt inverter is modeled as a harmonic current 

source and the series inverter is modeled as a harmonic voltage 

source. The series inverter injects a series voltage to compensate for 

the variable grid impedance effect and the shunt inverter injects a 

shunt current to compensate for the variable nonlinear local load 

effect. With the proposed UPQC-based structure, it is possible to 

suppress both the PCC voltage and grid-injected current harmonics 

and improve the system's stability.  

Using the proposed structure in a low-frequency grid-connected 

inverter, the robustness of the system against the nonlinear local 

load and grid-impedance variations is maintained. The results of the 

proposed method were compared with the results without using the 

proposed structure. 

E. Organization and Structure 

The rest of the paper is organized as follows. The principle of 

the proposed harmonic cancellation method is described in 

section 2. In section 3, the control block diagram of the proposed 

system is introduced and then the simulation results are 

presented in section 4. Finally, concluding remarks are given in 

section 5. 

II. Principle of the Proposed Harmonic Cancellation 

Method  

The equivalent circuit of a grid-connected inverter is shown in Fig. 

2. The grid-connected inverter is modeled as a current source (𝐼𝑠) in 

parallel with the inverter output admittance (𝑌𝑜). In this model, Ig 

is the grid-injected current, 𝑈𝑙  is the nonlinear local load voltage 

which is equal to the PCC voltage (𝑈𝑃𝐶𝐶) and finally, 𝑈𝑔 is the grid 

voltage. It is assumed that the nonlinear local load is variable. The 

grid impedance (𝑍𝑔) includes the transformer leakage impedance, 

the line impedance, and the output impedance of other inverters 

connected to the PCC. The grid impedance is variable because the 

grid structure is changed and the number of grid-connected inverters 

may be varied. If the local load is modeled as a variable admittance 

(Yl), then equation (1) expresses the equivalent admittance at the 

PCC. 

YT = Yo + Yl (1) 

According to Fig. 2, Ul and Ig can be written as (2) and (3), 

respectively. These equations show that the local load and grid 

impedance changes cause variable harmonics at the PCC. To solve 

this problem, the effects of the local load and grid impedance 

variations should be canceled. 

Ul = Is (
Zg ∗

1

YT
1

YT
+ Zg

) + Ug (

1

YT
1

YT
+ Zg

) (2) 

1.1.  

Ig = Is(

1

YT
1

YT
+ Zg

) − Ug (
1

1

YT
+ Zg

) (3) 

A. Cancel Out the Grid Impedance Effect  

An LCL filter has a resonant frequency that is varied due to the 

grid impedance variation. So, the harmonic stability analysis is 

important in weak grids. To overcome this challenge, an effective 

active damping method is necessary to guarantee the system’s 

stability when connected to a weak grid. As shown in Fig. 3, the 

effect of grid impedance can be canceled out by applying -Zg as a 

series virtual impedance. This is done using a low-power series 

active power filter. According to (2) and (3), using the proposed 

cancellation method, Ul  and Ig  can be written as (4) and (5), 

respectively. 

lim
Zg→0

Ul = Ug (4) 
 

lim
Zg→0

Ig = Is − UgYT (5) 

Equation (4) shows that the grid impedance effect on local load 

voltage harmonics is eliminated. Also, equation (5) shows that the 

grid impedance effect on grid-injected current harmonics is well 

eliminated. However, the local load variation effect on harmonic 

components of the grid-injected current is not canceled out due to YT 

presence. 

B. Nonlinear Local Load Effect Cancellation 

As shown in Fig. 2, the equivalent admittance at the PCC (YT) 

includes the parallel connection of inverter output admittance and 

variable local load admittance. To cancel out the effect of local load 

variation, an adaptive virtual admittance concept can be realized  
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Fig. 2. Equivalent model of an inverter with a variable local load 

connected to a weak grid 
 

 
Fig. 3. Grid impedance cancellation method using series virtual 

impedance concept 
 

 
Fig. 4. Equivalent circuit model of a grid-connected inverter uses 

variable virtual admittance and variable virtual impedance concepts 
 

using a shunt active power filter, as shown in Fig. 4. In this figure, 

the equivalent circuit model of a grid-connected inverter is shown 

which uses the proposed virtual admittance and virtual impedance 

concepts. Using the proposed active cancellation method, the 

undesired effects of nonlinear local load and grid impedance are 

removed. Therefore, the local load voltage (Ul) and grid-injected 

current (Ig) can be written as follows: 

lim
Zg→0

YT→0

Ul = Ug 
(6) 

 

lim
Zg→0

YT→0

Ig = Is 
(7) 

Regarding (6) and (7), by elimination of the nonlinear local load 

and grid impedance effects, the local load voltage (Ul) and grid-

injected current (Ig ) are exactly similar to the grid voltage and 

current reference of the DG unit, respectively. Following the grid-

injected current harmonic compensation, the PCC voltage (UPCC) 

harmonic components are reduced. 

The harmonic stability of the proposed structure can be analyzed 

using the impedance-based stability criterion [29]. The bandwidth 

of the Phase Lock Loop (PLL) is usually less than 50 Hz, which is  

 
Fig. 5. Equivalent circuit model of a grid-connected inverter with 

the proposed UPQC-based structure  

 

much less than the bandwidth of the internal current control loop 

(usually more than 1 kHz). So, the PLL effect is not considered in 

the output impedance of the grid-connected inverter. To check the 

impedance-based stability criterion, equation (3) is rewritten as 

follows: 

Ig=(Is − YTUg) ∗ (
1

1+
zg
1
YT

) (8) 

According to equation (8), a grid-connected inverter will be stable 

if the ratio of the grid impedance to the inverter output impedance 

including nonlinear local load (Zg /(
1

YT
) or Zg ∗ YT), satisfies the 

Nyquist criterion. Because of grid impedance cancellation using a 

series active power filter and nonlinear local load cancellation using 

a shunt active power filter, Zg ∗ YT becomes zero and satisfies the 

Nyquist criterion. So, the grid-connected inverter will be stable in 

all conditions. 

C. Principle Of UPQC 

The active cancellation method which is proposed in previous 

sections is implemented using a low-power, high-frequency UPQC 

at the PCC. As shown in Fig. 5, the UPQC is operated as a shunt 

current source and a series voltage source, simultaneously. 

The shunt current source injects the harmonic components of the 

inverter output current in the opposite sign. So, the harmonic 

components of the grid-injected current are canceled out at the PCC. 

Also, the series voltage source injects the PCC voltage harmonics in 

the opposite sign. So, the harmonic components of the local load 

voltage are canceled out at the PCC. 

III. Control Block Diagram of the Proposed System 

An LCL-filtered grid-connected inverter that uses the proposed 

UPQC-based structure is shown in Fig. 6. The grid impedance and 

the nonlinear local load are assumed to be variable. A PR controller 

is used to control the grid-connected inverter. The grid-injected 

current (ig), the output current of the inverter (iI) and the PCC 

voltage (UPCC ) are inputs of the controller. The control block 

diagram of the grid-connected inverter is shown in Fig. 7. 

The dq reference currents are assumed to be 𝑖𝑑=100 and 𝑖𝑞=0. A 

PR controller with a transfer function of GPR_f(s) = kp +

∑
2kiωcs

s2+2ωcs+ω0
2i=1,5,7   is designed to minimize the steady-state 

error of the grid-injected current (ig) in αß reference frame. The 

pole-zero cancellation method is used to design the controller 

parameters. The shunt and series inverters in the UPQC structure are 

used to produce the harmonic components of the inverter output 

current (io_h) and PCC voltage (UPCC_h), respectively. Low-power, 

high-frequency inverters in the UPQC structure are capable of 

harmonic compensation up to higher orders. The control block 

diagram of the series inverter is shown in Fig. 8. To eliminate the 

grid impedance variation effect, the harmonic content of the PCC 

voltage (UPCC) is extracted using the dq reference frame and is 

inversely injected into the system using the series inverter. Gd2(s) 
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is the delay transfer function. Also, the control block diagram of the 

shunt inverter is 

 

Fig. 6. An LCL-filtered grid-connected inverter that uses the proposed UPQC-based structure 

 

 
Fig. 7.  Control block diagram of the grid-connected inverter 

 

shown in Fig. 9. This control system is designed to eliminate the 

current harmonics and regulate the DC-link voltage. The grid-

injected current harmonics are extracted using the dq reference 

frame and are used to generate the reference current. Therefore, the 

shunt inverter compensates for the harmonic components of the 

grid-injected current at the PCC. To regulate the DC-link voltage, 

a proportional-integral (PI) controller is used in a voltage feedback 

control loop. The output of the PI controller is added to the d 

component of the reference current. The shunt inverter is 

controlled using the hysteresis current control method. High-

frequency switching harmonics in the outputs of the shunt and 

series inverters are damped using LC filters. 

IV. Simulation Results 

In this section, a 380V/50Hz three-phase grid-connected inverter 

that uses the proposed UPQC-based structure, as shown in Fig. 6, 

is simulated using MATLAB/Simulink software. Also, the control 

block diagram of the main grid-connected inverter is modeled based 

on Fig. 7, and the control block diagram of the series and shunt 

inverters in the UPQC structure are modeled based on Fig. 8 and Fig. 

9. The simulation parameters are given in Table 1. 

The grid inductance is changed between 0 and 7.2mH and a 

variable local load is connected to the inverter output. It is validated 

that the proposed structure has an excellent performance in case of 

local load and grid impedance changes. 

The harmonic compensation capability of the proposed 

structure is evaluated in case the grid inductance is equal to 7.2mH 

and the nonlinear load2 (shown in Fig. 10(b)) is connected. 

Without using the UPQC-based structure, the PCC voltage and the 

grid-injected current waveforms and their THDs are shown in Fig. 

11(a). As shown in this figure, the voltage and current THDs have 

exceeded the standard limits.  

Also, the simulation results in the case of using the proposed 

UPQC-based structure are shown in Fig. 11(b). As shown in this 

figure, the voltage and current THDs are satisfied by the IEEE 1547 

standard under the worst conditions. 
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Fig. 8. Control block diagram of the series inverter 

 

 

Fig. 9. Control block diagram of the shunt inverter 

TABLE 1 

SIMULATION PARAMETERS 

Symbol Parameter Value Symbol Parameter Value 

Vdc1 DC-link voltage of the grid-connected 

inverter 

750V Lg Grid inductance 0~7.2mH 

Lf1 Inverter side inductance 5.6mH Vdc2 DC-link voltage of the UPQC 90V 

Lf2 Grid side inductance 2μH Ll Nonlinear load inductance 300mH 

Cf Filter capacitance 45μF Rl Nonlinear load resistance 20Ω 

Lsh LC filter inductance of the shunt inverter 2mH Cl Nonlinear load capacitance 300μF 

Csh LC filter capacitance of the shunt inverter 0.5μF Kp Proportional gain of the PR controller 0.2 

Ls LC filter inductance of the series inverter 3.5mH Ki Harmonic frequency resonant gains of the 
PR controller 

9,5,4 

Cs LC filter capacitance of the series inverter 0.5μF ωc The cut-off frequency of the PR controller 4Hz 

Cdc DC-link capacitance of the UPQC 4×2000μF Kpc Controller gain 2.5 

Uin The line-to-line voltage at PCC 380V fs Switching frequency 2500Hz 

A. Local Load Variation 

At First, a three-phase linear resistive load (R=55Ω) is connected 

to the output of the inverter. At t=0.1s, the resistive load is replaced 

with a nonlinear load (load1 as shown in Fig. 10(a)). Also, at t=0.2s, 

load1 is replaced with another nonlinear load (load2 as shown in Fig. 

10(b)). The load current is shown in Fig. 12. The PCC voltage (𝑈𝑃𝐶𝐶) 

and the grid-injected current (ig)  without and with using the 

proposed UPQC structure are shown in Figs. 13 and 14, respectively.  

Without using the proposed UPQC structure, the THD of the PCC 

voltage and THD of the grid-injected current have exceeded the 

permissible limits. 

However, as shown in Fig.14, when using the proposed UPQC 

structure, the THD values and harmonic factors of the PCC voltage 

 

 

(a) (b) 

Fig. 10. Nonlinear loads (a) load1 (b) load2 

1.2. and grid-injected current are acceptable according to the limits 

determined by the IEEE 1547 standard. 

B. Grid Impedance Variation 

1.3. In this subsection, the grid impedance variation effect on the 

performance of a grid-connected inverter with a nonlinear local load 

(load2) is investigated. Firstly, the grid impedance is equal to 4mH. 

At t=0.1s, it is increased to 7.2mH, and at t=0.2s it is decreased to 

5mH. Waveforms and frequency spectrums of 𝑈𝑃𝐶𝐶 and 𝑖𝑔, without 

and with using the proposed UPQC structure are shown in Figs. 15 
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and 16, respectively. As shown in Fig. 15 the THD of the grid-

injected current is decreased when the grid inductance is increased. 

This is because the grid inductance acts as a first-order lowpass filter. 

As the grid inductance increases, the crossover frequency of this filter 

decreases, and consequently, the THD of the grid-injected current 

decreases. It is observed that without using the proposed UPQC 

structure, THDs of 𝑈𝑃𝐶𝐶  and 𝑖𝑔  and the harmonic factors of the 

individual voltage and current components are beyond the 

permissible limits. But, when the proposed UPQC structure is used, 

the THD values and the harmonic factors of the individual voltage 

and current components are satisfied by the IEEE 1547 standard.  

 
(a) 

 
(b)  

Fig. 11. PCC voltage (UPCC) and grid-injected current (ig) (a) without UPQC-based structure (b) with UPQC-based structure 

 
Fig. 12. Local load current in case of load variation 

 

 
 

 

 

   
Fig. 13 PCC voltage (𝐔𝐩𝐜𝐜) and grid-injected current (𝐢𝐠) in case of variable local load without UPQC-based structure 
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C. Performance analysis considering the grid voltage 

distortion 

The grid voltage distortion deteriorates the performance of grid-

connected inverters. According to the IEEE 519 standard [30], the 

maximum permissible limit of the grid voltage THD is 8%. In this 

study, the THD of the distorted grid voltage is considered 7%. 

According to previous works, the grid voltage harmonic rejection 

can be done using the grid voltage or the capacitor voltage of the 

 

 

   

 

   
Fig. 14 PCC voltage (𝑈𝑝𝑐𝑐) and grid-injected current (𝑖𝑔) in case of variable local load with UPQC-based structure 

LCL filter as a feedforward signal. As shown in Fig. 7, in the 

proposed strategy, the grid voltage is proportionally injected as a 

feedforward signal to the output of the control loop. In this case, the 

grid impedance is equal to 7.2mH and the nonlinear load (load2) is 

connected. Waveforms and frequency spectrums of the grid-injected 

current and the PCC voltage are shown in Fig. 17. 

Regarding frequency spectrums in Fig. 17, the harmonic factors 

of the individual harmonic components are within permissible limits 

determined by the IEEE 1547 standard. The grid-injected current 

THD is less than 5%. Also, the proposed structure  is capable of 

reducing the THD of the PCC voltage significantly. For better 

comparison, Table 2 gives the local load voltage and grid-injected 

current THDs for all case studies. 

V. Conclusion 

In this work, the variable virtual admittance and variable virtual 

impedance concepts were applied using a UPQC-based structure for 

low-frequency grid-connected inverters. The proposed structure has 

the capability of harmonic compensation and stability improvement 

in case of local load changes and variable grid impedance. The 

principle of this method is based on the impedance-based stability 

criterion for grid-connected inverters. The nonlinear local load 

changes and the grid impedance variations lead to the variable 

harmonic content of the local load voltage, PCC voltage, and grid-

injected current. In high-power grid-connected inverters, the 

variable virtual admittance concept cannot be applied by the inverter 

because of the low switching frequency. Therefore, the harmonic 

distortion at the PCC does not satisfy the requirements of the IEEE 

1547 standard.  In this paper, the topic of cancellation of the negative 

effects caused by local load changes and grid impedance variations 

in a high-power three-phase grid-connected inverter was presented. 
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It was verified that by using a low-power high-frequency UPQC, the 

output admittance of the inverter and the grid impedance became 

zero at the point of load connection. Therefore, the harmonic 

components were removed even under the change in local load and 

grid impedance variation. Also, in the proposed method, the system 

stability was ensured based on the impedance-based stability 

criterion. The effectiveness of the proposed method was verified 

using different simulation results in MATLAB/Simulink software. 

In this work, the system under study was a balanced 3-phase 3-wire 

system. The unbalanced 3-phase 4-wire systems can be considered 

in future works. 

