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Original scientific paper 
Economic Load Dispatch problem has been previously solved successfully with swarm techniques. However, power systems with complex behaviours 
still await a robust algorithm to be developed for their optimization more precisely. Economic Dispatch problem with constraints such as generator limits, 
total power demand, ramp rate limits and prohibited operating zones, makes the problem more complicated to solve even for global techniques. To 
overcome these complications, a new algorithm is proposed called Hybrid Particle Multi-Swarm Optimization (HPMSO). The proposed algorithm has a 
property of deep search with quite fast response. Convex and Non-convex cost functions along with equality and inequality constraints have been used to 
evaluate performance of proposed approach. Moreover, Dynamic Economic Dispatch cases have also been included in statistical studies to test the 
proposed approach even in real time. Different case studies have been accomplished using standard test systems of Static and Dynamic Economic 
Dispatch. Comparison of proposed approach and previous techniques show that the proposed algorithm has a better performance. 
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Rješavanje konveksnih i ne-konveksnih statičkih i dinamičkih problema ekonomične otpreme primjenom više rojne 
optimizacije 

Izvorni znastveni članak 
Problem ekonomične otpreme  opterećenja ranije se uspješno rješavalo tehnikama rojeva. Međutim, elektroenergetski sustavi složenog ponašanja još 
uvijek čekaju razvoj robustnog algoritma za njihovu precizniju optimizaciju. Problem ekonomične otpreme uz ograničenja kao što su ograničenja 
generiranja, ukupna potražnja energije, ograničenja brzine pristupa i zabranjene operativne zone, čini problem složenijim za rješavanje čak i globalnim 
tehnikama. Za prevladavanje tih komplikacija, predlaže se novi algoritam pod nazivom Hybrid Particle Multi-Swarm Optimization (HPMSO). Predloženi 
algoritam ima svojstvo dubokog pretraživanja s prilično brzim odzivom. Vrednovanje učinkovitosti predloženog pristupa ispitivalo se konveksnim i ne-
konveksnim funkcijama troškova uz ograničenja jednakosti i nejednakosti. Štoviše, slučajevi dinamičke ekonomične otpreme također su bili uključeni u 
statistička istraživanja za testiranje predloženog pristupa čak i u stvarnom vremenu. Različite studije slučaja provedene su korištenjem standardnih sustava 
za ispitivanje statičke i dinamičke otpreme. Usporedba predloženog pristupa i prethodnih tehnika pokazala je da se predloženim algoritmom postižu bolji 
rezultati. 

Ključne riječi: ekonomična otprema; Hybrid Multi-Particle Swarm Optimization; konveksni i ne-konveksni problemi; valve-point učinci 

1  Introduction 

Economic Load Dispatch (ELD) problem is a 
classical form of optimization problems and has been one 
of the most important decision-making processes in the 
operation of electrical power systems. The total system-
wide generation cost is generally defined as the objective 
function of ELD problem. The equality and inequality 
power system constraints are embedded in ELD 
formulation, such as power balance and generation limits 
of each generating unit’s output capacity. ELD problem 
has been thought of as a mathematically complex and 
highly nonlinear optimization problem, especially in 
larger systems. For many decades, many algorithms have 
been presented to solve the optimization problem of ELD. 
First, conventional deterministic approaches which resort 
to mathematical gradient information have been 
developed to obtain the minimum cost of ELD problem. 
To overcome the limitations of those deterministic 
algorithms in real system applications which are basically 
associated with the simplification of mathematical 
formulation, a variety of evolutionary frameworks that 
employ meta-heuristic computational intelligence have 
explored their capabilities to search optimal solution of 
ELD problem. 

Non-convexity in real generating systems is due to 
valve point effects. Moreover, generating system’s 
constraints such as prohibited operating zones and ramp 

rate limits increases the complexity of the ELD problems. 
In previous years, as an alternative to the conventional 
mathematical approaches, different heuristic methods 
have been implemented on ELD problem such as 
Differential Evolution [1], Evolutionary Programming 
[2], Genetic Algorithm [3, 4], Firefly Algorithm [5, 6], 
Harmony Search Algorithm [6, 7], Artificial Bee Colony 
[8], Bacterial Foraging Optimization [5, 9, 10], Simulated 
Annealing [6, 11] and Particle Swarm Optimization [8, 
11-13] etc. 

Rania in [4], has compared Particle Swarm 
Optimization (PSO) with Genetic Algorithm (GA). Both 
PSO and GA are tested on different benchmark test 
problems and space system design problems to show their 
effectiveness. Results show that PSO has greater 
computational efficiency than GA. In [14], Jinho 
proposed a memetic algorithm scheme in which he 
combined meta-heuristic algorithm and gradient based 
technique in order to find better solutions of Economic 
Dispatch (ED) problem involving valve point loading 
effect. The strengths of meta-heuristic algorithms in 
global optimization and gradient based methods in local 
optimization have been combined. Results are evident that 
this hybrid technique outperforms any other single 
approach in literature. 