TABLE 2 

 THDs OF THE LOCAL LOAD VOLTAGE AND GRID-INJECTED CURRENT (%) 

 Without the proposed UPQC-based structure With the proposed UPQC-based structure 

 local load voltage grid-injected current local load voltage grid-injected current 

Variable 

local load 

Resistive load 8.12 9 4.80 3.75 

Nonlinear load 17.4 23.3 4.39 3.82 

Highly Nonlinear load 17.82 24.66 4.32 3.98 

Variable 

grid 

impedance 

Zg=4mH 18.61 29.63 4.37 3.81 

Zg=7.2mH 19.05 20.87 2.64 3.86 

Zg=5mH 18.99 25.22 2.85 4.14 

Considering grid voltage distortion - - 6.44 4.31 

 

   

 

   

 

   
Fig. 15 PCC voltage (𝐔𝐩𝐜𝐜) and grid-injected current (𝐢𝐠) in case of variable grid impedance without UPQC-based structure 

 

𝑍𝑔=4mH 𝑍𝑔=7.2mH 𝑍𝑔=5mH 
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Fig. 16 PCC voltage (UPCC) and grid-injected current (ig) in case of variable grid impedance with UPQC-based structure 

 

  
Fig. 17 PCC voltage (𝐔𝐩𝐜𝐜) and grid-injected current (𝐢𝐠) considering the grid voltage distortion 
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Grinding in a ball mill is a process with high energy consumption; therefore, a slight 

improvement in its performance can lead to significant economic benefits in the industry. 

The softness of the product of the grinding circuits prevents loss of energy in the 

subsequent processes. In addition, controlling the mill's performance is challenging due 

to its complex dynamic characteristics. The primary purpose of this article is to use the 

ground particle size diagram and acoustic signal in ball mill control, and model their 

relationship based on the least squares method. As a result, by extracting valuable data 

from the acoustic signal, the optimal condition of the ball mill_ in terms of ground 

particle size and ball mill load (standard, low, high)_ can be achieved. In doing so, in this 

article, innovative ideas such as adaptive quantum basis, sparse representation, SVD, and 

PCA-based methods were used. The proposed method has been practically implemented 

on the ball mill of the Lakan lead-zinc processing plant. Also, a prototype of the device 

was built. The test results show that the optimal load for the studied ball mill is 10t/h. In 

this case, the ground particle size is 110-120 microns, which is ideal for this plant. Also, 

the power spectrum is in the middle-frequency band (300-700 Hz). According to the 

analysis and results, the proposed method will increase the efficiency of the studied ball 

mill. 

  

 

 

 

I. Introduction 

A. Background 

In mineral processing, particles containing valuable minerals 

must be ground to reach a size that is small enough to be 

released from the tailings and easily separated by a suitable 

concentration method [1, 2]. Grinding is a critical operation in 

mineral processing, which has a considerable impact on the 

economic value of the product. Many industrial surveys have 

proven that the grinding process accounts for a significant part 

of the total cost of metal production [3, 4]. Impact and friction 

are the primary mechanisms for size reduction in grinding. Ball 

milling is an essential process with more than 50% of the total 

energy consumption; therefore, a slight improvement in ball 

mill efficiency would result in a substantial economic benefit 

for the industry. The other important issue in the grinding 

process is the softness of the grinding circuit product. It affects 

the performance of the subsequent separation processes. 

Therefore, the precise control of the grinding circuits is 

significant to prevent energy loss and improve the efficiency 
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of the operations. Controlling the performance of a closed 

circuit ball mill is a challenging issue due to its complex 

dynamic characteristics and numerous interactions during the 

control loops [5]. Also, the variables of the ball mill cannot be 

easily measured due to the harsh working conditions and the 

impossibility of stopping it. Therefore, it is impossible to 

access all the variables for more accurate observation and 

better control of the ball mill performance. The main goal of 

researchers is to reduce the energy consumption of the 

grinding circuits, and, at the same time, to reduce the abrasion 

of grinding media to maintain the high quality of the final 

product [6, 7]. To reach this goal, a model is needed for optimal 

control of the ball mill regarding ground particle size and load 

[8]. One of the variables that has been studied by the 

researchers is the acoustic signal resulting from the collision 

of the material with the shell. The acoustic signal is a 

superposition of the grinding parameters, which shows the 

general state of the ball mill [5]. Therefore, it can indirectly 

express the critical condition of the ball mill operation. 

Although the relationship between the acoustic signal and the 

grinding conditions is complex, some of the ball mill 

characteristics can be extracted by examining the behavior of 

the time domain and frequency of the signal. Finally, using the 

acoustic signal data, the conditions inside the ball mill can be 

identified. Also, a suitable model can be introduced to control 

the ball mill system. 

B. Literature Review 

The acoustic signal has been studied in various researches. 

Recently, the relationship between sound intensity and ground 

particle size has been investigated in the Alumina ball mill [5]. 

In this paper, the critical rotation speed of the ball mill has been 

determined to reach the proper particle size using the sound 

spectrum analysis. According to this article, when the 

rotational speed is lower or higher than the critical speed, the 

size of the output particles increases, and the efficiency of the 

ball mill decreases accordingly. In addition, the sound intensity 

in critical speed is higher than the other modes. Therefore, 

there is a direct correlation between sound intensity and 

grinding efficiency [5]. Tang et al. have introduced some 

developments in the grinding process based on soft measuring 

methods such as acoustic signals and mechanical vibration [9]. 

In that article, techniques such as Fourier and Wavelet are 

reviewed to extract information from sound and vibration 

signals. Some offline and online models have also been 

presented for industrial applications. Shi et al. represented 

some acoustic signal measurement methods using fractional 

Fourier transform to detect the ball mill load [10]. The data 

related to load parameters are extracted by representing the 

signal as a fractional Fourier transform and spectrum 

subtractions. Characteristics of the grinding signal are obtained 

from the geometric spectral subtraction based on an 

autoregressive model in reference [11]. Using ensemble 

empirical mode decomposition and multi-scale spectral 

information, the conditions of the mill load are determined. 

Method [12] uses acoustic emission signals to train the 

convolutional neural network that can predict particle size 

distributions. In this method, the required data are obtained 

from the discrete element method and used for network 

training and testing. 

C. Research Challenges and Motivations 

Although in most of the previous research, soft measuring 

methods have been performed only on a laboratory sample to 

know the parameters of the ball mill. Here, the aim is to use 

such techniques in industrial applications [9]. In this paper, a 

new approach was implemented to control the ground particle 

size and feed rate (load of a ball mill) in the Lakan lead-zinc 

processing plant. Lakan lead-zinc processing plant is 46 

kilometers southwest of Arak, a city in the central province of 

Iran. This factory is one of the most important sources of lead 

and zinc concentrate production, which started working in 

1968. One of the challenges of this factory is its outdated 

equipment. Since the power consumption of this device is high, 

controlling its feed rate and output ground particle size can 

result in higher efficiency and lower energy consumption. 

Therefore, this article aims to present an effective method for 

optimal control of ball mills. To control the ball milling 

operation, parameters such as input feed rate, input water, 

rotational speed, and ball mill particle size distribution are the 

minimum requirements [8]. The specifications of the studied 

ball mill, whose liner is made of plastic, are shown in Table 1. 

It should be noted that the sizes of the balls are not fixed, 

ranging from 20 to 90 mm. The reason is that if a fixed size is 

used, some holes will be created between the balls, increasing 

the grinding time and the size of the ground particles. As 

illustrated, the rotational speed and input water of the ball mill 

studied in this article are constant; however, the feed rate can 

vary. Therefore, in this study, by changing the feed rate of the 

ball mill, we achieved optimal efficiency, and the feed rate was 

proved to be a critical parameter for optimal control of the ball 

mill. 

D. Methodology 

In this study, the wet ball mill efficiency of the Lakan lead-

zinc processing plant is investigated according to the feed rate 

and the ground product,  before and after the ball charging. To 

identify the ball mill system, it is necessary to sample the 

acoustic signal.   
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TABLE 1 

 Characteristics of the Ball Mill 
Length 2500 mm 

 

Outer diameter 

 

2300 mm 

 

Gearbox input speed 

 

1775 rpm 

 

Output speed 

 

21 rpm 

 

Ball size range 

 

20-90 mm 

 

Thickness of body and liners 1500 mm 

Liner material Plastic 

 

Therefore, the acoustic signal is first recorded at different 

times (based on retention time and under different feed rates) 

while the mill operates before and after the ball charge. In the 

meantime, the output product of the ball mill is sampled, and 

after sieve analysis, the distribution of ground particle size is 

obtained. Then, the outliers of the recorded acoustic signal are 

removed using a method based on quantum computation and 

sparse representation. In the next step, the relationship between 

the audio signal and ground particle size distribution is 

obtained using least square regression, processing the sound 

signal and extracting its helpful features, such as the maximum 

frequency component. By applying this model, the load and 

ground particle size ball mill can be effectively controlled. In 

this study, after identifying the ball mill system using an 

acoustic signal, an electronic control device was also built and 

tested. According to the test results, the presented method 

improved the wet ball mill efficiency of the Lakan lead-zinc 

processing plant. The sections of the article are organized as 

follows. In section 2, the proposed method is entirely 

explained. In section 3, the results and practical tests are 

presented, and conclusions are given in section 4. 

II. Proposed Method  

In this part, all the steps of the proposed method will be 

explained in detail. The proposed plan includes modeling and 

a ball mill control scheme. The modeling steps and ball mill 

control flowcharts are shown in Fig. 1 and Fig. 2, respectively. 

First, the system modeling is done using the steps in Fig. 1. 

Then, using the steps in Fig. 2, the ball mill is controlled. The 

central parts of the proposed method include removing outliers 

with the adaptive quantum basis, extracting features from the 

audio signal using the Fourier transform, using the PCA 

method to select the central part, and modeling based on the 

least squares. 

According to Fig. 1, the first step is acoustic signal 

acquisition. In the next step, removing outliers and noise is 

performed on the signal to reduce the modeling error. The 

proposed method to remove noise is as follows: first, a basis 

(dictionary) is created using the input signal. To separate the 

primary information and noise, the desired signal is projected 

onto the dictionary. After obtaining the coefficients in the 

dictionary domain, the denoised signal is reconstructed. In the 

next step, the Fourier transform of the denoised signal is 

calculated. Then, several essential features are extracted from 

the Fourier transform. To reduce the dimensions of the features, 

the PCA-based method is used in the next step. Finally, using 

the least squares method, the relationship between particle size 

distribution and acoustic signal is obtained as a system model. 

In Fig. 2, the ball mill system is controlled using the model 

obtained at this step. In the following sections, the different 

steps will be explained. 

A. Denoising Scheme 

Since ball mills are applied in industrial environments, the 

received acoustic signals contain noise and outlier points. One 

of the most critical parts of the ball mill control is the noise 

removal step. If the acoustic signal is not correctly denoised, it 

can cause errors in the control system. There are different 

methods to remove outliers and noise in the signal. Signal 

decomposition is one of the most common methods of noise 

removal. For this purpose, methods based on Fourier, Wavelet, 

and SVD are usually used [13-15]. These methods use a fixed 

basis to represent the signal and noise removal.  In this paper, 

we used the denoising method, which is based on an adaptive 

basis. Recently, quantum computing has been used in various 

fields. Reconstructing geological images and removing noise 

is one of its most important applications [16-18]. In this article, 

the signal is denoised by changing in the idea proposed in [18]. 

In the proposed method, the discrete version of the 

Schrodinger equation in quantum computation is used to build 

an adaptive basis or dictionary. Therefore, this method has the 

advantage of calculating the transformation compatible with 

the desired acoustic signal. Another reason for using this 

method is that it can eliminate most common noises in 

industrial environments, because of its adjustable parameters 

[18]. It should be noted that in this study, we have used the 

idea of [18], only to create a dictionary. The rest of the 

algorithm, which concerns noise elimination, is the innovation 

of this article. 

B. Construction of Quantum Adaptive Basis (Dictionary) 

The stationary Schrodinger equation in quantum mechanics 

(a quantum particle with energy E and in potential V(r)) is 

as follows: 

−
ℏ2

2𝑚
∇2𝜑 = −𝑉(𝑟) + 𝐸𝜑 

                     

(1) 
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Fig. 1. Modeling flowchart of the proposed method 

 

 

Fig. 2. Control flowchart of the proposed method 

where 𝑚 is the quantum particle mass, ℏ/2𝜋 is the reduced 

Planck's constant, and ∇2  is the Laplacian operator. This 

equation determines the wave function 𝜑(𝑟)  regarding 

spatial coordinates. To use this equation (in making the 

dictionary and signal denoising), the desired signal is 

considered a potential 𝑉(𝑟).  Assuming a constant potential 

and a wave function with a periodicity of L, the answer to the 

Schrodinger equation will be in the following form: 

𝜑(𝑟) = 𝐴𝑒𝑥𝑝(𝑖
√2𝑚(𝐸 − 𝑉)

ℏ
𝑟) 

                            

(2) 

where 𝐴 is the amplitude. According to (2), by discretizing 

the space with 𝑁  values, we will get 𝑁  answers, and  the 

frequency of the wave function will depend on √𝐸 − 𝑉. To 

use this equation to construct an adaptive basis, the desired 

signal is replaced by the potential 𝑉(𝑟) .  Therefore, it is 

necessary to create the discrete version of the Schrodinger 

equation.  In operator form, (1) will be as follows : 

𝐻𝜑 = 𝐸𝜑. (3)                             

where  𝐻 = −
ℏ2

2𝑚
∇2 + 𝑉 is called the Hamiltonian operator. 

By replacing 𝑦(𝑡)  (acoustic signal) with the size of 𝑁 

instead of 𝑉(𝑟), the size of  H will be 𝑁 × 𝑁 . When the 

discrete definitions of derivative and Laplacian are inserted, 

(3) will be as follows: 

(∇𝜑)𝑡 = 𝜑(𝑡 + 1) − 𝜑(𝑡) 

(∇2𝜑)𝑡 = 𝜑(𝑡 + 1) − 2𝜑(𝑡) + 𝜑(𝑡 − 1) 

 

 

Thus (𝐻𝜑)𝑡 = −
ℏ2

2𝑚
(𝜑(𝑡 + 1) − 2𝜑(𝑡) +

𝜑(𝑡 − 1) + 𝑦(𝑡)𝜑(𝑡)) 

⇓ 

 (𝐻𝜑)𝑡 = (𝑦(𝑡) + 2
ℏ2

2𝑚
)𝜑(𝑡) −

ℏ2

2𝑚
𝜑(𝑡 + 1) −

ℏ2

2𝑚
𝜑(𝑡 − 1). 

 

                        

(4) 

 

 

The simpler form of (4) is as follows: 

 (𝐻𝜑)𝑡 = ∑ 𝐻(𝑡, 𝑠)𝜑(𝑠)𝑡+1
𝑠=𝑡−1  for 𝑡 =

1,2,3, … , 𝑁. 

⇓ 

𝐻(𝑡, 𝑠) =

{
 
 

 
 𝑦(𝑡) + 2

ℏ2

2𝑚
 𝑓𝑜𝑟 𝑡 = 𝑠

−
ℏ2

2𝑚
 𝑓𝑜𝑟 𝑠 = 𝑡 + 1 𝑎𝑛𝑑 𝑡 = 𝑠 − 1

0      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

 

                

                      

(5) 

Therefore, the Hamiltonian matrix will be in the following 

form: 

𝐻 =

[
 
 
 
 𝑦(1) + 2

ℏ2

2𝑚
−

ℏ2

2𝑚
0

−
ℏ2

2𝑚
⋱ −

ℏ2

2𝑚

0 −
ℏ2

2𝑚
𝑦(𝑁) + 2

ℏ2

2𝑚]
 
 
 
 

. 

 

 

   (6) 

 

According to (3), eigenvectors of the Hamiltonian matrix can 

be computed for different values of 𝐸, and they form a basis 

in the Hilbert space. This matrix has 𝑁 eigenvectors, which 

are represented by 𝜑𝑖. These eigenvectors form a basis, which 

is called a dictionary in this article. It should be noted that one 

of the problems of the Schrodinger equation is the localization 

of the basis, which is caused by the Anderson localization 

phenomenon [19].  To solve this problem, the input signal is 

first smoothed using a Gaussian filter [18]. Then, the 

dictionary is made from the smoothed signal. The desired 

audio signal will have a sparse representation in this dictionary. 

Using this method, the noisy and non-noisy parts are separated, 

and the signal will be denoised.  In the following, the idea of 

sparse representation will be expressed.  

C. Sparse Representation Model 

Recently, the sparse model has been used in various 

applications such as reconstruction and noise removal [20-21]. 

In this model, 𝝋 = [𝜑1, … , 𝜑𝑁] represents the dictionary, 𝜑𝑖 

is the dictionary atom with the unit norm, and 𝒚 represents 

the vectorized signal. In sparse representation, it is assumed 

that the desired signal can be represented by a small number of 

dictionary atoms. The 𝒚 signal can be represented as follows: 

𝒚 = 𝝋𝛽 =∑ 𝜑𝑖
𝑁

𝑖=1
𝛽𝑖 

 

(7)                      

where 𝛽 will be the sparse representation of 𝒚 in 𝝋, if it 

contains a few non-zero coefficients. The problem of finding 

β is formulated as follows: 
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𝛽 = 𝑎𝑟𝑔𝑚𝑖𝑛𝛽   ‖𝒚 − 𝝋𝛽‖2
2  subject to  ‖𝛽‖0 ≤ 𝑠 (8)                     

where ‖𝛽‖0  means the number of non-zero elements of 𝛽 

and 𝑠  is sparsity. Matching Pursuit (MP) method is 

commonly used to solve the above problem [20]. This method 

starts with finding the atom that best matches the signal. The 

error in this step is defined as follows: 

𝐸𝑖 = 𝑚𝑖𝑛𝛼‖𝛼𝜑𝑖 − 𝒚‖ (9)                              

where 𝛼 is a scalar. The above problem is solved using 𝛼∗ =

〈𝒚, 𝜑𝑖〉, and the index of the best match is calculated as 𝑖0. 