Karthikeyan [11] has proposed hybridize model of 
PSO with Simulated Annealing (SA) to solve economic 
dispatch problem. Updating the velocity of PSO and SA 
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operator judgment are two major parameters of this 
hybrid algorithm. Results have been improved using this 
hybrid algorithm. Manoharan in [2], has proposed 
Evolutionary Programming with Leven-Marquardt 
optimization for solving multi area economic dispatch 
with multiple fuel options. Further, he has used test 
systems with multi-area and mutli-fuel options. 
Comparison of this proposed algorithm has been 
accomplished with Incremental Network Flow 
Programming and Spatial Dynamic Programming. 
Evaluation of algorithm has shown more optimal results 
than others in literature. 

Augmented Langrangian Particle Swarm 
Optimization (ALPSO) has been proposed by Vinod in 
[13]. This algorithm has been tested on 3 units test system 
with different loads. Results have shown the proficiency 
of ALPSO over other algorithms. In [15], Kim has 
proposed Improved Mean Variance optimization with 
Kuhn-Tucker conditions and swap process (KMVO), for 
solving ED problems with valve point loading effects. 
Different non-convex ED problems have been tested on 
this algorithm such as with prohibited operating zones, 
multi-fuels options and transmission network losses. 

Combined Economic and Emission Dispatch (CEED) 
problem has been solved using hybrid algorithm by 
Manteaw [8]. Hybrid algorithm includes Artificial Bee 
Colony (ABC) and PSO whose results are compared with 
previous algorithm in literature. CEED solution has been 
provided using Gravitational Search Algorithm (GSA) by 
Güvenç [16]. This algorithm has been applied on bi-
objective function to minimize economic and emission 
dispatch. Robustness and effectiveness of the proposed 
approach has been validated by applying it on different 
test systems. 

Ashfaq in [17], has proposed a linear programming 
modified methodology for solving ELD problems. 
Comparison with other techniques in literature has shown 
proficiency of this algorithm. Lee has proposed an 
improved GA called Quantum Genetic Algorithm (QGA) 
in [3], for solving economic dispatch algorithm with tie 
line constraints and has also included the case of wind 
power generation. After comparing it with previous 
techniques, it has been proved to be the best among those 
algorithms. 

Seeker Optimization Algorithm (SOA) has been 
proposed by Shaw in [18], for solving ED problems. SOA 
was inspired from human search capabilities. This 
algorithm has outperformed other techniques in literature, 
for solving non-convex constrained ED problems. Bisen 
in [19], has provided a comparative exploration of 
Quadratic Programming (QP) and General Algebraic 
Modelling System (GAMS) for solving ED problems. 
Robustness of proposed algorithm has been supported by 
experimental results of different test systems. 

All these latest techniques performed well in 
optimizing ED problems but the proposed technique is 
aimed to outclass these techniques and can be used for 
more optimal generation of thermal units in power 
systems. The proposed hybrid technique has been 
prepared by Wang [20] for solving multi-modal complex 
optimization problems with constraints. In this paper, this 
technique has been utilized for solving complex ED 
problems with constraints. 

This paper is organized as follows. Section 2 includes 
ED problem formulation with its constraints. Section 3 
includes overview of PSO and Differential Algorithm 
(DE). Section 4 contains working philosophy of proposed 
hybrid technique. Section 5 includes results and 
discussion. Section 6 includes the conclusion of this 
research. 

 
2  Problem formulation 
2.1  Economic Dispatch with and without valve point 

loading 
 
Economic dispatch problem can be subdivided into 

two categories on the basis of fuel cost function. One is 
called Convex problem while the other is called Non-
Convex problem. In Convex problem, no valve point 
effects are considered and fuel cost function is quadratic 
function of generator coefficients as given in equation: 
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However, due to steam valve openings, non-

convexity appears in fuel cost function which is modelled 
in equation as given below: 
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Furthermore, it is required to maintain power 
generation and demand at the same level. For this the 
following equality constraints must be satisfied. 
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2.2  Static and Dynamic Economic Dispatch 

 
In Static Economic Dispatch (SED), data of convex 

or non-convex test system for only particular hour has 
been taken. Therefore, this type of case study reveals 
results for particular demand for particular time. So, data 
of generator coefficients, transmission line coefficients, 
and total demand is required for evaluation of particular 
method for test systems. 

In Dynamic Economic Dispatch (SED), data of 
convex or non-convex test systems are to be considered 
for 24 hours demand of systems. Therefore, data of 
generator coefficients, transmission line coefficients, total 
demand, ramp rate limits and prohibited operating zones, 
is required for systems statistical evaluation for particular 
technique. 

Ramp rate limits are due to operational range of 
generator when load is increased or decreased. There 
operational possibilities are represented by inequalities 
constraints in Dynamic ED problem as given below:  
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0  i i iP P UR− ≤                                                               (6) 
 
where iUR represents upper ramp rate limit of generators 
when generation has to be increased due to increase in 
load and 0

iP is previous generation of each generator. 
 

0  i i iP P DR− ≥                                                               (7) 
 
where iDR represents down ramp rate limit of generators 
when generation has to be decreased due to decrease in 
load and 0

iP is previous generation of each generator. 
Generalized expression for upper and down ramp rate 

limits for all generating units while not exceeding upper 
and lower limits of generator capacity limits, is given as: 
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where 0

i,tP is previous hour generation of the ith generator 
and i,tP is present hour generation of the ith generator. 

There can be one or more operating zones of 
generator where steam valves and auxiliary equipment 
generate vibrations, causing unstable and unreliable 
operation. These generation zones of generator are called 
Prohibited operating zones. These zones can be 
represented by inequality constraints of generating units 
as given below: 
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All above mentioned constraints make DED problem 

more complex and difficult to optimize. In this paper, 
such problems are solved to evaluate performance of 
proposed algorithm. 

 
3  Overview of PSO and DE 
3.1  Particle Swarm Optimization  
 

Particle Swarm Optimization is a global optimization 
algorithm which uses stochastic and population-based 
search approach for finding solution. In 1995, James 
Kennedy and Russel C. Eberhart [21] have described PSO 
algorithm. This algorithm is inspired by movements of 
flock of birds. Each bird is called a particle which is 
considered as potential solution. A certain problem called 
fitness function, is given to evaluate its solution. Main 
strength of PSO lies in communication network created 
between particles which share information of their region 
to find optimal solution. Each particle keeps track of its 
previous points through which it has passed. Furthermore, 
particle best of each particle is stored to avoid non-
optimal points. 

Each particle has three N-dimensional vectors 
included which will be updated every time with position 
of particle. Here, N is dimension of search space while 

current position (xj), previous best solution (pj), and 
velocity of particle (vj) are three vectors evaluated for 
each particle.  

At the tth generation, current position and velocity of 
the ith particle can be represented as 

( ), , ,, , ,k k k k
i i i i nx x x x= …1 2  and ( ),1 ,2 ,, , ,t t t t

i i i i nv v v v=   
respectively. However, best local position of each particle 
(pbest) and global best position of the whole swarm 
(gbest) can be represented as 

( ),1 ,2 ,, , ,t t t t
i i i i npbest pbest pbest pbest=   and 

( )1 2, , ,t t t t
ngbest gbest gbest gbest= 

 respectively.  
In every generation, these vectors are updated by 

equations given below: 
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t t t t t t
i j i j i i j j i jv wv kr pbest x kr gbest x+ = + − + − (10) 

1 1
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where w represents weight for avoiding divergence, j is 
representing n-dimensional vector, k represents 
acceleration coefficient and r1 and r2 are random numbers 
in range [0,1]. 

Wang in [20], has replaced velocity Eq. (10) with Eq. 
(12) because randomness in certain limit increases 
convergence of PSO. Equation is given below: 
 

( ) ( ), 1 , , 2 ,
t t t t t
i j i j i j j i jv rand pbest x Rand gbest x= − + −

 
(12) 

 
where r and1 and r and2 are positive random numbers. 
 
3.2  Differential Evolution 

 
Differential evolution is a population based stochastic 

evolutionary algorithm for global optimization. DE 
attractiveness lies in its simplicity and powerful features 
for numerical optimization. DE uses perturbing vectors as 
in Nelder Mead operators which makes it different from 
genetic algorithm. DE was proposed by Storn and Price 
[22] in 1995. There are three basic operators of DE which 
are crossover, selection and mutation.  

DE initializes a population consisting of Nn-
dimensional vectors as given below: 
 

{ },1 ,2 ,, , , ,     1, 2, ,
t t t t
i i i i nx x x x i N= … = …


                   (13) 

where t denotes generation of population and 
t
ix


 is the 
target vector. Each of N vectors undergoes three (3) 
different operations such as mutation, crossover and 
selection. There are different versions of DE but 
"DE/rand/1/bin" is considered the best of all versions. 

In mutation operation, vectors are randomly selected 

for mutation. At the tth generation, three vectors 1 3,
t t
r rx x
 

 

and 3

t
rx


 are mutated to form a mutant vector 

{ },1 ,2 ,, , ,
t t t t
i i i i nv v v v=


2  by using the following equations: 
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( )1 2 3

t t t t
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where F is a weighted difference function of two vectors. 

In crossover operation, crossover vector t
iu


 is formed 
by using binomial crossover operation on elements of 
target vector t

ix


 and mutant vector t
iv


 as given below: 
 

,
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where 1,2, , ,  1, 2, ,i N j n= … = … , jrand and randj are 
randomly chosen integers within range [1,n] and the jth 
evaluation of uniform random generator and ( )0,1rC ∈ . 

In selection procedure, objective function values of 
crossover vector t

iu


and target vector t
ix


are compared and 
optimal value is selected to be included in next 
generation. 
 