Then, the residual signal 𝒓  is calculated, and this process 

continues until the desired accuracy is reached.  The MP 

algorithm to achieve a sparse representation of a signal is 

shown in Table 2.  

After calculating the sparse representation of the signal in the 

dictionary space, the denoised signal is obtained using  𝒚̂ =

𝝋𝛽. The steps of the proposed denoising algorithm are shown 

in Table 3.  According to (6), the size of the Hamiltonian matrix 

is 𝑁 × 𝑁 . If the size of the input signal is large, the 

computational complexity in dictionary construction will be 

very high. Therefore, in these cases, the input signal is divided 

into different patches, and the algorithm of Table 3 is executed 

on each patch. In addition to reducing the computational 

complexity, this method will also solve the problem of lack of 

memory. It should be noted that in this article, the parameters 

are set as 
ℏ2

2𝑚
= 0.4, 𝜂 = 0.2, and 𝜎 = 5. 

 

D. Fast Fourier Transform and Feature Extraction  

Fast Fourier transform is a method that computes the DFT 

(Discrete Fourier Transform) of a sequence [22]. It reduces the 

computations needed for 𝑁  points from 2𝑁2  to 2𝑁𝑙𝑜𝑔2𝑁 . 

Fourier analysis converts a signal from its original (often time) 

to the frequency domain. In this part, the fast Fourier transform 

of the denoised audio signal and the power spectrum are 

calculated. In Fig. 3, one sample of acoustic signal at different 

sampling times is shown along with their frequency spectrum. 

According to Fig. 3, at each sampling time, one component of 

the power spectrum is considerably different energy than the 

others. Therefore, the amplitude and frequency of this 

component are selected as the feature extracted from this 

sample. Two essential features of the time domain, i.e., 

maximum and minimum sound intensity, are also used as 

extracted features. Therefore, four features extracted from the 

acoustic signal are considered candidates. In the next step, by 

reducing the dimensions of the features, they are converted 

into two main features. 

 

 

 

 

TABLE 2 

MATCHING PURSUIT ALGORITHM  

1. 𝒓 = 𝒚, 𝛽1 = 0, 𝑧 = 1 

2. 𝒘𝒉𝒊𝒍𝒆 (𝒓 > 𝜂) 𝒅𝒐 

3. 𝐸𝑖 = 𝑚𝑖𝑛𝛼‖𝛼𝜑𝑖 − 𝒚‖ 

4. 𝑖0 = 𝑎𝑟𝑔𝑚𝑖𝑛 𝑖𝐸𝑖 

5. 𝛽𝑖
𝑧 = {

𝛽𝑖
𝑧−1:   𝑖 ≠ 𝑖0

𝛽𝑖
𝑧−1 + 〈𝒓,𝜑𝑖〉:   𝑖 = 𝑖0

 

6. 𝒓 = 𝒚 − 𝝋𝛽𝑧 
7. 𝑧 = 𝑧 + 1 

8. 𝒆𝒏𝒅 𝒘𝒉𝒊𝒍𝒆 

9. 𝛽 = 𝛽𝑧−1 

 

 

TABLE 3 

 PROPOSED DENOISING ALGORITHM 

Input:  𝒚 (Noisy Signal), 
ℏ2

2𝑚
, 𝜂, 𝜎 

1- Smooth the input acoustic signal with a Gaussian filter 

2- Compute the Hamiltonian matrix using (6) 

3- Calculate the eigenvectors of the 𝐻 matrix (get 𝜑𝑖) 
4- Consider the 𝜑𝑖  vectors as a dictionary of atoms and 

normalize them (get 𝝋) 

5- Get sparse representation 𝛽  using the MP algorithm 

(Table 2) 

6- Reconstruct the denoised signal using  𝒚̂ = 𝝋𝛽 

Output: 𝒚̂ (Denoised Signal) 

E. Dimension Reduction Method 

One essential tool to reduce the data dimensions is 

representation in principal component space [23]. Since the 

goal of this article is to model the ground particle size versus 

sound characteristics, data dimensions should be reduced after 

extracting the features. During the operation of the ball mill, 

the output product is sampled at different time intervals, and 

the audio signal is also recorded simultaneously. After sieve 

analysis, a particle size is assigned to each sampling time. 

Considering that the values of the variables were extracted 

from the sound at different sampling times, the data matrix size 

will be 𝑀 ×𝑁, where 𝑀 is the number of observations, and 

𝑁  is the number of extracted features.  To reduce the 

dimensions of the extracted features according to Table 4, the 

covariance matrix of the data is first calculated. Then, the 

eigenvectors of the covariance matrix are extracted. This 

matrix is called 𝑉. Finally, new data is formed by the product 

of  X and 𝑉.  In the next step, these data are used for modeling. 

Using this method, the principal components of the data are 

computed, and the dimension of the features is reduced. 

F. Modeling Based on Least Squares Regression 

In this part, the method of least squares in identifying the ball 

mill system is briefly reviewed. This method, while being 

simple, is good enough to control the ground particle size and 

ball mill load based on practical tests.  

https://en.wikipedia.org/wiki/Discrete_Fourier_transform
https://en.wikipedia.org/wiki/Fourier_analysis
https://en.wikipedia.org/wiki/Frequency_domain


International Journal of Industrial Electronics, Control and Optimization (IECO).2023, 6(3)             210 

 

 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 3. An example of an acoustic signal with a length of 4.5 

seconds.  (a) signal in the time domain, (b) Power spectrum 

components, (c) Power spectrum in decibels (dB) 

The sum of the errors caused by the measurement and 

definition of the structure is indicated by 𝑒𝑡 . In the least 

squares method, the goal is to estimate the parameters so that 

the sum of squared error (∑𝑒𝑡
2) is minimized [24].  

TABLE 4 

 DIMENSION REDUCTION ALGORITHM 

Input: Data Matrix 𝑋𝑀×𝑁 

1- Compute the covariance of the matrix 𝑋𝑀×𝑁 : 

𝑐𝑜𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒𝑀𝑎𝑡𝑟𝑖𝑥 = 𝑐𝑜𝑣(𝑋) 
2- Extract the eigenvectors of the covariance matrix: [𝑉, 𝐷] =

𝑒𝑖𝑔(𝑐𝑜𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑀𝑎𝑡𝑟𝑖𝑥) 
3- Show the new data in principal component space: 𝑌 = 𝑋 ∗

𝑉 

Output: Data Matrix 𝑌𝑀×𝑝 in Principal component space where 𝑝 <

𝑁 

 

In this method, a linear structure for the relationship between 

input and output is in the following form: 

𝑦𝑡 = 𝑢𝑡
𝑇𝜃 + 𝑒𝑡 (10)                                  

where 𝑦𝑡 is the output at 𝑡, θ is vector parameters, and 𝑢𝑡 is 

a vector containing system information. In this method, S =

∑𝑒𝑡
2 must be minimized to calculate θ. Therefore, the linear 

regression equation for all sampling times is as follows: 

{

𝑦1 = 𝑢1
𝑇𝜃 + 𝑒1

𝑦2 = 𝑢2
𝑇𝜃 + 𝑒2
⋮

𝑦𝑁 = 𝑢𝑁
𝑇𝜃 + 𝑒𝑁

 

 

                              

(11) 

 The equation (11) will be in the following form: 

𝑦 = 𝑈. θ + 𝑒; 

{
 
 

 
 
𝑦𝑁×1 = [𝑦1 𝑦2  … 𝑦𝑁]

𝑇

𝑈𝑁×𝑝 = [𝑢1 𝑢2  …  𝑢𝑁]
𝑇

𝑒𝑁×1 = [𝑒1 𝑒2  … 𝑒𝑁]
𝑇

𝜃𝑝×1 = [𝜃1 𝜃2  … 𝜃𝑝]
𝑇

 

 

                                

(12) 

Therefore, θ̂ (estimated parameters) is calculated as follows: 

𝑆 = ∑ 𝑒𝑡
2𝑁

𝑡=1 = [𝑦 − 𝑈. 𝜃]𝑇[𝑦 − 𝑈. 𝜃]=𝑦𝑇𝑦 −

𝜃𝑇𝑈𝑇𝑦 − 𝑦𝑇𝑈𝜃 + 𝜃𝑇𝑈𝑇𝑈𝜃 

⇓ 

𝜕𝑆

𝜕𝜃
= −2𝑈𝑇𝑦 + 2𝑈𝑇𝑈𝜃 

⇓ 

θ̂ = (𝑈𝑇𝑈)−1. 𝑈𝑇y. 

 

 

 

                       

(13) 

Inverting (𝑈𝑇𝑈) , when det (𝑈𝑇𝑈)  is close to zero, can 

cause errors in θ̂ calculation [25].  In this case, it is called an 

ill-posed matrix.  Therefore, alternative methods should be 

used to calculate the inverse of (𝑈𝑇𝑈). In this article, the 

singular value decomposition (SVD) method is used to solve 

this problem. The summary of the SVD method is shown in 

Table 5. The singular value decomposition of  𝑈 is as follows 

[15]: 

𝑈𝑁×𝑝=𝑃𝑁×𝑁𝑅𝑁×𝑝𝑄𝑝×𝑝 (14)                           

where 𝑃 and 𝑄 are orthonormal matrices with the following 

characteristics: 

𝑃𝑇𝑃 = 𝑃𝑃𝑇 = 𝐼𝑁×𝑁 

𝑄𝑇𝑄 = 𝑄𝑄𝑇 = 𝐼𝑝×𝑝 

                                      

(15) 

And matrix 𝑅 is in the following form: 
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𝑅 = [
𝜎𝑝×𝑝

0(𝑁−𝑝)×𝑝
]
𝑁×𝑝

=

[
 
 
 
 
𝜎1
0
⋮
0

0
𝜎2
⋮
0

… 0
… 0
⋱
…

⋮
𝜎𝑝

𝟎 ]
 
 
 
 

𝑁×𝑝

. 

 

 

       

(16) 

Equation 12 can be written in the following form: 

𝑃𝑇.(𝑦 = 𝑈. θ + 𝑒)⇒ 𝑃𝑇𝑦 = 𝑃𝑇𝑈𝜃 + 𝑃𝑇𝑒 

𝑈 = 𝑃𝑅𝑄 ⇒ 𝑃𝑇𝑦 = 𝑃𝑇𝑃𝑅𝑄𝜃 + 𝑃𝑇𝑒 

                                 

(17) 

Where 𝑃𝑃𝑇 = 𝐼  and  assuming 𝑦∗ = 𝑃𝑇𝑦 , , 𝑒∗ = 𝑃𝑇𝑒 , 

 𝜃∗ = 𝑄𝜃, (17) can be written in the following form: 

𝑦∗ = 𝑅𝜃∗ + 𝑒∗.                             

(18) 

To calculate 𝜃∗, equation (18) is expanded as follows: 

[
 
 
 
 
 
 
𝑦1
∗ {

𝑦1
∗

𝑦2
∗

⋮
𝑦𝑝
∗

𝑦2
∗ {

𝑦𝑝+1
∗

⋮
𝑦𝑁
∗𝑁 ]
 
 
 
 
 
 

=

[
 
 
 
 
 
𝜎1 0 … 0
0 𝜎2 … 0
⋮ ⋮ ⋱ ⋮
0 0 … 𝜎𝑝
0 0 0 0
0 0 0 0 ]

 
 
 
 
 

[

𝜃1
∗

𝜃2
∗

⋮
𝜃𝑝
∗

] +

[
 
 
 
 
 
 
𝑒1
∗

𝑒2
∗

⋮
𝑒𝑝
∗

}𝑒1
∗

𝑒𝑝+1
∗

⋮
𝑒𝑁
∗
} 𝑒2

∗

]
 
 
 
 
 
 

. 

⇓ 

{
𝑦1
∗ = 𝜎𝑝×𝑝𝜃

∗ + 𝑒1
∗

𝑦2
∗ = 𝑒2

∗  

 

 

 

 

       

(19) 

Therefore, 𝜃∗ = (𝜎−1𝑦1
∗)  and using 𝜃 = (𝑄𝑇𝜃∗) , 𝜃  is 

calculated. Consequently, for modeling using the least squares 

method, the information matrix 𝑈  is first calculated at 

different sampling times. The model parameters are estimated 

using the SVD method. 

 

III. Practical Tests and Results 

In this part, the experiments for modeling purposes were 

designed based on the factorial method and relative response 

time [26]. According to the previous description, for modeling 

the relationship between ground particle size and acoustic 

signal, before and after ball charging, the output (ground 

particles) of the ball mill is sampled at different times, and the 

acoustic signal is also recorded. Each sample is dried in the 

laboratory, and the sieve analysis is performed. In this section, 

the ASTM (American Standard Test Sieve Series) series and 

the Wet Sieve Analysis method are used for PSD (Particle Size 

Distribution) analysis. 𝐷80  is a characteristic diameter 

extracted from PSD and will be used in this section. Therefore, 

in the laboratory, 200 grams of the sample was separated, and 

the rest was stored as an archive. The representative sample 

was sieved on several different sieves. The material left on the 

first sieve should not be less than 10% of the total sample. If 

there is no load on it, a smaller sieve should be selected.  

 

 

TABLE 5 

 SVD METHOD  
Input: Matrix 𝑈 

1- Calculate the SVD of 𝑈: 𝑈 = 𝑃𝑅𝑄. 

2- Calculate 𝑦∗ = 𝑃𝑇𝑦 and get  𝑦1
∗. 

3- Calculate 𝜃∗ = (𝜎−1𝑦1
∗). 

4- Calculate 𝜃 = (𝑄𝑇𝜃∗). 

Output: 𝜃 

 

Then, the amount of the remaining materials on each sieve is 

weighed, and the numbers are placed in a table along with the 

sieve number. Finally, graphs are drawn based on the data of 

the 80% of the material passed through the sieve, and the 

results are interpreted. Fig. 4 shows the sampling and analysis 

steps, respectively, in the plant and the laboratory. In the next 

part, the optimal load of the ball mill will be selected through 

sieve analysis for a better release of minerals. 

A. Sieve Analysis Results 

For a better release of each mineral, it is necessary to grind 

the input load to a specific size. In the studied plant, this value 

is in the range of 110 to 120 microns. Therefore, the feed rate 

is optimal when the ball mill can grind it to the intended size 

range. This range is specific to this factory, due to the 

specifications of its available facilities, and can be different in 

other places. The ground particle size results for different feed 

rates, before and after ball charging, are shown in Table 6, 

Table 7, and Fig. 5.  Feed rate changes have a direct effect on 

retention time. If the feed rate increases, the retention time will 

decrease. With the rise in the feed rate, the retention time will 

be reduced, and less grinding will be done on the materials. 

Consequently, the output particle size will be coarser. 

According to the tests done in this part, the retention time was 

estimated to be between 8 and 15 minutes. Therefore, the 

sampling time of 42 minutes was selected based on the Nyquist 

theorem and retention time [27]. According to the Nyquist 

theorem, the signal sampling frequency should be chosen so 

that the vital signal data cannot be disturbed. During this time, 

it is expected that the output will reach stability in all different 

input tonnages. Also, all the data resulting from the grinding 

steps  and fluctuations (used in modeling) can be seen in the 

output samples. According to Fig. 5, before the ball charging, 

a peak is observed in the 20t/h graph. It shows that this cargo 

is relatively large for the ball mill available in the factory, and 

the power of the ball mill to grind the load is small.   

As a result, the output of the ball mill in the mentioned 

tonnage has a coarser particle size than other tonnages; 

therefore, the value of 20t/h is the critical value.  Also, it can be 

concluded that the ball mill shows a better grinding 

performance at low tonnages.  
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Fig. 4. Sampling and sieve analysis steps  

Therefore, the corresponding ground particle size curves are 

always downward over time. This process continues until the 

particles soften, and gradually, the curves become horizontal. 

Unlike the other charts, the 10t/h chart has less fluctuation and 

smaller particle size. As a result, it is better for the release of 

minerals. After charging new balls, the changes in all input 

tonnages decreased. In the previous chart, the feed rate of 20t/h 

is considered a critical feed rate due to the coarseness of the 

output particles even after the stability time. Compared to the 

other charts, the 10t/h chart has less fluctuation and a smaller 

particle size. Therefore, according to the analysis and 

requested size range, the optimal feed rate for the ball mill is 

10t/h. 

B. Spectral Analysis Results 

In this part, to investigate the sound signal behavior at 

different feed rates, the signal power spectrum was calculated 

using (20) and (21).  In the mentioned equations, 𝑌(𝑘) is the 

FFT of 𝑌(𝑡) (acoustic signal), and 𝑁 is the signal dimension. 

Also, equation (21) calculates the power in decibels (dB).  

𝑃𝑜𝑤𝑒𝑟 =
1

𝑁
∑|𝑌(𝑘)|2
𝑁

𝑘=1

 

                            

(20) 

𝑃𝑜𝑤𝑒𝑟(𝑑𝐵) = 20𝑙𝑜𝑔10(
1

𝑁
∑|𝑌(𝑘)|2)

𝑁

𝑘=1

 

                                

(21) 

Fig. 6 shows the power spectrum for three different feed rates, 

including 5t/h, 10t/h, and 20t/h. In this figure, the top row 

shows the components of the power spectrum, and the bottom 

row is the power spectrum in decibels (dB). According to Fig. 