1 ,    if ( ) ( ),
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                                         (16) 

 
The process of mutation, crossover and selection 

continues until some stop criteria is reached. Furthermore, 
scaling factor F, population size N and crossover constant 

Cr are three parameters used to control convergence of 
DE. 

4  Hybrid Technique HPMSO-DE 
 
This paper proposes a new hybrid technique called 

Hybrid Particle Multi-Swarm Optimization (HPMSO) for 
solving economic dispatch problem. In this hybrid 
technique, modified version of PSO is used along with 
differential evolution. The strategy of this hybrid 
approach lies in using multiple swarms to search for 
optimal solution. Two types of swarms have been taken 
into account; one is main swarm while the other is sub-
swarm. Multiple Sub-swarm is produced by taking 
population of neighbours. Each sub-swarm has its local 
best and each particle has its personal best. Therefore, 
equations 11 and 12 can be written as: 

( ) ( ), 1 , , 2 ,
t t t t t
i j i j i j j i jv rand pbest x Rand lbest x= − + −

 
(17) 

1 1
, , ,

t t t
i j i j i jx x v+ += +

 
(18) 

where lbest is local best of each sub-swarm. 
In each generation of HPMSO, different procedures 

take place such as splitting of main swarm, evolution of 
sub-swarm and selection of personal best using DE. 

Figure 1 shows general framework of HPMSO 
algorithm. Random swarm is initialized of N particles and 
generation cost f and constraint violation G is calculated. 
Furthermore, swarm is partitioned and local bests in sub-
swarms and personal bests of each particle are updated till 
termination criteria. 

 
Algorithm: general framework of HPMSO 
Step 1 t=0; 
Step 2 Initially generate random swarm S0 of N particles each having generator values, i.e, 1 , ,t t

NP P…  

Step 3 For each particle, calculate generation cost ( )t
if x


 and total generation constraint violation ( )t
iG x


 

Step 4 For each particle, record personal best generation cost i.e., , ,
t t
i Npbest pbest

 
2 . 

Step 5 while (termination criteria=false) do 
Step 6 split each swarm into sub-swarms and use Eqs. (17) and (18) for evolution of sub-swarms 
Step 7 replace/update personal best (best generation cost) of each particle by new particles with optimal solutions using 

DE 
Step 8 t=t+1; 
Step 9 end while 

Figure 1 General framework of HPMSO 
 

Fig. 2 shows pseudo code for partitioning of swarm 
and evolution of sub-swarm. This algorithm initializes 
swarm and sorts the swarm according to generation cost 
of feasible solutions. Moreover, swarm is partitioned into 
sub-swarms. Local best of each sub-swarm and personal 
best of each particle is updated. First particle of each sub-
swarm is selected as local best particle of sub-swarm. If 
other particles of sub-swarm are very close to local best, 
learning will not improve results significantly. 

Further, all sub-swarms are evolved using Eqs. (17) 
and (18). All sub-swarms are built-up in different regions 
of search space and local best is the best particle of each 
sub-swarm, so every particle must follow trajectory 
towards local best. In this way, multiple local optima can 
be explored to develop diversity in swarm which will 
have a significant effect on finding global optima. 

In the course of finding global optima, variable value 
1

,
t
i jx +  can violate boundary constraints. To satisfy this 

constraint, the following equation will be used: 
 

( )
( )

, ,1
,

, ,

0.5   if  

0.5   if  

t t
i j j i j jt

i j t t
i j j i j j

x L x L
x

x U x U
+

 + <= 
+ >

                          (19) 

 
Fig. 3 shows the algorithm of updating personal best 

on the basis of generation cost and least constraint 
violation by Differential Evolution algorithm. DE is used 
for improving global search capability of multi-swarm. 
DE is applied to improve personal best iPbest


 of each 

particle. DE has used mutation operator to explore 



A. Nawaz i dr.                                                Rješavanje konveksnih i ne-konveksnih statičkih i dinamičkih problema ekonomične otpreme primjenom više rojne optimizacije 

Tehnički vjesnik 24, 4(2017), 1095-1102                                                                                                                                                                                                       1099 

different regions of search space where swarm has not 
reach in evolution process. So, local best can be moved to 
such potential regions of search space where chance of 
global optima existence increases. 

In DE, crossover vector ,
t
i ju  must satisfy boundary 

constraints. Therefore, the following equation is used to 
take care of boundary conditions: 

 

( ) ( )
( ) ( )
( ) ( )
( ) ( )

,

,
,

, ,

, ,

,              if  0.5

,              if  0.5
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t
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t
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i j t t
j i j i j j

t t
j i j i j j
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U p u U
u

L u p u L

U u p u U
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− > ∧ <
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                   (20) 

 
where p is uniformly distributed number in range [0,1]. 
 