6, in the feed rate of 5t/h, the power spectrum is in a higher 

frequency range than the other two feed rates. In this load, the 

amplitude of power components is also more extensive than 

the other two loads. The reason is that when the feed rate is 

low, balls hit the mill body more frequently, and consequently, 

the intensity and frequency of the produced sound will be 

higher. 

TABLE 6 

 PSD ANALYSIS (𝐷80 RESPONSE BEFORE BALL 

CHARGING (MICRON)) 

Feed Rate 

Time 

(min) 

5t/h 10t/h 15t/h 20t/h 

3.5 769 685 705 580 

7 710 660 689 490 

10.5 673 539 576 510 

14 500 450 476 570 

17.5 439 386 410 620 

21 370 330 378 640 

24.5 310 285 303 665 

28 280 240 279 650 

31.5 235 186 234 680 

35 215 165 195 615 

38.5 198 143 168 570 

42 160 120 135 580 

 
TABLE 7 

PSD ANALYSIS (𝐷80 RESPONSE AFTER BALL 

CHARGING (MICRON)) 

Feed Rate 

Time (min) 5t/h 10t/h 15t/h 20t/h 

3.5 340 321 334 510 

7 290 276 289 473 

10.5 257 245 259 435 

14 276 227 246 450 

17.5 220 214 229 439 

21 210 196 210 439 

24.5 203 184 201 432 

28 198 181 193 424 

31.5 192 168 175 412 

35 181 152 167 406 

38.5 162 131 143 393 

42 143 112 127 387 

 In the feed rate of 20t/h, due to the high load of the machine, 

the sound resulting from the collision of the balls with the load 

is muffled.  Therefore, in this case, the frequency of the power 

spectrum is shallow, and the amplitude is less than in the 

previous point. In the feed rate of 10t/h, the signal's frequency 

is in the middle band, and the amplitude of the power spectrum 

is also lower. This means that the mill is working normally, 

and the frequency and intensity of the sound are also suitable. 

Therefore, the summary of this part of the studied ball mill is 

as follows: 

- The frequency range of the power spectrum for all cases is 

from 100 to 1300 Hz. 

- If the feed rate is low, the sound power spectrum will be at 

higher frequencies, which is in the range of 700 to 1300 Hz. 
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(a) 

 

(b) 

Fig. 5. PSD Analysis (Ground particle size (𝐷80) graph).  

(a) before ball charging, (b) after ball charging 

- If the feed rate is high (critical), the sound power spectrum 

will be at low frequencies, which is in the range of 100 to 300 

Hz. 

- If the feed rate is standard, the sound power spectrum will be 

in the middle frequencies and the range of 300 to 700 Hz. 

Therefore, according to the results and the frequency range 

obtained for the sound, the feed rate of the ball mill can be 

divided into three states: standard feed rate, low feed rate, and 

critical feed rate. 

 

C. Modeling Based on Least Squares 

As mentioned in the previous sections, four features 

(including the maximum and minimum sound intensity in the 

time domain, and the amplitude and frequency of the 

maximum power spectrum components) are extracted as 

candidates from the acoustic signal in different time intervals. 
 

According to Table 4, two features (i.e., the maximum and 

minimum sound intensity in the time domain) were ignored 

due to their low change interval. The reason is that to reduce 

the dimensions of the features (Table 4), the PCA-based 

method has been used. In this method, characteristics with 

more changes are considered more important in modeling. On 

the other hand, according to the obtained results, the range of 

changes in maximum and minimum sound intensity is tiny. 

The remaining two features used for modeling included the 

amplitude (𝐴𝑚 ) and frequency (𝑓𝑚 ) of the most significant 

component of the power spectrum.   

 

(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

 

(f) 

Fig. 6. Acoustic power spectrum at different feed rates 

 (a),(b) low feed rate ( 5t/h) , (c),(d) standard feed rate 

(10t/h), (e),(f) high feed rate (20t/h) 

In this article, the goal is to find a model that shows the 

relationship between the ground particle size and the audio 

signal. To achieve this goal, 𝐴𝑚 and 𝑓𝑚 are extracted from 

sound in all sampling time intervals. Then, the ratio 𝑓𝑚/𝐴𝑚 is 

innovatively used as a feature extracted from the sound. Sound 

is the result of vibration. This ratio can physically express the 

amount of vibration resulting from the collision of the balls 

with the ore. Using this feature, critical and standard 

conditions of the mill can be identified. According to the 

amount of vibration created in the ore, the normal and vital 

conditions of the mill will be determined, and a specific sound 

frequency range will be produced. In section 3.1, the ground 

particle size for all samples has been extracted using sieve 

analysis. Therefore, according to section 2.4, a mathematical 

model can be obtained by putting the ground particle size on 

the Y-axis and the feature value on the X-axis.  In this study, 

the least squares method based on polynomials has been used.  

The polynomial degree selection is one of the primary 

challenges in modeling. It should be noted that the purpose of 

modeling is not to predict the output for the given data; instead, 

it is to predict the outcome of the unseen data. A model that 

makes reasonable predictions on new unseen data has 

generalization ability. A simple and effective method to 

determine if a model can be generalized is to divide the original 

data into a training set and a test set. Therefore, 80% of the 

data is used for training and 20% for model testing. After 

polynomial modeling with different degrees, the value of 

RMSE is calculated using (22). In this equation, 𝑌𝑖  is the 

actual value of the data, and 𝑌̂𝑖 is estimated by the model.  

𝑅𝑀𝑆𝐸 =
1

𝑁
∑(𝑌𝑖 − 𝑌̂𝑖)

2

𝑁

𝑖=1

 

 

(22) 

                                 

Then, the RMSE diagram is drawn for the training and test 

data in different degrees in polynomial equations. Finally, the 

degree with the lowest RMSE value in the test data is selected 

as the most preferable one.  In Fig. 7, the model validation is 

done for the data before and after the ball charging. According 

to this figure, degrees 2, and 3 are reasonable choices. Given 

the trade-off between simplicity and accuracy, degree 2 is 

chosen for modeling. 

The modeling results for the feed rate of 10t/h before and after 

ball charging are shown in Fig. 8 and Table 8. Using this model, 

the ground particle size is estimated based on the feature value 

extracted from the sound. Therefore, the control plan (Fig. 2) 

of the ball mill will be as follows:  

- First, the optimal feed rate (i.e., 10t/h) is set, based on the 

previous results.  

- Then, the mill sound signal is recorded every 3.5 minutes, 

after the retention time (15min).  

- After the noise removal process, the features and the sound 

power spectrum are extracted.  
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(a) 

 

(b) 

Fig. 7. Model validation chart  

(a) before ball charging, (b) after ball charging 

  

- Using the extracted features, the ground particle size is 

calculated.  

- If the calculated ground particle size is 10% different from 

the desired one and the sound power spectrum is not in the 

middle-frequency range, the feed rate value should be changed. 

 

D. Built-in Control Device 

Fig. 9 shows installing the microphone and adjusting the feed 

rate to the ball mill in the Lakan lead-zinc processing plant. 

The microphones are installed in a place closest to the bottom 

of the mill. In this article, a BY-M1 BOYA condenser 

microphone was used for recording the sound. 

Due to the high quality and sensitivity of the condenser 

microphones, more details of the signal are recorded, and the 

sampled signal can be used to diagnose the working conditions 

of the ball mill.  

 

 

 

 (a) 

 

(b) 

Fig. 8. Modeling based on least squares before and after ball 

charging in feed rate 10t/h 

(a) before ball setting, (b) after ball charging 

 
TABLE 8 

THE IDENTIFIED MODEL IN FIG. 8 

Before Ball Charging: 

𝑓(𝑥) = 𝑝1𝑥
2 + 𝑝2𝑥 + 𝑝3,  𝑝1 = 1.859, 𝑝2 =

−182.1,  𝑝3 = 339.6 

RMSE= 54.97 

 

After Ball Charging: 

𝑓(𝑥) = 𝑝1𝑥
2 + 𝑝2𝑥 + 𝑝3,  𝑝1 = −4817, 𝑝2 =

1029,  𝑝3 = 276.9 

RMSE= 22.99 

 

 

The control plan proposed in this article (Fig. 2) can be 

implemented in two ways. One is to use a computer and 

connect a microphone to it so that the received signal can be 

analyzed using the proposed method in MATLAB software. 

Using this method, the ground particle size is calculated, and 

the feed rate is changed if needed. In the other way, a unique 

device is made using an Arduino microcontroller (Fig. 10 

shows different parts of the manufactured device). In the 

mentioned circuit, the received audio signal is first amplified 

using an analog amplifier. In the next step, the signal is 

transferred to the microprocessor. Then, the signal is denoised, 

and features are extracted. After that, the ground particle size 

is estimated using the extracted models in Fig. 8, and the sound 

power spectrum is also calculated. If the ground particle size 

and sound power spectrum condition are not ideal (according 

to 3.2), the buzzer starts making sounds, and the control switch 
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is turned on to change the feed rate. In this article, both 

methods were practically implemented. In the first method, the 

cost of implementation and construction is high, but the data 

processing power is much higher than in the second method.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 9. Installing the microphones near the mill floor and 

adjusting the input feed rate. (a) Location of microphones, (b) 

Microphone installation in the plant, and (c), (d) Setting the 

feed rate 

 

However, in the second method, the manufactured device is 

portable and, hence, cost-effective due to its small dimensions. 

The fabricated device can reduce the energy consumption of 

the ball mill. Also, by adjusting the optimal feed rate, the 

average size of ground products can be decreased and set in the 

appropriate range. In the proposed control system, since the 

ball mill load is standard, ball mill energy consumption will be 

optimal. Optimal load control will also increase the ball 

charging time. Therefore, a smaller number of balls will be 

used. Consequently, the system designed in this article will 

increase the efficiency of the ball mill in practice. As explained 

in the introduction section, the studied ball mill liner is made 

of plastic. Metal liners produce a lot of noise, and distort the 

sound resulting from the collision of the balls with the particles. 

But plastic liners do not make noise due to their elasticity. 

Therefore, the received sound will result from the impact of 

the material with the balls. Hence, one of the limitations of the 

proposed method is that the liners must be plastic to minimize 

the error. Because of the fact that nowadays, plastic liners are 

primarily used in ball mills, the presented method will not have 

severe limitations. One of the most essential points in the 

designed system is repeatability. To achieve it, the identified 

model should be updated as the system parameters change. For 

this purpose, in the new device version, the modeling process 

is done in different time frames. Using this method, the model 

is continuously updated. To do so, the output ground particles 

are analyzed using a CAMSIZERX2  device. Particle size 

distribution data (i.e., D80) is sent to the device online. Then, 

the modeling process is done based on the least square error 

method, and the model will be updated.  
 

IV. Conclusion 

In this study, an innovative combined method was 

implemented to control the ground particle size and load of the 

ball mill. In this method, the relevant modeling was first done 

using both the acoustic signal and the ground particle size 

diagram. 

 

             (a) 

 

 (b) 

 

 

(c) 

Fig. 10. Prototype of the ball mill control device. 

 (a) schematic of the device, (b) a digital circuit, (c) a 

prototype of the manufactured device 

 

To do so, the output (ground particles of the ball mill) was first 

sampled, and the acoustic signal acquisition process was also 

performed. After the sieve analysis, the ground particle size 

diagram was drawn. In the next step, using the new method of 

quantum adaptive basis, the acoustic signal outliers were 

removed. Then, the Fourier transform of the signal and the 

power spectrum were calculated. Four features, namely the 

maximum and minimum values of the sound in the time 

domain, and the maximum of the power spectrum component 

(amplitude and frequency), were extracted from the acoustic 

signal. In the next step, a PCA-based method was applied to 

reduce the dimension of the features. Finally, the regression 

model between sound signal and ground particle size was 

obtained using the least squares method. This model is also 

used to control the ball mill. The resulting model can detect the 

ground particle size and load status (standard, low, high) by 

recording the sound of the ball mill, when in operation. In this 

article, all the steps of the proposed method were practically 

tested on the ball mill of the Lakan lead-zinc processing plant. 

Also, a device that controls the ground particle size and ball 

mill load was built. According to the results, the optimal feed 
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rate for the ball mill is 10t/h. In this case, the size of the ground 

particles is suitable (110-120 microns), and the sound power 

spectrum is 300-700 Hz. It should be noted that the optimal 

feed rate obtained in this article is only specific to the studied 

ball mill. That is, the optimal feed rate in other factories might 

be different, and it must be calculated using the proposed 

scheme. According to the analysis and results of the study, the 

proposed control plan will reduce the energy consumption of 

the ball mill and increase the ball charging time. Therefore, the 

proposed method will increase efficiency in this factory. The 

authors of this article aim to measure the amount of energy and 

the number of balls saved in this process for their future 

research. Also, the modeling of more complex ball mill 

systems will be investigated in the following study. 
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Recent scene text detection methods perform superior on benchmark datasets using deep-

learning frameworks. In this paper, we re-implement the state-of-the-art text detection 

method, character region awareness for text detection (CRAFT), which can detect 

individual characters of scene text images. CRAFT is a character-based detection method 

with many advantages in detecting complex text by detecting character units and 

estimating the area between characters, capable of detecting texts of any shape. We also 

improve the detection performance of the baseline method, CRAFT, by some 

modifications in its architecture and proposing a training scheme that takes benefit of the 

advanced optimizer. The performance improvements of CRAFT are validated on three 

benchmark datasets: ICDAR2013, ICDAR2015, and COCO-Text. By applying the pre-

trained models on COCO-Text, CRAFT shows that it cannot generalize without fine-

tuning. We also improve the ICDAR2015 model and evaluate it on benchmark datasets. 

The evaluation results show improved precision performance compared to the original 

pre-trained model with fewer iterations and higher accuracy.   

  

 

I. Introduction 

One of the most popular research topics in computer vision 

is reading text from wild images [1, 2, and 3], which is the base 

of numerous practical applications such as multi-language 

translation, image OCR, and image retrieval. Reading text 

from scene images is divided into two categories: (1) text 

detection, which aims at the localization of text in the image, 

and (2) text recognition, which aims at converting the localized 

text or cropped word image into a string. This paper focuses 

on the detection task, which is more challenging than 

recognition because of the complicated background and 

significant variance of text shape.  

Before the deep learning era, the methods typically 

identified character or text component candidates using 

connected component-based or sliding window-based methods, 

which used hand-crafted features like MSER [4, 5] or SWT [6] 

as essential components. However, these methods have several 

significant drawbacks: (1) they are built only to detect 

individual characters or components, making it challenging for 

regional context information identification and leading to low 

recall performance. (2) These methods require multiple post-

processing steps for detecting text. (3) They only work on the 

horizontal type of text and fail on the multi-oriented text.  

Therefore, the performance of these classical machine 

learning-based methods is still far from satisfactory. Recent 

deep learning-based methods have proved that they can detect 

more challenging text in scene images. These methods usually 

adopt general frameworks of object detection methods such as 

SSD [7], YOLO [8], Faster R-CNN [9], or segmentation 

frameworks like FCN [10] and Mask R-CNN [11]. Most deep 

learning-based text detectors that detect text at the word level 

have difficulty finding curved, extremely long, or highly 

deformed words with a single bounding box. Character region 

awareness for text detection (CRAFT) [12] is a character-
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based detection method with many advantages in detecting 

complex text by detecting character units and estimating the 

area between characters, capable of detecting texts of any 

shape. Fig. 1 illustrates the CRAFT detection performance for  

 
Fig. 1. The capability of the text detection results in any 

shape in CRAFT. (a) The polygon bounding box of the 

detected characters, (b) Gaussian heat-map of individual 

characters of the text. 

different forms of texts. Most existing datasets do not provide 

character-level annotations and getting character ground truths 

(GTs) is too expensive. CRAFT localizes the individual 

character regions and concatenates them into text instances to 

tackle these problems. Moreover, CRAFT proposes a weakly-

supervised learning framework for estimating character-based 

GTs from word-based annotation datasets to solve the problem 

relating to the lack of character-based annotations. CRAFT is 

a segmentation method that outputs a character region score 

localizing individual characters in an image and a character 

affinity score grouping characters into a single instance. 

In this paper, we improve the detection performance of the 

baseline method, CRAFT [12], by some modifications in its 

architecture and proposing a training scheme that takes benefit 

of the advanced optimizer. 

This article is organized as follows: The most significant 

text detectors are presented in Section II. In Section III, a 

comprehensive analysis is provided to understand the 

mechanism of the proposed method. To evaluate the proposed 

model, some tests are performed in Section IV, and finally, the 

conclusion is provided in Section V. 