 
Algorithm for splitting of swarm and evolution of sub-swarm 
Input Arguments: { } { }1 1, , , , , , ,N NP P P P Pbest pbest pbest Pbestφ φ′ ′= = = =

   
2 2  

Step 1 k=0; 
Step 2 sorting of swarm i)feasible and infeasible solutions are separated ii) On the basis of generation cost values, feasible 

solutions are sorted in ascending order iii) On the basis of degree of total generation constraint violation, infeasible 
solutions are sorted in ascending order 

Step 3 while k<(N/Ns) do 
Step 4 1S


 =first particle in sub-swarm; 

Step 5 find out  (Ns−1) particles with the largest Euclidean distance from 1S


which are denoted as 2 , , NsS S
 

2  

Step 6 let { }1 1, , NsM S S=
 
2  and personal bests of S1 are represented as 1, , NsSbest Sbest

 
2 , let 

{ }2 1, , NsM Sbest Sbest=
 

2 ; 

Step 7 1 2\  and \ ;P P M Pbest M=  

Step 8 For each particle of set M1, update position of iS


and iv


as given below; 
for j=1:n 

( ) ( ), 1 , , 2 , ,

, j , ,

;

;
i j i j i j i j i j

i i j i j

v rand Sbest S rand lbest S

S S v

= − + −

= +
 

end for 

Step 9 Calculate generation cost ( )if S


 and total generation constraint violation ( )iG S ′


for 1, 2, , si N= 2 . Compare iS


and iSbest


and if iS


wins, then update iSbest


. 
Step 10 1 2 and ;P P M Pbest Pbest M′ ′ ′ ′= ∪ = ∪  
Step 11  k=k+1; 
Step 12 end while 
Step 13  and ;P P P Pbest Pbest Pbest′ ′ ′ ′= ∪ = ∪  
Output:  and P Pbest′ ′  

Figure 2 Algorithm for partitioning and evolution of sub-swarm 
 
 

Algorithm: updating best personal best on the basis of best generation cost and least constraint violation by DE 

Input: { }1, , NPbest Pbest Pbest=
 

2  
Step 1  for i=1:N  
Step 2  select three numbers r1, r2 and r3 randomly from range [1,N] 
Step 3  ( )1 2 3i r r rv Pbest F Pbest Pbest= + −

   

 
Step 4  for j=1:n 

Step 5  
,

,
,

  if  or 

  otherwise
i j j r rand

i j
i j

v rand C j j
u

x

≤ == 


 

Step 6  end for 
Step 7  Compare iu


 and iPbest


 based on constraint violation check, if iu


wins, then update iPbest


 

Step 8  end for 
Output: Pbest 

Figure 3 Algorithm for updating PSO particles using DE 
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5  Experimental analysis 
5.1  Test systems 
 

An extensive empirical study has been performed 
using different test systems for Static and Dynamic 
Economic Dispatch problems. Furthermore, test systems 
with and without valve point effects have been taken into 
account.  

SED problems without valve point effects are 3-
Machine Test System with No Losses (3-MTSNL), 6- 
Machine Test System with Losses (6-MTSL) and 20- 
Machine Test System with Losses (20-MTSL) while with 
valve point effects are 3- Machine Test System with 
Losses (3-MTSL), 13- Machine Test System with No 
Losses (13-MTSNL) and 40- Machine Test System with 
No Losses (40-MTSNL). 

DED problems without valve point effects are 3-
Machine Test System with No Losses (3-MTSNL) while 

with valve point effects are 5-Machine Test System with 
Losses (5-MTSL). 

All these case studies have been carried out on 
platform of INTEL CORE i5, 2.50 GHz, 4 GB memory 
while the proposed algorithm has been developed in 
MATLAB r2011a. 

 
5.2  Parameter setting 
 

In our case studies, all experiments have been run 
independently 50 times in MATLAB and each run is 
terminated if termination criteria are met or maximum 
number of generations has elapsed. Moreover, DE 
parameters are set to F=0,7 and Cr=1,0. Also tolerance 
value for equality constraint ε is set to 0,0001. However, 
changing parameters with respect to different problems 
are given in Tab. 1. 

 
 

Table 1 Parameter setting for different test systems 

Type of test systems Different Test Systems Changing Parameters 
Population size N Size of sub-swarm Number of generations 

SED without valve point 
effects 

3-MTSNL 5 2 200 
6-MTSL 50 6 1000 

20-MTSL 50 8 2000 

SED with valve point effects 
3-MTSL 30 4 300 

13-MTSNL 50 6 2000 
40-MTSNL 60 8 3000 

DED without valve point 
effects 3-MTSNL 30 8 100 

DED with valve point effects 5-MTSL 60 8 400 
 

Table 2 SED using different techniques for various test systems 

 
Power Generation cost ($)   