 

II. Background  

New deep learning methods see scene text detection as an 

object detection problem in which words, characters, or text 

lines are treated as a detection target. For this reason, most text 

detection methods are based on advanced object detection 

methods categorized as follows: 

 

F.  Regression-Based Text Detectors 

These types of methods [13, 14] adapt general Object 

Detection frameworks such as SSD [7] and Faster R-CNN [9] 

for text Detection; in these methods, the text is considered as 

an object, and candidate bounding boxes of text are predicted 

directly. For example, the single-shot descriptor (SSD) [7] is 

modified by using long default anchors and filters in 

TextBoxes [14]. Therefore, it handles the significant variation 

of aspect ratios of text instances to detect the various type of 

text shapes. Unlike TextBoxes, the Deep matching prior 

Network (DMPNet) presented in [15] introduces quadrilateral 

sliding windows to deal with multi-orientation text. Many 

regression-based methods [16, 17, and 18] tried to solve the 

detection challenges of rotated, curved, and arbitrary shape 

text. For instance, in a recent work, Li et al. [18] proposed a 

regression-based method that applies only NMS as post-

processing to detect arbitrary shape text instances. However, 

due to structural limitations, it is not very easy to recognize the 

text of all possible shapes in this way. It would help if we could 

create anchors that cover all forms and determine the number 

of proposed boxes, but there is a trade-off between execution 

time and accuracy. 

 

G. Segmentation-based Text Detectors 

These methods [19, 20, and 21] classify text regions of 

images at the pixel level and provide word-level or character-

level detection. They usually modified the segmentation 

framework like FCN [10] and Mask R-CNN [11]. Zhang et al. 

[22] deployed FCN to predict the salient map of text regions in 

an oriented scene text. An attention procedure is used in a 

single-shot text detector (SSTD) [19] to boost the text regions 

of an image and reduce the effect of background interference 

on the feature level. FCN is also deployed in TextSnake [21] 

as a base detector. The aim is to extract text instances by 

detecting and assembling local components. Liao et al. [23] 

proposed a simple segmentation network that utilizes 

differentiable binarization in recent work. It can real-time 

detect text in arbitrary shapes. 

 

H. End-to-End Text Detectors 

In these methods [24, 25] the detection and recognition 

mechanisms are trained simultaneously. End-to-end text 

detector methods improve the performance through the 

recognition module. FOTS [24] proposed the RoIRotate to 

effectively detect horizontal and multi-oriented text of an 

image by sharing convolutional features between detection and 

recognition modules. In [25], a single-shot text spotter is 

presented to make a direct mapping between an input image 
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and character sequences by learning. The performance of 

detection is high in end-to-end methods because they deploy 

the recognition results to improve the text detection 

performance. In [26], an end-to-end segmentation-based 

method is presented to predict a character-level probability 

map. It uses the Mask R-CNN architecture [11] for detecting 

and recognizing text instances in arbitrary shapes. 

 The previously mentioned methods aim to detect words in 

the input image. However, it is challenging to use a word as 

the basic unit of detection, leading to some problems. These 

problems are: (1) It is difficult to cope with arbitrary shape 

text: In previous methods, the training process was performed 

with rigid word-level bounding boxes, and limitations are 

exhibited to represent the text region in an arbitrary shape [27], 

(2) Defining the word is not easy: Although, in most methods, 

the text is detected with words as its unit, determining the 

extent of a word is essential for detection. Because words are 

distinguished by different bases, such as spaces or color, some 

letters do not have spaces, (3) it is evident that character is the 

basic unit in handling various text types: scene text images are 

organized hierarchically for visual components, such as 

characters, text lines, and words. As most languages are 

established based on characters, performing text detection 

methods on character detectors seems reasonable [28]. 

 

I. Character-Level Text Detectors 

Zhang et al. [29] utilized MSER [4] to detect text at the 

character level. However, this method performs poorly on the 

low contrast images and curve shape texts. In [30], text maps 

obtained by segmentation use character-level annotations to 

generate multi-oriented text bounding boxes. Seglink [31] 

searches for small text elements (segments) in the image and 

links these segments to create word boxes with additional post-

processing. CRAFT improved the idea of WordSup [28] by 

using a weakly supervised framework to detect individual 

characters in arbitrary shape text, enabling it to achieve state-

of-the-art performance on public benchmark datasets. 

 

III. Methodology  

A. Architecture  

Fig. 2 shows the network architecture of CRAFT. The 

overall architecture is similar to U-Net [32], a standard 

segmentation model based on FCN [10]. It adopts VGG-16 

[33] as a backbone in the encoder and generates a Region 

Score/affinity score map by applying up-sampling and skip-

connection of the U-Net structure. In simple words, VGG16 is 

essentially the feature-extracting architecture that is used to 

encode the network’s  input into a certain feature representation. 

The decoding segment of the CRAFT has to skip connections 

that aggregate low-level features. It predicts two scores for 

each character: 

Region Score: As the name suggests, it gives the region of 

the character. It localizes the character. 

Affinity Score: ‘Affinity’ is the degree to which a substance 

tends to combine with another. So, an affinity score merges 

characters into a single instance (a word). CRAFT generates  

 
Fig. 2. The network architecture of CRAFT [1]. The size of 

the feature layers has been miscalculated, which is corrected 

in this figure with red. 

two maps as output: Region Level Map and Affinity Map. The 

areas where the characters are present are marked in the 

Region Map. The Affinity Map is a pictorially that represents 

the related character. Finally, the affinity and region scores are 

combined to give the bounding box of each word. The 

coordinates are in order: 

(left-top), (right-top) (right-bottom), (left-bottom), where 

each coordinate is an (x, y) pair. 

 

B. Training 

  Ground Truth Label Generation: A GT label is created for 

each learning image's region and affinity score with character 

bounding boxes. Region scores and affinity scores are encoded 

as Gaussian heat-map. The heat map representation is highly 

flexible when dealing with GT without strict limitations. The 

proposed GT definition makes detecting large and long text 

possible even if the model’s receptive fields are small. 

Character-by-character detection allows the convolution filter 

to focus on the character-to-character relationship instead of 

the entire text instance.  

Weakly-Supervised Learning: Unlike Synthetic image 

datasets, real datasets usually provide only word-by-word 

annotations. CRAFT creates a text box from a word-by-word 

annotation weakly supervised. The trained model generates a 

character bounding box by predicting a region score from an 



International Journal of Industrial Electronics, Control and Optimization (IECO).2023, 6(3)             222 

 

 

 

image in which a word unit annotation image is provided. To 

show the reliability of the intermediate model prediction, the 

reliability map for each word box is calculated in proportion to 

the number of detected characters divided by the number of  

characters in the GT. This is used as a learning weight learning. 

The real datasets can be trained as follows: 

- According to the label of the real-world data, the text 

line is cropped out.  

- Run the network and get the resulting map.  

- Split a single text based on the graph output from the 

network.  

- Generate a label based on the results of the previous 

step.  

These labels are not necessarily accurate, so training with 

these data does not necessarily make the model better, 

especially when the model is not accurate at first. Therefore, 

the paper uses an existing annotation result to give confidence 

that the text length is used. If the length of the text is the same 

as the result of the model, then the confidence is high. 

Otherwise, the confidence is low (the confidence is directly 

multiplied by the loss).  

For generating pseudo-GT, the confidence is calculated 

from the length information of the text to determine whether 

the data is reliable, and the confidence is used to update the 

loss. The confidence of each word is calculated as follows: 

𝑆𝑐𝑜𝑛𝑓(𝑤) =
𝑙(𝑤) − min (𝑙(𝑤), |𝑙(𝑤) − 𝑙𝑐(𝑤)|)

𝑙(𝑤)
 (1) 

Where l(w): word length of the given word-level annotation. 

lc(w): is the length of the word (number of bounding boxes) 

obtained from the score map. 0 < Sconf (w) < 1: when the actual 

number of boxes equals the estimated number of boxes, close 

to 0 when different. 

𝑆𝑐(𝑝) = {
𝑆𝑐𝑜𝑛𝑓(𝑤)               𝑝 ∈ 𝑅(𝑤)            

1                   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
  

(2) 
Where, p: each pixel, R(w): area occupied by word w, Sc(p): 

is a confidence value for each pixel, and the Sc map has a 

confidence value of 0 to 1 on a pixel-by-word basis and the 

loss function is computed as follow: 

𝐿 =∑ 𝑆𝑐(𝑝)
𝑝

(‖𝑆𝑟(𝑝) −𝑆𝑟
∗(𝑝)‖

2
2
+ ‖𝑆𝑎(𝑝) −𝑆𝑎

∗(𝑝)‖
2
2
) (3) 

Where, Sr
*(p) and Sa

*(p) are pseudo-ground truth region  scores 

and affinity map, respectively. Sr(p) and Sa(p) are predicted 

region scores and affinity scores. They are used to localize the  

 
Fig. 3. Character-level annotation procedure of CRAFT [12]. 

individual characters in the image, and group each character 

into a text instance, respectively. As learning progresses, the 

CRAFT model predicts letters more accurately, and the Sconf 

also gradually increases. 

 

C. Post Processing 

In the post-processing stage, the output of the final stage can 

be varied in terms of word boxes, text boxes, and polygons. 

After the network outputs the score map, the pixel-level 

labels are combined into a box. For this purpose, first, the 

threshold map is used to filter the score map, and a connected 

domain analysis is performed (connected component labeling), 

then draw the final quadrilateral bounding box through the 

connected domain. 

 

D. Improvement 

CRAFT has two significant drawbacks. Firstly, it is slow 

during training, especially for fine-tuning real-word datasets 

producing many post-processing stages for character-level 

annotation and using these labels for training. Secondly, the 

recall performance of detection does not improve fast. To 

address the first issue, we change the learning rate 

hyperparameters. To address the second issue, we modify the 

Gaussian heat map and watershed labeling thresholds in the 

TABLE I 

TEXT DETECTION DATASETS USED IN THE CRAFT[12] 

 
Note: H: Horizontal, MO: Multi-Oriented, C: Curved, EN: English, CN: Chinese, ML: Multi-Language, D: Detection, R: Recognition, AQ: Arbitrary-

Quadrilateral. 
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post-processing framework of Fig. 3. 

 

IV. Experiments 

A. Datasets  

Table I shows the benchmark datasets used in CRAFT [12]. 

We trained our model on ICDAR2015 and COCO-Text and 

evaluated ICDAR13, ICDAR15, and COCO-Text. 

1) ICDAR2013: This dataset was introduced in the ICDAR 

2013 Robust Reading Competition for focused scene text 

detection [35]. This dataset is annotated at the word level using 

rectangular boxes containing 229 and 233 images for training 

and testing, respectively. 

2) ICDAR2015: This dataset was introduced in the 

ICDAR2015 for incidental scene text detection, which 

contains 1000 images for training and 500 image testing. The 
annotations of this dataset are at the word level using 

quadrilateral boxes. 

3) ICDAR2017: This dataset is one of the enormous multi-

lingual text datasets, including scene images in nine languages. 

ICDAR17 Multi-language dataset has 18000 images with 7200 

training images, 1800 validation images, and 9000 testing 

images [40]. 

4) COCO-Text: This dataset introduced in [41] is the largest 

and most challenging text detection dataset, consisting of 

43,686 annotated images used for the training and 10,000 

images for training [42, 30]. The images are annotated with 

rectangle bounding boxes in this dataset at the word level. 

5) Synth Text: In the Wild dataset [43], the SynthText contains 

858,750 synthetic scene images with 7,266,866 word-

instances and 28,971,487 characters. Moreover, most text 

instances in the data set have multi-oriented and annotated 

features with word and character-level rotated bounding boxes 

and text sequences. These instances are created by blending 

natural images with text rendered with random fonts, sizes, 

orientations, and colors. 

 

B. Training Procedure 
In summary, the training procedure is (1) an image-net pre-

trained model, (2) pre-train on SynthText, and (3) fie-tune on 

real datasets. We perform all of our experiments on two 

NVIDIA Tesla T4 GPUs with 8GB RAM. We use Adam [44] 

as an optimizer and set the initial learning rate to 3.278e - 5. 

We multiply the learning rate by 0.8 at 5k iterations. We train 

our model for about three epochs, use a batch size of 8, and 

resize the input images to 768 × 768. We re-implemented the 

training code of CRAFT, and our models are trained from 

scratch. First, we trained CRAFT on the Synthetic dataset for 

50k iterations and weakly supervised the COCO-Text and 

ICDAR2015 datasets for 75 and 175 epochs, respectively. For 

SynthText and COCO-Text, we follow the [12] when settings 

the hyperparameters, but for the ICDAR2015 model, we 

modified the learning rate and the post-processing threshold 

parameters to improve the performance of the paper. 

 

 C. Experimental Results 
 This dataset is one of the enormous multi-lingual text 

datasets, including scene images in nine languages. ICDAR17 

Multi-language dataset has 18000 images with 7200 training 

images, 1800 validation images, and 9000 testing images [40]. 

 

𝐻 −𝑚𝑒𝑎𝑛 = 2
𝑃 × 𝑅

𝑃 + 𝑅
 (4) 

We compare the effects of the ICDAR2013 and 

ICDAR2015 datasets that have been used in the [12]. Besides, 

a new dataset, namely COCO-Text, is used for evaluation, 

which has not been used in the main paper. Table II compares 

the IOU results of the pre-trained models. 

 

Pre-trained models of the paper: In the official Github1 

page of the CRAFT [12], researchers provide two models; The 

first model, Git_Model_MLT, is fine-tuned on a combination 

of ICDAR2013 [35] and ICDAR17-MLT [40] training images, 

and the model Git_Model_IC15 is fine-tuned only on the 

ICDAR2015 [36] dataset. Using the model Git_Model_IC15, 

H-mean declined by about 5% for ICDAR2015 and COCO-

Text compared to model Git Model MLT and about 15% for 

the ICDAR2013 dataset. Thus, CRAFT requires more images 

for training to achieve better results. Therefore, to tackle this 

problem, we can use more data for training the craft. Fig. 4 

compares the output results of two models on ICDAR2013 and 

ICDAR2015. As seen in Table II, CRAFT's performance for 

the two models declined significantly on the COCO-Text 

dataset. These models do not have generalization ability 

without fine-tuning on unseen datasets. Fig. 5 shows the output 

results of the two models on the COCO-Text. 

 

Our trained models: As shown in Table II, we provide 

three models for CRAFT that are trained from scratch. The first 

model, Syndata, is trained on 800k train images of the 

SynthText [37] dataset, and for the training of this model, we 

follow the same structure and hyperparameters used in the 

CRAFT. Although this dataset has many images for training, 

this model performs poorly on real datasets because the text in 

real datasets is different from synthetic datasets.  

For creating the Fine_Coco model, we fine-tuned the pre-

trained Syndata model on the COCO-text dataset with many 

image and text instances for training. This model shows 

excellent precision performance in evaluation, especially in 

the COCO-text datasets compared to the Git_Model_IC15 of 

CRAFT. Still, the recall performance of this model was low 

because this model only trained for 75 epochs and needs 

optimization of hyperparameters.  

The major limitation of the CRAFT framework is that it is too 

slow during fine-tuning of real datasets because it has much 

post-processing for the detection of individual characters in the 

image and generating word bounding boxes. For example, the 

authors of CRAFT used 4 GPU and 500 epochs to fine-tune the 

Git_Model_IC15 model. However, we fine-tuned the 

Fine_IC15 model for 175 epochs and two GPUs and achieved 

better results in comparison to the model of CRAFT (Table II). 
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For this purpose, we used a learning rate of 3.2768e-5 and 

decay of 0.8 for every 5k iterations compared to 1e-4 and 0.8 

decay for 10k iterations used in the main paper. We improved  

 

Fig. 4.  The detected text of model Git_Model_MLT (above) 

and model Git_Model_IC15 (below) on (a) ICDAR2013, and 

(b) ICDAR2015 datasets. The model Git_Model_MLT trained 

on more images performs better than the model 

Git_Model_IC15. 

 

 
Fig. 5. The output result of our final model on the COCO-Text 

dataset. The baseline CRAFT model performed poorly on the 

occluded and low-resolution text of these images. These results 

are obtained from the best model of CRAFT (Git Model MLT). 

 

precision performance by about 11%, 3%, and 4% in the 

ICDAR2013, ICDAR2015, and COCO-Text datasets.       

 
Fig. 6. Comparison of some selected images of the ICDAR2015 

dataset: (a) The detection result of the Git_Model_IC15 model 

from the main paper, which failed to detect any text in these 

images, and (b) the detection results of our trained model, which 

performed better. 

We also trained CRAFT on the COCO-Text dataset, in which 

we achieved a 14% precision improvement compared to the 

Git_Model_IC15 of the CRAFT. Fig. 6(a) shows some 

selected images from the ICDAR2015 dataset in which the 

pre-trained model (Git_Model_IC15) failed to detect text in 

them, and Fig. 6(b) shows the detection result of our trained 

model that performs better in these images. 

We also compare our model with several previous [12, 13, 

TABLE II 

THE BASELINE AND OUR TRAINED MODEL ARE COMPARED USING IOU [36] EVALUATION METRIC. THE BEST 

PERFORMANCES ARE SHOWN IN BOLD. PROPOSED MODELS PERFORM BETTER THAN THE BASELINE MODELS 

(AUTHORS) FOR THE DATASETS IN THE STUDY. 

 
*: This dataset is evaluated on the DetEval [35] evaluation metric in the paper, while here I used the IOU [36] metric. 
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20, 45] and recent state-of-the-art [23, 46, 47] scene text  

 

detection methods in Table III on three benchmark datasets [35, 

36, and 41]. 

For a fair comparison, we follow a similar procedure described 

in [48] for comparing our model with the previous methods in 

[12, 13, 20, 45]. Table III shows that our model outperformed 

these approaches regarding H-mean performance in all three 

benchmarks. Compared to the baseline [12] model with a 

similar setup of training and parameters, our model also 

obtained a higher margin of H-mean performance. These 

performances are evident in ICDAR13 (~5% higher) and 

ICDAR15 (~3% higher). For the unseen dataset, COCO-Text 

also achieved the best results in terms of precision and H-mean 

compared to the baseline model. 

 To further enhance our model's performance in scent text 

detection, we plan to explore various cutting-edge 

techniques in natural language processing and computer 

vision. This includes investigating the latest advancements 

in deep learning architectures, such as transformer-based 

models and attention mechanisms, which have shown great 

promise in tackling complex language tasks. Additionally, 

we will focus on incorporating domain-specific knowledge 

and contextual information to better understand scent-

related text patterns and improve the model's ability to 

discern relevant information. Furthermore, data 

augmentation techniques will be utilized to create a more 

diverse and comprehensive training dataset, enabling our 

model to generalize better to real-world scenarios. By 

continuously refining and optimizing the model's 

architecture, we are confident in bridging the performance 

gap and establishing our model as a competitive solution 

for scent text detection tasks. 

V. Conclusions 

In this paper, we have re-implemented CRAFT. This text 

detection method uses a weakly supervised learning method to 

detect the character of scene text images CRAFT achieved 

state-of-the-art performance in most public benchmark 

datasets. By applying the pre-trained model provided by 

CRAFT researchers, we showed that CRAFT does not have 

the generalization capability on unseen datasets without fine-

tuning. We also made some modifications to the model, which 

was fine-tuned on the ICDAR2015 dataset and improved 

CRAFT's performance with fewer iterations and higher 

accuracy compared to the model provided by the authors. 
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Objective: In this paper, a novel method for a multi-objective and risk-based optimal 

reactive power dispatch is proposed. The method includes two main objective functions: 

technical and economic. The technical objective involves minimizing the risks of voltage 

instability, voltage deviation, and flow violation, and the economic objective involves 

minimizing the costs of reactive power generation, active power losses, load shedding, 

and active power rescheduling. Using these functions and assigning different weighting 

factors for each sub-objective, the risk of the events or uncertainties to customers or the 

grid can be managed. In addition, moment matching is used to discretize and create 

scenarios from continuous probability distribution functions of wind speed and electrical 

energy uncertainties. As the number of uncertain variables increases, so does the number 

of scenarios and the simulation time. Therefore, the fast-forward selection algorithm is 

applied to reduce the number of scenarios. To reduce the computational complexity and 

the number of topological scenarios, a new contingency filtering method based on high-

risk events is proposed. A modified multi-objective PSO algorithm based on a hybrid 

PSO with sine-cosine acceleration coefficients is proposed to find the Pareto front of 

solutions. The method is implemented on the modified IEEE 30-bus test system. To 

demonstrate the effectiveness of the proposed method, the results are compared with 

previously published literature. The results show that risk-based scheduling increases 

system reliability and cost-effectiveness compared to traditional scheduling. 

NOMENCLATURE  

𝑓𝑟          Failure rate of the component per year 

𝑟𝑟 Repair rate of the component per year  
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I.Introduction 

A. Research Motivation 

Optimal Reactive Power Dispatch (ORPD) is a special form 

of Optimal Power Flow (OPF) that deals with reactive power 

instead of active power. The objective of this optimization 

problem is to find the optimal value of reactive power 

resources in the system to improve security and economic 

efficiency. Hence, it is one of the most principal problems in 

power systems. However, system security is usually 

compromised after an event. 

 To ensure system security during events, it is essential to 

simulate contingencies in the planning phase (a preventive or 

corrective approach). When contingencies are simulated, the 

problem is treated as a security constraint OPRD (SC-ORPD). 

The SC-ORPD, which is a deterministic method, has been used 

by independent system operators (ISO) for several years 

because of its high reliability and simplicity. Operational and 

security constraints must be met before and after contingencies. 

However, deterministic approaches are often too conservative 

and therefore not economical (especially in preventive 

planning), since they are based on the most severe events [1]. 

Therefore, the use of these methods is less and less considered 

by operators and researchers nowadays. 

In addition, the installation of renewable energy sources 

(RESs) in power systems has recently increased due to 

environmental issues. It has been shown that the deterministic 

modelling of renewables can lead to voltage instability and 

power flow fluctuations due to their intermittent nature. 

Demand uncertainty due to load forecasting errors is also 

unavoidable. Demand uncertainty also affects power system 

planning, security, and economics. Therefore, these 

uncertainty parameters must be efficiently considered in the 

planning and operation phases to ensure system security and 

economics. 

Recently, the risk-based ORPD (RB-ORPD) has received 

more attention because of its ability to address the above issues. 

The risk indices quantify the system stress and can be 

formulated using the probability and consequence of the events 

or the uncertainties (usually the production of probability and 

consequence). These functions can be calculated based on the 

impact of the events on the customers or the transmission 

system. 

It is worth noting that risk-based methods are so efficient 

that can not only increase system safety (by taking into account 

contingencies or uncertainties of the system in problem 

formulation) but also increase system efficiency (due to 

allocation of resources to high consequence and probability 

events rather than only to high consequence ones). 

However, reducing system risk leads to an increase in 

operating costs (these are conflicting goals). Therefore, for 

ORPD or OPF problems, a comprehensive techno-economic 

objective function must be considered to ensure the reduction 

of system or customer risk and operating costs. The objective 

function should include all or some of the various system risks 

(risk of voltage instability, risk of voltage violation, etc.), 

customer risks (loss of load expectancy, loss of load frequency, 

etc.), and operating costs (cost or price of active or reactive 

power generation, system losses, etc.). 

Furthermore, if scheduling is expected to be implemented 

with minimal deviation in the control centers of the power 

system, the practical limitations of the sources and control 

systems must be included in the formulation of the ORPD 

problem. Thus, the problem must be subjected to various 

practical and mathematical constraints. 

Considering the previously mentioned objectives and 

constraints, the ORPD is difficult to solve. From the point of 

view of solving the optimization problem, the ORPD is a 

nonlinear and nonconvex problem with many constraints. 

Many traditional optimization methods have been presented in 

the literature to solve this problem. However, these methods 

are trapped in local optima, and some depend on the initial 

estimation of the variables and do not provide much freedom 

in choosing the objective functions and the different 

constraints. Therefore, metaheuristic methods and 

evolutionary algorithms can be used in this area. 

B. Literature Review 

The ORPD problem has been addressed in several research 

studies. In [2], a new corrective voltage control (CVC) for 

power systems is presented. The uncertainty of wind power 

generation and demand values is considered in the problem 

formulation through a scenario-based approach. Moreover, the 

participation of demand-side resources is considered an 

effective control option to reduce the control cost. [3] presents 

a novel stochastic preventive voltage control, ORPD. Wind 

speed uncertainty is considered in this reference and a 

scenario-based modelling approach is used to discretize the 

continuous PDF of uncertain variables. The risk associated 

with each objective function is calculated using the conditional 

value at risk (CVaR). In [4], a new criterion for real-time 

estimation of "N-1" system risk is presented. The risk is 

calculated using the product of probability and impact. In [5], 

a probabilistic optimal power flow considering wind 

uncertainty is presented. The objectives of the presented 

method are to minimize the expected generation cost and the 

downside risk. In [6], a framework with weighted random 

constraints based on optimal power flow is presented. The 

uncertainty of the wind power forecast is taken into account in 

this reference. 

In [7], the authors propose a new framework for stochastic 

OPF. The framework can balance the generation cost and 

system risk. In [8], a novel scenario-based method for avoiding 

voltage instability under wind and load uncertainty is 

presented. In [9], the optimal placement and sizing of the static 

var compensator (SVS) are presented to minimize the risk of 

short-term voltage stability after the occurrence of events. The 

objective functions are to minimize the investment cost of 
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SVC and the risk of short-term voltage instability. The 

problem is solved using a genetic algorithm. The paper 

considers the effects of DGs and the customers' dynamic load 

model. However, the effects of the uncertainties of DG are 

neglected.  

In [10], coordinated optimization of reactive power reserve, 

stochastic and multi-objective optimal power, and reactive 

power management are presented. Economic objectives and an 

increase in the load margin are considered objective functions 

to minimize. In [11], a techno-economic algorithm for SC-

ORPD is presented, which considers the uncertainty of wind 

and demand. MCS is used to incorporate stochastic parameters, 

and NSGA-II is used to find non-dominant solutions. In [12], 

a method for calculating probability densities of the voltage 

level is presented. For this purpose, the problem is integrated 

with an ORPD that takes into account the uncertainty of active 

power generation. In this work, the probability densities are 

handled with MCS and used as soft constraints for an ORPD 

problem. In [13], the ORPD problem with minimizing the loss, 

voltage deviation, and increasing the voltage stability margin 

is presented. The problem is formulated as a mixed-integer 

nonlinear optimization problem that contains both discrete and 

continuous decision variables. The Artificial Bee Colony 

(ABC) algorithm is used to solve the problem.  

In [14], a risk-based distribution robust optimization 

problem is proposed to balance the operational cost and risk in 

the real-time framework. In this reference, the presented 

method takes into account the voltage reliability of the buses 

even if the PDF of the uncertain variables cannot be estimated 

accurately. [15] The Rao-3 optimization algorithm is used to 

solve the constrained ORPD problem. In addition, the 

uncertainties of solar and wind energy as the most commonly 

used technologies in electric power systems and the 

uncertainties of demand forecasting are exploited in this work. 

In [16], the Multi-Objective ORPD in a distribution network 

is presented for minimizing the active power loss, voltage 

deviation, and cost of reactive power compensators. In this 

paper, the effects of different load models on the cost functions 

are studied and a modified Grey-Wolf optimizer is used to 

solve the problem. In addition, the effects of installing DGs in 

the grid are investigated. However, the uncertainty of the DGs' 

power generation is ignored. 

In [17], the effect of coordinated and automatic voltage 

regulation in a power system with wind turbines and SVC is 

presented. The objective function is mainly formulated as a 

single-objective reactive power optimization problem. In [18], 

the solution to the ORPD problem by the combined 

optimization method of particle swarm and various individual 

evolution is presented. The objective function of minimizing 

the active and reactive power losses of the network is 

considered. The obtained results were compared with the 

results of the PSO method. 

The Multi-Objective SC-ORPD considering the technical 

uncertainties of power systems is presented in [19]. 

Maximizing the voltage stability margin based on the new 

voltage instability risk index and minimizing the losses are the 

objective functions. The SPEA-II optimization algorithm is 

then used to solve the problem. In [20], a novel risk-based 

ORPD algorithm with technical and economic objectives in a 

wind-integrated system is presented. The proposed method is 

more compatible with operational criteria. In this reference, a 

novel probabilistic-possibilistic risk index for risk 

quantification is presented. 

In Table 1, the studied references are categorized according 

to their objective functions, risk-based or security-based 

planning, and their problem-solving algorithm. In Table 1, 

68% of the studied works considered the problem as a multi-

objective problem. 26% of the references considered 

contingencies in their problem (security constraint) and 47% 

of the references solved the problem with a risk-based 

formulation. It is noteworthy that, the contingencies are the 

main factors of the system risk. Thus, the subscription of the 

third and fourth columns shows the references that solved the 

problem using a risk-based formulation, and the risk is 

estimated after simulating the contingencies. Only 20% of 

these references belong to this category. 15% of the references 

consider all technical contingencies, including events, 

renewables, and load forecast contingencies. Finally, 52% of 

the references use a meta-heuristic algorithm to solve the 

problem. 

C. The Necessity of Research 

Based on the literature review and the results of Table 1, 

several existing gaps were identified, including: 

1. A comprehensive objective function that risk and 

operational cost can be managed by ORPD or OPF 

simultaneously is not considered in the references.  

2. The simultaneous consideration and management of the 

impact of risks arising from unplanned events or 

uncertainties on the power system and customers.  

3. All technical uncertainties including RESs, load forecast, 

and contingencies are not studied in reviewed papers.  

4. A contingency filtering method based on the riskiest 

events needs to be proposed. The proposed algorithm 

should be able to eliminate the influence of the control 

variables changing and updating during the optimization 

process. 

5. PSO is a well-known, efficient and fast method in many 

engineering optimizations and planning. However, its 

premature convergence, lack of diversity, and being 

trapped in locally optimal solutions are mentioned as the 

shortage of this algorithm. Other optimization algorithms 

like NSGA and SPEA are accurate but with slow 

convergence. 

6. Novelty and main contribution 

To address these issues, in this paper, a novel risk-based 

ORPD method is presented. The contributions of the are: 
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TABLE 1 

COMPARING REFERENCES 

Reference 

number 

Multi-

Objective 

Security 

Constraint 

Risk 

Based 

All technical 

uncertainties 

Meta-

Heuristic 

2 ✓     

3   ✓   

4  ✓ ✓   

5 ✓  ✓  ✓ 

6 ✓  ✓   

7 ✓  ✓   

8      

9 ✓    ✓ 

10 ✓     

11 ✓ ✓ ✓ ✓ ✓ 

12     ✓ 

13 ✓    ✓ 

14 ✓  ✓   

15 ✓ ✓   ✓ 

16 ✓    ✓ 

17      

18     ✓ 

19 ✓ ✓ ✓ ✓ ✓ 

20 ✓ ✓ ✓ ✓ ✓ 

1- To cover 1 and 2, a comprehensive technical-economic 

objective function is proposed. The technical objective 

consists of voltage instability risk, voltage violation risk, and 

current flow violation risk, and the economic objective 

includes generator reactive power generation/absorption cost, 

active power loss, cost, load shedding cost, and generation 

compensation cost. The proposed method is a hybrid 

preventive-corrective approach. 

The proposed method finds the optimal decision variables 

of generators, compensators, and transformers in such a way 

that there is no violation after the occurrence of uncertainties 

in the system. If this is not possible or costly, remedial actions 

(manual by the operators or automatic by the special protection 

systems) are performed after the occurrence of violations 

following a fault. In this way, the risks to the system (voltage 

instability, voltage violation, and power flow violation risks) 

and the risks to the customer (loss of load maintenance) can be 

simultaneously minimized or managed by assigning different 

important factors to the sub-objective functions by the 

operators or planners, depending on the network condition, 

system reactive power reserve.  

Moreover, the operating limits of conventional and wind 

generators are considered in the problem formulation to 

increase the practicality of the proposed method. 

2- To solve Problem 3, the uncertainties imposed on the 

system by the integration of renewable energy (doubly fed 

induction wind generators (DFIG) in this work), the 

uncertainty of load forecasting, and the probability of 

accidental equipment failure are included in the problem 

formulation of the proposed method by using a probabilistic 

approach to estimate the risk. For this purpose, the moment 

matching method (MMC) is used to generate optimal scenarios 

considering uncertain variable statistics. To reduce the size and 

select the best scenarios, the Fast Forward Selection (FFS) 

algorithm is used. 

3- A new contingency filtering method to cover issue 4, is 

proposed that finds high risky contingency while considering 

the effect of the decision variable changing during the 

optimization procedure. In fact, the proposed method is 

integrated into the optimization process  which is different 

from the usual methods that filtering is done before the 

optimization procedure is run.   

4- To address 5, Hybrid Multi-Objective PSO with sine 

cosine acceleration coefficients (H- MOPSO-SCAC) is 

introduced and utilized based on H- PSO-SCAC to achieve 

Pareto-front of the solutions.   

D. Organization of the Paper 

The paper is organized as follows: Section II is devoted to 

the methodology. Subsection A describes how to model the 

random outage of the branches, wind and demand uncertainties, 

and scenario generation and reduction method using MMC and 

FFS, respectively. Subsection B presents, the proposed multi-

objective risk-based ORPD. In subsection B, objective 

functions and constraints of the proposed method are described. 

Subsection C presents the proposed contingency filtering 

method and subsection D is devoted to a novel H-MOPSO-

SCAC description. Section III is dedicated to the test results. 

First, the detail of the system under study is presented in 

subsection A. Simulation results are available in subsection B 

and subsection C is devoted to sensitivity analysis. Section IV 

is devoted to the conclusion. 

II. Methodology  

III. Power System Uncertainty Modelling 

The operation and planning of power systems involve 

uncertainties. Loads, renewable resources, and random 

outages are the main sources of uncertainties in the grid. The 

probabilistic security assessment is a leading approach for 

dealing with these uncertainties and calculating the risk indices 

they cause. In this approach, the continuous probability 

distribution functions (PDF) of random variables are 

discretized using a limited number of scenarios. Then, the 

deterministic analysis is performed separately for each 

generated scenario and the expected values of the outputs are 

calculated. 

1. Random Branch Outage Probability 

The two-stage model, which represents a well-known 

approach to calculating the random probability of failure of the 

component, is used in this work [21]. In this model, the 

equipment can be in one of the states "in service" (available) 

or "out of service" (unavailable). The average unavailability of 

the equipment in a long-term time frame is calculated using 

[21]: 

FOR=
fr

rr+fr
                                   (1) 
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The failure rate (FOR) can be used to estimate the failure 

probability of the random component. 