Methods 
Without Valve Point Effects With Valve Point Effects 

3-MTSNL 6-MTSL  20-MTSL 3-MTSL  13-MTSNL 40-MTSNL 
LIM 8194,36 - 62456,64 - - - 

MPSO 8194,36 - - 8234,07 - - 
GA 8194,98 - - 8237,60 - - 
IEP 8194,36 - - 8234,09 - - 

SWT - 18 721,39 - - - - 
IMPSO - 18 721,50   - - - 

Hopfield - - 62 456,63 - - - 
SA - - - - 17 994,10 - 
PS - - - - 18 030,70 - 

SQP - - - - 18 098,30 - 
SA-SQP - - - - 17 989,00 - 
PS-SQP - - - - 17 974,50 - 

BFA - - - - - 121 423,63 
PSO - - - - - 121 735,47 
MHS - - - - - 121 415,45 

HBMO - - - - - 121 412,57 
MHBMO - - - - - 121 412,57 

MFA - - - - - 121 414,91 
HMPSO 8194,36 18 529,31 62452,19 8234,07 17 971,15 121 406,05 

 
5.3  Experimental results of Static Economic Dispatch 

(SED) 
 

In SED, different case studies have been carried out 
with and without valve point effects as given further. 
 
5.3.1  Without Valve Point Effects 
 

In the case of problems without valve point effects, 3, 
6 and 20 Machine Test Systems are evaluated by the 

proposed algorithm. For 3-MTSNL, data of generators’ 
coefficient are taken from [12]. Furthermore, optimal 
solution of economic dispatch of proposed algorithm is 
compared with other algorithms in literature such as 
Lambda Iteration Method (LIM), Modified Particle 
Swarm Optimization (MPSO), GA, Improved 
Evolutionary Algorithm (IEP)[12]. 

In case of 6-MTSL, fuel cost coefficients of 
generating units and transmission line coefficients are 
taken from [10, 23]. Fuel cost calculated using the 
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proposed hybrid algorithm has been compared with 
previous techniques such as Surrogate Worth Trade-off 
(SWT) and Improved Particle Swarm Optimization 
(IMPSO) [10, 23]. 

In 20-MTSL, data of generators’ coefficients and 
transmission line coefficients have been taken from [6]. 
Proposed algorithm has been compared with LIM and 
Hopfield method [6]. 

 
5.3.2  With Valve Point Effects 

 
In case of problems with valve point effects, 3, 13 

and 40-Machine Testing Systems are tested with the 
proposed algorithm. In 3-MTSL, data of generator’s 
coefficient and transmission line coefficients have been 
taken from [12]. Comparison of the proposed approach 
has been accomplished with previous techniques like GA, 
MPSO and Improved Evolutionary Programming (IEP). 

For 13-MTSNL, data of generators’ coefficients are 
taken from [1, 6]. Proposed approach has been compared 
with other techniques in literature [1, 6] like SA, Pattern 
Search method (PS), Sequential Quadratic Programming 
(SQP), SA-SQP and PS-SQP. 

For 40-MTSNL, data of generator’s coefficients have 
been taken from [14]. Furthermore, the proposed hybrid 
algorithm has been compared with algorithms such as 
PSO, Memetic Harmony Search algorithm (MHS), Honey 
Bee Mating Optimization (HBMO), Memetic Honey Bee 
Mating Optimization (MHBMO), and Memetic Firefly 
Algorithm (MFA) given in [14]. 

All above discussed results are tabulated in Tab. 2. 
 
5.4  Experimental Results of Dynamic Economic Dispatch 

(DED) 
 

DED is considered to be the most difficult problem to 
optimize as it predicts generation of each generator with 
lowest cost for next 24 hours. The following cases have 
been considered in this study. 
 
5.4.1  Without Valve Point Effects 
 

In this case study, 3-MTS without transmission losses 
have been considered. Data of generators’ coefficients 
have been taken from [9]. Comparison of the proposed 
hybrid approach has been done with previous algorithms 
in literature [9] such as Bacterial Foraging Algorithm 
(BFA) and Improved Bacterial Foraging Algorithm 
(IBFA). 
 

Table 3 Power generation cost or SED for different test systems 

 
Power Generation cost ($) 

Methods 
Without Valve Point 

Effects 
With Valve Point 

Effects 
3-MTSNL 5-MTSL 

BFA 104 137,00 - 
IBFA 103 701,00 - 
PSO - 50 124,00 
SA - 47 356,00 

MSL - 49 216,80 
HMPSO 98 656,01 47 163,40 

 

5.4.2  With Valve Point Effects 
 

In case study of 5-MTS with transmission losses, data 
of generators’ coefficients and transmission line 
coefficients are taken from [9]. Proposed hybrid algorithm 
has been compared with PSO, SA, Maclaurin series based 
Lagrangian method (MSL) from literature [9]. 

Results show the proficiency of proposed hybrid 
algorithm as compared to other algorithms as shown in 
Tab. 3.  
 