2. Modelling the Uncertainty of Wind Turbine Energy 

The energy generated by wind turbines is highly dependent 

on the wind, which fluctuates [12, 13]. It has been shown that 

deterministic modelling of fluctuating wind generators can 

lead to system instability. The most common PDFs for 

modelling wind speed uncertainty are Weibull or Rayleigh 

PDFs [23]. In this work, the Weibull PDF is used: 

f(v)=
k

c
(

v

c
)

k-1

exp (-
v

c
)

k

                               (2) 

 

In this work, a linearized characteristic curve is also used to 

represent the relationship between turbine output power and 

wind speed. The data of the characteristic curve are available 

in [11]. 

3. Demand Uncertainty Modelling 

Demand uncertainty due to load forecasting errors is 

usually estimated using the normal probability distribution 

function (PDF) [2]. In this paper, the mean of the normal PDF 

is assumed to be the forecast load, and the standard deviation 

is set to 3% [19]. 

4. Scenario Generation and Reduction 

It is challenging to solve stochastic models that contain 

variables with continuous distribution. In such cases, a 

discretization process (scenario generation) is used to estimate 

the continuous PDF of the uncertain variable with a limited 

number of scenarios. However, in most cases, it is difficult or 

impossible to find the exact probability density function of 

random variables. Nevertheless, it is possible to approximate 

the continuous distributions using their statistical properties. 

Therefore, in this paper, the moment matching method (MMC) 

was used to create a limited number of scenarios. This method 

uses statistical properties instead of exact PDFs of the 

uncertain variables [22]. For this purpose, an optimization 

problem is defined that minimizes the distance between the 

statistical properties of the continuous and matched discrete 

distributions. The optimization problem is subject to the 

constraint that the sum of the relative importance of the 

statistical specifications (mean, variance, kurtosis, and 

skewness in this work) equals one. The MMC method is 

described in Appendix A. 

However, increasing the number of uncertain variables 

leads to an increase in the number of scenarios and thus in 

simulation time. In this case, a strategy is needed to reduce the 

number of scenarios. This is done by selecting a subset of 

scenarios that represents the entire scenario (scenario 

reduction). Fast Forward Selection (FFS), a well-known 

algorithm for scenario reduction, is used in this work. The FFS 

procedures can be found in [22]. MMC is used to create 5 

scenarios for wind speed and load forecasting (total number of 

scenarios= [5]1*5* [5]5*1). Then 6 scenarios are selected as 

reduced scenarios using FFS. Table 2 shows the reduced 

scenarios and their corresponding probabilities. 

B. Proposed Multi-Objective Risk-Based ORPD 

The general formula of the proposed risk-based ORPD 

with multiple objectives is presented in (3), which contains 

techno-economic objective functions (F1 and F2, respectively) 

that must be minimized under equality and inequality 

constraints (A, B). 

min {
F1(vs,vc)

F2(vs,vc)
 

s.t 

A(vs, vc)=b, 

 B(vs, vc)>0,               (3) 

 
where, F1 and F2 are formulated as:                           

F1=w11*F11+w12*F12+w13*F13                 (4)                       

F2=w21*F21+w22*F22+w23*F23+w24*F24         (5) 

where, 𝑣𝑠 is the vectors of state variables, 𝑣𝑐 is the vector 

of control variables, 𝑤𝑖𝑗  are importance factor of sub-

objective functions that are factors are assigned proportionally 

to the relative importance of each sub-objective and the 

different operational strategies. F11, F12, F13, F21, F22, F23, 

F24 are sub-objectives of technical and economical objective 

functions, respectively.  

The vs and vc can be expressed as follows: 

𝑣𝑠 = [Pslack, Qslack
,VL,Q

g
]                     (6)        

vc=[Vg,Q
c
,Tp,Pw,Q

w
]                         (7) 

 

where, Pslack, Qslack
 are active and reactive power of slack 

generator, VL  is the voltage of PQ buses, Q
g

 is the 

reactive power of generators.Vg is the voltage of generators, 

Q
c
 is the reactive power of compensators, Tp  is the tap 

ratio of transformers, Pw, Q
w

 are the active and reactive 

power of wind generator, respectively. 

1. Voltage Instability Risk (F11) 

In most references, the risk index is quantized by the 

production of the consequence and probability of the events or 

uncertainties [9, 11, 14, 29]. For practical purposes, a certain 

level of violation and risk is assumed to be acceptable by the 

operators (for example, voltage deviation). The L-index which 

is presented in [23] is used in this paper to estimate the Voltage 

Stability Margin (VSM) following a contingency. So, using the 

L-index, a voltage instability risk index is developed which 

combines the probability and consequence of the events if 

VSM decreases from a pre-specified amount. 

The index will become zero when an acceptable stability 

margin is achieved and otherwise increases linearly with 

decreasing VSM as follows: 

𝑉𝐼𝑅 = {
∑ ∑

(𝐿𝑖−𝑉𝑆𝑀)

𝐿𝑚𝑎𝑥
∗ 𝐹𝑂𝑅𝑗

𝑠𝑛
𝑠=1

𝑛𝑙
𝑛𝑙=1

   𝑖𝑓 𝐿𝑖 > 𝑉𝑆𝑀

0                            𝑖𝑓 𝑉𝑆𝑀 > 𝐿𝑖
 (8) 
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TABLE 2 

SCENARIO REDUCTION RESULTS 

Wind Speed (m/s) LOAD % Probability 

0.436 1 0/123 

3.52 1/011 0/17 

4.7 0/988 0/174 

1.283 0/949 0/127 

4.7 1 0/226 

10.5 1/053 0/18 

 

2. Voltage Violation Risk (F12) 

Similar to the voltage instability risk estimation, the 

voltage violation risk is calculated as follows: 

𝑉𝑉𝑅 = {
∑ ∑

(𝑉𝑖−𝐸𝑉)
2

𝑉𝑚𝑖𝑛
∗ 𝐹𝑂𝑅𝑗

𝑠𝑛
𝑠=1

𝑛𝑙
𝑛𝑙=1

   𝑖𝑓 𝑉𝑖 > 𝐸𝑉

0                            𝑖𝑓 𝐸𝑉 > 𝑉𝑖

     (9) 

 

3. Flow violation Risk (F13)    

The flow violation risk can be calculated: 

𝐹𝑉𝑅 =

{
∑ ∑

𝑆𝐿𝑖−𝐸𝑅𝑖

𝑆𝐿
𝑖
𝑝𝑟𝑒 ∗ 𝐹𝑂𝑅𝑗

𝑠𝑛
𝑠=1

𝑛𝑏𝑟
𝑛𝑏𝑟=1

   𝑖𝑓 𝑆𝑖 > 𝐸𝑅

0                        𝑖𝑓 𝐸𝑅 > 𝑆𝑖

                       (10) 

 

4. Reactive power cost (F21) 

Reactive power cost is due to increasing winding losses 

caused by the generation or absorption of reactive power by 

the generators, as well as the opportunity cost. The quadratic 

cost function can estimate reactive power cost as follows [10]: 

ECq=∑ ∑  𝑎𝑔𝑖
𝑞
𝑄𝑔𝑖
2 + 𝑏𝑔

𝑞
𝑄𝑔𝑖 + 𝑐𝑔𝑖

𝑞𝑁𝑔
𝑖=1

𝑠𝑛
𝑠=1           (11) 

 

5. Active power loss cost (F22) 

The cost of active power loss can be estimated using the 

following equation [24]: 

ELC=P*∑ ∑ 𝑔𝑘[(𝑉𝑖
2 +

𝑁𝑇−𝐿𝑖𝑛𝑒
𝑘=1 𝑉𝑗

2 − 2𝑉𝑖𝑉𝑗𝑐𝑜𝑠(𝛿𝑖 −
𝑠𝑛
𝑠=1

𝛿𝑗)]                                      (12) 

6. Load Cut Price (F23) 

When an emergency occurs, following an event usually, if 

certain operational limits are violated for a short period, some 

loads can be manually or automatically cut as a remedial action. 

Special Protection Systems (SPS) are capable devices to 

perform automatic load shed in such cases. These devices are 

designed for multiple stages. The cost of load cut can be 

expressed as follows: 

𝐸𝐿𝑆𝐶 = ∑ ∑ ∑ ∑ 𝑃𝑗𝐿𝑓 ∗ 𝐹𝑂𝑅𝑁𝐶
𝑛𝑙𝑐−𝑙𝑜𝑎𝑑
𝑓=1

𝑛𝑠𝑡𝑎𝑔𝑒
𝑗=1

𝑁𝐶
𝑖=1

𝑠𝑛
𝑠=1  (13) 

 

7. Generation Compensation Cost (F24) 

In power system operation, if there is a generator failure or 

a deviation from the expected power of the wind turbine, the 

remaining plants must compensate for the active power 

generation and consumption unbalance to maintain the 

frequency at its predefined value. In the planning stage, if the 

imbalance between power generation and consumption of 

active power exceeds the capability of the slack bus to generate 

power, the power flow may diverge. The power flow 

divergence may be considered an instability by mistake. To 

avoid such situations, the active power imbalance must be 

compensated in active power unbalance cases. In certain ISO 

policies, this compensation is paid to the plant with an 

additional fee. This can be expressed as follows: 

𝐸𝐺𝐶𝐶 = ∑ ∑ ∑ 𝑃𝐹𝑗 ∗ ∆𝑃 ∗ 𝐼𝐶𝑗 ∗ 𝐹𝑂𝑅𝑁𝐶
𝑛𝑔
𝑗=1

𝑁𝐶
𝑖=1

𝑠𝑛
𝑠=1   (14) 

 

8. Power Flow Constraints 

Power flow equations are equality constraints of the OPF 

problem. 

PGi
-PDi

-Vi ∑ Vj[Gij cos(δi-δj)+Bij sin(δi-δj)]
Nb
j=1 =0 (15) 

Q
Gi

-Q
Di

-Vi∑ Vj[Gij sin(δi-δj) +Bij cos(δi-δj)]
Nb
j=1 =0 (16) 

 

9. Voltage Constraints 

The voltage of the controlled and uncontrolled buses, 

including wind turbine buses, must be within the highest and 

lowest limits in the base case.  

Vi
min≤Vi≤Vi

max                             (17)  

10. Reactive Power Constraints 

If the reactive power output of the generators exceeds the 

capability curve range, the bus voltage will become 

uncontrollable and the bus will be converted from PV to PQ in 

power flow studies. The operating point, internal voltage, 

armature current, and reactance of the generators are factors 

that influence the capability curve of the generators. Using 

these factors, the capability curve of the generators and wind 

turbines can be estimated. The formulas for modelling 

generators and wind turbine capability curves can be found in 

[11]. They are not provided here to keep the text concise. 

11. Transformer Constraints 
The higher and lower bounds of tap number of 

transformers are as follows: 

Ti
min≤Ti≤Ti

max
                                      (18) 

 

12. Shunt Compensators limits 

The VAR generation/absorption of the shunt compensator 

is limited by its lower and upper bounds. 

Q
ci

min≤Q
ci

≤Q
ci

max                             (19) 

 

13. Security Constraints 

Transmission line loadings and voltage stability margin 

limits must be met in the base case. They can be defined as 

follows: 

Sli≤Sli
max                                      (20) 

𝑉𝑆𝑀𝑖 < 𝑉𝑆𝑀𝑝𝑟𝑒−𝑑𝑒𝑓                        (21) 



235               Risk-Cost Minimization in Optimal Reactive Power … / Mokari, et al 

 

 

C. Contingency Screening 

The contingency filtering algorithm separates critical 

events from non-critical ones to be simulated, thereby reducing 

simulation time. The contingencies from the events list that 

lead to high risk are considered critical. In the proposed 

method, the advantage of population-based optimization 

algorithms will be utilized to perform a sensitivity analysis and 

filter high-risk contingencies. Indeed, the screening algorithm 

is integrated into the optimization problem for this purpose and 

will be updated during the iterations. The advantage of the 

proposed approach is that it allows for the examination and 

tracking of the effect of variations in the control variable on 

the system's security, reliability, and customer satisfaction. 

The algorithm is as follows: 

Step 1: Create the initial contingency list. 

Step 2: Create an initial random population. 

Step 3: Using the initial contingency list, perform contingency 

analysis for all population members and identify the events 

with the highest risk. 

Step 4: Eliminate any repetitive events from the list and create 

a list of critical events. 

Step 5: Update the population and continue the optimization 

procedure with the selected list of critical events. 

Step 6: If the optimization iteration reaches the recheck 

number, replace the critical events list with the initial 

contingency list. 

Step 7: Go back to step 3 and continue until the optimization 

stop criteria are met. 

The list containing high-risky events is replaced by the initial 

contingency list in certain optimization iterations to check and 

identify the most severe events with variations in control 

variables. 

D. H-MOPSO-SCAC Optimization Algorithm 

PSO is a well-known and efficient method for many 

engineering optimization and planning problems. The 

advantages of the PSO method are that it is easy, simple, and 

can be implemented in any working environment. However, 

premature convergence, lack of diversity, and being trapped in 

locally optimal solutions are mentioned as shortcomings of the 

PSO [25]. To address these limitations, a novel search strategy 

is proposed that combines the hybrid particle swarm optimizer 

(H-PSO) with sine cosine acceleration coefficients (SCAC) 

within the PSO framework and is called H-PSO-SCAC [26]. 

Based on modifications [26], this paper introduces a modified 

version of multi-objective PSO (MOPSO) called H-MOPSO-

SCAC, which is designed to handle multi-objective problems. 

These modifications are as follows: 

1- Opposition-based learning (OBL) can increase the 

opportunities of reaching the global optimal solution.  

i- Randomize the initial population. 

ii- Calculate the reverse population based on (22).  

iii- 𝑋𝑖𝑗
′ =  𝑋𝑚𝑎𝑥.𝑗 + 𝑋𝑚𝑖𝑛.𝑗 − 𝑋𝑖𝑗                           (22) 

iv-  

Where, 𝑋𝑚𝑎𝑥.𝑗 and 𝑋𝑚𝑖𝑛.𝑗 are the population position max 

and min value at dimension j, respectively, 𝑋𝑖𝑗 is the 

population member i and 𝑋𝑖𝑗
′ the opposite population.  

v- Using domination theory, select the 

nondominated solution between 𝑋𝑖𝑗 and 𝑋𝑖𝑗
′  to 

maintain the population size.  

2- The sine map is used to adjust the inertia weights ω of the 

PSO. The range of the sine map is [0,1]. The inertia 

weight ω is given as follows: 

𝜔 =
𝑐

4
sin ( 𝜋𝑥𝑘−1)                             (23) 

 

Where, k is the current iteration number. 

3- A modified update formula for positions in each iteration 

is used. This modification can improve the exploration 

and exploitation of the algorithm.  

𝑋𝑖+1
𝑑 = 𝑋𝑖

𝑑 ∗𝑊𝑖𝑗 + 𝑉𝑖
𝑑 ∗ 𝑊𝑖𝑗

′ + 𝜌 ∗ 𝑔𝑏𝑒𝑠𝑡𝑑 ∗ 𝜑      (24) 

 

Where, 𝑊𝑖𝑗  and 𝑊𝑖𝑗
′   are the dynamic weights, 𝑔𝑏𝑒𝑠𝑡  is 

the current global best,  𝑋𝑖
𝑑 and 𝑉𝑖

𝑑 are the previous solution 

and velocity respectively, 𝜌 random number between 0 and 1, 

𝜑 is the coefficient that determines the maximum step size.  

𝑤𝑖𝑗 = 𝜑 =
exp (

𝑓(𝑗)

𝑢
)

1+exp (−
𝑓(𝑗)

𝑢
)𝑖𝑡𝑒𝑟

                       (25)      

𝑤𝑖𝑗
′ = 1 − 𝑤𝑖𝑗                                (26) 

 

Where, u is the mean fitness value in the first iteration, iter is 

the current iteration and f(j) is the fitness of the jth particle.   

4- The sine cosine acceleration coefficients are: 

𝑐1 = 𝜎 ∗ sin ((1 −
𝑀𝑗

𝑀𝑚𝑎𝑥
) ∗

𝜋

2
) + 𝛿               (27)  

𝑐2 = 𝜎 ∗ cos ((1 −
𝑀𝑗

𝑀𝑚𝑎𝑥
) ∗

𝜋

2
) + 𝛿               (28) 

 

Where, 𝜎 and 𝛿 are the constant (𝜎=2, 𝛿=0.5) 

Fig.1 shows the flowchart of the proposed method and the 

optimization procedure. 

III. TEST RESULTS 

A. System Under Study 

The proposed method is applied to the modified IEEE 30-

bus test system. The test system is modified by installing a 60 

MW Doubly Fed Induction Generator (DFIG) wind farm at 

bus 20. In addition, the buses and branches of the network are 

equipped with 2-stage under-voltage and flow violation SPS 

systems. In each stage, the SPS system will reduce the load on 

the bus by 10%. The minimum VSM is assumed to be 40%, 

high and low voltage ±5%  and maximum loading of the 

branches is considered 90%. Fig. 2 represents the modified 
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network. The simulations are conducted using Manpower  

Start

Get the load and wind 

information
Get the network information
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Generate and reduce scenarios 

using MCM and FFS

Determination of the parameters 

of the multi-objective H-PSO-

SCAC

For scenario j

Perform power flow and 

calculate F1 and F2

{i.e Eqs. (4),(5), Section II.B)

Scenario ended?