6  Conclusion 

 
This paper has proposed a hybrid approach called 

Hybrid Particle Multi-Swarm Optimization (HPMSO) for 
solving convex and non-convex ED problems. PSO with 
multi-swarm search capability and DE for deep search in 
each swarm for the best particle, make this algorithm 
robust and unique in its working. Furthermore, both SED 
and DED cases have been solved with the proposed 
algorithm. HPMSO is capable of handling constraints and 
complex optimization problems. Experimental results of 
different test systems prove effectiveness of the proposed 
algorithm as compared to other techniques in literature. In 
the future, this algorithm can be further applied to other 
optimization problems to validate its efficiency. 
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	where θ is the smoothing constant, and  Dr(t) = D(t).
	The delivery quantities of the manufacturer and retailer are shown in Eqs. (6) and (7).
	(6)
	(7)
	The inventory in transit is shown in Eq. (8).
	The APIOBPCS strategy is adopted, where Oi(t) is expressed as Eq. (9).
	where: α is the adjustment coefficient of the inventory in the warehouse, β is the adjustment coefficient of the inventory in transit.  is the expected inventory level in the warehouse. is the expected inventory level in transit.
	Given that the inventory in transit sufficiently meets all the demand in lead time, the following Eq. (10) is obtained:
	(10)
	The variables of the system state are defined as Ii(t), Fi(t), WIPi(t), BLi(t) as the space state model is established. is the reference input, D(t) is the external interference, and Ii(t) + BLi(t) is the system output. The state space equation is sho...
	(11)
	where Sm(t) and Sm(t – nl − 1) are variables. Moreover, l has four possibilities when the system encounters four levels of disruptions. Based on this, the switch rules are extracted.
	First, we define
	and
	(1) Manufacturer’s inventory is sufficient
	We substitute  into Eq. (11), and it can be expressed in Eq. (12).
	(12)
	where
	New switch rules will be established when the system encounters one of these four levels.
	1) Highly serious
	As shown in Tab. 2, when a highly serious disruption occurs, l* = S/9,5, where S is the distance between the manufacturer and supplier. n is the distance coefficient. nS is the distance between the manufacturer and retailer. Under normal conditions, l...
	(13)
	where
	2) Serious
	Similarly, we obtain l* = 3,4l. The space state equation is shown as Eq. (14).
	(14)
	3) Relatively serious
	Likewise, l* = 2,8l, and the space state equation is expressed as Eq. (15).
	(15)
	In this way,  is omitted.
	4) General
	Similarly, l* = 1,8l, and the space state equation is presented as Eq. (16).
	(16)
	In this manner, A14, B14, C14, D14 is omitted.
	(2) Manufacturer’s inventory is insufficient
	Lead time will also change when the system encounters four levels of disruptions. The detailed equations of four disruption levels will not be described due to the similar formula derivation process. In this study, the switched model is shown in Eq. (...
	(17)
	(3) Manufacturer’s inventory is zero
	Similarly, a model of switched system is established, as shown in Eq. (18).
	(18)
	In summary, the model of the switched system is established based on the inventory dynamics and disruptions of different levels, as shown in Eq. (19).
	(19)
	The switch rules are as follows:
	The switch rules are summarized in Tab. 3.
	Judging the stability of the triple-delay discrete state space model established in this study is difficult with traditional methods. Thus, we utilize Matlab simulation to study the effect of disruptions on the supply chain.
	When l = 1, the threshold of stability is α ≤ 0,29, β ≤ 0,003, and when l = 2 and l = 3, the threshold is α ≤ 0,20, β ≤ 0,002 and α ≤ 0,16, β ≤ 0,0009, respectively. The simulation figures when l = 1, α ≤ 0,29, β ≤ 0,003, l = 2, α ≤ 0,20, β ≤ 0,002, a...
	The stability threshold of α, β decreases as l increases. Moreover, α affects the system stability more than β, but β is more sensitive.
	When n = 1, the threshold of stability is α ≤ 0,20, β ≤ 0,002, and  when n = 2 and n = 3, the threshold is α ≤ 0,14, β ≤ 0,001 and α ≤ 0,09, β ≤ 0,0009, respectively. The simulation figures when n = 1, α ≤ 0,20, β ≤ 0,002, n = 2, α ≤ 0,14, β ≤ 0,001 a...
	Figure 6 Simulation result when n = 1, α ≤ 0,20, β ≤ 0,002
	We can find that the threshold of α, β decreases as n increases.
	We assume α = 0,3, β = 0,001, θ = 0,1, n = 1, l = 3, and the system will suffer a disruption at the beginning of the 50th period.
	In Fig. 9, the manufacturers’ inventories in transit and stock in the warehouses both fluctuate dramatically; their maximum amplitudes are 43 and 58, and the gaps between peaks and valleys are 65,4 and 70,2, respectively. The system becomes more unsta...
	Similarly, in Fig. 10, the manufacturers’ inventories fluctuate considerably, and the system is unstable within the period (T = 100). Compared with Fig. 9, the fluctuation reduces, which indicates that the interference weakens when disruption level de...
	In Fig. 11, although the manufacturers’ inventories fluctuate, the system tends to recover within the period (T = 100). Research shows that under this level of disruptions, the supply chain can respond efficiently and recover stability by adjusting it...
	4.2.4 General
	In Fig. 12, the manufacturers’ inventories stabilize with time. Finally, the system recovers stability in the 80th period, showing that the supply chain can remove the inference of disruptions within a short period.
	In conclusion, disruptions weakly affect the retailers’ inventory but significantly affect the manufacturers’ inventory, including inventories in transit and stock in the warehouses. Meanwhile, different disruption levels influence the stability of th...
	The whole process of disruptions from the occurrence to ending is complex. In similar instances, the system will bifurcate when it suffers disruption signals at various intensities.
	When an interference signal of low intensity is imposed on the supply chain system, the state evolution of the supply chain is illustrated in Fig. 13. The entire process includes incubating, bursting, spreading, and eventually recovering stability by ...
	After the system restores stability, the manufacturers’ inventory increases by 38 units. Although the supply chain can stabilize itself, irreversible negative impact still occurs afterwards.
	The system will crash when disruptions are too strong to tolerate. As shown in Fig. 14, the inventories fluctuate more obviously during the research period (T = 700), which means that it is impossible for the system to restabilize through self-regulat...
	To address the lack of analysis on disruption characteristics in the stability research on supply chain under disruptions, switched theory was introduced to build the system model. The supply chain discrete linear switched model was established consid...
	(1) To establish the association between disruptions and supply chain stability, disruptions are classified into four categories according to the effect on transportation. The relationship between the disruption classification and lead-time delay is a...
	(2) In the sensitivity analysis, the stability threshold range of the inventory adjustment coefficient lessens as lead time and distance coefficient increases. In reality, increases in lead time and distance lengthen the reaction time of the system, t...
	(3) We find that different disruption levels influence system stability in varying degrees by conducting simulation. Moreover, the stability thresholds of the inventory in transit and the adjustment coefficient are sharply reduced, indicating that hig...
	(4) By simulating disruptions throughout the life cycle, the supply chain is found to bifurcate under different levels of disruptions. In addition, the system stabilizes itself when the intensity of disruptions does not exceed the stable threshold, wh...
	Moreover, the switched system model of supply chain is based on the inventory dynamics of members and level of disruptions, which discusses the relationship between the characteristics of disruptions and the evolution of the supply chain system and pr...
	This study was supported by the National Natural Science Foundation of China (61503043), the China Postdoctoral Science Foundation (2014M552401), the Shaanxi Natural Science Foundation (2017JM7016, 2015JQ7272, and 2015JQ6214), and the China Fundamenta...