No

Yes

Is the system state 

the base case?

Yes

No

Is there any flow or 

voltage violations?

Perform load-shed if the 

violations reach to the SPS 

activation threshold 

Constraint were 

meet?

System states 

are over?

For system state i

No

Yes

Is the algorithm 

iteration reached 

recheck number?

Update the critical events list

{i.e Section II.C}

Find the archive members

Update the population

{i.e Eqs.(22)-(28) Section II.D)

Apply mutation

Stopping 

criteria 
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Stop

Yes

No

Yes

No

No
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Yes

Add Penalties to the F1 and F2

No

 
Fig. 1. The flowchart of the proposed method 

version 6 software packages. The algorithm was 

implemented in MATLAB R2017a and executed on a core-i5 

laptop with a 2.6 GHz processor and 6.0 GB of RAM. 

Necessary data for calculating the costs of the generator's 

active and reactive power, as well as the system data, are 

available in Appendix B. The PSO population size algorithm 

is set to 60 and the repository size is set to 25. Maximum 

iteration is set to 100. 

B. Simulation Results 

To evaluate the effectiveness of the presented method, 

three scenarios are investigated as follows: 

1- The ORPD considering wind and load uncertainties, 

expected L-index and EL as F1 and F2. 

2- SC-ORPD  

3- Proposed RB -ORPD scenarios 

4- Sensitivity analysis of the method 

1. Scenario I: ORPD considering wind and load 

uncertainties, expected L-index and EL as F1 and F2. 

This scenario is simulated to compare the results of the 

proposed method with those of other literature. Table 3 

displays the Pareto front for the proposed method, other 

references, and the original MOPSO approach. F1 for the  

 

Fig. 2. The single-line diagram of the test system 

2. Scenario II: SC-ORPD 

proposed method ranges from 0.0998 to 0.151, and F2 

ranges from 3.23 to 4.09 in the Pareto front. It is evident from 

the results that the proposed method outperforms other 

methods in objective minimization, except for reference [11] 

in the minimization of F1. The results obtained by reference 

[11] are 6% better in terms of F1 and 13% worse in terms of 

F2 compared to the proposed method in the objective 

minimization case. However, the simulation time of the 

proposed method is 28% of that in [11]. Comparing the 

obtained results to those of the original MOPSO demonstrates 

the superiority of the proposed method in terms of objective 

minimization and solution diversity. Although the simulation 

time of the proposed method is 56% longer than that of the 

original MOPSO due to additional calculations. 

This scenario is conducted to analyze the impact of security 

rather than risk-based planning. The L-Index is considered F1, 

and the economic objective is considered F2. The voltage of 

the buses and the flow limits are formulated as hard limits.  

The proposed method for filtering events has been modified to 

select the most severe contingencies instead of high-risk ones. 

To investigate the effect of the SPS system, a simulation was 

conducted under heavy load conditions (load factor = 1.1). 

Also, two operational strategies with different weighting 

factors for the sub-objectives are investigated to analyze the 

effect of the relative importance of each function. The load cut 

price in Stages 1 and 2 are set at 10 and 20 $/MW, respectively. 

The incremental and opportunity cost of the generators is 

considered to be 10 $/MW. The initial contingency list 

contains the following branch numbers: 4, 39, 38, 36, 13, 19, 

and 14, as well as generator numbers 3, 4, 5, 6, and wind farm 

outages.  
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TABLE 3 

COMPARING THE RESULTS WITH PUBLISHED REFERENCES 

Reference  EL-INDEX EL (MW) TIME 

Reference [27] 0.1192-0.1317 4.55-7.07 - 

Reference [28] 0.111-0.121 4.4-6.6 - 

Reference [29] 0.1161-0.1258 3.4815-4.0646 - 

Reference [11] 0.0939 -0.17 3.74-4.082 4000 

Original MOPSO 0.1101 -0.1208 4.35-4.73 722 

Proposed method 0.0998-0.151 3.23-4.09 1127 

The results are available in Table 4. By employing the first 

strategy (using similar weighting factors for the sub-objective 

functions), F1 varies from 0.79 to 0.799, and F2 varies from 

138.2 to 196.63. All solutions involve 4.6 MW of load 

shedding. In the second strategy, the F1 varies from 0.77 to 

0.808 and the F2 varies from 95.5 to 165 dollars.  

In this strategy, the load cut of the solutions includes 0, 4.6, 

and 10.9 MW. The solution with the lowest cost and highest 

security is related to 0 MW of load shedding. With this 

selection, the customer's power supply is maintained. In the 

first strategy, the scheduled VSM is preserved by 

implementing load cuts for all solutions. However, in the 

second strategy, some solutions result in minor VSM 

violations.                                      

   By assigning different weighting factors, operators can 

mitigate the effects of load increases and events on the system 

and customers. As evident from the results, the operational 

cost has significantly increased due to the network's heavy load 

condition and the network's security-focused planning. 

3. Proposed RB-ORPD  

In this scenario, the proposed method based on the 

flowchart shown in Figure 3 is applied to the test system. The 

likelihood and consequences of the event are used to calculate 

the risk of contingencies. The scenario is divided into cases 

with two weighting factor strategies, similar to the previous 

scenario. Table 5 shows the results. As is clear from the results, 

RB-ORPD provides fewer economic objectives compared to 

Scenario 2. The branches have a lighter load and the bus 

voltages are at a higher level. Hence, not only does the 

economic objective decrease, but the security of the system 

also increases compared to traditional planning. 

In strategy 1, load shedding of 0, 4.6, and 12.7 MW is 

performed in the solutions. While strategy 2 leads to 0, 4.6 

MW of the load is shed. In Strategy 2, the emphasis is on 

utilizing the reactive power of the generators and shunt 

compensators. So, a reduction in load shedding is implemented, 

and the economic objective is decreased. So, it can be inferred 

that risk-based planning, compared to traditional planning, will 

lead to better and more efficient allocation of resources. The 

economic objective is achieved and the security of the system 

is also increased. In addition, the impact of these events on the 

customers is also reduced. 

TABLE 4 

THE RESULTS FOR THE SCENARIO II 

WEIGHTIN

G FACTORS  

W21-W22-
W23-W24 

F1 F2 ($) 
MAXIMU

M VSI 

MAXIMU

M 

LOADING 

% 

MINIMU

M 

VOLTAGE 

P.U 

1-1-1-1 0.79-

0.799 

138.4-

141 

0.79 111 0.94 

0.2-0.2-0.3-

0.3 

0.77-

0.808 

95.5-

165 

0.77 118 0.91 

TABLE 5 

THE RESULTS FOR THE SCENARIO III 

WEIGHTIN

G 

FACTORS  

W21-W22-

W23-W24 

F1 
F2 

($) 

MAXIMU

M VSI 

MAXIMU

M 

LOADING 

% 

MINIMU

M 

VOLTAG

E P.U 

1-1-1-1 0.0145

4-0.155 

93-

153.5 

0.7922 1.02 0.973 

0.2-0.2-

0.3-0.3 

0.0148-

0.1625 

48.34

-101 

0.7937 1.0234 0.954 

4. Sensitivity Analysis 

This subsection is dedicated to the sensitivity analysis of 

the proposed method. First, the sensitivity analysis is done on 

the MMC method and next the effect of assigning the various  

important factor to the sub-objective functions is investigated. 

4.1 MMC method sensitivity analysis 

Since using different importance factors of statistical 

properties leads to various optimal solutions, in this sub-

section different importance factors are assigned to examine 

the sensitivity of the method to these parameters and the 

robustness of the method. In addition, the sensitivity to the 

number of statistical properties is also analyzed. Table 6, 

shows the obtained results. It can be concluded from the 

obtained results that, the effect of various important factors on 

the OFV depends on the opinion of decision-makers and 

planners. The OFV reaches near zero in all cases. However, in 

the cases where a statistical property is assigned a greater 

importance factor, the number of estimated outcomes by the 

algorithm may decrease. In fact, the same scenarios may be 

estimated. In the case with 𝜔1 = 1, 10 identical points equal 

to the mean value will be estimated by the MMC. In addition, 

if the number of outputs decreases, the OFV will be increased. 

For the case with 2 outputs, the OFV reaches 0.142 which is 

unacceptable. Similar results will be achieved if the PDF is 

replaced with other PDFs like the normal probability 

distribution function. 

4.2 Various important factors assigned to sub-objective 

function F2 

Table 7 represents the obtained results for this sub-section. 

Various important factors are assigned to the sub-objective 

function of the F2 to investigate their effects on the obtained 
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results. The simulation is done in the heavy load condition. 

First, the important factor of the F21 is set to zero, and the others 

0.33. Therefore, the cost of reactive power provided by the 

generators is assumed to be free. The results show that 

compared to the cases in this case, the technical and economic 

objective is placed between other cases. The solution of the 

Pareto front has load cuts of 0, 4.6 MW.  

In the second case, the important factor of the F23 is set to 

zero and the others are set to 0.33. In this case, there is no 

charge for the load cut. So, all the solutions of the Pareto front 

have load shed from 4.6 to 22.27 MW. Compared to other 

cases in this case minimum F1 and F2 are achieved. Hence, it 

can be expressed that the F1 (risk functions) are more sensitive 

to the load in the simulation condition of the network 

compared to the reactive power generation of the generators. 

This means that, in the PV analysis of the network, the 

operating point of the network may be close to the nose point. 

Security analysis of the network shows that without 

performing reactive power optimization, the system may 

experience instability following contingencies in the heavy 

load condition. The system side risk is decreased and the 

customer side is increased instead in this case. 

In the third case, the F24 is set to zero and the others to 0.33. 

It means that the system may have the highest active power 

balance compared to the other cases. The results show that 

compared to case 1, F1 and F2 have decreased. In addition, 

compared to case 1, the solution with a zero MW load cut is 

achievable. Therefore, it can be concluded in the simulated 

network operating condition, the active power providing may 

increase system security compared to reactive power.  

IV. Conclusions 

In this paper, a multi-objective and risk-based optimal 

reactive power dispatch with a techno-economic objective 

function is proposed. The problem formulation takes into 

account the uncertainty of the wind turbine energy and load 

forecast. The practical limits of conventional and wind 

generators were modelled to estimate the capability curve of 

the generators. In addition, special protection systems were 

modelled in the proposed method. Based on Hybrid-PSO with 

sine cosine acceleration coefficients (H-PSO-SCAC), the 

original multi-objective PSO (MOPSO) was modified, and H-

MOPSO-SCAC was presented. The obtained results 

demonstrated that:    

1- The proposed H-MOPSO-SCAC provides better 

solutions in objective minimization and solution diversity 

compared to the original PSO and previously published 

methods. In addition, the simulation time of the proposed 

method is reasonably low compared to the other methods 

except the original MOPSO.  

2- The analysis of the results showed that considering 

contingencies in the planning stage (SC-ORPF), may increase  

TABLE 6 

THE SENSITIVITY ANALYSIS OF THE MMC METHOD 

 IF N.Out OFV IF N.Out OFV 

𝝎𝟏 0.25 

10 1.0 ∗ 10−188 

0.55 

10 1.4 ∗ 10−18 
𝝎𝟐 0.25 0.15 

𝝎𝟑 0.25 0.15 

𝝎𝟒 0.25 0.15 

 IF N.OUT OFV IF N.OUT OFV 

𝝎𝟏 0.15 

10 2.2 ∗ 10−21 

0.15 

10 5.3 ∗ 10−17 
𝝎𝟐 0.55 0.15 

𝝎𝟑 0.15 0.55 

𝝎𝟒 0.15 0.15 

 IF N.OUT OFV IF N.OUT OFV 

𝝎𝟏 0.15 

10 5.7 ∗ 10−17 

0.5 

10 1.6 ∗ 10−22 
𝝎𝟐 0.15 0.5 

𝝎𝟑 0.15 0 

𝝎𝟒 0.55 0 

 IF N.OUT OFV IF N.OUT OFV 

𝝎𝟏 0.5 

10 2.9 ∗ 10−17 

1 

10 1.8 ∗ 10−188 
𝝎𝟐 0 0 

𝝎𝟑 0.5 0 

𝝎𝟒 0 0 

 IF N.OUT OFV IF N.OUT OFV 

𝝎𝟏 0.25 

100 1.1 ∗ 10−17 

0.25 

2 0.142 
𝝎𝟐 0.25 0.25 

𝝎𝟑 0.25 0.25 

𝝎𝟒 0.25 0.25 

TABLE 7 

VARIOUS IMPORTANT FACTORS FOR THE F2 

CASE 

NO 
WEIGHTING 

FACTORS  

W21-W22-W23-W24 

F1 F2 ($) 
LOAD CUT 

(MW) 

1 0-0.33-0.33-0.33 0.0146-0.162 43-56 0-4.6 

2 0.33-0.33-0-0.33 0.0137-0.152 27.6-

31.6 

4.6-10.97-

22.27 

3 0.33-0.33-0.33-0 0.0144-0.153 35-50 0-4.6-10.97 

operational costs. Also, ignoring the contingencies may lead to 

system instability (as it is clear from comparing Table 3 and 

Table 4 results that VSM may decrease after the events 

significantly).  

3- Risk-based ORPD led to fewer economic objectives and  

more security compared to SC-ORPD planning. Using both 

planning methods, the desired voltage stability margin was 

achieved. However, less load cut was performed and bus 

voltages were increased and branch flows were decreased in 

risk-based planning.  

4- In addition, the results revealed that the solutions with 

the lowest load shed (lowest customer side risk) will lead to 

the highest system side risk and vice versa. However, the 

solution that compromises between the customer and system 

side risk is achievable using the proposed formulation and 

assigning different weighting factors to the objective functions. 

The operators can to select the solution with a high loss of load 

expectation (high customer risk) and lower system risk or 

vice versa according to the future operation condition or 
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planning strategies.  

The author's proposal for future research in this field are: 

1- A better and more efficient risk function must be 

introduced to estimate the real risk of the events. Usually, FOR 

of the network components in the power system is near zero. 

Hence, the risk associated with power system component 

failure may be estimated as insignificant. Especially, in high-

impact and low-probability event cases. 

2- Probable modelling of protection relays can increase the 

applicability and practicality of the planning.  

3- Considering the risk of not realizing the prediction made 

about the occurrence of random variables in the planning. 
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Appendix A 

Moment Matching Method  

In this paper, the Moment Matching (MMC) method is 

employed for discretizing continuous PDF of uncertain 

variables. In this method, an optimization problem must be 

solved that minimizes the distance between statistical 

specifications of continuous distributions  and statistical 

properties of fitted discrete distributions subject to a constraint 

ensuring the summation  of the weighting factors to be one. In 

this study mean, variance, kurtosis, and skewness have been 

used as statistical specifics.  

min∑ ωk(fk(x, π)-VALk)
2

kϵK      

s.t.       

  ∑ πv = 1v∈γ     

πv ≤ 0 v ∈ γ        

Where, k is a statistical property, K is a set of all statistical 

properties, ωk refers to the importance weight of statistical 

property k, v is the outputs, x is the vector of realizations for 

uncertain factors, π  Probability vector for outputs, VAL 

refers to the value of the statistical property of k. We assume 

the continuous distribution of uncertain factors are 

independent of each other. The minimum number of outcomes 

can be achieved by: 

(D + 1)y-1~the number of scenarios     

Where, D indicates the dimension of the scenario, and y 

represents the number of outputs. In this paper D is 2 (the 

product of 2 random variables and 1 period of time). The 

number of specifications is 8 (the product of 2 uncertain 

variables, 1 period of time, and 4 moments). Therefore, 

according to (8), the value of y is 4. To get better results, we 

chose 5 as the number of scenarios for each random variable. 

The nonconvex nonlinear problem was solved by the 

COUENNE solver in GAMS 23.5. The weighting factors are 

considered to be equal. The obtained solution with an objective 

function value of zero or close to zero demonstrates that 

generated outcomes have statistical properties which perfectly 

match with specified properties of continuous distributions.  

 

Appendix B 

The proposed method is implemented on the modified IEEE-  

30 bus system. This network has 30 buses, 6 generators (bus 1 

as slack bus and 2, 5, 8, 11 and 13 as PV buses), 41 branches 

(including 4 ULTC transformers at buses 6-9, 6-10, 4-12, 28-

27 and non-transformer branches) and 9 compensators (buses 

10, 12, 15, 17, 20, 21, 23, 24 and 29). A 60 MW DFIG wind 

farm is installed at bus 20. The minimum and maximum 

voltage control range of the ULTCs and the generators are set 

to 1.1-0.9 P.U. Table A, represents the active and reactive cost 

data used for the network. 

TABLE A 

PARAMETERS FOR ACTIVE AND REACTIVE POWER COST 

Generator ap bp cp aq bq cq 

G1 0.02 2 0 0.0084 -0.00075 0.2 

G2 0.0175 1.75 0 0.007 

00 

0.00322 0.84 

G3 0.0625 1 0 0.0073 -0.00344 0.89 

G4 0.00834 3.25 0 0.0073 -0.00344 0.89 

G5 0.025 3 0 0.0073 -0.00344 0.89 
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