	tv_24_2017_4_1197-1201.pdf
	1 Introduction
	2 Overview of the previous research
	3 Research methods
	4 Results and discussion

	tv_24_2017_4_1203-1211.pdf
	1 Introduction
	2 Implementation of the quality management system differentiation

	tv_24_2017_4_1213-1219.pdf
	1 Introduction
	3,25
	Mass (kg)
	220 × 142 × 67
	Cell dimensions (mm)
	100
	Nominal capacity at 33,3 A (Ah)
	3,2
	Nominal voltage (V)
	Charging cut-off voltage (V)
	3,8(0,05
	2,8(0,05
	Discharging cut-off voltage (V)
	33,3
	Nominal charging current (A)
	33,3
	Nominal discharging current (A)
	300
	Max continuous charging current (A)
	300
	Max continuous discharging current (A)
	500
	Max discharging current (<10 s) (A)

	tv_24_2017_4_1221-1226.pdf
	1 Introduction

	tv_24_2017_4_1227-1234.pdf
	1 Introduction

	tv_24_2017_4_1221-1226.pdf
	1 Introduction

	tv_24_2017_4_1227-1234.pdf
	1 Introduction

	tv_24_2017_4_1235-1242.pdf
	1 Introduction
	2 Background and related work
	3 Approach and methodology
	4 Practical application
	5 Results
	6 Discussion
	7 Conclusion
	Acknowledgements
	8 References

	tv_24_2017_4_1243-1247.pdf
	1 Introduction
	2 The problem formulation
	3  Genetic algorithm
	3.1  Chromosome representation and decoding
	3.2 Population initialization
	3.3 Selection and crossover
	3.4 Mutation
	3.4.1 Product sequence mutation
	3.4.2 Machine selection mutation
	3.5 Fitness evaluation
	3.6 Evolution program pseudo-code
	4 Computational results
	4.1 Case 1
	4.2 Case 2
	5 Conclusion
	6 References

	tv_24_2017_4_1249-1253.pdf
	1 Introduction

	tv_24_2017_4_1255-1262.pdf
	1 Introduction
	2 Literature review
	3 Methodology
	4 Results and discussion
	5 Conclusion and future work

	tv_24_2017_4_1263-1268.pdf
	1 Introduction

	tv_24_2017_4_1269-1276.pdf
	1 Introduction

	tv_24_2017_4_1277-1282.pdf
	1 Introduction
	2 Material and method
	3 Results and discussion



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




